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A detailed kinetic model was constructed using the method of moments to elucidate the electrochemically mediated atom
transfer radical polymerization (eATRP). Combined with electrochemical theory, the reducing rate coefficient relevant
to the overpotential in eATRP was coupled into the kinetic model. The rate coefficients for eATRP equilibrium and the
reducing rate coefficient were fitted to match the experimental data. The effects of catalyst loading, overpotential, and
application of programmable electrolysis on the eATRP behavior were investigated based on the tested kinetic model.
Results showed that the apparent polymerization rate exhibited a square root dependence on catalyst loading. In addi-
tion, a more negative potential accelerated the polymerization rate before the mass transport limitation was reached.
This phenomenon indicated that the polymerization rate could be artificially controlled by the designed program (i.e.,
stepwise and intermittent electrolysis programs). What is more, the normal ATRP, photo-ATRP, and eATRP were com-
pared to obtain a deeper understanding of these ATRP systems. © 2015 American Institute of Chemical Engineers
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Introduction

Conventional free-radical polymerization is important in the
industrial production of polymers because of its wide applica-
tion in monomers, tolerance to impurities, and economical
efficiency compared with other polymerization techniques.'
Reversible deactivation radical polymerization (RDRP) tech-
niques®’ that have been developed in recent years have
attracted a great deal of attention because of their good con-
trollability over polymer molecular weight and architectures.
These techniques mainly include nitroxide-mediated polymer-
ization,4 atom-transfer radical polymerization (ATRP),5 and
reversible addition-fragmentation chain-transfer polymeriza-
tion.° However, as one of the most promising RDRP methods,
in spite of the huge industrial interest, large-scale ATRP is still
limited because it needs large amounts of catalyst (commonly
larger than 1000 parts per million [ppm] in conventional
ATRP) that has to be removed from the polymer products.”
For industrial application and environmental protection, the
level of transition-metal catalyst loading should be reduced as
low as possible on the premise of maintaining the ATRP fea-
tures. Over the past decades, several improved low-
concentration catalyst ATRP techniques, in which the concen-
trations of catalyst had been reduced to as low as 100 or even
50 ppm versus monomer, have been developed. These techni-
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ques include initiators for continuous activator regeneration
(ICAR) ATRP,”'? activators regenerated by electron transfer
(ARGET) ATRP,""7 supplemental activator and reducing
agent (SARA) ATRP, 2! photo-induced ATRP (photo-
ATRP),22_25 and electrochemically mediated atom transfer
radical polymerization (eATRP).>*? These new ATRP Sys-
tems can regenerate the low-oxidation state activator and poly-
merize various kinds of monomers with well-defined structure
under more environmentally friendly and industrially scalable
reaction conditions.

Compared with other ATRPs, the eATRP has distinct char-
acteristics in polymerization controllability. In an eATRP pro-
cess, the deactivator at the electrode surface turns to an active
activator by a single electron reduction process (Scheme 1).’
Under vigorous stirring, the activator diffuses to the bulk solu-
tion, reacts with initiators, and triggers the polymerization
reaction. Through the simple alteration of the applied poten-
tial, the concentration ratio of the activator and deactivator
can be adjusted, resulting in the variation in the polymeriza-
tion rate, even the polymerization state changes between “on”
and “off.”**>! Additionally, the transition-metal catalyst can
be recycled and reused by electrodeposition.”® Thus, eATRP
has been applied to synthesize polymers with well-defined
structure. For example, Li et al.**** conducted the controllable
polymer brush growth with controllable thickness and archi-
tectures by surface-initiated eATRP both on cathode and non-
conductive substrates that were terminated by initiators. Park
et al.’! fabricated star polymers using macroinitiators with
larger molecular weights and star yield compared with a single
step potential by gradually applying more negative potential.

2015 Vol. 00, No. 00 1



k p
+M
. ()
PX + [CuI/L]+—T-—“ [Cu"X/L]" + P;

da :
K

Y
P+ [Cu"X/L]*

Scheme 1. Mechanism of eATRP.

Kinetic modeling is important in kinetic study as a signifi-
cant supplemental approach to polymerization engineering.
Meanwhile, a well-constructed kinetic model can be used for
process prediction, control, optimization, and mechanism
study, indicating its significance in chemical engineering.33_37
Zhu et al.!>339 developed a kinetic model for conventional
ATRP based on the method of moments which could success-
fully predict the evolution of polymerization rate, molecular
weight, and polydispersity index with conversion. D’hooge
et al.""** and Toloza Porras et al.'” performed the kinetic
modeling of ICAR ATRP using an extended method of
moments to control the reaction process. Li et al.'> and Payne
et al.'®'7 optimized the conditions of ARGET ATRP using
method of moments and kinetic Monte Carlo method, for
example, the ATRP equilibrium coefficient Kxtrp (k./k4,) and
the reduction rate coefficient (k,). In addition, the mechanism
of SARA ATRP kinetics was examined by Zhong et al.'® and
Zhou et al.?® through simulation. More recently, our group
made progress in the kinetic modeling of photo-ATRP.
However, eATRP kinetic modeling remains ambiguous.

In this work, a comprehensive kinetic modeling was used to
describe eATRP to obtain an in-depth understanding of its
mechanism and optimize its reaction conditions. The model
was based on the method of moments. The variation of all spe-
cies and reaction rates during polymerization were vividly
described, and the efficiency of the proposed model was con-
firmed through verifying the experimental data, which were
based on butyl acrylate (BA) homopolymerization in dimethyl-
formamide (DMF) at 44°C.*® Meanwhile, the model was used
to systematically predict the influence of the catalyst loading,
overpotential, and programmable electrolysis on polymerization
behavior. Furthermore, the three ATRP methods, namely, nor-
mal ATRP, photo-ATRP, and eATRP under their respectively
applicable conditions were compared to illustrate their respec-
tive polymerization kinetic characteristics qualitatively.

Kinetic Model and Computational Method

Table 1 presents the set of reactions in the simulations.
Ethyl 2-bromoisobutyrate (EBiB) is the initiator, and tris(2-
pyridylmethyl) amine (TPMA) is the ligand in the polymeriza-
tion process. From Scheme 1, the deactivator can be reduced
to a low-oxidation state activator under the effect of current.
Then, the activator reacts with the initiator, and the primary
radicals are generated. The other processes, such as chain
propagation, activation/deactivation equilibrium, chain trans-
fer, and termination, are similar to those in the normal ATRP,
except that the lost activator caused by the persistent radical
effect in normal ATRP can be regenerated by electrochemical
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reduction in eATRP. In addition, for BA homopolymerization,
the intramolecular chain transfer (i.e., backbiting) should be
considered, which is the dominant mechanism leading to
branching compared with intermolecular chain transfer.***°
The tertiary radicals produced by backbiting can reversely
turn into secondary radicals by addition of monomer. The
fragmentation or f-scission of the secondary radicals are
neglected under experimental conditions, because the scission
reaction is negligible below 75°C.***7 Similarly, termination
by disproportionation is neglected for simplicity.lz’44 All the
relative species in the system, including secondary and tertiary
species, or active and dormant species, are in a state of com-
petitive equilibria.44 It should be noted that diffusion con-
trolled termination plays an important role in radical
polymerization at high monomer conversion.*®**#31 How-
ever, the experimental data used for kinetic parameter estima-
tion are gained at the conversion lower than 80%, therefore,
the influence of diffusion limitation is not taken into account
in this work for simplicity.

The mechanism of potential regulation in eATRP is worthy
of in-depth studies. When a potential step is applied to the
electrode, the effect of concentration polarization must be con-
sidered, and the transient mass transfer process can be simpli-
fied as a nonsteady diffusion process. Magenau et al.*® showed
that the ratio of peak currents for oxidation and reduction is
approximately equal to 1, while the potential difference
between the redox peaks is approximately 80 mV. These
results indicated that the electrochemical reaction shown in
Eq. 1 is a reversible reaction

[Cu'X /L] +e™ L [Cul /L] +X~ (1)

This finding is consistent with the results from previous
studies.?*?’ According to the electrochemical theory,52 the
nonsteady responding current to the potential step for a revers-
ible system is as follows

. _nFACO @
0= 1+E0 V nt @

where, 7 is the number of transfer electron, F is Faraday’s con-
stant, and A is the electrode area. D, and Dy are the diffusion
coefficients of high- and low-oxidation state catalysts, respec-

tively. =, /g—i is the square root of the ratio of the two diffu-

sion coefficients, and 0= ‘(i((;g =exp L’% (q)—(pe’)} is the
concentration ratio of the deactivator and activator. Combined

with Faraday’s laws of electrolysis, the reduction rate of deac-
tivator can be deduced as Eq. 37

d[CM”X/LJr] _ i([) _ A \/D70 .\/I—k . \/T
@ v v+ V n cor\yTRCoT T
(3)

where, the reducing rate coefficient is

A Do

b =vire Vo

“

All the rate coefficients used in Table 1 are from the litera-
ture, except for those of activation rate, deactivation rate, and
reducting rate. In accordance with Konkolewicz et al.’s
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Table 1. Elementary Reactions for Normal,

Electrochemically Mediated, and Photo ATRP

Elementary Reaction Equation Rate Coefficient® Ref.
L ko 3
Normal ATRP Initiation PoX+[Cu' /L] IUO Po+[Cu'x /L) 2.0X10 41
3.3x10°
4
POJ,.M_’”)P 2.48X10 42
Propagation - K e 2.48x10* 42
(backbiting) P +M—Pi,
pr o, pr. 8.2x10! 43
. ko 2.4%10? 43
PU+M—P;,
ATRP equilibrium® P.;vXJr[Cul/L} =P+ [Cu”X/L] (2.0=0.1)x10? This work
(2.0=0.1)x107
PX+[Cul /L) == Py +[CuX /1] 2.0x10? 44
2.0x10°
Transfer to monomer P +M¢_IW)P +P; 1.23x10° 43
5.0x1073 43
PU A+ MAp, 4P
L T ) o
Termination by recombination Py+P; Ko, PoPo 1.1X10 45
k, 9
P()"l‘Pf‘LPOP,' 1.1X10 45
9
Pyt Pl PP, 1.1X10 45
ks 8
P APY Py 1.60X<10 43
k! 27x107 43
prprp,, 3.27X10
ke 2.15X10° 43

Extra for eATRP Electrochemical activator (re)generation

Extra for photo-ATRP Photochemical radical (re)generation

Py +P =Py

ke -3 is
(CU'X JL]* +e™ 5 [Cul /L) +X (2.2%0.1)X10 This work

krc— -3
CMIIXZ/L+L;L’CMIX/L+L+'+X* 1.0X10 41
K- -6
PoX+L—"5Py+L* +X~ 6.2X10 41
PX+LE PALY +X™ 1.4x107° 41

k -9
P()X_’>P0+X 2.9X10 41
1.5x107° 41

kep-m .
M+L——M™"+L

The units for all rate coefficients are M~ !, except that of k, is expressed in s

—1/2

"The superscript s and ¢ represent secondary radlcals and tertiary radicals, respectively.

“Termination by disproportionation is neglected.

study,** the deactivation rate coefficient for tertiary macroradi-
cals was set to 1/10 of that of the secondary one, while both
the activation rate coefficients were assumed to be similar,
considering the synergistic effect of radical stability and steric
effects. Analogously, consistent with Ribelli et al.’s work,41
the activation and deactivation values in the initiation step,
namely, k,o and ko, respectively, were considered to be ten
times and one-sixth that of k, and k,, respectively. For the first
assumption, with EBiB as initiator and TPMA as ligand in this
system, the equilibrium constant Ktgrp is set to 1 X 1073,
which is approximately equal to that reported by Tang et al.
(9.65 X 10~°).>* Additionally, the reducing rate coefficient is
limited in the order of 10™*—10"3 s_%, which is calculated
according to the given experimental parameters. Subsequently,
the three rate coefficients, namely, activation, deactivation,
and reducing ones, are varied and optimized systematically to
mimic the polymerization and fit the experimental data. Thus,
a value of 2.0 X 10> M~ 's ™! for the activation rate coefficient
is obtained, which is larger than the value of 1.1 X 10?

M 's™! in anisole using the Arrhenius expression reported by
Payne et al.'® This result is reasonable considering the effect
of the solvent on activation.”*>> Furthermore, the residual
analysis is made to test the model outputs as shown in Sup-
porting Information Figure S1. The results indicate that the
agreement of simulation predictions with experimental data is
fairly good, with the maximum deviation less than 5%.

Table 2 lists the kinetic equations for all species in eATRP
according to the elementary reactions. P;", P;X, and P; repre-
sent the macroradicals, dormant chains, and dead chains with
chain length 7, respectively. The differential moment equations
for the species in eATRP can be listed by defining the
moments of chain species, as shown in Tables S1 and S2 in
the Supporting Information. In addition, the rates of elemen-
tary reactions, concentrations of relative reaction species, and
the polymerization properties can be expressed using the
moment equations (Egs. 5-13). Using MATLAB 2009 (b)
software, these equations can be used to calculate and output
the results.
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Table 2. Kinetic Equations for All Species in Electrochemically Mediated ATRP

Type

Mass Balance Equations

Propagating radical chains

Dormant chains

Dead chains

Monomer

Initiator

Primary radical

Activator

Deactivator

d[P;’]
dt

K [P ICHX L 1=k [P T+ P M)~ [P [P
—KEPYIIPY =R P (P 1=Ky PV

_kr[ IXH:CM[/L+]

=k [P} 1M1=k [P (M) + K [PiX)[Cul /LT )=

d[P ] CIPUIICHX L)+ [P

*k,’,[Pﬁ JM) =k [Po] [P} ] =K' [P 1P} ] —K{ [P} ][P’]
—kunlP M)

WX iy w17~k Xl /1]
X e ey e -k X 1)
ap)

=ko[Po]([P}]+[P}])

Zk” PPy

I yinerim 1, L .
+3 lek;’[P; P51+ Zl:ki’ (PP
J= J=

dM]

g = KanlPol[M] =k [P [M] =k, [P [M]
~ki [P M] =K [P ] [M]
) o Cu L[PG ~Haa i 11 [Po]
@ =—kin[P6)[M]+kao[Cut! /L [PoX] —kaao[Cu X /L¥][Pg)]
~2kio[Po][Po] —ko[Po] ([Pi"]+[P])
e /1)

=kaao[Cu"X /L |[Po)—kao[Cu /LT][PoX]

dt
ks, [CulX /LY[PY | =k [Cul LT [PIX]+ Ry [Cul" X /L P ]
—ky[Cul /L¥][PIX]+f (1)
d[Cu"X /L]
dt
—ka[Cul X /LT [Py ]k [Cul /LT ][PEX] ki, [Cu"X /LT [PY]
+k[Cu [LT][PIX]—£ (1)

=—kaao[Cu" X /L7 ][P3]+kao[Cu /L7][PoX]

Reaction rates

The reaction rates are as follows

R, =k [P}’ ] M] ®)

R, =k, [P;'][M] ©6)

R =k [PiX][Cu' /L] 7

Ry =k [Pi] [Cux" /"] ®)
Rup =k [P}'] 9)

=k [PX][Cu' /L] (10)

Ry =kgy [P} ] [Cux"/L7] an
Rtr,M:ker[ A ][M]+ktrM [Pf] [M] (12)

Ri=kolP | ([P0} + [P1 ]+ [Pr]) +4° [P ] [Py ]
SAAIARAA
The number-average molecular weight (M,,) is as follows

. )vs,l +)»t‘1 + s,1 + 1,1 +‘Cl
M, =M nonomer Z ( 0 210 'u, . )
Z ()vx, i +ﬂa,0+ut,0 +’E0)

(13)

(14)
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The weight-average molecular chain length (M,,) is as
follows

> (/15’2 + )12 + s+ + rz)

MWZMmonomerZ (/ALX’I_"A,[,I_’_HLI+Ht'1+fl)

5

The molecular weight distribution (M,,/M,,) is calculated as
follows

Z (/'LS‘2+)»[’2+#‘V‘2+,Ll"2+T2)'Z( 15,0 )l()+,lf0+llr0+1' )
[Z (/ﬂf’l-&-)f‘l+,u‘“l+u"1+1' )]

M,/M,=

The chain-end functionality (F,) is determined as follows

)S,O +;t,0

F=
! Z(15’04-1”0+,u5‘0+,u"'0+21:0)

a7

Results and Discussion

Concentrations of reactants and rates of reactions for
eATRP

According to the built model, the time-dependent concen-
trations of all species and rates of reactions using rate
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Figure 1. Evolution of reactant concentrations (A) and reaction rates (B) for eATRP of BA.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

coefficients listed in Table 1 are determined under the following
polymerization conditions: [BA]y:[EBiB]o:[Br-Cu"TPMA™],,
300:1:0.09; BA, 3.9 M in DMF; and T, 44°C. The results are
shown in Figure 1.

During eATRP, as soon as the potential step is applied, the
deactivator near the electrode is reduced, then diffuses to the
reaction mixture, reacts with initiators, and triggers the poly-
merization reaction. In agreement with the characteristic of
current responding to the potential step, that is, exponential
decay in the current with the square root of time, the concen-
tration of activator reaches a constant level of 10~* M~ at the
beginning of polymerization. This characteristic indicates a
large reducing rate during the initial period of polymerization.
Therefore, the induction period for eATRP is very short.
Along with the fast production of activator, the initiator is
depleted in a short time (Figure 1A). Note that the generation
of primary radicals should be accompanied with the decompo-
sition of initiator, resulting in large reaction rates related to
primary radicals, for example, R,, R;,, and especially that of
termination, R,. The large amounts of radicals introduced by
fast activation should lead to enhanced termination, which is a
universal characteristic for RDRP (Figure 1B). With progres-
sively decreasing primary radicals, these rate items gradually
slow down and reach a relatively stable state. For BA poly-
merization in this system, the formation rate of tertiary radi-
cals (Rpp) is slightly larger than its consumption rate (RI’,),
leading to the accumulation of tertiary species (including dor-
mant and active species) while reducing the secondary species
(Figure 1A). Given that the rate coefficient for propagation of
secondary radicals is two orders of magnitude higher than that
of tertiary radicals, the apparent propagation rate largely
depends on the concentration of the secondary radicals (Eq.
18). Thus, the apparent propagation rate would drop off, espe-
cially at high conversion as concentration of monomer also
decreases

R,=R,+R,=ky[M][P;" | +k) [M][P"] ~ k3 [M][P/"]  (18)

However, due to the deactivation effect of the deactivator,
the concentration of the dormant species (mainly, secondary
dormant species) remains nearly constant during the whole
reaction, which indicates a low-level termination. This point
can also be verified by the proportion of dead chains in the
total polymer chains, which is as low as 3% at the last period
of polymerization. Moreover, the ATRP equilibria of the sec-
ondary and dormant species are established as soon as the ini-
tiator become exhausted, which can be deduced from the

AIChE Journal 2015 Vol. 00, No. 00

Published on behalf of the AIChE

almost similar values of activation and deactivation rates.
Thus, detailed information on eATRP is represented vividly,
which is of great help for the better understanding of the reac-
tion mechanism.

Effect of catalyst loading on the eATRP behavior

The amount of catalyst loading has always been the chief
concern because it is the major barrier to the industrialization
of ATRP. Figure 2 depicts the effect of initial catalyst loading
on the semilogarithmic kinetic plot and evolutions of M,, M,/
M,, and end functionality with conversion. The simulation is
verified by accessible experimental data from Magenau et al.*
and made further predictions for thorough comprehension.

As seen in Figure 2, the fitting curves are in good agreement
with the experimental data. Figure 2A shows a significant pos-
itive correlation between the polymerization rate and catalyst
loading, that is, faster polymerization with higher Cu level. In
fact, the value of In[(M)o/(M),] grows linearly as time
increases until the conversion reaches about 80% (In[(M)q/
(M),] = 1.6), in agreement with experimental data.”® Regard-
less of the decrease at high monomer conversion, the apparent
polymerization rate has a square root-dependence on catalyst
loading as shown in Figure S2 in the Supporting Information.
With larger initial catalyst loading, the amount of activator
that can be electrochemically reduced is higher, implying
faster polymerization.

However, decreasing the amount of catalyst loading leads to
the increases in M,, and M, /M, at low monomer conversion
(see Figures 2B, C). When a high-oxidation state catalyst of
25 ppm is loaded, for example, most of them will be rapidly
reduced to low-oxidation state activator as the current is large
at the beginning period of electrolysis. As a result, the system
becomes close to normal ATRP at low conversion because of
the insufficiency of deactivation from deactivator. Thus, the
controllability over the polymerization system weakens at low
catalyst concentration, which is analogous to the results found
in the studies of ARGET ATRP.'7® Remarkably, experimen-
tal values of M, are not increasing linearly with conversion
and there is a deviation in high conversion as shown in Figure
2B, which implies that the initiator efficiency (the ratio of the-
oretical M,, and experimental M,,) is more than 100%. In other
word, there is an increase of the total number of polymer
chains in the system. In theory, only massive chain transfer in
the elementary reactions increases the total number of polymer
chains, that is, zero-order moments, and consequently can
decrease the value of M,,. Herein, the chain-transfer coefficient

DOI 10.1002/aic 5
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Figure 2. Comparison of kinetic experimental data (points) and simulation results (lines) under different catalyst
concentrations: (A) semilogarithmic kinetic plot; (B) evolution of M,, with conversion; (C) evolution of M,/
M,, with conversion; (D) evolution of end functionality with conversion.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

is expanded by 50 times, and the simulation results become in
agreement with experimental data as seen in Supporting Infor-
mation Figure S3. However, the value of end functionality dra-
matically decreases to 0.4 in 10,000 s, which is inconsistent
with the characteristic of ATRP. Conversely, of course, arbi-
trary expanding of chain-transfer coefficient is without a scien-
tific reason. Instead, it is notable that the values of M, were
determined by gel permeation chromatography (GPC) using
polystyrene as standard sample in the original literature.”® The
GPC measurement is not always precise and the deviation of
simulation results from experimental data is likely caused by
experimental error. Besides, similar to other ATRP systems,
eATRP can hardly maintain the ability to mediate polymer
chains well while using catalysts lower than a certain thresh-
old value.'® When the catalyst loading is set to 25 ppm, only
60% of the monomers are polymerized, and the value of M,/
M, is as high as 1.3 in 10,000 s. Supporting Information Fig-
ure S4 shows that 80,000 s are required to achieve a relatively
steady M, /M, value of 1.2, which is still higher than the one
shown in Figure 2C at 50 ppm.

In addition, the simulations also demonstrate the decrease
in the end functionality with increasing catalyst concentra-
tion, as reported by Wang et al.”” The loss of end functional-
ity is mainly caused by the termination according to the
kinetic model, which is dependent on the active species.
Thus, the higher is the catalyst loading, the less preserved is
the end functionality. Nonetheless, even if the largest catalyst
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loading (300 ppm) is used, more than 94% of the polymer
chains exist as dormant species at the end of polymerization
as shown in Figure 2D, suggesting an excellent “living”
property.

Effect of the Overpotential on the eATRP Behavior. From
Eq. 2, with the varying potential applied on the electrode, the
responding current-time curves are similar in shape, except for
the magnitude scaled by the factor (Tlge)- When a highly nega-
tive potential is applied, the reaction rate is totally controlled
by diffusion. This characteristic indicates that the deactivator
is reduced the moment it diffuses to the electrode surface from
the bulk solution. At this point, the parameter 0 approaches
zero, and Eq. 2 can be simplified as the Conttrell Equation.48
The polymerization reaches its maximum rate at #=—0.165 V
because of the mass transport limitations,?® at which the Con-
ttrell Equation can be approximately used.

Combining the developed model and experimental data at n
=—0.165 V, the maximum reducing rate coefficient can be

extrapolated as k,‘max=% %=2.57X10_3571/2. Substituting

the two reducing coefficient values of # =—0.165 and —0.125
V into Eq. 4, and the reducing rate coefficient of an arbitrary
overpotential value can be derived (Eq. 19). For example, the
reducing rates under overpotentials of —0.045, —0.065,
—0.085, and —0.105 V are calculated as 0.62, 1.02, 1.49, and
1.90 s~ "2, respectively. These values are used in the following
study of the overpotential to polymerization behavior
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1+ [ Kemax
ki(~0.125)

Accordingly, the significance of the overpotential on
polymerization can be quantified by substituting the reduc-
ing rate coefficient derived from Eq. 19 into the kinetic
model.

The significance of overpotential is depicted in Figure 3 by
modeling eATRP under varying overpotential from —0.045 to
—0.165 V with otherwise identical formulations: [BA]:
[EBiB]y:[Br-Cu""TPMA *], = 300:1:0.09. Figures 3A to 3C
show that the developed kinetic model fit the experimental
data well, matching the gradual increase in polymerization
rate with more negative potential. Hence, with identical cata-
lyst loadings, the generation rate of activator increases with
the overpotential, which is similar to the polymerization rate.
However, although enhanced polymerization is observed with
larger overpotential, the gradient becomes smaller. To show
the relationship between overpotential and polymerization
rate, a semilogarithmic plot of k,p;, versus # is illustrated in the
Supporting Information. As shown in Supporting Information
Figure S5, with the same 0.04 V more negative potential, the
apparent polymerization rate grows approximately by 73%
from —0.045 to —0.085 V, while minimal change is obtained
from —0.125 to —0.165 V. This finding suggests the transfor-
mation of the reduction rate-limiting step from hybrid control
to complete the diffusion control. Figures 3B, C provide the
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evolution of M, and M,/M, with conversion. The linear
increase in the M,, with monomer conversion and low M,/M,,
values for all cases prove the controllability of this polymer-
ization system. Moreover, M,,/M,, values are nearly unchanged
for systems operating at different overpotentials, which can
provide an important reference for polymer preparation.
Before mass transport limitation is reached, the apparent poly-
merization rate increases at a near-linear trend as seen in Sup-
porting Information Figure S5. This phenomenon implies that
with more negative potential, the production efficiency is
higher, while the M,,/M,, values, as one of the main polymer
product quality indices, remain stable.

Application of the Programmable Overpotentialon the
eATRP Behavior. The overpotential applied has a major
impact on reducing rate, thus affecting the polymerization
kinetics. This characteristic facilitates the modulation of the
rate of polymerization by programmable changing of the
potential applied on the electrode.

Figures 4 and 5 show the application of programmable
change in the overpotential on eATRP behavior under the con-
dition that [BA]y:[EBiB]o:[Br-Cu"TPMA*], = 300:1:0.09
using stepwise and intermittent electrolyses, respectively.
Under stepwise electrolysis, the overpotential applied is
changed every 2500 s, from —0.045 to —0.125 V (Figure 4).
With the increase in overpotential, the apparent propagation
rate increases remarkably, which coincides with the previous
finding. Using a potential step of —0.125 V at high
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conversion, the concentration ratio of low-oxidation state acti-
vator and high-oxidation state deactivator increases according
to Nernst equation, as a result of which the ATRP equilibrium
moves to active species direction. And the apparent propaga-
tion rate expressed as Eq. 20 is maintained at high level

Ml _ : _ kpKarre[PiX][Cu' /LY]
hl([M]) Ll [CulX /L*]

t (20)

t

Thus, those cases where the polymerization rates decrease
caused by accumulation of tertiary species (Figure 3) are avoided.
Compared with the case in which an overpotential of —0.045 V is
used during the whole reaction, the conversion has increased from
76% to 93% in similar time. Additionally, the steady value of M,,/
M,, very slightly changes, being consistent with the conclusion that
overpotential slightly influence on the M, /M, value. And the end
functionality also keeps preserved well.

However, the application of intermittent electrolysis is also
studied by controlling the electrolytic switch at “on” and “off”
with overpotential of —0.125 V at intervals. Figure SA shows
the detailed operation steps, where the gray zone represents
the “power off.” The system is electrolyzed to produce initial
active species in the first stage of 2000 s when the system gets
into a steady state. Then, the electrolytic switch is turned off,
and polymerization acts like a normal ATRP system, in which
the polymerization rate decreases with the conversion because
of the persistent radical effect. Thus, the differences between
normal ATRP and eATRP are presented visually, contributing
to the understanding of the mechanism of eATRP. After
2000 s, the concentration of macroradicals is reduced to 7.7 X
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107> M, about half of the value in the steady state, and the
polymerization rate decreased obviously. Given the residual
radicals, 1000 s is sufficient for the following electrolytic pro-
cedure for “reactivating” the system. These steps are repeated
until 10,000 s (Figure 5). The results indicate that the ultimate
conversions by intermittent and continuous electrolysis are
almost the same (Figures 3 and 5). This phenomenon suggests
that, in spite of shorter time, intermittent electrolysis can offer
comparable polymer products comparing with continuous
electrolysis. This result is probably due to the much higher
amount of activator generated at the beginning of each poten-
tial step than that generated during steady state. Hence, the
average concentration levels of low-oxidation state catalyst
for both electrolysis methods during the whole reaction are
likely the same, leading to similar apparent propagation rates.
Moreover, compared with constant potential electrolysis, the
features of evolutions of M,, M,/M,, and end functionality
with conversion (Figures 5B, D) keep almost unchanged, sug-
gesting that the good controllability over the eATRP system is
still preserved. Therefore, a new concept and a new method
are provided for the controllable and effective preparation of
polymers by well-designed electrolysis programs.

Comparison of normal ATRP, photo-ATRP, and eATRP

The eATRP utilizes current to reduce high-oxidation state
catalyst, whereas photo-ATRP uses photochemical reduction
effect, both of which omit the chemical reducing agent used in
other improved ATRPs. Hence, distinguishing the normal
ATRP, photo-ATRP, and eATRP to better understand their
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conversion.

respective characteristics is important. Herein, given that we
have developed the normal and photo-ATRP models for the
same polymerization system, these models are applied directly
in this work.?>-® Furthermore, the comparison is performed
under their respectively applicable conditions to illustrate their
respective polymerization characteristics qualitatively.

Figure 6 shows the simulation results of the three types of
ATRP. The simulation of eATRP proceeds under the condition
of [BA]O:[EBiB]O:[Br-Cu”TPMA+]0= 300:1:0.09 with over-
potential of —0.125 V. The photo-ATRP polymerization
behavior is simulated under identical concentration of catalyst
with 392 nm UV light irradiation, whereas normal ATRP uses
typical condition with equal amounts of initiator and catalyst,
that is, [BA]O:[EBiB]O:[Br—Cu'TPMA]O =300:1:1. Figure 6A
demonstrates that the polymerization rate of normal ATRP is
much faster compared with the other two methods at the
beginning of reaction, which could be attributed to the large
amount of low-oxidation state catalyst. The drawback of a fast
reaction rate is the loss of controllability. The simulation
clearly confirms this point that the end functionality has a
much smaller initial value and drops quickly compared with
others. This finding is due to the high concentration level of
the active species and high resultant termination. The evolu-
tion of M, with conversion as shown by Figure 6B also sup-
ports this view. The slope in Figure 6B is obviously larger
than those of improved ATRP, which implies the loss of halo-
gen groups. Additionally, the M, /M,, for normal ATRP (Figure
6C) is also higher than those of the other ATRPs. Photo-ATRP
and eATRP have many common characteristics, such as low
M, /M, value and high end functionality (Figure 6D), except
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that the polymerization rate of eATRP is faster than that of
photo-ATRP. This finding can be explained by the difference
in the reducing rates of the two methods. Therefore, photo-
ATRP and eATRP, as improved ATRPs that utilize external
regulation without extra addition of chemical reducing agent,
share similar characteristics to some extent and have signifi-
cant advantages over normal ATRP.

Conclusion

Hence, a detailed kinetic model of eATRP was developed
using the method of moments. According to the electrochemi-
cal theory, the way by which potential step affected the activa-
tor (re)generation was investigated and coupled into the
model. Combined with previously published data, three rate
coefficients, namely, activation, deactivation, and reducing
rate coefficients, were systematically investigated to match the
experimental data. The unique features of eATRP were vividly
presented by the evolution of reactants and rates of reaction
for BA polymerization. For example, the reducing rate decay
with the square root of time was very fast, leading to fast ter-
mination at the beginning of the reaction. However, the intra-
molecular chain transfer (backbiting) of BA caused the
accumulation of tertiary macroradicals, the propagation rate of
which was much slower than secondary ones. Additionally,
the simulations on the effect of catalyst loading, overpotential,
and application of programmable electrolysis on ATRP behav-
ior were investigated. The results indicated that the apparent
polymerization rate had a square root-dependence on the cata-
lyst loading. Before the mass transport limitation is reached, a

DOI 10.1002/aic 9



5 T T T
A | ——normal ATRP
- = photo ATRP
A4r... eATRP
= 3 .
= =
= e
g 2 " 1
£
1 o — ]
- - o
0 = : —-_r = —u I 1
0 2000 4000 6000 8000 10000
time(s)
C T T T T ) T ¥
——normal ATRP |
- = photo ATRP
- - - eATRP
— 4——--/
g 1.0 - ESSASSS e
0.5 g
00 1 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0
Conversion

B 60000 T T T T
——normal ATRP
50000 - — — photo ATRP
- eATRP
40000 -
3 P
£ 30000 - :
=2 =1 :
[+ - .
= i .’/ 1 .
20000 - e " .
o | :
10000 - =7 | :
' | :
0 f L L 1 b
0.0 0.2 0.4 0.6 0.8 1.0
Conversion
D 1.0 ———— e e e T
0.8 1
2
® 06} .
c
o
g
a3 04f
o
c
w 02| ——normal ATRP |
i — — photo ATRP
--- eATRP
0_0 1 I 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Conversion

Figure 6. Simulation of three types of ATRP under respectively typical conditions: (A) semilogarithmic kinetic plot;
(B) evolution of M,, with conversion; (C) evolution of M, /M, with conversion; (D) evolution of end func-

tionality with conversion.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

more negative potential can accelerate the polymerization
rate. Based on this finding, stepwise and intermittent electroly-
sis programs were designed. The results showed that the poly-
merization rate can be artificially controlled by different
designed programs. Finally, the differences among normal
ATRP, photo-ATRP, and eATRP under typical conditions
were also examined to better understand their respective char-
acteristics. Considering the large amount of low-oxidation
state catalyst, the normal ATRP exhibited a large propagation
rate but high loss of end functionality while photo-ATRP and
eATRP have no significant differences in polymerization
behavior.
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