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ABSTRACT: The kinetic parameters for the activation and deactivation steps in ATRP for Cu-based
catalysts were determined with eight different tridentate nitrogen-based ligands. Additionally, the redox
properties of these Cu complexes were measured by cyclic voltammetry. By correlating the kinetic
parameters of the activation and deactivation steps with the reduction potential of the Cu(II) complexes,
it was found that more reducing Cu catalysts form faster activating Cu(I) and slower deactivating Cu(II)
species. The rate of activation depends on the nature of the N-binding site of the ligand. Ligands with
alkyl amine or pyridine binding sites form the fastest activating catalysts. The phenyl-substituted ligands
form very slowly activating and very rapidly deactivating catalysts. Slower deactivation rates were found
for catalysts with a central pyridine unit in the ligand than for catalysts derived from ligands with a
central amine unit. In general, the activity of the ligands decreases in the following order: alkyl amine
≈ pyridine > alkyl imine . aryl imine > aryl amine.

Introduction

Recently, extensive research has been carried out in
the field of controlled/living radical polymerization.1,2

Cu-based atom transfer radical polymerization (ATRP)
is one of the most versatile and powerful techniques in
this field.3-5 In this polymerization method, the catalyst
controls the polymerization reaction by mediating the
atom transfer equilibrium shown in Scheme 1. In the
activation step, with the rate constant kact, a metal
complex MtzLmY cleaves the carbon-halogen bond of
PnX reversibly and homolytically, generating a carbon-
centered radical species Pn

•. The latter subsequently
adds to the monomer with the rate constant kp, before
it is deactivated, with the rate constant kdeact, by the
metal complex XMtz+1LmY to form the dormant species
PnX. Through these reversible and repetitive cycles,
well-defined polymers with high molecular weight are
formed. Since the concentration of radicals is very low,
termination often can be neglected.

Nitrogen-based polydentate ligands have been shown
to be very efficient ligands for copper catalysts in terms
of controlling the polymerization reaction. Thus, we
recently focused on developing new catalytic systems
employing such ligands. A wide range of monomers like
(meth)acrylates, styrenes, acrylonitrile, acrylamides,
and vinylpyridines have been polymerized and copoly-
merized successfully with Cu-based catalysts using
ligands with amine, pyridine, or imine substructures.6-26

These investigations revealed that the ligand played a
crucial role in tuning the activity of the related catalyst
in the activation and deactivation steps of the ATRP
mechanism (Scheme 1). This equilibrium is affected by
the electronic and steric effects of the ligand in the
following ways. First, bulky ligands reduce the rate of
activation, as the Cu center is harder to access for the
bromine atom.27 The second, and more predominant
factor, is based mainly on the electronic interactions of
the ligand with the Cu center in the complex. For

example, good π-acceptor ligands efficiently stabilize the
lower oxidation state of the metal center. This shifts the
atom transfer equilibrium toward the dormant species
PnX. For example, when 2,2′-bipyridyl ligands with
electron-withdrawing substituents, such as carbomethoxy
groups at the 4,4′-positions, were used in Cu-catalyzed
ATRP, the polymerization rate was significantly slower
relative to polymerizations using unsubstituted 2,2′-
bipyridine.28

More precise descriptions about how the catalyst
controls the polymerization through the atom transfer
equilibrium are given in eqs 1 and 2. In these equations,
[I]0 refers to the initial concentration of the initiator.
In eq 1, the rate of polymerization, Rp, is first order with
respect to the monomer, [M], and the Cu(I) concentra-
tion, [Cu(I)], in solution. A high concentration of
Cu(II), [XCu(II)], slows down the rate of polymerization.
Not only does the rate constant of propagation, kp, which
is specific for each monomer, affect Rp, but also the rate
constants for activation, kact, and deactivation, kdeact. A
high value for the ratio of kact/kdeact gives a higher rate
of polymerization as well. Equation 2 provides means
for understanding how the molecular weight distribu-
tion, Mw/Mn, decreases with conversion, p. A narrower
molecular weight distribution is obtained at higher
conversion, higher kdeact relative to kp, higher concentra-
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Scheme 1. Mechanism of ATRP
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tion of deactivator, and higher molecular weights, i.e.,
1/[I]0. At the limit of a large kact and a small kdeact, the
desired high rate of polymerization is obtained, but
ATRP simply becomes a conventional redox-initiated
radical polymerization process resulting in a highly
polydisperse polymer.

We are interested in determining how the ligand
structure affects the activity of the copper catalysts in
the polymerization reactions. Therefore, we conducted
the structure-activity investigation for Cu catalysts
with the linear tridentate ligands shown in Figure 1.
The ligands possess five different types of N-binding
sites: alkyl amine, aryl amine, alkyl imine, aryl imine,
and pyridine units. We examined the effect of the
ligands on the rates of activation and deactivation, and
there appears to be a correlation between these param-
eters and the redox properties of the catalysts.

Results of the Polymerization Reactions

The results of the polymerization reactions with the
CuBr complexes derived from the ligands 1-8 are listed
in Table 1. Each catalyst polymerizes only a certain
range of monomers. For example, CuBr/DOIP leads to
a well-controlled polymerization reaction only for methyl
methacrylate.20 However, PMDETA or BPOA formed Cu
catalysts suitable for the polymerization of a wider
range of monomers based on (meth)acrylate and sty-
rene derivatives.10,14 In contrast, the polymerization
reaction of methyl methacrylate with CuBr/DOAP was
poorly controlled with a much higher experimental
molecular weight (Mn(GPC)) than predicted (Mn(th)) and
a relatively broad molecular weight distribution, Mw/
Mn, of 1.6.20 However, this catalyst enabled a well-
controlled and fast polymerization of styrene. When
using DPIP as a ligand in Cu-based ATRP, only a redox-

initiated free radical polymerization of methyl meth-
acrylate was obtained. In the case of CuBr/DPAP no
polymerization of methyl methacrylate, styrene, or
methyl acrylate occurred.20

Although the polymerization results provide informa-
tion about the apparent activity of the catalyst, this is
not an accurate measure of the activity due to the
complexities of ATRP process. In addition to the catalyst
activity, in the ATRP process, several other parameters
such as the rate of termination reactions and the
solubility of the catalyst also affect the rate of polym-
erization. As ATRP relies on the persistent radical
effect29 for controlling the polymerization reaction, a
small amount of termination is required in order to
build up the necessary Cu(II) concentration, unless
Cu(II) is added at the beginning of the process. A
catalyst that activates too quickly relative to its rate of
deactivation generates a high concentration of radicals,
which then terminate and form a high Cu(II) concentra-
tion. The consequence is a decrease in the polymeriza-
tion rate (see eq 1). This effect was observed in the
polymerization of methyl methacrylate with CuBr/
DOAP. At 90 °C, the reaction was very slow, reaching
a conversion of 73% in 22 h. At a lower temperature of
70 °C, the rate of the activation process is reduced,
resulting in less termination and a faster polymerization
(65% conversion after 7.25 h).20

The rate of polymerization is also affected by the
relative solubilities of the activating and the deactivat-
ing species of the catalyst (Table 2). In heterogeneous
systems, a low stationary concentration of the catalyst
species allows for a controlled polymerization, but the
polymerization is much slower than in homogeneous
systems. An example is the bulk polymerization of
methyl acrylate with CuBr/BPPA.30 The low solubility
of the Cu(I) species resulted in a slow polymerization
reaction, only reaching 73% conversion in 15.5 h. The
addition of 10% DMF improved the solubility of the
catalyst in the polymerization solution. Thus, the reac-
tion was faster, resulting in 60% monomer conversion
in 3 h. Again, as the polymerization reaction is affected
by several parameters, a direct comparison of the
catalyst activity is not possible on the basis of the
polymerization results. Therefore, we investigated the
activities of the catalysts using model reactions for the
activation and deactivation processes under homoge-
neous and identical conditions, using acetonitrile as a
solvent.

Activation Study. The direct measurement of kact
was achieved by isolating the activation process (1) from
the deactivation process (2) (Scheme 2). The radicals
generated by halogen transfer to the copper complex (1)
were scavenged with TEMPO. In the presence of a large
excess of TEMPO (10 times with respect to the alkyl
halide), it was expected that nearly all the alkyl radicals
were trapped with TEMPO to form the corresponding
alkyl-TEMPO adduct (3).31 The deactivation step (2)
can be ignored under the given conditions owing to the
smaller rate constant (kdeact)32 and low CuBr2 concentra-
tion. The contribution of the thermal decomposition of
the alkyl TEMPO adduct (4) should be negligible at low
reaction temperatures (T ) 35 °C).33 Reaction 5 can be
also neglected due to the low radical concentration in
the presence of an excess amount of the radical scav-
enger.

An excess of catalyst (about 10 times with respect to
the concentration of the alkyl halide) was used to make

Figure 1. Linear tridentate ligands used in the structure-
activity study.
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the kinetic analysis straightforward, i.e., to provide
pseudo-first-order kinetic conditions. From the slope of
the pseudo-first-order kinetic plot with respect to the
concentration of the alkyl halide, the apparent rate
constant of activation, kapp, was determined, which was
the product of the catalyst concentration and the activa-
tion rate constant, kact (eq 3). Similar approaches have
been reported for the determination of the decomposi-
tion rate constants of alkyl-TEMPO adducts33,34 and
the activation reaction for model compounds35,36 and

polymeric chain ends.37

where kact[Cu(I)Br/L] ) kapp.
Previously, we reported that the activation rate

constant could be measured using HPLC to monitor the
consumption of benzyl bromide and 1-phenylethyl bro-
mide in a CuBr/4,4′-di(5-nonyl)-2,2′-bipyridine (dNbpy)
catalyzed reaction.36 It was shown that the consumed
alkyl bromide was almost equimolar to the formed
alkoxyamine. This indicated that reaction 3 (in Scheme
2) was the major deactivation process and was much
faster than the other processes, i.e., deactivation (2),
termination (5), or other side reactions. Potential side
reactions could involve the loss of hydrogen bromide38

or the formation of hydroxylamine with the generation
of an unsaturated product.39,40 In our analysis, these
side reactions were not taken into account since the
relative rates of these side reactions are much slower
than that of the trapping reaction (3).

HPLC analysis proved to be a reliable method for
measurement of the activation rate constants for certain
model compounds (i.e., UV-active alkyl halides). How-
ever, compounds such as EBiB and MBP (Figure 2) were
difficult to analyze by HPLC due to their low extinction

Table 1. Results of the Polymerization Reactions with the CuBr Catalysts Involved in This Study

catalyst monomer ratio [M]0:[I]0:[cat]0 time (h)/temp (°C) conv (%) Mn(th) Mn(GPC) Mw/Mn

CuBr/PMDETA10

MMA 200:1:1 8.5/90 76 15 200 18 500 1.16
styrene 96:1:1 2/110 90 9 000 8 500 1.23
MA 232:1:1 2.5/90 92 18 500 16 400 1.11

CuBr/TERPY18

styrene 96:1:1 6/90 78 7 800 11 000 1.20
MA 96:1:1 3/50 79 6 500 7 500 1.09

CuBr/BPOA14

MMA 200:1:1 8/50 73 14 500 22 900 1.18
styrene 96:1:1 2/110 87 8 700 10 100 1.13
MA 232:1:1 3/50 82 16 500 14 400 1.12

CuBr/BPPA30

styrene 96:1:1 3/110 67 6 700 4 200 1.77
MA 232:1:1 15.5/90 64 12 800 13 800 1.28

CuBr/DOIP20

MMA 200:1:1 3.5/90 68 13 600 14 300 1.23
styrene 200:1:1 13/110 55 11 400 13 000 1.74
MA 200:1:1 20/90 15 2 600 6 300 1.43

CuBr/DOAP20

MMA 200:1:1 7.25/70 65 13 000 24 000 1.56
styrene 200:1:1 5.3/110 73 15 200 22 000 1.18
MA 200:1:1 15/90 62 10 700 9 200 1.26

(DPIP)CuBr20

MMA 200:1:1 redox-initiated free radical
polymerization

styrene 200:1:1 no polymerization
MA 200:1:1 no polymerization

CuBr/DPAP20

MMA 200:1:1 no polymerization
styrene 200:1:1 no polymerization
MA 200:1:1 no polymerization

Table 2. Effects of Solvents and Temperature on the Rate of Polymerization

solvent temp (°C) time (h) conv (%) Mn(th) Mn(GPC) Mw/Mn

Termination Effect: CuBr/DOAP - Polymerization of MMAa

50% anisole 90 22 73 14 600 26 800 1.83
50% anisole 70 7.25 65 13 000 24 000 1.56

Solubility Effect: CuBr/BPPA - Polymerization of MAb

bulk 90 15.5 64 12 800 13 800 1.28
10% DMF 90 3 60 12 000 13 200 1.14

a [MMA]0:[CuBr/L]0:[BPN]0 ) 200:1:1. b [MA]0:[CuBr/L]0:[MBP]0 ) 232:1:1.

Scheme 2. Kinetic Isolation of the Activation Process

-
d[RBr]

dt
≈ kact[Cu(I)Br/L][RBr] ) kapp[RBr] (3)
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coefficients. Subsequently, gas chromatography, GC,
was found to be an attractive alternative method for
these experiments owing to the high sensitivity and
universal detection. Furthermore, several alkyl halides
could be studied simultaneously in the same activation
rate constant measurement, due to the sufficient sepa-
ration of the substrates by GC. This approach allowed
successful and expedient assaying of several model
compounds representing dormant species in ATRP of
various monomers.

Four alkyl halides were used as model compounds
(Figure 2): ethyl 2-bromoisobutyrate (EBiB, model for
polymethacrylate chain end), methyl 2-bromopropionate
(MBP, model for polyacrylate chain end), 1-phenylethyl
bromide (PEBr, model for polystyrene chain end), and
benzyl bromide. These model compounds should have
reactivities similar to the corresponding polymeric chain
ends. However, in the case of EBiB, the reactivity could
be lower than the pMMA chain end due to the B-strain
effect, as previously discussed.41,42

The reaction was performed at 35 °C in acetonitrile
in a Schlenk flask after degassing the solution by three
freeze-pump-thaw cycles. The concentration of each
alkyl bromide was 1 × 10-4 M, and the concentration
of CuBr/L was 5 × 10-3 M to provide the pseudo-first-
order kinetic condition. The TEMPO concentration was
5 × 10-3 M so that essentially all the generated radicals
could be trapped during the reaction. The approximate
linearity of the first-order kinetic plot with respect to
the concentration of alkyl halide supported the above
assumptions (Figure 3).

Not surprisingly, the CuBr complexes which form
highly active ATRP catalysts in the polymerization
reactions are fast activating species in this model study
(Table 3). Specifically, Cu(I) complexes with ligands
derived from alkyl amine and pyridine structures
activate quickly. The homoleptic ligands PMDETA and

TERPY form faster activating catalysts than their
related mixed pyridine-amine analogues DOAP and
BPOA. The change from alkyl-substituted amine moi-
eties in the diaminopyridine ligand, DOAP, to imine
moieties in the diminopyridine ligand, DOIP, results in
a slower activating catalyst. In contrast to the high
activity in the polymerization reactions, CuBr/BPPA has
a relatively low rate of activation for the four initiators
used in the model study. The explanation for this
discrepancy in activity for the BPPA complex is the poor
solubility of the Cu(II) species in the nonpolar polym-
erization medium, which shifts the atom transfer equi-
librium toward the active side by suppressing the
deactivation, as described above. Slow rates of activation
were also measured for the Cu(I) complexes of the other
phenyl-substituted ligands DPIP and DPAP. The trends
in the changes of the rates of activation for the different
initiators are illustrated in Figure 4. Here, the activa-
tion rate constants for four initiators are plotted vs kact
for PEBr on a bilogarithmic scale (Figure 4). The
linearity of the data indicates that for all catalysts and
initiators the activation process occurs via the same
mechanism. In principle, for all Cu(I) complexes the rate
constants of activation for MBP, PEBr, and BzBr are
similar (Figure 4). In comparison, with these three
initiators the EBiB activation is significantly faster
(Figure 4). We attribute this difference to the higher
stability of the radical formed from EBiB in the activa-
tion step and higher reactivity of alkyl halide species.

Deactivation Study. The most reliable way to
determine the rate constants for very fast radical
reactions would be to measure the radical concentration
with spectroscopic techniques after photogeneration of
radical. However, in a metal-catalyzed reaction, the
absorption bands from the metal complex often interfere
with this approach. In the case of metal-catalyzed ATRP
or ATRA (atom transfer radical addition), the strong

Figure 2. Model compounds for the activation study and their
polymeric analogues.

Figure 3. Kinetic plot of the activation experiment with the
CuBr/DOAP catalyst at 35 °C in acetonitrile. [CuBr/DOAP]0
) 5 × 10-3 M, [I]0 ) 1 × 10-4 M, [TEMPO]0 ) 5 × 10-3 M, and
[biphenyl] ) 1 × 10-4 M.

Table 3. Rate Constants of Activation for the Different
Initiators and CuBr Complexes in Acetonitrile at 35 °Ca

complex
EBiB

[M-1 s-1]
MBP

[M-1 s-1]
PEBr

[M-1 s-1]
BzBr

[M-1 s-1]

CuBr/PMDETA 1.8 0.15 0.1 0.13
CuBr/TERPY 1.5 0.41 0.42 0.38
CuBr/DOAP 0.7 0.08 0.05 0.023
CuBr/BPOA 0.3 0.014 0.066 0.066
CuBr/DOIP 0.1 0.011 0.014 0.0038
CuBr/BPPA 0.0057 0.0006 0.0014 0.0023
CuBr/DPIP 0.0009 0.0005 0.0004 0.0004
CuBr/DPAP =0.00009 =0.000008 =0.000002 =0.000002

a [CuBr/L]0 ) 5 × 10-3 M, [I]0 ) 10-4 M, [TEMPO]0 ) 5 × 10-3

M, and [biphenyl] ) 10-4 M.

Figure 4. Bilogarithmic plot of the rates of activation for
EBiB, MBP, BzBr, and PEBr vs PEBr. [CuBr/L]0 ) 5 × 10-3

M, [I]0 ) 1 × 10-4 M, [TEMPO]0 ) 5 × 10-3 M, and [biphenyl]
) 1 × 10-4 M in acetonitrile, 35 °C.
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color of the solution limits the use of the photochemical
reaction and quantification by spectroscopy. Therefore,
the deactivation rate constant was measured using
radical trapping with TEMPO as a clock reaction. The
coupling of alkyl radicals with TEMPO is both a well-
known and well-calibrated radical reaction.43,44 In the
present case, the radicals could react with either
TEMPO or CuBr2/L forming an alkoxyamine or an alkyl
bromide, respectively. By comparing the amount of the
two products formed, the deactivation rate constant has
been calculated:

The 1-phenylethyl radical (PE) was generated by
thermolysis of the 1-(N,N-(2-methylpropyl-1)-(1-dieth-
ylphosphono-2,2-dimethylpropyl-1-)-N-oxyl)-1-phenyl-
ethane (PESG1) as shown in Scheme 3. PESG1 was
chosen as a radical source for two reasons. First, the
decomposition of PESG1 was much faster than that of
the TEMPO adduct, providing a sufficient concentration
of radicals at relatively low temperature (75 °C) with
minimum decomposition of the produced TEMPO ad-
duct. Second, since the coupling between PE and SG1
is slower than with TEMPO or the CuBr2/L under the
reaction conditions, the interference of SG1 could be
suppressed.45 The reaction mixture was analyzed using
reversed-phase HPLC.46 The aromatic chromophore in
the products (PEBr and PETEMPO), as well as the
reactant (PESG1), allowed for sensitive quantification
by UV detection (220 nm). The formation of PEBr and
PETEMPO were monitored at the same time (Figure
5). The literature value of kcomb of 1.3 × 108 M-1 s-1 was
used for the calculation of kdeact

47 (Table 4). The small
decrease of the ratio [PEBr]/[PETEMPO] is due to the
decomposition of PEBr38 and to the reactivation of PEBr
with Cu(I)Br/L. The rate constants of deactivation for
the 1-phenylethyl radical range from 4.1 × 105 M-1 s-1

for the slowly deactivating CuBr2/TERPY to 7.2 × 107

M-1 s-1 for the rapidly deactivating CuBr2/DPAP. The
rate constant of deactivation depends on the ligand as
in the case of the activation rate. The comparison of the
rate constants of deactivation with the rate constants
of activation led to the general trend that Cu catalysts,
which activate quickly, deactivate slowly, and the
converse applies as well.

However, in addition to this overall deactivation
trend, a second and weaker effect was observed for the

case of the five ligands, which do not bear phenyl
substituents. CuBr2/PMDETA and CuBr2/BPOA, which
contain a central amine binding site, deactivated sig-
nificantly faster than Cu(II) complexes derived from
ligands with a central pyridine unit like CuBr2/TERPY
and CuBr2/DOAP. The diiminopyridine complex CuBr2/
DOIP confirms this behavior too, as kdeact ) 3.1 × 106

M-1 s-1 is slower than those for CuBr2/PMDETA (kdeact
) 6.1 × 106 M-1 s-1) and for CuBr2/BPOA (kdeact ) 3.3
× 106 M-1 s-1). This was not expected, since in the
activation study, the DOIP catalyst was identified as a
slower activator than the PMDETA- or BPOA-based
catalysts, and for CuBr2/DOIP a higher kdeact was
predicted than for either CuBr2/PMDETA or CuBr2/
BPOA. This structural comparison of the Cu(II) catalyst
leads to the conclusion that the central N-binding site
of the ligand has a more significant effect on the rate of
deactivation.

This effect was less clear in the case of the phenyl-
substituted N-binding sites, which have a high rate of
deactivation regardless of their positions in the ligand.

Scheme 3. Model Reaction for the Deactivation Experiment

d[PEBr]
d[PETEMPO]

)
kdeact

kcomb

[Cu(II)Br2/L][PE*]

[TEMPO][PE*]
(4a)

kdeact ) kcomb
[TEMPO]

[Cu(II)Br2/L]
d[PEBr]

d[PETEMPO]
(4b)

Figure 5. Formation of trapping products and their ratio in
the deactivation experiment with CuBr2/BPPA, TEMPO, and
PESG1. [CuBr2/L]0 ) [TEMPO]0 ) [PESG1]0 ) 2 × 10-3 M
and [biphenyl] ) 6 × 10-4 M in acetonitrile, 75 °C.

Table 4. Rate Constants of Deactivation kDeact for the
Different CuBr2 Complexes with PESG1

complex
kdeact

[M-1 s-1] complex
kdeact

[M-1 s-1]

CuBr2/TERPYa 4.1 × 105 CuBr2/PMDETAb 6.1 × 106

CuBr2/DOAPa 4.2 × 105 CuBr2/DPIPc 7.9 × 106

CuBr2/DOIPa 3.1 × 106 CuBr2/BPPAc 9.1 × 106

CuBr2/BPOAa 3.3 × 106 CuBr2/DPAPc 7.2 × 107

a [CuBr2/L]0 ) 2 × 10-2 M, [TEMPO]0 ) 6 × 10-3 M, [PESG1]0
) 2 × 10-3 M, [biphenyl] ) 6 × 10-4 M in acetonitrile, 75 °C.
b [CuBr2/L]0 ) 10-2 M, [TEMPO]0 ) 6 × 10-3 M, [PESG1]0 ) 2 ×
10-3 M, [biphenyl] ) 6 × 10-4 M in acetonitrile, 75 °C. c [CuBr2/
L]0 ) [TEMPO]0 ) [PESG1]0 ) 2 × 10-3 M, [biphenyl] ) 6 × 10-4

M in acetonitrile, 75 °C.
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Here, CuBr2/DPAP with a central pyridine unit deac-
tivated 8 times faster than CuBr2/BPPA with a central
phenyl amine binding site.

Electrochemical Study. An examination of the
electrochemical properties of the Cu complexes was
conducted to correlate their redox properties with the
kinetic parameters of the activation and deactivation
steps. Previously, we discussed the importance of outer-
sphere electron transfer (OSET) in ATRP and roughly
correlated the electrochemical properties of some Cu
complexes with their activity as ATRP catalysts in the
polymerization of methyl acrylate.48,49 Generally, in
determining a correlation between electrochemical prop-
erties and kinetic parameters, we have to take into
account that the two processes can occur via different
electron-transfer mechanisms. ATRP involves a con-
certed inner-sphere electron-transfer process (ISET, also
called atom transfer) between the organic halide and
the metal complex (eq 5). However, a two-step process
with an outer-sphere electron transfer (OSET) followed
by halide migration is also possible (eq 6).

This situation becomes even more complicated be-
cause apparently the electrochemical behavior of the
copper complexes may be dependent on which oxidation
state the compound is initially used. In our previous
study, the cyclic voltammograms were recorded starting
from Cu(I) complexes prepared in situ. In this study,
we used isolated and characterized CuBr2 complexes.
More negative reduction and oxidation potentials were
obtained when the Cu(II) complexes were used instead
of the Cu(I). Therefore, we used the BPOA complexes
to examine in detail this difference in electrochemical
behavior (Table 5).

The cyclic voltammogram of the CuBr/BPOA complex
was used as a check, and the oxidation potentials were
found to be close to the previously published ones (Table
5, entries 1 and 2; the [Cp2Fe]0/+ couple is at 395 mV,
∆Ep ) 65 mV under our measurement conditions).49 The
cyclic voltammogram of the CuBr2/BPOA complex gave
a reduction wave at -175 mV, which is slightly lower
than for the CuBr/BPOA cyclic voltammograms (-135
and -145 mV). The oxidation wave in the CuBr2/BPOA
cyclic voltammogram is at -30 mV compared to 30 and
70 mV for the CuBr/BPOA cyclic voltammograms.
Possible explanations for this behavior lie in the differ-
ent coordination spheres of the starting Cu(I) and Cu-

(II) complexes and the role of the counterion. For CuBr/
BPOA, the cycle starts with the oxidation of the initial
Cu(I) complex to Cu(II). This Cu(II) complex has only
one bromide. The positive charge has to be compen-
sated for by PF6

- anions of the electrolyte. On the other
hand, the redox cycle for CuBr2/BPOA starts with its
reduction to the Cu(I) species. It is not known that if
one bromide was detached during the electron transfer
or if a [(BPOA)CuBr2]- species was formed first and
then bromide loss occurred in a second step. Further
investigation into this phenomenon showed that, with
the addition of an excess of a bromide source such as
[NBu4]Br, the cyclic voltammogram of CuBr/BPOA was
transformed into a CuBr2-like cyclic voltammogram
(Figure 6).

The CuBr2 complexes basically showed three different
types of cyclic voltammograms (Figure 7). All the redox
cycles are quasi-reversible or irreversible. In the quasi-
reversible cases, the reduction wave (Cu(II) f Cu(I)) and
the corresponding oxidation wave (Cu(I) f Cu(II)) were
observed (Figure 7a). The cyclic voltammogram in
Figure 7a is described as quasi-reversible because the
∆Ep values, which are defined as (Ered - Eox), are larger
than the ideal 60 mV,50 and the ∆Ep increases with
increasing scan rate. For some complexes, only a reduc-
tion wave was detected, and no oxidation wave appeared
prior to the oxidation of Br- (Figure 7b). The diiminopy-

Table 5. Redox Potentials of the CuBr and CuBr2
Complexes of the BPOA Ligand Measured by Cyclic

Voltammetry at 500 mV/s in Acetonitrile (E vs SSCE)a

entry BPOA complex Ered [mV] Eox [mV] E1/2 [mV]

1 CuBr (prev study)49 -135 70 -33
2 CuBr (this study) -145 30 -60
3 CuBr + Br- -170 -45 -108
4 CuBr2 -175 -30 -103
a [CuBr2/L]0 ) 0.01 M, 0.1 M [n-Bu4N][PF6], room temperature.

For [Cp2Fe]0/+, E1/2 ) 395 mV, ∆Ep ) 65 mV.

inner-sphere electron-transfer process (ISET)

R-X + Mt
nLm h [R---X---Mt

nLm] h R• + X-Mt
n+1Lm

(5)

outer-sphere electron-transfer process (OSET)

R-X + Mt
nLm h [RX-• f R• + X-] +

Mt
n+1Lm h R• + X-Mt

n+1Lm (6)

Figure 6. Cyclic voltammograms in CH3CN of CuBr/BPOA,
entry 2 (‚ ‚ ‚), CuBr/BPOA + Br, entry 3 (- - -), and CuBr2/
BPOA, entry 4 (s). 500 mV/s, 0.1 M [NBu4][PF6], E vs SSCE.

Figure 7. Observed types of cyclic voltammograms in CH3-
CN: (a) quasi-reversible (CuBr2/DOAP), (b) irreversible (CuBr2/
TERPY), (c) two, one-electron reduction of CuBr2/DPIP, 500
mV/s, 0.1 M [NBu4][PF6], E vs SSCE.
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ridine complexes CuBr2/DOIP and CuBr2/DPIP exhib-
ited unique electrochemical behavior (Figure 7c). Both
complexes exhibited two relatively closely spaced one-
electron reductions, and only the more negative one had
a corresponding oxidation wave. To determine which
reduction wave was associated with the reduction of
Cu(II), a chemical reduction of CuBr2/DPIP with
Cp2Co (E1/2 ) -0.86 V vs SCE in CH2Cl2)51 was per-
formed and monitored by UV/vis spectroscopy. With this
chemical reduction, we could simulate the redox process
in the cyclic voltammetry. The reaction with 1 equiv of
Cp2Co reduces the species with more positive Ered
potential. After adding the first equivalent of Cp2Co, the
absorption of the Cu(II) complex at 834 nm disappeared
completely, and a shoulder at 540 nm appeared (Figure
8). A comparison of the UV/vis spectra obtained after
the reduction of CuBr2/DPIP with an authentic sample
of CuBr/DPIP indicates clearly that the Cu(I) complex
was formed in the reduction. Therefore, in the cyclic
voltammogram the more positive reduction wave be-
longs to the Cu(II) reduction. A second reducing equiva-
lent generated a spectrum lacking any absorption in the
visible region of the spectrum (Figure 8).

The results of the cyclovoltammetric measurements
are listed in Table 6. The ligand has two effects on the
electrochemical behavior of the corresponding Cu(II)
complexes. The first one is illustrated in Figure 9 where
the reduction potentials of the Cu(II) complexes are
placed on a potential axis. It is possible to separate the
complexes into two groups based on their reduction
potentials. The Cu(II) complexes derived from the
phenyl-attached ligands have positive reduction poten-
tials (65-200 mV), indicating that they form Cu com-
plexes that are relatively easy to reduce to Cu(I) and
also difficult to oxidize to Cu(II). Correspondingly, these
complexes have a low activity in ATRP. The Cu com-

plexes which are active catalysts in ATRP are much
easier to oxidize and have low oxidation (-30 to -100
mV) and reduction potentials (-240 to -110 mV). As
in the deactivation study, it is possible to separate the
Cu(II) complexes of the ligands TERPY, DOAP, PM-
DETA, and BPOA into two different groups on the basis
of the nature of the central N-binding site of the ligand.
The CuBr2/PMDETA and CuBr2/BPOA complexes hav-
ing a central amine binding site in the ligand structure
are reduced at more positive potential than the CuBr2/
DOAP2 and CuBr2/TERPY complexed which have a
central pyridine unit. This indicates that in these
complexes the central N-binding site tunes the reduction
potential.

Discussion

The activation and deactivation studies described
above provide information about the kinetic parameters
of the atom transfer equilibrium while the electrochemi-
cal study describes the thermodynamic stability of the
Cu(I) and Cu(II) complexes. Previously, a linear, semi-
logarithmic correlation of the redox potential of the Cu
complexes with various nitrogen-based ligands, and
their apparent equilibrium constant in ATRP of methyl
acrylate was found.49 In the present study, the reduction
potentials, Ered, were taken instead of the redox poten-
tials, E1/2, because only five oxidation potentials of the
eight complexes could be determined in the electro-
chemical study. Naturally, the reduction potential refers
to the deactivation step in the atom transfer equilibri-
um, as both describe the change from Cu(II) to Cu(I).
However, a linear correlation was found, when both kact
and kdeact were plotted vs the reduction potential (Figure
10). It can be seen that the more negative the Cu(II)
reduction potential, the greater the rate of activation.
Conversely, the rate of deactivation decreases as the Cu-
(II)-Cu(I) process becomes more negative. The activity
of the catalyst can be described by the ratio (kact/kdeact).
This is not the true equilibrium constant, because the
rates of activation and deactivation were determined at
different temperatures (35 and 75 °C, respectively).
However, the increase in ln(kact/kdeact) as the Cu(II)
reduction potential becomes more negative indicates
that the Cu catalysts become more active for ATRP.

According to the Hammond postulate, the effect of
ligands on the fast exothermic deactivation process
should be smaller than on the slow endothermic activa-
tion process. However, as shown in Figure 10, ligands
affect both reactions to nearly the same extent. This can
be partially explained by much larger variation of the
complexation constants between various ligands and
Cu(II) than Cu(I), as recently described for related
systems.52

The CuBr2 complexes of TERPY and DOAP deactivate
approximately 10 times slower than the related CuBr2
complexes of PMDETA and BPOA, as shown in Figure
11. Correspondingly, TERPY and DOAP ligands form
Cu(II) complexes which are harder to reduce than the
PMDETA and BPOA Cu(II) complexes. It appears that
ligand flexibility is important. Rigid TERPY and DOAP
force Cu(I) complex in the square-planar structure and
Cu(II) in the distorted trigonal-bipyramidal structure.
For more flexible PMDETA and BPOA, Cu(I) can easier
adopt tetrahedral structure, but Cu(II) is in distorted
square-pyramidal configuration.53 Cu(I) prefers tetra-
hedral and Cu(II) prefers trigonal-bipyramidal struc-
ture, accessible for PMDETA and TERPY complexes,

Figure 8. UV/vis spectra of CuBr2/DPIP (‚ ‚ ‚), CuBr/DPIP
(- - -), and CuBr2/DPIP after the reduction with 1 (- -) and 2
equiv (-) of Cp2Co, [complex]0 ) 0.01 M, acetonitrile, room
temperature.

Table 6. Redox Potentials of the CuBr2 Complexesa

Cu(II) complex Ered [mV] Eox [mV] E1/2 [mV]

TERPYb -240
PMDETA -155 -45 -100
BPOA -175 -30 -103
BPPA 70 190 130
DOAP -220 -100 -160
DPAP 200 340 270
DOIPc -110
DPIPc 65

a Measured by cyclic voltammetry at 500 mV/s in acetonitrile
at room temperature, E vs SSCE, [CuBr2/L]0 ) 0.01 M, 0.1 M
[n-Bu4N][PF6]. b Irreversible cycle. c Irreversible cycle for the Cu
reduction and oxidation and a second reversible reduction and
corresponding oxidation were observed.
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respectively. This correlates with faster deactivation for
Cu(II)/PMDETA and much slower for Cu(II)/TERPY,
since the latter exists in a structure preferred for
Cu(II) complexes. It also seems that the central nitrogen
binding site (pyridines in TERPY and DOAP vs alkyl
amine in PMDETA and BPOA) might have a tuning
effect on the deactivation rates, which can originate in
the Jahn-Teller effect.54,55

Since the ligands influence the activation and deac-
tivation behavior of the Cu catalysts through their
electronic interactions with the Cu center, it is possible
to classify the ligands based on different N-binding sites
(Figure 12). Generally, the phenyl-substituted ligands
form very slowly activating and very rapidly deactivat-
ing Cu catalysts for ATRP. The phenyl groups attached
to the N-binding sites stabilize the Cu(I) state. There-
fore, these complexes possess an activity that is not
sufficient for ATRP.

A comparison of the effect of pyridines and imines as
ligands on the stabilization of metals in low oxidation
states by tom Dieck et al. revealed that π-back-bonding
is twice as strong for R-diimines as compared to 2,2′-
bipyridines.56 This results in better stabilization of the
lower oxidation states of a metal center when complexed
with R-diimines rather than with 2,2′-bipyridines. The
same effect was observed when the stability of the
Cu(I) and Cu(II) complexes of the diiminopyridine
ligand, DOIP, and the terpyridine ligand, TERPY, were
compared. The reduction potentials of CuBr2/DOIP and
CuBr2/TERPY of -110 and - 240 mV, respectively,
clearly indicate that the DOIP ligand stabilizes a Cu(I)
center better than the related terpyridine ligand, which
forms a very stable Cu(II) complex. Therefore, a slow
activation and a fast deactivation are found for the
DOIP Cu complex. This activation-deactivation activity
of the DOIP-based catalyst is optimal for the controlled
polymerization of methyl methacrylate (see Table 1) but
too low for the polymerization of styrene or methyl
acrylate.

The rapid activators formed with the ligands PM-
DETA, BPOA, TERPY, and DOAP can be separated in
two different groups on the basis of their rates of
deactivation. PMDETA and BPOA form rapidly deac-
tivating catalysts. TERPY and DOAP form slowly
deactivating catalysts. These differences affect the po-
lymerization reactions because the molecular weight
distribution is influenced by the rate of deactivation (eq
2). Therefore, a sufficiently high rate of deactivation is
required in order to obtain a well-controlled polymeri-
zation. This can be illustrated by comparing the rapidly
deactivating PMDETA-based Cu catalyst with the slowly
deactivating DOAP-based Cu catalyst. CuBr/PMDETA
is a suitable ATRP catalyst for a fast polymerization of
methyl methacrylate giving a narrow molecular weight
distribution (Mw/Mn ) 1.16) and experimental molecular
weights that match relatively well with the predicted
ones (Mn(GPC) ) 18 500 and Mn(th) ) 15 200). When CuBr/
DOAP was used for the methyl methacrylate polymer-
ization, a molecular weight distribution of 1.56 and a

Figure 9. Reduction potentials of the CuBr2 complexes in CH3CN, 500 mV/s, 0.1 M [NBu4][PF6], E vs SSCE.

Figure 10. Dependence of the rate of activation for PEBr and
deactivation for PESG1 as well as their ratio (kact/kdeact) on the
reduction potential of the Cu(II) complexes. Rate constants of
activation and deactivation were determined in acetonitrile
at 35 and 75 °C, respectively.

Macromolecules, Vol. 34, No. 3, 2001 N-Based Ligands in Cu-Based ATRP 437



much higher experimental molecular weight than pre-
dicted was obtained (Mn(GPC) ) 24 000 and Mn(th) )
13 000). These differences in the polymerization reac-
tions reflect the different rates of deactivation for the
two catalysts. This suggests that PMDETA and BPOA
are suitable ligands for the Cu-based ATRP of a wide
range of monomers of (meth)acrylate and styrene types.
The slowly deactivating TERPY- and DOAP-based Cu
catalysts do not fulfill the fast deactivation requirement
for a well-controlled polymerization and are therefore
less suitable for ATRP.

Conclusion

The present study provided the first systematic
evaluation of the activation and deactivation processes
in ATRP. Copper complexes with eight different linear,
tridentate nitrogen-based ligands with phenyl- and
alkyl-substituted imine and amine units as well as
pyridine units were studied in model activation and
deactivation processes. Generally, a slowly activating
catalyst deactivates quickly, and a rapidly activating
catalyst deactivates slowly. Additionally, in the deacti-
vation study, a dependence of kdeact on the central
N-binding site was found for some Cu complexes. This
allows for the separate tuning of kact and kdeact with the

ligand structure. An ideal ATRP catalyst should have
very large kdeact and appropriate kact. An understanding
of various effects of ligands on the dynamics of ATRP
will enable one to prepare such catalysts. The compari-
son of the kinetic parameters of the atom transfer
equilibrium with the redox properties of the Cu com-
plexes gave a linear, semilogarithmic correlation. This
indicates that the catalyst becomes more active when
the Cu(II) state of the catalyst is better stabilized by
the ligand. In general, the activity of the ligands
decreases in the following order:

Ligands derived from pyridine and alkyl amine units
like the triamine ligand PMDETA, the terpyridine
ligand TERPY, the bis(picolyl)amine ligand BPOA, and
the diaminopyridine ligand DOAP form highly active
catalysts. The incorporation of alkyl imine units, like
in the diiminopyridine ligand DOIP, decreases the
activity of the catalyst compared with the TERPY- or
the DOAP-based catalysts. Ligands with phenyl-sub-
stituted imine and amine units form nonactive ATRP
catalysts.

Figure 11. Dependence of the rate of deactivation and reduction potential of the Cu(II) complexes on the nature of the central
N-binding site.

Figure 12. Effects of the ligands on the rate of activation and deactivation of their related Cu complexes.

alkyl amine ≈ pyridine > alkyl imine .
aryl imine > aryl amine
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Experimental Part
Materials. N,N-(2-Methylpropyl-1)-(1-diethylphosphono-

2,2-dimethylpropyl-1-)-N-oxyl (SG1) was provided by Elf
Atochem. CuBr was stirred in glacial acetic acid under argon,
filtered, washed with absolute ethanol, and dried. The ligands
1-(2,2,6,6-tetramethylpiperidinyloxy)-1-phenylethane (PETEM-
PO)31 and 1-(N,N-(2-methylpropyl-1)-(1-diethylposphono-2,2-
dimethylpropyl-1-)-N-oxyl)-1-phenylethane (PESG1)45 were
prepared according to literature procedures. All other chemi-
cals were used as purchased from Aldrich.

Synthesis of the Cu(II) Complexes. One millimole of ligand
in 10 mL of acetone was added slowly to 1 mmol of CuBr2 in
10 mL of acetone. The color of the solution changed im-
mediately to green or brown (DPIP). After 1 h of stirring the
solution was passed through a pad of Celite. After evaporation
of the solvent the product was washed with Et2O. Yield: 80-
95%.

(TERPY)CuBr2: Anal. Calcd for C42H65Br2CuN3: C, 60.39;
H, 7.84; N, 5.03. Found: C, 60.10; H, 7.83; N, 5.13.

(PMDETA)CuBr2: Anal. Calcd for C9H23Br2CuN3: C, 27.25;
H, 5.84; N, 10.59. Found: C, 27.53; H, 5.80; N, 10.32.

(BPOA)CuBr2: Anal. Calcd for C20H29Br2CuN3: C, 44.92;
H, 5.47; N, 7.86. Found: C, 45.05; H, 5.25; N, 7.67.

(BPPA)CuBr2: Anal. Calcd for C18H17Br2CuN3: C, 43.35; H,
3.44; N, 8.43. Found: C, 43.02; H, 3.22; N, 8.39.

(DOAP)CuBr2: Anal. Calcd for C25H47Br2CuN3: C, 48.98;
H, 7.73; N, 6.85. Found: C, 48.71; H, 7.69; N, 6.64.

(DOIP)CuBr2: Anal. Calcd for C25H43Br2CuN3: C, 49.31; H,
7.12; N, 6.90. Found: C, 49.48; H, 6.88; N, 6.66.

(DPAP)CuBr2: Anal. Calcd for C21H23Br2CuN3: C, 46.64;
H, 4.29; N, 7.77. Found: C, 46.16; H, 4.03; N, 7.20.

(DPIP)CuBr2: Anal. Calcd for C21H19Br2CuN3: C, 46.99; H,
3.57; N, 7.83. Found: C, 46.82; H, 3.54; N, 8.02.

Polymerization Experiments. A detailed procedure for
the polymerization was previously reported.20

Activation Experiments. The Cu(I) complexes were pre-
pared in situ under an N2 atmosphere by adding 9 mL of
deoxygenated acetonitrile to 5 × 10-2 mmol of ligand, 7.8 mg
of TEMPO, and 7.2 mg of CuBr in a Schlenk flask. After
stirring for 30 min at 35 °C, 1 mL of deoxygenated substrates
stock solution (EBiB, MBP, PEBr, BzBr, and biphenyl, 1.0 ×
10-3 M each) were added to the Schlenk flask via a degassed
syringe. A sample was taken immediately for the reference,
and other samples were taken at timed intervals to measure
kinetics. The samples were passed through alumina in order
to remove the catalyst. The composition of the samples was
analyzed by gas chromatography, which was performed using
Shimadzu GC-17A, AOC-20i autosampler, and a J&W Scien-
tific DB 608 column (30 m × 0.53 mm) with a FID detector.
The injector and detector temperature was kept constant at
250 °C. The temperature program for the GG column was as
follows: initial temperature 45 °C, 0 min; ramp 5 °C/min; final
temperature 180 °C, 0 min. The retention times of MBP, EBiB,
PEBr, BzBr, biphenyl, and TEMPO were 4.2, 5.5, 12.1, 10.8,
18.8, and 10.3 min, respectively. The data were collected and
processed with a Shimadzu Class VP chromatographic data
system (version 4.2).

Deactivation Experiments. To 6.7 mg of CuBr2 and 3 ×
10-2 mmol of a ligand in 2.40 mL of acetonitrile were added
0.30 mL of TEMPO stock solution (0.030 M in acetonitrile)
and 0.30 mL of PESG1 and biphenyl stock solution (0.010 M
each in acetonitrile). The solution was deoxygenated with three
“freeze-pump-thaw” cycles. After taking a sample, the solu-
tion was heated to 75 °C in an oil bath, and samples were
taken at timed intervals. The samples were passed through
alumina in order to remove the catalyst. The concentration of
PEBr, PESG1, and PETEMPO was determined using reversed-
phase HPLC. HPLC was performed using a Shimadzu LC
10AD pump, a 712 WISP autosampler, a Waters Nova-Pak
C18 column (3.9 × 150 mm), and a Waters 486 tunable
absorbance detector (λ ) 220 nm) at 35 °C by the elution of
an acetonitrile and water mixture (55:45 vol %). The retention
times of TEMPO, PEBr, biphenyl, PESG1A, PESG1B, and
PETEMPO were 3.6, 6.0, 8.8, 44.2, 58.6, and 67.0 min,

respectively. The data were collected and processed with a
Shimadzu Class VP chromatographic data system (version
4.2).

Cyclic Voltammetric Measurements. Cyclic voltamme-
try was performed at room temperature using a Princeton
Applied Research model 273 potentiostat/galvanostat instru-
ment controlled with a personal computer and EG&G supplied
software. Experiments were carried out in acetonitrile under
argon in a three-compartment cell. The counter electrode was
a platinum coil. The reference was a sodium chloride saturated
calomel electrode (SSCE). A platinum electrode of 1 mm
diameter was used as the working electrode. The scan rate
ranged between 50 and 500 mV s-1. The concentration of the
copper complexes was kept at 0.01 M in all measurements with
a electrolyte concentration of 0.1 M [NBu4][PF6] in 5 mL of
acetonitrile.
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