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Unlike classical radical polymerization, the kinetics of atom
transfer radical polymerization show significant solvent depend-
ence, possibly arising from solvent effects on the activation
step. A kinetic study on the activation of the initiator ethyl α-
bromoisobutyrate by [CuITPMA]+ (TPMA= tris(2-pyridylmeth-
yl)amine), an initiator/catalyst combination frequently used in
ATRP, was carried out in DMSO, DMF, MeCN, anisole, ethyl
acetate, and their 50 vol% mixtures with styrene (STY) and
methyl methacrylate (MMA). kact values varying about 3 orders

of magnitude from 3.14×105 mol� 1dm3s� 1 in DMSO to
9.41×102 mol� 1dm3s� 1 in ethyl acetate were found. These
values showed excellent correlation with the solvent polarity/
polarizability parameter π*. The effect of MMA or STY depended
on polarity compatibility between the monomer and the
solvent: After monomer addition, kact decreased considerably in
polar solvents, whereas it was almost unaffected in nonpolar
solvents.

Introduction

Atom transfer radical polymerization (ATRP) is one of the most
important methods of controlled radical polymerization for the
synthesis of well-defined polymeric materials with tailored
properties for various specific applications.[1,2] Control over chain
growth and molecular weight distribution is gained during
polymerization due to an equilibrium between a dormant
species Pn-X (usually X=Cl or Br) and a propagating radical P�n,
mediated by a transition metal complex such as Cu with a
polydentate amine ligand (Scheme 1). The equilibrium is well
shifted to the left (KATRP=kact/kdeact !1), which makes the
concentration of the propagating radicals so low that radical-
radical termination reactions are very slow. The process begins
with a reaction between an alkyl halide initiator (RX) and the
metal complex at a low oxidation state, e.g., [CuIL]+. This
initiation reaction produces an alkyl radical, which adds to
monomer molecules generating a radical polymer chain, P�n,
and the metal complex at a higher oxidation state, with the

halogen atom bound to the metal center, [XCuIIL]+. After a short
time of reaction, P�n is deactivated by [XCuIIL]+ to produce a
dormant polymer chain, Pn-X, and the metal at the lower
oxidation state. Polymerization proceeds intermittently through
short periods between activation and deactivation. The mecha-
nism of the activation step has been widely investigated
showing that it occurs by a halogen atom transfer or formally
inner-sphere electron transfer.[3–6]

Since its inception about three decades ago,[7,8] interest for
this polymerization method has been steadily growing and
today many variants of ATRP with ppm amounts of metal
catalyst are widely used.[9] Many transition metal-based cata-
lysts, such as complexes of Co, Cu, Fe, Ni, Os, Re and Ru, have
been tested and found to exhibit good catalytic performance.[10]

However, the most widely used catalysts are copper complexes
with polydentate nitrogen-based ligands because of ease of
preparation (often by in situ mixing of a Cu(II) salt with a ligand)
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Scheme 1. ATRP mechanism and chemical structures of monomers, initiator,
and ligand considered in this work.
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and high activity, which is tunable through modification of
ligand structure.[11] Recently, iron-based catalysts, albeit being
much less active than copper-amine complexes, have attracted
considerable attention because Fe is a cheap and abundant
metal that can be used even without any added organic
ligand.[12–17] Photo-induced ATRP using copper catalysts[18–20] or
without any metal catalyst is also widely used.[21–23]

The activation step, in which the propagating radical is
generated, plays a crucial role in the rate of polymerization.
Similarly, the deactivation step is essential because it avoids
uncontrolled radical propagation, as seen in free radical
polymerization. However, this step hardly represents a critical
issue for Cu-catalyzed ATRP in organic solvents because
[XCuIIL]+ is a very efficient radical scavenger with deactivation
rate constants of the order of 105–107 mol� 1dm3s� 1.[24] kdeact is
very high also in aqueous solutions,[25] but in such media the
deactivation step might not be efficient because of instability of
[XCuIIL]+.[26] ATRP activation kinetics have been intensively
investigated in acetonitrile, showing that kact is affected by
various factors including alkyl halide initiator structure (RX),
type of halogen atom in RX, and amine ligand structure.[27–32]

Activation rate constants for several initiator/Cu(I) systems have
also been reported in aqueous media.[25,33,34] Comparing kact
values in acetonitrile and water showed that activation rate
constants are 2–3 orders of magnitude higher in water than in
acetonitrile. In good accordance with these findings, we have
recently shown that addition of 10 vol% water to acetonitrile
induces a 4-fold enhancement of kact.

[35]

Although ATRP is performed in many organic solvents,
studies on activation kinetics in solvents other than acetonitrile
are limited. Some data have been reported in DMF[35–37] and
DMSO[35,36,38] and a rapid screening of these data, together with
kact values in acetonitrile and water, shows that ATRP kinetics is
strongly affected by the reaction medium. Horn and
Matyjaszewski[39] examined ATRP activation kinetics in an
extended series of solvents showing that the rate constant
diminishes with decreasing solvent polarity. Although this work
provided valuable information for a deeper understanding of
ATRP kinetics, the measured rate constants could better be
described as observed values, kobs, rather than true kact. Indeed,
while measuring kact requires investigating the kinetics of
[CuIL]+ with RX, all experiments were performed in solutions
containing CuIBr, ligand and RX. It has been previously reported
that halide ions form complexes with Cu ions both in the
absence and presence of amine ligands.[40] Therefore, mixing
CuIBr with the ligand produces different Cu(I) species, mainly
[CuIL]+ and [BrCuIL], of which only [CuIL]+ is involved in the
activation step.[41] Kinetic analysis in the presence of halide ions
are conditioned by the presence of speciation equilibria and
may not provide true kact values. Indeed, it has been previously
reported that the observed rate constants, kobs, for several CuX/
L+RX systems depended on [X� ]. Consequently, kobs were lower
than the true kact values measured with [CuIL]+ as the only Cu(I)
species present in solution.[41] It must be stressed however that,
in some control experiments, Horn and Matyjaszewski found
similar kact values in the absence and presence of bromide ions.
Another important consideration for further studies on solvent

effect on kact is the choice of the Cu complex. The previous
study used L=1,1,4,7,10,10-hexamethyltriethylenetetramine,
which gives one of the least active ATRP Cu catalysts that is
rarely used. Indeed, the measured rate constants were low
(4.14×10� 2 mol� 1dm3s� 1� 1.3 mol� 1dm3s� 1). More active cata-
lysts based on tris[2-(dimethylamino)ethyl]amine (Me6TREN)
and tris(2-pyridylmethyl)amine (TPMA) are widely used today
and are more appropriate for studies of solvent effects on
activation kinetics. Recently, linear regression techniques have
been employed to build comprehensive models for the
prediction of kact values.

[42] These models were built on a library
of kact data comprising structurally diverse initiators and
catalysts, whereas the solvent scope was rather narrow and
limited to polar media. Moreover, mixtures of solvent and
monomer were not considered. Larger datasets spanning a
broader range of solvents and solvent/monomer mixtures
would enable these data-driven regression methods to more
accurately capture the medium effect in ATRP. Therefore, here
we chose TPMA as ligand and determined kact for the activation
of ethyl α-bromoisobutyrate (EBiB) by [CuIL]+ in 5 selected
solvents and their 50 vol% mixtures with methyl methacrylate
and styrene (Scheme 1b).

Results and Discussion

Redox Behavior of Copper Complexes

Before discussing the redox behavior of copper complexes, it is
important to note that Cu(II) is usually pentacoordinated,
whereas the preferred coordination number of Cu(I) is 4.[43]

Since TPMA is a tetradentate ligand, a solvent molecule will act
as the fifth ligand ([CuIITPMA(solvent)]2+) when bromide ions
are not present in solution. Although the involvement of
solvent molecules in Cu(II) complexes with amine ligands used
as ATRP catalysts is well-known,[44] the complexes are often
written simply as [CuIIL]2+. Accordingly, we will indicate the
Cu(II)/TPMA solvato complex simply as [CuIITPMA]2+. In all
investigated media both [CuIITPMA]2+ and [BrCuIITPMA]+ ex-
hibited a reversible peak couple assigned to one-electron
reduction of Cu(II) to Cu(I). Examples of typical responses in
cyclic voltammetry (CV) are reported in Figure 1. In general,
both complexes undergo a quasi-reversible electron transfer
and the standard potential, calculated from cyclic voltammetry
as E1/2= (Epc+Epa)/2 or from linear sweep voltammetry at a
rotating disk electrode, falls in the range from � 0.38 V to
� 0.62 V vs Fc+/Fc for [CuIITPMA]2+ and � 0.66 V to � 0.78 V vs
Fc+/Fc for [BrCuIITPMA]+ (Tables S1 and S2). For the
[CuIITPMA]2+/[CuITPMA]+ couple, E1/2 in MeCN is 0.2 V less
negative than in DMF and DMSO. The presence of MMA or STY
anodically shifts E1/2 up to 0.11 V, depending on monomer and
solvent. E1/2 of [BrCuIITPMA]+/[BrCuITPMA] is always more
negative than that of [CuIITPMA]2+/[CuITPMA]+ on account of
the higher affinity of Br� for Cu(II) than Cu(I).[40] The presence of
monomers shifts E1/2 of [BrCu

IITPMA]+/[BrCuITPMA] to slightly
more negative values (4–43 mV) possibly because of variations
of binding constants of [CuIITPMA]2+ and [CuITPMA]+ with Br�
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(vide infra). In nonpolar solvents, the presence of monomers has
little effect on E1/2 of [BrCu

IITPMA]+ reduction. Further analysis
of medium effects on E1/2 was not pursued as it is related to
multiple parameters including solvent coordination to the
copper center, relative halidophilicities of Cu(II) and Cu(I) and
non-specific solvation effects.

As we shall see later, the standard electron transfer rate
constant, k°, is required for the determination of kact in DMSO,
DMF, MeCN and their mixtures with the monomers. Data for
most of these systems were previously reported,[45] whereas k°
for the remaining systems were determined according to the
method of Nicholson (Figure S1).[46] Overall, k° values in the
range 7.6×10� 3 cms� 1–7.5×10� 2 cms� 1 for [CuIITPMA]2+ and
2.3×10� 2 cms� 1–1.15×10� 1 cms� 1 for [BrCuIITPMA]+ were found
(Table S1).

Determination of kact by Rotating Disk Electrode

The kinetics of relatively slow reactions were studied by
monitoring the concentration of [CuITPMA]+ by a rotating disk
electrode (RDE). The reactions were performed in the presence
of a large excess of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEM-
PO) as a radical trap. The mechanism of the reaction between
an initiator RX and [CuIL]+ in the presence of TEMPO is
illustrated in Scheme 2. The radical R* generated in the
activation step decays through three competing pathways:
deactivation back to RX (kdeact), coupling with the radical
scavenger (kc), and radical-radical coupling (or disproportiona-
tion) yielding termination products (kt). Before deactivation via
one of these pathways, the radical may propagate for a short
time if a monomer is present in the reaction medium. The rate
constant of deactivation, kdeact, by [XCu

IITPMA]+ is of the order
of 106–108 mol� 1dm3s� 1,[31,36] whereas the rate constant of

trapping by TEMPO is near the diffusion-controlled limit.[47,48]

Bimolecular radical termination has also a very high rate
constant (kt=108–109 mol� 1dm3s� 1).[49] Nevertheless, this deacti-
vation pathway cannot compete with the others because its
rate is proportional to C2

R� , which is very low. As to the other
two R* decay routes, kc > kdeact and, if excess TEMPO is used,
CTEMPO >> C XCuIIL½ �þ , the rate of radical capture by TEMPO will
be much higher than the deactivation rate by [XCuIIL]+. The
propagation reaction can occur only in solvent/monomer
mixtures, but its rate is negligible in the presence of the radical
scavenger. Therefore, the overall process can be considered as a
two-step reaction in which the activation step is followed by a
very fast and irreversible R* capture by TEMPO. The activation
step is the rate-determining step, and the rate law becomes
(see Supporting Information):

v ¼ � dC CuIL½ �þ=dt ¼ kactC CuIL½ �þCRX (1)

which is integrated to give

1=C � 1=C0 ¼ kactt (2)

if [CuIL]+ and RX have the same initial concentration, C0.
The details of the experimental setup have previously been

reported.[31,41] Equimolar amounts of [CuITPMA]+ and ethyl α-
bromoisobutyrate (EBiB) were mixed in the chosen reaction
medium in the presence of a 20-fold excess of TEMPO and the
anodic limiting current for the oxidation of [CuITPMA]+ to
[CuIITPMA]2+ was recorded on a glassy carbon rotating disk
electrode to monitor the decay of Cu(I) concentration. The
initial concentration of [CuITPMA]+ and EBiB was 10� 4 moldm� 3

and the applied potential was E1/2+0.3 V so that the oxidation
process was under diffusion control and the Levich equation
could be used to calculate Cu(I) bulk concentration, C, from the
limiting current, iL:

iL ¼ 0:62nFAD1=2w2=3n� 1=6C (3)

where D is the diffusion coefficient of [CuITPMA]+, w is the
angular velocity of the rotating electrode and n is the kinematic
viscosity of the medium.

Examples of limiting current decay during activation of EBiB
by [CuITPMA]+ are reported in Figure 2a. After converting iL to
C, the reaction kinetics were analyzed according to a second-

Figure 1. Cyclic voltammetry of 10� 3 M [CuIITPMA]2+ and [BrCuIITPMA]+ in
DMF or DMF/STY (1 :1, v/v)+0.1 M Et4NBF4, recorded on a GC electrode at
v=0.1 V/s.

Scheme 2. Mechanism of RX activation in the presence of TEMPO
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order rate law. Plots of (1=C � 1=C0) vs time gave straight lines
with slopes corresponding to kact values. Two examples of this
analysis are shown in Figure 2b, whereas plots for all systems
investigated with this technique are reported in Figure S2. This
method is appropriate for the determination of low to
moderately high kact values. It was applied to reactions in
anisole, ethyl acetate (EtOAc), and various solvent/monomer
mixtures, and the results are reported in Table 1.

Determination of kact by Cyclic Voltammetry

Reactions of [CuITPMA]+ with EBiB in MeCN, DMF, DMSO and
some of their mixtures with monomers were too fast to be
investigated by the RDE technique. The activation kinetics in
these media were investigated by cyclic voltammetry using as
catalyst [BrCuIITPMA]+ prepared in situ by mixing equimolar
amounts of Cu(II) triflate, TPMA and Et4NBr as a source of
bromide ions. This system presents a reversible peak couple,
which is not affected by addition of a large excess of TEMPO.
Instead, addition of EBiB to the solution causes drastic changes
to the voltammetric pattern of [BrCuIITPMA]+. The cathodic
peak increases in height while the intensity of its anodic partner
decreases until it disappears in the presence of excess initiator,
indicating that reduction of Cu(II) triggers a catalytic process
(Figure 3). To confirm that direct electrode reduction of EBiB
was not contributing to the observed peak enhancement, cyclic
voltammetry of the initiator was investigated in the absence of
the copper complex. EBiB is reduced irreversibly at potentials

more than 1.0 V more negative than Eo of [BrCuIITPMA]+

(Figure S3 and Table S3).
The mechanism of the process underlying the catalytic peak

is illustrated in Scheme 3. Electroreduction of [BrCuIITPMA]+

yields [BrCuITPMA], which reversibly dissociates to Br� and
[CuITPMA]+. The latter then reacts with the initiator RBr to give
[BrCuIITPMA]+ and R*, which terminates via radical coupling
mainly with the nitroxyl radical TEMPO. Information on the
kinetics of the activation reaction can be obtained by analysis
of the catalytic current as a function of scan rate and the ratio

Figure 2. (a) Chronoamperometry of 10� 4 M [CuITPMA]+ +10� 4 M EBiB
+2×10� 3 M TEMPO in anisole or EtOAc/styrene (1 :1, v/v) in the presence of
0.2 M n-Bu4NBF4, recorded on a GC rotating disc electrode at ω=4000 rpm.
(b) Kinetic analysis according to a second-order rate law.

Table 1. Rate constants for the reaction between [CuITPMA]+ and ethyl α-
bromoisobutyrate at 25 °C.

Entry Solvent Monomer[a] Method[b] logkact
[c]

1 EtOAc – RDE 2.97

2 EtOAc MMA RDE 3.00

3 EtOAc STY RDE 3.13

4 Anisole – RDE 3.42

5 Anisole MMA RDE 3.30

6 Anisole STY RDE 3.31

7 MeCN – HRC 4.02

8 MeCN STY RDE 3.18

9 MeCN STY HRC 2.98

10 MeCN MMA RDE 3.20

11 MeCN MMA HRC 3.00

12 DMF – HRC 4.79

13 DMF STY RDE 3.13

14 DMF STY HRC 3.36

15 DMF MMA HRC 3.15

16 DMSO – HRC 5.50

17 DMSO STY HRC 4.61

18 DMSO MMA HRC 3.79

[a] MMA=methyl methacrylate; STY= styrene, both at 50 vol%. [b] RDE:
chronoamperometry for Cu(I) oxidation on a rotating disk electrode; HRC:
voltammetric analysis of homogeneous redox catalysis. [c] kact in
mol� 1dm3s� 1.

Figure 3. Cyclic voltammetry of 10� 3 M [BrCuIITPMA]+ in DMSO+0.1 M
Et4NBF4, recorded on a GC electrode at v=0.1 V/s in the absence and
presence of ethyl α-bromoisobutyrate (RBr) at different concentrations
together with 2×10� 2 M TEMPO.
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between initiator and catalyst concentrations, g ¼ CRBr=Ccat. This
method, known as homogeneous redox catalysis (HRC),[25,33,50–53]

is based on fitting of experimental data on working curves
appropriately designed according to the mechanism of the
electrocatalytic process. A parameter known as degree of
catalysis (ip=i

0
p) is calculated as the ratio between the catalytic

peak current, ip, and the peak current of the catalyst, i0p,
measured before addition of the initiator. ip=i

0
p depends on γ

and a kinetic parameter defined as l ¼ RTkactCcat=Fv, where kact
is the rate constant of the electron transfer between the
reduced catalyst and RBr in solution. The working curves can be
constructed by digital simulation of cyclic voltammetry (CV)
under catalytic conditions, provided that data on various
parameters pertinent to the process are available. The aim of
the working curve is to define a relationship between ip=i

0
p and

the kinetic parameter, l. Therefore, the starting point of CV
simulation is to define l by inserting in the program Ccat, and
variable values of kact and v. Note that different combinations of
these parameters can be used to define a single value of l,
which will correspond to a single value of ip=i

0
p. Since in the

process of working curves construction values of kact are fed to
the program to define l, simulation requires either KATRP or kdeact
as KATRP=kact/kdeact. We chose to fix KATRP in the simulation
program so that no a priori knowledge of kdeact was required.

According to Scheme 3, digital simulation of CVs requires
knowledge of redox properties of [BrCuIITPMA]+ and
[CuIITPMA]2+, the equilibrium and rate constants of binding of
Br� to [CuIITPMA]2+ and [CuITPMA]+, the equilibrium constant of
the activation step, KATRP, and the rate constants of radical
coupling reactions. Most of these data are available in the
literature. The rate constants of radical trapping with TEMPO as
well as radical-radical coupling rate constants have been
previously reported.[47–49] Values of Eo and k° have been recently
reported for both [CuIITPMA]2+ and [BrCuIITPMA]+ in MeCN,
DMF and DMSO and their mixtures with styrene,[45] while values
for all other systems were measured here as previously
described (see for example Figure 1). The diffusion coefficients
of [CuIITPMA]2+, [BrCuIITPMA]+ and ethyl α-bromoisobutyrate

were measured by cyclic voltammetry (see supporting informa-
tion).

Regarding the association of Br� with [CuIITPMA]2+ and
[CuITPMA]+, recent reports have provided the equilibrium
constants, K II

Br and K I
Br respectively, as well as the rate constants

in MeCN, DMF and DMSO.[36] However, there is currently no
data available for mixtures of these solvents with methyl
methacrylate (MMA) and styrene (STY). To address this gap,
spectrophotometric titrations of [CuIITPMA]2+ with Et4NBr,
conducted in the presence of 0.1 M Et4NBF4 to maintain a
constant ionic strength, were used to determine K II

Br in these
solvent mixtures. Figure 4a provides an example of titration,
displaying the Vis-NIR spectra of [CuIITPMA]2+ in MeCN/STY
upon different additions of Br� . To extract K II

Br from the spectra,
we utilized the HypSpec software, which is part of the Hyper-
quad package,[54] at various wavelengths in the range from
600 nm to 1250 nm. Examples of fitting curves are shown in
Figure 4b and Figure S4. The measured K IIBr values are collected
in Table 2.

The binding constants of Br� to [CuITPMA]+ were calculated
by equation 4, which combines the standard reduction poten-
tials of the Cu(II) complexes and the Br� association constants
in a thermochemical square scheme (Scheme S1). The obtained
K I
Br values are reported in Table 2.

K I
Br ¼ K II

Brexp
F
RT EoBrCuIIL½ �þ= BrCuIL½ � � EoCuIIL½ �2þ= CuIL½ �þ

� �� �

(4)

Regarding the association rate constants of Br� to [CuIIL]2+

and [CuIL]+, kIIass; Br� and kIass; Br� respectively, we used the values

Scheme 3. Mechanism of [BrCuIIL]+ reduction in the presence of initiator RBr
and radical scavenger TEMPO (T).

Figure 4. (a) Vis-NIR spectra of [CuIITPMA]2+ solutions (C0=0.35 mM,
V0=5 mL) at 25 °C in MeCN/STY (1 :1, v/v)+0.1 M Et4NBF4 after progressive
additions of small aliquots of 7.5 mM Et4NBr in the same medium. (b) Values
of absorbance measured during titration at 1050 nm (dots) and the best-fit
curve (line).
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previously reported for the pure solvents, while the simulation
program automatically calculated the corresponding [BrCuIIL]+

and [BrCuIL] dissociation rate constants from the equilibrium
binding constant and association rate constants. The last
parameter required by the simulation program is the equili-
brium constant, KATRP, of the initiation step. Values of KATRP for
the reaction of [CuITPMA]+ with EBiB were reported only in
DMF (1.8×10� 3)[36] and MeCN (9.6×10� 6).[24] However, the degree
of catalysis is strongly affected only if KATRP<10� 5; it becomes
independent of ATRP equilibrium constant at KATRP values
�10� 4 (Figure S5). Therefore, for each system we constructed a
series of working curves at different KATRP values, using at least
two CRBr=Ccat values. Fitting of the experimental data to the
working curves allowed not only determination of kact but also
estimation of KATRP. It must be stressed that for some systems
KATRP could not be estimated as the best fit was obtained with
KATRP�10

� 4, where all working curves overlapped each other
(e.g. Figure 5). An example of kact determination by this
approach is shown in Figure 5 for the activation reaction in
DMSO, whereas fitting of data to theoretical curves for all other
systems are reported in Figures S6–S8. The values of kact
determined by this method are included in Table 1, whereas
estimated values of KATRP are reported in Table S4.

For the sake of comparison, some kact values were measured
using both the RDE method and the homogeneous redox
catalysis approach, obtaining similar kact values (Table 1, entry 8
vs 9, 10 vs 11, and 13 vs 14).

Solvent and Monomer Effects on kact

The set of kact values in pure solvents (Table 1) shows a general
trend that activation becomes faster as the polarity of the
solvent increases. Solvent effects on kinetic data are often
analyzed by the linear solvation energy relationship developed
by Taft and Kamlet:[55–59]

logk ¼ logk0 þ s p* þ ddð Þ þ aaþ bbþ h dHð Þ
2 (5)

where π* stands for the solvent polarity/polarizability, α and β
represent the ability of the solvent to donate or accept a proton
in a hydrogen bond solute-solvent interaction, respectively, and
δH is the Hildebrand solubility parameter. The parameter δ in
eq. 5 is a polarizability correction term for polychlorinated and
aromatic solvents for which δ=0.5 and 1, respectively. Horn
and Matyjaszewski[39] previously analyzed activation rate con-
stants for EBiB by CuIBr/HMTETA (HMTETA=1,1,4,7,10,10-
hexamethyltriethylenetetramine) in a large set of organic
solvents. They found that a multiparameter linear fitting of
logkact data to eq. 5 gave a fairly good correlation dominated by
the polarity/polarizability parameter. A slightly better correla-

Table 2. Association constants of Br� with [CuIITPMA]2+ and [CuITPMA]+ at 25 °C.

Solvent Monomer[a] Eo1
[b]

[V]
Eo2

[b]

[V]
K II
Br
[c]

[M� 1]
K I
Br
[d]

[M� 1]

MeCN – � 0.408[e] � 0.658[e] 3.4×107[f] 2.02×103

DMF – � 0.621[e] � 0.708[e] 4.2×105[f] 1.42×104

DMSO – � 0.615[e] � 0.687[e] 1.0×105[f] 6.07×103

MeCN MMA � 0.410 � 0.701 3.9×106 4.8×101

DMF MMA � 0.576 � 0.724 3.45×105 1.09×103

DMSO MMA � 0.584 � 0.719 1.02×105 5.33×102

MeCN STY � 0.384[e] � 0.683[e] 1.7×106 1.6×101

DMF STY � 0.505[e] � 0.710[e] 7.76×105 2.66×102

DMSO STY � 0.514[e] � 0.693[e] 1.1×107 1.0×104

[a] MMA=methyl methacrylate; STY= styrene, both at 50 vol%. [b] vs Fc+/Fc. [c] Binding constant of Br� to [CuIITPMA]2+. [d] Binding constant of Br� to
[CuITPMA]+ calculated by eq. 4. [e] Taken from Ref. [45]. [f] Taken from Ref. [36].

Figure 5. Determination of kact for the reduction of EBiB by [Cu
ITPMA]+ in

DMSO at 25 °C by fitting of the experimental data (circles) on theoretical
working curves (lines). The reaction mixture contains 10� 3 M [CuIITPMA]2+,
2×10-3 M Et4NBr, 1.93×10

� 2 M TEMPO and EBiB at different concentrations
indicated by the excess factor g ¼ CRBr=Ccat values reported in the figure. The
theoretical curves were calculated for different values of KATRP as indicated in
the figure.
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tion was obtained by using only π* after excluding from the
analysis a series of alcohols for which the ability of acting as
hydrogen bond donors could not be neglected. A linear free
energy relationship approach applied to a rather broad range
of kact values further showed that π* is a good descriptor of the
solvent effect on the ATRP activation step.[42]

In our case, the limited number of solvents (only 5) does not
allow meaningful multiparameter regression with eq. 5 as the
number of adjustable parameters is bigger than the number of
kact values. However, as shown in Figure 6a, logkact showed a
good linear correlation with π* (R2=0.946). The value of logkact
for anisole is out of line because being an aromatic solvent its
polarity/polarizability parameter (π*=0.73) needs the additional
correction term dδ in eq. 5. To determine the correction term, a
2-parameter linear regression considering only π* and the
polarizability correction term δ (eq. 6) was used. This gave
logkact= � 0.144+5.615(π*� 0.095δ) with R2=0.999.

logk ¼ logk0 þ s p* þ ddð Þ (6)

The corrected value of π* for anisole (δ=1) was thus
calculated as 0.64. Correlation of logkact with π* now gave a
straight line (Figure 6b), which could be used to predict kact
values for other solvents provided that their π* values are

known, and they are not good hydrogen bond acceptors or
donors such as alcohols.

A comparison between activation rate constants in pure
solvents and solvent/monomer mixtures (50/50, v/v) is shown in
Figure 7. Addition of either styrene or MMA to DMSO, DMF or
MeCN decreases kact by about 1–2 orders of magnitude, with
the highest kact drop for the most polar solvents, i. e., DMSO and
DMF. In contrast, there is no appreciable monomer effect for
the two nonpolar solvents. kact slightly decreases in anisole,
whereas it slightly increases in nonpolar ethyl acetate when
either MMA or STY is added. Since both monomers are
considerably less polar than DMSO, DMF and MeCN (relative
permittivity ɛr: 37� 47 for the solvents and 6.32 and 2.47 for
MMA and STY, respectively),[60] their presence in these solvents
decreases the polarity/polarizability of the medium resulting in
lowering of kact. Although the principal effect of monomers on
kact is most likely associated with medium polarity lowering,
some contribution due to monomer coordination to Cu(I)
cannot be excluded.[43,61,62] On the other hand, anisole and
EtOAc have low polarity similar to that of the monomers (ɛr=
6.08 and 4.30 for EtOAc and anisole, respectively),[60] so that
mixing MMA or STY with these solvents does not affect the
polarity/polarizability parameter of the medium. Interestingly,
the presence of monomers in the reaction medium can
attenuate the solvent effect on kact by reducing its value. This
results in the activation reaction occurring at similar rates across
different solvent/monomer mixtures, with the one exception of
the highly polar DMSO/monomer mixture.

A last observation is on KATRP and kdeact (Table S4). Unfortu-
nately, the HRC method allowed determination of KATRP, and
hence kdeact, only for few of the investigated systems, namely
MeCN, and mixtures of MeCN and DMF with STY and MMA. For
all of these systems the medium effect on KATRP roughly matches
that on kact. Therefore, kdeact is not much affected.

Conclusions

The kinetics of ethyl α-bromoisobutyrate activation by
[CuITPMA]+ shows a strong solvent dependence with kact values
decreasing from 3.14×105 mol� 1dm3s� 1 in DMSO down to
9.41×102 mol� 1dm3s� 1 in ethyl acetate. Addition of styrene or
methyl methacrylate (50 vol%) to highly polar solvents such as
DMSO, DMF and MeCN considerably lowers the activation rate
constants. Conversely, kact is little affected by the presence of
monomers in nonpolar solvents such as anisole and ethyl
acetate. These observations were rationalized by correlating the
rate constants with the medium polarity. Indeed, logkact in pure
solvents shows an excellent linear correlation with the solvent
polarity/polarizability parameter π*. In pure solvents, greater
polarity leads to faster activation reactions, and this trend is
expected to apply to solvent/monomer mixtures as well. The
effect of MMA and STY on kact is therefore linked to the extent
to which these monomers alter the polarity of the polymer-
ization medium (monomer+ solvent). For highly polar solvents,
the medium π* decreases in the presence of a monomer,
leading to a drop of kact values, whereas in less polar solvents,

Figure 6. Correlations of kact with the solvent dipolarity/polarizability param-
eter (a) before and (b) after correction of anisole π*.

Figure 7. Comparison of kact values obtained in different solvents and
solvent/monomer mixtures at 25 °C.
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there is no significant change of π*, and consequently kact
remains relatively unchanged. This last observation is partic-
ularly important as it shows that the common assumption that
the addition of monomers decreases kact in all solvents is not
always true.

Experimental Section

Chemicals

Dimethyl sulfoxide (DMSO, Sigma-Aldrich, anhydrous, 99.9%),
acetonitrile (MeCN, Sigma-Aldrich, anhydrous, 99.8%), anisole
(Sigma-Aldrich, anhydrous 99.7), ethyl acetate (EtOAc, Sigma-
Aldrich, anhydrous 99.8%), N,N-dimethylformamide (DMF, Sigma-
Aldrich, anhydrous, 99.8%), tris(2-pyridylmethyl)amine (TPMA, To-
kyo Chemical Industries, � 98%), 2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO, Sigma-Aldrich, 98%), ethyl α-bromoisobutyrate (EBiB,
Sigma-Aldrich, 98%), and Copper(II) trifluoromethanesulfonate (Cu-
(CF3SO3)2, Alfa Aesar, 98%) were used as received. Methyl meth-
acrylate (MMA, Sigma-Aldrich, 99%) and styrene (STY, Sigma-
Aldrich, 99%) were percolated through a column filled with basic
Al2O3 to remove the polymerization inhibitors.

Tetraethylammonium tetrafluoroborate (Et4NBF4, Alfa Aesar, 99%),
the supporting electrolyte used for most experiments, was
recrystallized twice from ethanol and dried in a vacuum oven at
70 °C for 48 h. In low polarity media, such as anisole, EtOAc, and
their mixtures with MMA and STY, tetrabutylammonium tetrafluor-
oborate (n-Bu4NBF4, Sigma-Aldrich, 99%) was used as the support-
ing electrolyte; it was recrystallized from double-distilled water and
dried in a vacuum oven at 80 °C for 48 h. Tetraethylammonium
bromide (Et4NBr, Sigma-Aldrich, 99%), used as a source of Br� ions
in complexation titrations, was recrystallized from acetone and
dried at 70 °C under vacuum for 48 h.

A stock solution of CuI(CF3SO3) in MeCN was prepared starting from
copper(II) triflate. A weighed amount of the salt was dissolved in
MeCN in a deoxygenated vial containing an activated copper wire
(activated by dipping in HCl/MeOH 1/3, rinsing in MeOH, and then
drying under nitrogen). After further deoxygenation by bubbling Ar
through the solution for 15 min, the vial was closed and left for
24 h for the production of Cu(I) by comproportionation of Cu(II)
with Cu(0). The stock Cu(I) solution was standardized by spectro-
photometric analysis using 2,9-dimethyl-1,10-phenantroline as a
specific ligand (ɛ=8000 M� 1cm-1 at 455 nm in MeCN[63]), in a 3-fold
excess over Cu(I)[64].

Instrumentation

An Autolab PGSTAT 30 potentiostat/galvanostat, equipped with
GPES software (Metrohm AG, The Netherlands) was used for all
electrochemical experiments. A three-electrode cell with a 3 mm
glassy carbon (GC) disk working electrode (Tokai GC-20), a Pt wire
counter electrode and Ag jAgI jn-Bu4NI (0.1 M in DMF) reference
electrode was used. The cell was thermostated at 25 °C, and all
experiments were performed under argon atmosphere. The Ag j
AgI jn-Bu4NI reference electrode was always calibrated with the
ferrocenium/ferrocene couple (Fc+/Fc) used as an internal standard,
and the potentials were converted to the Fc+/Fc scale to which all
potentials are reported. Before each experiment, the GC disk was
cleaned by polishing with a 0.25-μm diamond paste, followed by
ultrasonic rinsing in ethanol for 5 min. Activation rate constants
were determined by cyclic voltammetry or chronoamperometry. In

the latter case, the working electrode was a rotating disc electrode
with a 3-mm GC tip (Metrohm AG, The Netherlands).

Spectrophotometric titrations of [CuIITPMA]2+ solutions with
bromide ions were carried out with an Agilent Cary 5000
spectrophotometer by using 10 mm or 40 mm optical path length
quartz cuvettes. The HypSpec 2014 software from Hyperquad was
used to elaborate the spectrophotometric data for binding constant
determination.

Working curves for the determination of rate constants were
constructed by digital simulation of cyclic voltammetry of catalytic
systems; simulations were performed with DigiSim 3.03 (Bioanalyt-
ical Systems, Inc.).

All experiments were performed in a jacketed cell with a fixed
temperature of 25 °C.

Supporting Information

The authors have cited additional references within the
Supporting Information.[65]
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Unlike classical radical polymerization,
the kinetics of atom transfer radical
polymerization (ATRP) are highly influ-
enced by the solvent. We conducted
an electrochemical study on ATRP ac-
tivation kinetics (kact) in 15 solvent/
monomer combinations, revealing a
strong correlation with solvent
polarity/polarizability. The addition of
a monomer to a polar solvent signifi-
cantly diminished kact, while in
nonpolar solvents it barely affected
kact.
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