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ABSTRACT:Copper(I) polyamine complexes have emerged
as excellent atom-transfer radical polymerization catalysts. The
rate of their reactionwith organic halide initiators (the so-called
activation step) varies across a broad range, depending on both
the structure of the copper complex and the initiator. Herein,
we report a new technique for determining the rate of copper-
catalyzed activation (kact) using cyclic voltammetry coupled
with electrochemical simulation. This method is applied
to measuring kact for one of the most active catalysts,
[CuI(Me6tren)]

+ (Me6tren =N,N,N-tris-(2-(dimethylamino)
ethyl)amine), in reaction with ethyl bromoisobutyrate.

Copper-catalyzed polymerization is a well-established procedure
for controlling the molecular weight and molecular weight dis-

tribution of awide range of polymers.1,2Obtainingwell-defined poly-
mers by atom-transfer radical polymerization (ATRP) is determined
by the ratio of rate coefficients for activation of RX (an alkyl halide)
and deactivation of R• by copper complexes (KATRP in eq 1).

CuIL þ RX F
kact

Rs
kdeact

CuIILX þ R• KATRP ¼ kact=kdeact ð1Þ

The effectiveness of the CuI complex is very dependent on the
nature of the ligand and solvent. Highly active complexes can
significantly reduce the amount of copper species to ppm levels
in the polymerizations, making such catalysts attractive for
industrial-scale polymerizations.3�13 Although there are meth-
ods to determine the activation rate coefficient (kact), they are
limited to catalysts that have kact < 2 M�1 s�1. For more active
catalysts, stopped-flow spectrophotometric methods are re-
quired to measure the formation of CuII over time,14 but even
this has its limitations in terms of the maximum measurable rate
of the bimolecular CuI/initiator reaction, the inherent air sensi-
tivity, and potential instability toward disproportionation of CuI-
based catalysts.

Herein, we describe a new, robust and straightforward elec-
trochemical method that enables kact to be determined using
cyclic voltammetry (CV) and is model-independent in terms of
the mechanism of the polymerization reaction that follows. It is
not limited by conventional problems associated with direct
rapid kinetic measurements using stopped-flow techniques
(instrumental and mixing dead times, interference from oxygen),
as the reactive CuI complexes are generated transiently under
strict anaerobic conditions near the electrode surface. The time

scale of the experiment separates kact from any other following
chemical steps relevant to the polymerization reaction.

We have investigated the highly active copper catalyst
[CuI(Me6tren)]

+ (Me6tren = N,N,N-tris(2-(dimethylamino)
ethyl)amine) in its reaction with the initiator ethyl bromoisobu-
tyrate (EBriB, EtOC(O)CBrMe2, Scheme 1) using CV. X-ray
crystal structures of several complexes from the [CuII(Me6tren)
(X)]n+ (X = halide or solvent) family15,16 in addition to EPR
spectroscopy17�20 and theoretical studies21,22 have shown that
the CuII complexes are invariably trigonal bipyramidal and the
monodentate co-ligand occupies the axial coordination site
trans to the central tertiary amine. However, the monovalent
complex [CuI(Me6tren)](ClO4) is pseudo-four-coordinate in
the solid state, bearing a trigonal pyramidal geometry with the
ClO4

� anion only weakly associated, as shown by X-ray
crystallography.23 Solution equilibrium studies of ternary com-
plexes of CuII or CuI with Me6tren and bromide have been
reported24 as well as EXAFS solution structural studies,25 which
revealed that several combinations of Cu, amine, and bromide are
possible, depending on their relative concentrations.

Cyclic voltammetry of [CuII(Me6tren)]
2+ in the presence

and in the absence of bromide in both MeCN and DMSO
(Supporting Information (SI) Figure S1) led to separate and
reversible CuII/I couples from both [CuII(Me6tren)(S)]

2+/+ (S =
MeCN or DMSO, higher potential) and [CuII(Me6tren)Br]

+/0

(lower potential). The reversibility of the [Cu(Me6tren)Br]
+/0

couple indicates that the bromido ligand dissociates only slowly
from the CuI complex and that [CuI(Me6tren)Br] has an appreci-
able formation constant. The difference between the CuII/I redox
potentials (volts) with (EBr) and without (ES) bromide affords the
ratio of the CuII and CuI formation constants (KCu(II)Br/KCu(I)Br,
eq 2),26 and this has been examined in a number of Cu complexes
relevant to ATRP.27

logðKCuðIIÞBr=KCuðIÞBrÞ ¼ 16:9ðES � EBrÞ at 298 K ð2Þ
The [CuII(Me6tren)]

2+:Br� association constants in DMSO
and MeCN (Scheme 1, D; KCu(II)Br = kIIaBr/kIId,Br) were
examined independently under the same conditions by spectro-
photometric titration (SI Figure S2), and the data were modeled
by global analysis with SPECFIT.28 In MeCN, the complexation
reaction was complete after addition of 1 equiv of bromide,
yielding a lower bound of logKCu(II)Br g 5. In DMSO, a more
gradual saturation of the complex upon bromide addition was
seen, and a lower value of logKCu(II)Br = 3.9(3) was obtained.
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These results are comparable with other published studies,24 the
differences being attibuted to the supporting electrolyte (0.1 M
Et4NClO4) used here to match the electrochemistry experiments.
Importantly, at millimolar concentrations of [CuII(Me6tren)Br]Br,
no significant dissociation of Br� occurs in eitherMeCNorDMSO,
and combined with the electrochemical measurements, the related
CuI�Br formation constants (from eq 2) are also significant
(logKCu(I)Br g 1.3 in MeCN and logKCu(I)Br = 2.4 in DMSO).

Following the activation step, where the Br atom is transferred
from EBriB to Cu (Scheme 1, A), the Cu�Br bond must be
broken, and reduction to the active CuI complex must occur
before another molecule of EBriB can react. These two steps en
route to [CuI(Me6tren)]

+, the active copper catalyst,29 may occur
in either order, as shown in Scheme 1 (BfC or DfE), but in
any case the bromido ligand association and dissociation rate
constants for both oxidation states (kII,a/kII,d = KCu(II)Br

and kI,a/kI,d = KCu(I)Br) are part of the overall catalytic cycle. It is

known30 that the steric effects of the N-methyl groups on Me6tren
ligand decrease the rates of ligand exchange on CuII by ca. 5 orders
of magnitude relative to tren. This is evidently one of the key factors
in [CuI(Me6tren)]

+ being such an effective catalyst.
The CuI-catalyzed activation reaction (Scheme 1, A) was in-

vestigated by CV in the presence of EBriB. As mentioned above,
[CuII(Me6tren)Br]

+ is the dominant species in both DMSO and
MeCN when [CuII(Me6tren)Br]Br is employed as the precursor
(see SI). Reduction to [CuI(Me6tren)Br]/[Cu

I(Me6tren)(S)]
+ is

coupled to the reversible activation step that regenerates
[CuII(Me6tren)Br]

+, formally a so-called ECcat mechanism (an
electron transfer followed by a catalytic chemical reaction).31

As expected for an ECcat mechanism, (i) the ratio of anodic and
cathodic peak currents (ipa/ipc) was less than unity in the presence of

Scheme 1. Catalytic Mechanism for Initiator Activation

Figure 1. Cyclic voltammograms of [Cu(Me6tren)Br]Br (1 mM) at four
different concentrations of EBriB in (A) MeCN and (B) DMSO. All other
conditions are the same (50 mV s�1 sweep rate, 0.1 M Et4NClO4, 298 K).
All voltammograms were swept initially in the negative direction.

Figure 2. Cyclic voltammograms of [Cu(Me6tren)Br]Br (1 mM) and
EBriB (5 mM) in DMSO at four different sweep rates (50, 100, 200, and
500 mV s�1). All voltammograms were swept initially in the negative
direction at 298 K.
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EBriB, (ii) ipa/ipc was dependent on both sweep rate and EBriB
concentration, and (iii) the cathodic current increased with the
concentration of EBriB. Typical CVdata are illustrated in Figure 1 at
different concentrations of EBriB in MeCN and DMSO. The
change from a reversible CuII/I wave in the absence of EBriB to
an asymmetric irreversible wave at higher concentrations of EBriB
(0.5, 1.5, and 10mM) is evident. Also, the cathodic current increases
markedly with EBriB concentration, confirming the catalytic nature
of the process; i.e., CuII is being chemically regenerated during the
cathodic sweep, resulting in an amplification of current.

Increasing the sweep rate partially restores the reversibility of
the CV wave (ipa/ipc increases) due to the CuI form being
reoxidized electrochemically faster than it is consumed in the
bimolecular [Cu(Me6tren)]

+/EBriB reaction. This is illustrated
for the system in DMSO with 5 mM EBriB present (Figure 2),
where at a sweep rate of 50 mV s�1 there is no anodic peak (ipa/
ipc = 0), while at 500 mV s�1 the ipa/ipc ratio is restored to 0.28.

Given the complexity of Scheme 1, extraction of meaningful
kinetic data can be accomplished only by simulation of the
experimental voltammetry. The program DigiSim32 was em-
ployed, and the entire set of simulation parameters (redox
potentials, diffusion coefficients, homogeneous and heteroge-
neous rate coefficients) was obtained. As with any multi-para-
metrized system, there is a danger of false minima or correlated
variables if too many parameters are allowed to vary simulta-
neously. The heterogeneous rate constant k0, CuII/I redox
potential, and diffusion coefficients (3� 10�5 cm2 s�1 in MeCN
or 5� 10�6 cm2 s�1 in DMSO) were all obtained by simulating
the CV data in the absence of EBriB and held constant thereafter.
The deactivation rate coefficient (kdeact = 1.1 � 107 M�1 s�1) is
well established from other studies33�35 and was assumed
constant in all simulations. Similarly, the radical termination step
(kt = 1 � 109 M�1 s�1) is known to be diffusion controlled.36

The reverse rate coefficient (k�t) was set to a nominally low value

(1.3� 10�5 s�1), as the termination reaction is irreversible; this
parameter had no effect on the simulation. Given that many of
the parameters in Scheme 1 were known (EBr, ES, kdeact,KCu(II)Br,
and KCu(I)Br)), the only independent parameters remaining were
kact, kII,d,Br, and kI,d,Br, and these were refined during the
simulation. For the MeCN system, where KCu(II)Br was not
known accurately, both kII,a,Br and kII,d,Br were allowed to refine.

Systematically varying both the concentration of EBriB and
the sweep rate enabled a set of self-consistent rate coefficients to
be determined (one set for MeCN and one set for DMSO) that
reproduced the experimental voltammetry across the entire
range of EBriB concentrations, 0�10 mM, and sweep rates,
20�1000 mV s�1. These parameters are included in Table 1. A
set of representative simulated and experimental voltammo-
grams is shown in Figure 3 for MeCN at different concentrations
of EBriB. Comparisons of a variety of other experimental and
simulated voltammograms are shown in the SI. It should be
reemphasized that the fits were equally good regardless of EBriB
concentration, sweep rate, or solvent. A slightly lower value of
kact = 7.7 � 103 M�1 s�1 in MeCN was reported for the
[Cu(Me6tren)]

+/EBriB reaction using stopped-flow methods
and the radical scavenger TEMPO.14

In conclusion, we have developed a new technique for accurately
determining the mechanistically important polymer initiator activa-
tion rate coefficient (kact), independent of a kinetic model for the
polymerization reaction. In principle, this method can be applied to
any copper-catalyzed system and provides a rapid and effective way
of screening prospective new copper catalysts and initiators. By
varying the concentration of initiator and also altering the sweep
rate, the degree of reversibility of the cyclic voltammetry CuII/I wave
provides a direct measure of the kinetics of the coupled activation
step, and the systemmay be tuned so as to enable themonitoring of
both rapid and slower activation reactions.
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Table 1. Important Rate and Thermodynamic Constants at 298 K for the [CuII(Me6tren)Br]
+/EBriB Systema

MeCN DMSO MeCN DMSO

kdeact (M
�1 s�1) 1.1 � 107 1.1 � 107 kI,d,Br (s

�1) 7.6 � 101 2.0 � 102

kact (M
�1 s�1) 3.7 � 104 8.7 � 104 kI,a,Br (M

�1 s�1) 3.5 � 104 7.7 � 104

kII,d,Br (s
�1) 4.7 � 10�5 2.0 � 101 ES (mV vs Fc+/0) �500 �700

kII,a,Br (M
�1 s�1) 1.3 � 102 1.6 � 105 EBr (mV vs Fc+/0) �722 �787

a Estimated uncertainties in rate constants are 10%.

Figure 3. Comparison of experimental and simulated cyclic voltammo-
grams of [Cu(Me6tren)Br]Br (1 mM) at increasing concentrations of
EBriB. Sweep rate, 100 mV s�1; solvent, MeCN; supporting electrolyte,
0.1 M Et4NClO4; 298 K.
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