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ABSTRACT: The effect of Cu(0) wire dimensions on the Cu(0) wire/Me6-TREN-catalyzed heterogeneous single-
electron transfer living radical polymerization (SET-LRP) of methyl acrylate (MA) initiated with methyl
2-bromopropionate (MBP) in DMSO at 25 °C was analyzed by kinetic experiments. These kinetic results were
compared with those of Cu(0) powder/Me6-TREN-catalyzed SET-LRP. Both wire and powder produce perfect
SET-LRP with a first-order rate of polymerization in growing species up to 100% conversion. Nevertheless,
Cu(0) wire experiments demonstrated SET-LRP with greater perfection, allowing for the accurate determination
of the external rate order (vis-à-vis surface area) for heterogeneous Cu(0) catalyst and accurate prediction of kp

app

from wire dimension. Cu(0) wire also exhibited a significantly greater control of molecular weight distribution
than Cu(0) powder. The combined advantages of easier catalyst preparation, handling, predictability, tunability,
simple recovery/recycling, and enhanced control of molecular weight distribution make Cu(0)-wire-catalyzed
SET-LRP the ideal methodology for the synthesis of tailored polyacrylates.

Introduction

Single-electron transfer living radical polymerization (SET-
LRP)1-3 has emerged as a powerful tool for the rapid synthesis
of tailored and functional4 polymers with excellent control of
molecular weight, molecular weight distribution, perfect chain
end fidelity,5,6 and ultrahigh molecular weight. In SET, Cu(0)1,7,8

and other electron-donor species such as Cu2O, Cu2S, Cu2Se,
and Cu2Te1-3 in the presence of a diversity of disproportionating
N-containing ligands and solvents mediate an ultrafast living9,10

radical polymerization11-13 of vinyl monomers including methyl
acrylate (MA),1 methyl methacrylate (MMA),1 ethyl acrylate
(EA),14 n-butyl acrylate (BA),1,14 and vinyl chloride (VC)1,2

without the need for the purification of the monomer, solvent,
and final polymer.15 In the absence of disproportionation,
Cu(0)7,8,16,17 and Ni(0)11,18,19 mediate normal metal-catalyzed
LRP7,8,11-13 or a nonliving radical polymerization.20,21 The
activation step in SET-LRP is a low activation energy hetero-
geneous process that mediates heterolytic C-X bond cleav-
age.22,23 Critical to SET-LRP is the disproportionation of the
in situ generated Cu(I)X into Cu(0) activator and Cu(II)X2

deactivator. The active Cu(0) catalyst is constantly regenerated
via disproportionation. Simultaneously, disproportionation gen-
erates sufficient levels of Cu(II)X2 deactivator without the need
for bimolecular termination. In the case of ATRP,13 bimolecular
termination is responsible for the creation of the persistent
radical effect.24,25 Disproportionation of Cu(I)X is mediated by
a synergy of N-containing ligands that stabilize Cu(II)X2

26 such
as Me6-TREN, TREN, and PEI and polar solvents such as
DMSO and other dipolar aprotic solvents, alcohols,14 ionic
liquids,27 and water. Certain polar solvents such as MeCN20

and nonpolar solvents such as toluene28 do not readily facilitate
disproportionation to the extent necessary to achieve a living
polymerization. However, preliminary results suggested that
outer-sphere electron transfer via caged Cu(I)X/NH2-Capten29

can mediate polymerization in toluene. Moreover, recent results
have demonstrated that the addition of polar phenol additives15,30

can enhance disproportionation in toluene allowing for SET-

LRP. This confirms an earlier assumption that low levels of
water in many commercial solvents could also mediate the
disproportionation although to a lesser extent.31

Bulk Cu(0) and the nascent Cu(0) regenerated in situ via
disproportion is thought to mediate the activation step in SET-
LRP. The role of Cu(0) as the predominant activator in SET-
LRP was recently confirmed.21 It was demonstrated that the
apparent rate constant of propagation, kp

app, scales appropriately
with the approximate surface area of Cu(0) utilized. Further,
removal of the Cu(0) surface from contact with the SET-LRP
reaction medium resulted in a complete interruption of the
polymerization which could only be reversed by returned contact
of the Cu(0) surface with the reaction medium. These observa-
tions indicated that SET-LRP is mediated by the Cu(0)
surface32-34 and not by dissolved Cu(I)X species and that
reaction kinetics could be manipulated by the control of the
total Cu(0) surface area used. Furthermore, in powder experi-
ments incomplete consumption of Cu(0) is observed. This results
in Cu(II)X2 concentrations much less than 7.5 × 10-4 M. In
studies by another group, comproportionation of Cu(II)X2 and
Cu(0) slowly plateaued to a concentration of 7.5 × 10-4 M after
1000 min.35 This indicates that under our polymerization
conditions Cu(0) does not reduce Cu(II)X2 into Cu(I)X.

In this report, the previous study on surface effects of
heterogeneous Cu(0) catalysts inspired the replacement of Cu(0)
powder with Cu(0) wire. Cu(0) wire is a more convenient and
cost-effective Cu(0) source that allows for greater variability
and control of total surface area. Through a rigorous study of
the kinetics of SET-LRP of MA initiated by methyl 2-bro-
mopropionate (MBP) and catalyzed by Cu(0)/Me6-TREN in
DMSO at 25 °C utilizing various Cu(0) wire sources, it is
definitively demonstrated that kp

app scales appropriately with the
total surface area of Cu(0) used. More important, we report here
the unexpected discovery that switching from Cu(0) powder to
Cu(0) wire results in a much greater control of polymer
molecular weight distribution. The more facile tuning and
subsequent removal and recycling of the Cu(0) wire and the
enhanced control of molecular weight distribution make Cu(0)
wire an ideal catalytic platform for the synthesis of tailored linear
polymers and of polymers with complex architecture.36-39
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Results and Discussion

Determination of External Order of Reaction for Cu(0)
and the Effect of Cu(0) Wire Dimensions on the Kinetics
of SET-LRP in DMSO at 25 °C. In a previous report21 it was
demonstrated that decreasing the diameter of the Cu(0) powder
utilized for Cu(0) powder/Me6-TREN catalyzed SET-LRP of
MA in DMSO at 25 °C while maintaining the total mass of
Cu(0) resulted in a monotonic increase in the observed kp

app.
Decreasing the diameter (d) of the Cu(0) powder increases its
surface area (SA) to volume (V) ratio (SA/V) according to
eq 1.

One could then observe a linear relationship between the
observed kp

app and the square root of (SA/V). This is consistent
with the previously determined 0. 51 rate order of [Cu]0 powder
reported for SET-LRP.1 SA/V can be converted to an absolute
total surface area (SA) by using eqs 2 and 3.

The same linear trend can then be observed, for the relation-
ship between kp

app and the square root of total surface area,
(SA)1/2 (Figure 1). The small deviation from linearity and the
fact that extrapolation of the curve does not result in a kp

app of
0 min-1 for 0 cm2 SA are due to the polydispersity of
commercial Cu(0) powder that is prepared via atomization,
electrolytic deposition, or gaseous reduction techniques.40 In
reductive CCl4 degradation, which proceeds by the same SET
mechanism as the heterogeneous activation step in SET-LRP,
the rate of degradation scales with particle SA.41 However,
nanocopper has an unusually high rate of activation compared
to slightly larger species.21 This phenomenon is frequently
encountered in zero-oxidation-state metal catalysis but poorly
understood. In fact, catalytically inert bulk metals such as
Au(0)42 can be converted into highly active catalysts43 for
organic transformations44-47 when dispersed in the nanopar-
ticulate, colloidal, or cluster states.48 The effects of even low
levels of smaller diameter species in commercial Cu(0) powder
cannot be ignored. These small Cu(0) species are far more active

than the bulk material, and therefore, they are likely responsible
for causing higher particle size Cu(0) powders to react faster
than predicted.

The polydispersity inherent to Cu(0) powder and the associ-
ated limited accuracy of SA determination as well as the
difficulty in removing and recycling fine Cu(0) powder from
the reaction mixture during polymer purification can be solved
by using Cu(0) wire as an alternative Cu(0) source. Table 1
shows the results of the kinetic experiments for the Cu(0) wire/
Me6-TREN-catalyzed SET-LRP of MA initiated with MBP in
DMSO using various dimensions of Cu(0) wire. The molar ratio
between monomer, initiator, and ligand was kept constant,
[MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1. The dimensions and
mass of the Cu(0) wire were varied. For convenient reference
on kinetic plots and in discussion, the thickness of Cu wire is
indicated by its guage, according to the American Wire Guage
(AWG) standard (eq 4). Five gauges 16, 18, 20, 24, and 30, in
order of decreasing thickness, were tested. The actual thicknesses
for these Cu wire are listed in Table 1, as are the lengths used
and their associated masses and SAs. The SAs of the wire were
calculated via the standard thickness (Dn) for each guage (n)
and the wire length according to eqs 4 and 5.

The previous determination of the external rate order for [Cu]0

was based upon powder studies.1 Cu(0) wire due to its surface
uniformity and monodispersity allows for a more accurate
determination of rate order. Figure 2a depicts ln kp

app vs ln [Cu]0

in Cu(0) wire/Me6-TREN-catalyzed SET-LRP of MA in DMSO
at 25 °C. As described previously,49 the fitted slope of this
semilogarithmic plot is the rate order of [Cu]0, in this case 0.33.
With respect to ln [Cu]0, there are significant deviations from
linearity in the rate order determination (R2 ) 0.85). As the
activation step in SET-LRP is heterogeneous and catalyzed by
the Cu(0) surface, the total surface area of catalyst is expected
to be more meaningful than the total weight or concentration
of the catalyst. Cu from the interior of the wire is expected to
be irrelevant to the catalytic process. Figure 2b depicts ln kp

app

vs ln SACu. As expected, the substitution of surface area for
concentration removes the significant deviations from the
semilogarithmic plot (R2 ) 0.98), resulting in an external rate
order of 0. 44 for the surface area of Cu(0). Figure 2d plots the
kp

app vs (SA)0.44. These data are also listed in Table 1 for all
kinetic experiments generated in this study. Figure 2c plots the
kp

app vs (SA)0.44 for all kinetic experiments and overlaps the data
collected for Cu(0) powder from the previous study.21 An
external rate order of less than unity is expected for a
heterogeneous reaction where the rate-limiting step is the
physical process of mass transfer to the surface. Such a process
is expected if liquid-solid heterogeneous catalysis where the
chemical process taking place on the surface has a very low
activation barrier, such as the activation step in SET-LRP.23

The complex mechanism of SET-LRP involving disproportion-
ation of Cu(I)X into Cu(0) and Cu(II)X2 deactivator may also
contribute to the less-than-one external rate order for Cu(0)
surface area.

As expected, kp
app varied linearly with (SA)0.44 (Figure 2d).

The data fits along the same curve observed in Cu(0) powder
studies (Figure 2c), indicating that the same surface catalyst
that mediated activation in the case of Cu(0) powder is
responsible for catalysis in the Cu(0) wire process. Comparison
of wire and powder experiments demonstrate greater linearity
in the kp

app vs (SA)0.44 for the wire process due to the greater

Figure 1. Relationship between the square root of the total surface
area, (SA)1/2, and the observed rate constant of propagation, kp

app, of
Cu(0) powder/Me6-TREN-catalyzed SET-LRP of MA initiated with
MBP in DMSO at 25 °C. Reaction conditions: MA ) 1 mL, DMSO
) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Cu]0/[Me6-TREN]0 )
222/1/0.1/0.1, and Cu (0) powder (diameters ranging from 425 µm to
50 nm). Adapted from ref 21.
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surface uniformity and monodispersity of Cu(0) wire. The same
overall range in kp

app is accessible with Cu(0) powder, but
specifying the rate can be achieved more readily with Cu(0)
wire via manipulation of the wire thickness and length. Linear
regression of the kp

app vs (SA)0.44 for wire data (Figure 2c)
reveals a simple relationship between kp

app and (SA)0.44 (eqs 6
and 7).

Equation 7 allows for the prediction of the kp
app of a SET-

LRP of MA in DMSO at 25 °C mediated by Cu(0) wire/Me6-

TREN, using the reaction conditions reported here. Changing
the concentrations of [MA]0, [MBP]0, or [DMSO]0 will modify
the kp

app according to the conventional kinetic equations of living
radical polymerization. In practical terms, it is the length of
Cu(0) wire that is measured and determined for each experiment.
While this determines the (SA)0.44, it is useful to be able to
directly predict the kp

app directly from wire length. Predicted
kp

app for typical wire lengths (Figure 3a) and 0.44 power of wire
length (Figure 3b) can be extrapolated through the use of eq 7,
the latter of which is pseudolinear. These predicted curves are
in close agreement with experimental data (Figure 3c,d).

Comparison of the Molecular Weight Evolutions of
Cu(0) Wire/Me6-TREN-Catalyzed and Cu(0) Powder/
Me6-TREN-Catalyzed SET-LRP in DMSO at 25 °C. The use
of Cu(0) wire as catalyst allows for greater ease in reaction rate

Table 1. Dependence of kp
app on the Dimensions of the Cu(0) Wire in the SET-LRP of MA Initiated with MBP in DMSO at 25 °Ca

no. wire guageb std Dc (cm) measured Dd (cm) wire length (cm) masse (mg) SA (cm2) kp
app (min-1) conv (%) time (min) Mw/Mn Mw/Mn (90%)f

1 16 0.129 0.130 3.3 4.81 1.39 0.045 85.8 46 1.19 1.17
2 16 0.129 0.130 6.4 9.34 2.65 0.058 90.8 45 1.19 1.19
3 16 0.129 0.130 14.8 21.59 6.05 0.073 88.9 31 1.18 1.18
4 16 0.129 0.130 27.0 39.38 110.0 0.114 85.4 18 1.18 1.16
5 18 0.102 0.104 4.2 3.83 1.38 0.045 88.4 50 1.23 1.22
6 18 0.102 0.104 15.5 14.14 5.02 0.079 89.0 29 1.22 1.22
7 18 0.102 0.104 29.0 26.44 9.36 0.099 83.5 19 1.26 1.23
8 20 0.0812 0.0820 4.5 2.60 1.17 0.041 90.4 60 1.20 1.20
9 20 0.0812 0.0820 10.0 5.78 2.57 0.051 89.0 45 1.19 1.19
10 20 0.0812 0.0820 12.5 7.22 3.21 0.066 90.2 37 1.17 1.17
11 20 0.0812 0.0820 15.0 8.69 3.85 0.071 90.6 41 1.15 1.15
12 20 0.0812 0.0820 30.0 17.34 7.67 0.082 91.0 30 1.20 1.20
13 24 0.0511 0.0518 3.0 0.69 0.49 0.027 86.7 77 1.21 1.20
14 24 0.0511 0.0518 4.0 0.91 0.65 0.035 86.5 60 1.23 1.21
15 24 0.0511 0.0518 8.4 1.92 1.36 0.044 86.5 47 1.26 1.24
16 30 0.0255 0.0261 4.0 0.23 0.32 0.021 88.6 105 1.28 1.27
17 30 0.0255 0.0261 180.0 10.26 14.40 0.132 86.8 16 1.27 1.25
18g 20 0.0812 0.0820 12.5 7.22 3.21 0.056 87.2 30 1.16 1.15

a Reaction conditions: MA ) 1 mL, solvent) 0.5 mL, [MA]0 ) 7. 4 mol/L, [MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1. b American wire guage, useful
for purchasing in the US, and used hereafter as a substitute for wire D. c American Wire Guage standard diameter, used in all calculations. d For verification
only. e Calculated from dimensions and density. f Extrapolated Mw/Mn at 90% conversion using eq 10. g [MA]0/[BPE]0/[Me6-TREN]0 ) 444/1/0.2.

Figure 2. Determination of the external order of reaction in (a) [Cu]0

and (b) surface area (SA) of Cu. Using 0.44 external order in surface
area calculated in (b), (c) kp

app vs (SA)0.44 with superimposed powder
experiments (Figure 1) and (d) kp

app vs (SA)0.44 with a linear regression
fit through the origin for Cu(0) wire/Me6-TREN-catalyzed SET-LRP
of MA initiated with MBP in DMSO at 25 °C. Reaction conditions:
MA ) 1 mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/
[MBP]0/[Me6-TREN]0 ) 222/1/0.1.

kp
app ) 0.03790 × (SA)0.44 (6)

kp
app ) 0.03790 × (πDnL + π(Dn

2 )2)0.44

(7)

Figure 3. (a) Predicted kp
app vs length, (b) kp

app vs (length)0.44, and (c/
d) correspondence with experimental data for the Cu(0) wire/Me6-
TREN-catalyzed SET-LRP of MA initiated with MBP in DMSO at 25
°C for various wire thicknesses/guages. Reaction conditions: MA ) 1
mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/
[Me6-TREN]0 ) 222/1/0.1.
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tuning, catalyst preparation, removal, and recyclability. How-
ever, in order for Cu(0) wire to be a suitable replacement for
Cu(0) powder SET-LRP, we need to ensure that the polymer-
ization kinetics are living and provide good control of molecular
weight evolution and distribution. In all kinetic plots, Mth is
calculated according to eq 8, where q is conversion, MWMA is
the molar mass of the monomer MA, and MWI is the molar
mass of initiator. Since MWI is small in comparison to polymer
mass, Mth is proportional to conversion.

Figures 4, 5, and 6 show the kinetic plots for Cu(0) wire/Me6-
TREN-catalyzed SET-LRP of MA in DMSO at 25 °C for slow
(kp

app ) 0.027 min-1), medium (kp
app ) 0.067 min-1), and fast

(kp
app ) 0.132 min-1) polymerizations, respectively, and provide

a comparison with Cu(0) powder/Me6-TREN-catalyzed SET-
LRP experiments with similarly observed kp

app (0.027, 0.060,
and 0.142 min-1). In all cases Cu(0) wire/Me6-TREN-catalyzed
SET-LRP demonstrate the classic behavior of a living polym-
erization.9,10 In fact, for each rate domain, the final Mw/Mn values
for Cu(0) wire/Me6-TREN-catalyzed SET-LRP are significantly
lower than those observed in the corresponding Cu(0) powder
experiments. For the low kp

app domain (Figure 4), 3.0 cm of 24
gauge wire (Figure 4a), kp

app ) 0.027 min-1, was compared to
425 µm powder (Figure 4b), kp

app ) 0.028 min-1. The Mw/Mn

at about 90% conversion for the Cu(0) wire (Figure 4a) was
1.21, while the final Mw/Mn value for the Cu(0) powder (Figure
4b) was 1.44. For the middle kp

app domain (Figure 5), 12.5 cm
of 20 gauge wire (Figure 5a), kp

app ) 0.066 min-1, was compared
to 45 µm powder (Figure 5b), kp

app ) 0.060 min-1. The Mw/Mn

at about 90% conversion for the Cu(0) wire (Figure 5a) was
1.17, while the final Mw/Mn value for the Cu(0) powder (Figure
4b) was 1.42. For the high kp

app domain (Figure 6), 180 cm of
30 gauge wire (Figure 6a), kp

app ) 0.132 min-1, was compared
to 100 nm powder (Figure 6b), kp

app ) 0.1421 min-1. The Mw/
Mn at about 90% conversion for the Cu(0) wire (Figure 6a) was
1.27, while the final Mw/Mn value for the Cu(0) powder (Figure
6b) was 1.47.

Evolution of Chain-End Functionality. When Cu(0) wire/
Me6-TREN-catalyzed SET-LRP is used for the preparation of
macroinitiators for block copolymers and for other polymers
with complex architecture, it is necessary to consider the chain-
end functionality of the resulting PMA samples. The evolution
of the chain-end percentage functionality (f) (Figure 7a) was
determined for a representative polymerization using 12.5 cm
of 20 guage Cu(0) wire (Figure 5a). In a second polymerization,
f was monitored through the withdrawal of samples from the
reaction mixture at different times followed by their analysis
by 500 MHz 1H NMR. Figure 7b depicts the 500 MHz 1H NMR
spectrum together with its proton assignments of the isolated
PMA sample (Mn ) 18 326 and Mw/Mn ) 1.1, after 40 min at
89% monomer conversion). The signals of the protons of the
main chain (-CH2- and -CH-) are present in the region
1.30-2.70 ppm. The signal of the -OCHH3 side group appears
at 3.7 ppm. The value of f can be estimated by a comparison of
the integrals of peaks Hc (corresponding to the initiator
CH3-CH groups) and Hk (corresponding to the proton in the
R-position of the bromine chain end) (eq 9).

Figure 4. Comparison of low kp
app domain SET-LRP of MA initiated with MBP in DMSO in 25 °C catalyzed with (a) Cu(0) wire and (b) Cu(0)

powder. Reaction conditions: (a) MA ) 1 mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1. Cu )
3.0 cm of 24 guage wire. (b) MA ) 1 mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Cu]0/[Me6-TREN]0 ) 222/1/0.1/0.1.
Cu ) 425 µm.

Mth )
[M]0

[I]0
× MWMA × q + MWI (8)

% functionality (f) ) [ Hk

Hc/3] × 100 (9)
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This value, measured by 500 MHz 1H NMR, is the fraction of
initiated chains that are effectively capped with a bromine atom.
In the depicted Cu(0) wire experiment, f is extremely high
throughout the polymerization, culminating in PMA sample with
f > 98%. This value is within the experimental error of our NMR
method and confirms a polymer with perfect or nearly perfect
retention of functional chain ends.20 Cu(0) powder also exhibited
f > 98% throughout the polymerization,20 indicating that both
wire and powder can be utilized in the synthesis of functionally
terminated polymers.

Molecular Weight Distribution in the Cu(0) Wire/
Me6-TREN-Catalyzed SET-LRP of MA in DMSO at 25
°C. Increasing the targeted molecular weight,1 use of a
bifunctional initiator, or addition of CuX2

50 has been shown to
enhance the control of molecular weight distribution in SET-
LRP of PMA. In a recent study,21 using various particle sizes
of Cu(0) and the starting reactants in a ratio of [MA]0/[MBP]0/
[Cu]0/[Me6-TREN]0 ) 222/1/0.1/0.1 (Mth ∼ 20 000), Mw/Mn of
roughly 1.35 was typically obtained at conversion of about 90%.
Relatively high polydispersities of the resultant PMA samples
could be due to the inherent polydispersity of the Cu(0) powder
used in their preparation. The higher activity of nanosized copper
present to varying degrees in commercial powders likely
enhance the activation rate in a nonuniform fashion. As shown
in the previous section, Cu(0) wire/Me6-TREN-catalyzed SET-
LRP of MA in DMSO at 25 °C effectively solves the problem
of control in low molecular weight monofunctional PMA as
evidenced by lower Mw/Mn (∼1.15-1.20 for 90% conversion)
than Cu(0) powder/Me6-TREN-catalyzed SET-LRP. The kp

app

of Cu(0) wire/Me6-TREN-catalyzed SET-LRP are comparable
with those of Cu(0) powder, and therefore, the enhanced control
of molecular weight distribution can be attributed to the
uniformity of “monodisperse” wire.

Direct comparisons of Mw/Mn are meaningless, unless the
samples being compared are at equivalent conversions. There-
fore, we compared the values of Mw/Mn at 90% conversion. Mw/
Mn at 90% conversion using the typical Poisson distribution for
the evolution of the molecular weight distribution (eq 10), where
q is conversion.

KSET-LRP is a value that correlates with the active concentration
of radicals and is influenced by the total initiator concentration
[I]0, the total surface area of catalyst SA, and the absolute rate
constants of activation (kact), deactivation (kd), and propagation
(kp). Mw/Mn at 90% conversion can be found for each each
sample by first solving for KSET-LRP for the Mw/Mn and
conversion, q, of each polymer sample from the kinetic studies.
This KSET-LRP value can be used with q ) 90% in eq 10 to
extrapolate Mw/Mn at 90% conversion.

Contrary to conventional LRP12 including ATRP,13,51,52 Mw/
Mn does not increase with kp

app. Using 3.3 cm of 16 guage wire,
polymerization with a kp

app ) 0.045 min-1 produced PMA with
Mw/Mn ) 1.17 at 90% conversion. Increasing the wire length
to 27.0 cm of 16 guage wire, the polymerization rate more than
doubled to kp

app ) 0.114 min-1. However, the resulting PMA
had Mw/Mn ) 1.16. Furthermore, unlike conventional LRP and
ATRP,51,52 there is no increase in Mw/Mn at very high conversion
due to bimolecular termination when monomer concentration
is low.

Cu(0) Wire/Me6-TREN-Catalyzed SET-LRP of MA Initi-
ated with BPE in DMSO at 25 °C. The use of monofunctional
initiators such as MBP is useful for the synthesis of tailored

Figure 5. Comparison of middle kp
app domain SET-LRP of MA initiated with MBP in DMSO in 25 °C catalyzed with (a) Cu(0) wire and (b) Cu(0)

powder. Reaction conditions: (a) MA ) 1 mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1. Cu )
12.5 cm of 20 guage wire. (b) MA ) 1 mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Cu]0/[Me6-TREN]0 ) 222/1/0.1/0.1.
Cu ) 45 µm.

Mw

Mn
) 1 + KSET-LRP(2

q
- 1) (10)
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homopolymers and AB block copolymers. The use of bifunc-
tional initiators such as bis(2-bromopropionyloxy)ethane (BPE)
is of particular interest in the synthesis of telechelic macroini-
tiators for ABA block copolymerization and for the synthesis
of dendritic macromolecules via the TERMINI concept.36-39

Further, in previous studies the use of a bifunctional initiator
resulted in enhanced control of molecular weight distribution
versus the monofunctional initiator, likely through the complete
elimination of any secondary effects of bimolecular termination
in the early stages of the polymerization.

Figure 9 compares the kinetics of Cu(0) wire/Me6-TREN
SET-LRP initiated with monofunctional (Figure 9a) and bi-
functional initiators (Figure 9b). In both cases [MA]0, [Me6-
TREN]0, and [DMSO]0 were kept the same, but as we switched
from a monofunctional to a bifunctional initiator, the initiator
concentration was halved to keep the chain end concentration
the same. Thus, for the polymerization initiated with MBP,

[MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1, but for the polym-
erization initiated with BPE, [MA]0/[BPE]0/[Me6-TREN]0 )
444/1/0.2. For both polymerizations the same dimensions of
Cu(0) wire were employed, specifically 12.5 cm of 20 guage
wire. The polymerization initiated with MBP (Figure 9a) is fast
with kp

app of 0.066 min-1 but is very well controlled with a Mw/
Mn of 1.17 (Mn ) 19 068 at 90.2% conversion). The polymer-
ization initiated with BPE occurs at a slightly lower rate kp

app

Figure 6. Comparison of middle kp
app domain SET-LRP of MA initiated with MBP in DMSO in 25 °C catalyzed with (a) Cu(0) wire and (b) Cu(0)

powder. Reaction conditions: (a) MA ) 1 mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1. Cu )
180 cm of 30 guage wire. (b) MA ) 1 mL, solvent (DMSO) ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Cu]0/[Me6-TREN]0 ) 222/1/0.1/0.1.
Cu ) 100 nm.

Figure 7. Percentage of bromine-functionalized chains vs conversion
(%).

Figure 8. 500 MHz 1H NMR spectrum (CDCl3) of PMA obtained for
the Cu(0) wire/Me6-TREN-catalyzed SET-LRP of MA initiated with
MBP in DMSO at 25 °C. MA ) 1 mL, solvent (DMSO) ) 0.5 mL,
[MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1. Cu )
12.5 cm of 20 guage wire.
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) 0.056 and marginally better control of molecular weight
distribution, Mw/Mn ) 1.16 (Mn ) 32 290, at 87.2% conversion).

In both polymerizations each initiation site results in the
production of a PMA chain with Mn ∼ 16 000-19 000.
However, in the case of the bifunctional initiator the initiator
sites are connected, resulting in polymers with double Mn. Unlike
with Cu(0) powder/Me6-TREN-catalyzed SET-LRP, the use of
a bifunctional initiator does not significantly enhance the control
of molecular weight evolution.

Conclusions

In the Cu(0) wire/Me6-TREN-catalyzed SET-LRP of MA
initiated with MBP in DMSO at 25 °C, the total surface area
Cu(0) directly affects the kp

app. Increasing the surface from 0.32
to 14.40 cm2 resulted in a an increase of kp

app from 0.021 to
0.132 min-1. These results fit the same trend observed with
Cu(0) powder, indicating the same surface-mediated SET
activation process. However, in the case of wire a greater
linearity is observed. This is due to the lower polydispersity of
Cu wire and allows for easy prediction of reaction rates from
wire dimensions. The Cu(0)-wire-catalyzed SET-LRP also
exhibits a greater control of molecular weight distribution. The
ability to predict and tune the kp

app, the easy preparation/removal/
recycling of catalyst, the lack of coloration of the reaction
mixture, and therefore the lack of need of purification of the
resulting polymers, and the enhanced control of molecular
weight distribution make Cu(0) wire/Me6-TREN-catalyzed SET-
LRP an improved method for the rapid and controlled synthesis
of homopolymers, block copolymers, and polymers with
complex architecture.36-39

Experimental Section

Materials. Methyl acrylate (MA) (99%, Aldrich), methyl 2-bro-
mopropionate (MBP) (98%, Aldrich), acetonitrile (MeCN) (99.9%,
Fisher), and Cu wire (16, 18, 20, and 24 guage from Fischer; 30
guage from Small Parts, Inc.) were used as received. The thickness
of the Cu(0) wires was verified to be within 0.1-0.2 mm of the
American Standard Wire system according to a Starret No. 230
Vernier Outside Micrometer. Dimethyl sulfoxide (DMSO) (99.9%,
Fischer) was used as received or purified by vacuum distillation.
Hexamethylated tris(2-aminoethyl)amine (Me6-TREN) was syn-
thesized as described in the literature.53

Techniques. 500 MHz 1H NMR spectra were recorded on a
Bruker DRX500 NMR instrument at 20 °C in CDCl3 with
tetramethylsilane (TMS) as internal standard. Gel permeation
chromatographic (GPC) analysis of the polymer samples were done
on a Perkin-Elmer Series 10 high-performance liquid chromato-
graph, equipped with an LC-100 column over (40 °C), a Nelson
Analytical 900 Series integration data station, a Perkin-Elmer 785A
UV-vis detector (254 nm), a Varian star 4090 refractive index
(RI) detector, and two AM gel (500 Å, 5 µm and 104 Å, 5 µm)
columns. THF (Fisher, HPLC grade) was used as eluent at a flow
rate of 1 mL/min. The number-average (Mn) and weight-average
(Mw) molecular weights of the PMA samples were determined with
PMMA standards purchased from American Polymer Standards.
Since the hydrodynamic volume of PMA is the same as of PMMA,
no correction is needed in the determination of Mn.

Typical Procedure for Polymerization Kinetics. The monomer
(MA, 1 mL, 11.1 mmol), solvent (DMSO, 0.5 mL), initiator (MBP,
5.6 µL, 0.05 mmol), catalyst (3.3 cm of guage 16 wire, wrapped
around a Teflon-coated stirbar), and ligand (Me6-TREN, 1.15 mg,
0.005 mmol) were added to a 25 mL Schlenk tube in the following

Figure 9. (a) Kinetic plots of SET-LRP of MA initiated by MBP and catalyzed by Cu(0) wire/Me6-TREN in DMSO at 25 °C. Reaction conditions:
MA ) 1 mL, DMSO ) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[MBP]0/[Me6-TREN]0 ) 222/1/0.1, and Cu(0) ) 12.5 cm of 20 guage wire. (b) Kinetic
plots of SET-LRP of MA initiated by BPE and catalyzed by Cu(0) wire/Me6-TREN in DMSO at 25 °C. Reaction conditions: MA ) 1 mL, DMSO
) 0.5 mL, [MA]0 ) 7.4 mol/L, [MA]0/[BPE]0/[Me6-TREN]0 ) 444/1/0. 2, and Cu(0) ) 12.5 cm of 20 guage wire.
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order: Cu(0), monomer, ligand, solvent, initiator. After six
freeze-pump-thaw cycles, the tube was filled with nitrogen, and
the reaction mixture was placed in an oil bath thermostated at 25
( 0.1 °C with stirring. The side arm of the tube was purged with
nitrogen before it was opened for samples to be removed at
predetermined times, with an airtight syringe. Samples were
dissolved in CDCl3, and the conversion was measured by 1H NMR
spectroscopy. The Mn and Mw/Mn values were determined by GPC
with PMMA standards (conversion: 86% (46 min), Mn(GPC) )
18 100, Mw/Mn ) 1.19). The polymerization mixture was dissolved
in 5 mL of CH2Cl2 and passed through a small basic Al2O3

chromatographic column to remove any residual nascent Cu(0)
catalyst and Cu(II) deactivator, and the resulting solution was
precipitated twice in 60 mL of cold methanol (about 0 °C) with
stirring. Methanol was removed by decantation, and the final
colorless polymer was dried under vacuum until constant weight
was reached.

Chain-End Analysis of PMA. The evolution of percentage of
functionality (f) of the PMA was monitored via withdrawal of
samples from the polymerization mixture at different times followed
by their analysis by 500 MHz 1H NMR. The signals of all protons
of the main chain (-CH2- and -CH-) are present in the region
1.30-2.70 ppm. The signal of the -OCHH3 side groups appears
at around 3.7 ppm. Most important are the signals associated with
the chain ends. The signal at 4.24 ppm corresponds to the proton
located in the R-position of the bromine chaine end, Hk, while the
signal at 1.14 ppm, Hc, is associated with the initiator CH3-CH-
groups. The percentage of chain-end functionality of PMA can be
estimated from the integral ratio between these two signals (eq 8).
This value is the fraction of initiated chains that are effectively
capped by a bromine atom.
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