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ABSTRACT: Polymerization of methyl acrylate (MA) catalyzed by
Cu(0) is carried out in toluene using a range of alcohols and
phenol as additives to facilitate the reaction. The polar/coordinating additives promote disproportionation of Cu(I) to Cu(0),
the proposed active species in single electron transfer living
radical polymerization (SET-LRP), and Cu(II) whilst toluene
maintains solubility of the reagents and products. In this work,
the use of alcohols as additives is optimized. Polymerizations
are monitored in real time using rapid chromatography to
obtain conversion and molecular weight distribution data
without the necessity of manual sampling. Rapid gel permeation chromatography with low angle laser light scattering
detection is shown to be a viable method of obtaining molecu-

lar weight distribution data in real time compared with conventional analytical techniques. Moreover, the changes in CuBr2
concentration during SET-LRP reactions are monitored online
using a photodiode array detector. Finally, the kinetics of SETLRP of MA using an ultra pure highly porous Cu(0) is
performed and a detailed discussion on the role of Cu(II) is
C 2011 Wiley Periodicals, Inc. J Polym Sci Part A:
provided. V
Polym Chem 49: 1753–1763, 2011
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INTRODUCTION Controlled radical polymerization techniques

are well established as procedures for synthesizing polymers
with controlled molecular weight, narrow polydispersity
index (PDi) and well-defined end groups.1–3 One of the most
widely used controlled radical polymerization methods is
atom transfer radical polymerization (ATRP), in which it is
proposed that an alkyl halide reversibly reacts with a Cu(I)
salt to generate a radical species and a Cu(II) species.4,5 The
reversible equilibrium between the active propagating radicals and the Cu(II) salt maintains the concentration of radicals low and thus termination between growing radical
chains is reduced.6,7 As a consequence, the concentration of
active radical chains remains relatively constant and propagation to monomer is favored. Consequently, the number-average molecular weight (Mn) of the polymer increases linearly with conversion and the PDi is lower than that observed
in traditional free-radical reactions.
The discovery of Cu(0) mediated polymerization, or single
electron transfer living radical polymerization (SET-LRP), in
which copper metal may be used to mediate the polymerization of acrylates, methacrylates, vinyl chloride, acrylamides
and styrene, has tremendous potential as a tool to the syn-

thetic polymer chemist.8–16 In these reactions copper metal,
as opposed to Cu(I) salts, is used along with an alkyl halide
initiator, a ligand and a polar/coordinating solvent.17–19
The use of Cu(0) has potential advantages and differences
over traditional ATRP reactions as they are fast at ambient
temperature, tolerant to a wider range of initiators and
monomers and provide polymers with very narrow molecular weight distributions of targeted chain length whilst using
relatively low levels of catalyst. Additionally, high molecular
weight polymers can be synthesized in short time scales.20
The choice of solvent is critical to the success of the reaction
as the key step in the proposed mechanism involves disproportion of Cu(I) to Cu(0) that acts to activate the chains
and Cu(II) that deactivates.21 Disproportionation of Cu(I)
is observed in the presence of N-donor ligands, such as
Me6TREN, PMDETA and bipyridine (Bpy). This is not
observed with ligands with an appropriate very low lying p*
antibonding orbital, such as pyridine diimine and diazabutadienes ligands, which are exceptional at stabilising Cu(I)
through metal to ligand charge transfer effectively changing
the oxidation state of the metal. The first SET-LRP were
reported in polar solvents, such as DMSO and alcohols which
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SCHEME 1 SET-LRP of methyl acrylate in toluene in the presence of phenol or alcohol additives.

promote disproportionation of Cu(I) to Cu(II) and Cu(0).12,22
Reaction media that promote disproportionation are necessary and solvents that stabilize Cu(I), such as acetonitrile,
are unsuited to SET-LRP reactions as disproportionation is
unfavored.23 This can limit polymers that may be synthesized to those that are soluble in the polar reaction medium
and precipitation can occur when polymerizations of nonpolar monomers is performed in alcohols. In our recent
study, we reported that phenols promote disproportionation
of Cu(I) and can be used as an additive in nonpolar solvents,
faciliating the polymerization of hydrophobic monomers.24
More recently, Perrier and coworkers demonstrated that the
Cu(0) mediated polymerization of styrene and methyl methacrylate can be performed in nonpolar solvents at elevated
temperatures.16,25 Arguably the most successful approach is
the use of mixtures of solvents, with one component of the
solvent mixture promoting disproportionation and the other
component maintaining product solubility.26–28
In a recent article the SET-LRP reaction of methyl acrylate in
DMSO was assessed using a range of online monitoring techniques.29 We reported that valid conversion data can be
obtained from in situ near infra-red (NIR) spectroscopy and
that valid conversion and molecular weight data could be
calculated using rapid analysis from an online size exclusion
chromatography (SEC) instrument. An induction period was
reproducibly observed during the polymerizations, which
could be overcome by the addition of a small quantity of
CuBr or CuBr2 to the reaction. In some cases high molecular
weight contaminants were observed in the SEC traces with a
LALS detector, indicating that lower than expected molecular

weights could be obtained. Nguyen and Percec suggested an
alternative explanation to the observed induction period as
the participation of Cu2O that likely exists on the surface of
commercial copper wire demonstrating that a reductive pretreatment of copper wire with hydrazine eliminates the
induction period and that the presence of hydrazine can
counteract oxygen deactivation.30 In this study we have utilized ultra pure highly porous Cu(0) to further investigate
the occurrence of the induction period due to the contaminants on the surface of the copper.
In this report, SET-LRP reactions are performed in toluene
with either phenol or an alcohol as an additive (Scheme 1)
and the conversion and PDi of the reactions were monitored
in real time using rapid GPC. We performed the conversion
and molecular weight measurements using both online and
offline techniques, which were then compared to validate the
data. An automated pumping and injection system is a
powerful technique for the delivery of the reaction solution
to a SEC instrument for analysis. Indeed, the experimental
set-up is comparable with that used in for monitoring polymer quality in a batch reactor and in particular the ACOMP
system, in which a pumping system extracts reaction material and dilutes it for anaylsis by a series of detectors.31–34 A
photodiode array detector (PDA) has been used to monitor
the concentration of Cu(II). It is anticipated that hydrophobic
monomers that are insoluble in DMSO or form polymers insoluble in alcohols may be polymerized with Cu(0) using
these methods. Furthermore, we discuss the role of CuBr2
during a SET-LRP reaction and the reasons for the observed
induction period, sudden increase of propagation, formation

FIGURE 1 Conversion versus time (left) and Mn and PDi versus conversion (right) for the Cu(0) wire/Me6TREN catalyzed polymerization of MA in toluene and in the presence of phenol (P1) as monitored by rapid LALS, 1H NMR and conventional GPC. The line
is the best fit (R2 ¼ 0.94). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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SCHEME 2 Setup of instrumentation used to monitor polymerizations online via Rapid GPC equipped with LALS and dRI
detectors. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

of high molecular weight species, and the exotherms when
DMSO is used as solvent is presented. Finally, we demonstrate the kinetics of SET-LRP of MA in DMSO using ultra
pure highly porous Cu(0).

RESULTS AND DISCUSSION

Real Time Monitoring of the SET-LRP of MA in Toluene
in the Presence of Phenol (P1-P3)
Previously, phenol(s) was used as an additive to promote the
SET-LRP of MA in toluene mediated by copper powder. In
this work these experiments were repeated using copper
wire and the monomer conversion and PDi were monitored
online by rapid GPC with a 3 minute runtime, and fitted
with a dual angle light scattering detector (45" , 90" ) (LALS),
and a differential refractometer (DRI). A series of pumps
was used to extract the reaction mixture directly from the
reactor, dilute it to an appropriate concentration and transfer
it to an automated GPC for online analysis (Fig. 1).
The system set-up for rapid GPC analysis is shown in
Scheme 2. Label (1) is the reactor, a three necked round
bottomed flask; (2) is the THF used to dilute the reaction
mixture; (3) are HPLC pumps that continuously extract reaction solution and dilute it to an appropriate concentration
for analysis. The solution is sent to the injection loop of a
GPC (4) where a programmed sequence injects a sample
every 4 minutes for analysis. Analysis takes place on using a
polymer laboratories (PL) Rapide M column with a 3 minute
runtime, and detection is performed using DRI and dual
angle LALS (5). Excess reaction solution from the injection
loop and from the column goes to (6), the waste.

FIGURE 2 Evolution of molecular weight distribution from
Rapid GPC for the Cu(0) wire/Me6TREN catalysed polymerization of MA in toluene and in the presence of phenol. [M]/[I]/[L]/
[Phenol] ¼ 119/1/1/20. (P1). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

SET-LRP of MA initiated by ethyl 2-bromoisobutyrate and
catalysed by copper wire and Me6TREN was carried out in
toluene in the presence of phenol, Table 1. The polymerization shows an apparent induction period and reached to
almost full conversion in less than 4 hours. The Mn increased
linearly with conversion whilst the PDi decreased and
remained < 1.2, see Supporting Information Figure S1.
The Mn increases fairly linearly with conversion, indicating a
controlled radical reaction, Figure 2 and the molecular
weight distribution is symmetrical. At the initial stages of
the polymerization the distribution is broader, suggesting the
deactivation of the growing chains is limited; however, as the
reaction proceeds the polymer peak in the GPC trace became
narrower and symmetrical. This indicates that a sufficient
reaction equilibrium has been established whereas side reactions such as termination have been minimized. This is
ascribed to an increasing [Cu(II)], which can deactivate
growing radicals and thus suppress termination as the polymerization proceeds. A comparison between offline data (1H
NMR and conventional GPC) and online data confirmed the
validity of the conversion and molecular weight data
obtained from online measurement. Furthermore, polymerization was repeated without manual sampling and the same
results were obtained, demonstrating that the instrument
provides reproducible data and that the induction period
and lower than expected molecular weights are the real features of the reaction, Supporting Information Figure S1.
The measured Mn values are noticeably lower than the
expected theoretical values, Table 1. This may be due to a
free radical polymerization process occurring during the

TABLE 1 Investigation on the Effect of Phenol During SET-LRP of MA at Different Monomer to Initiator Ratios
Mn,GPC (g/mol)

Run

Cu(0)

[MA]/[I]/[L]/[Phenol]

Conv. (%)

Mn,theo (g/mol)

P1

Wire

119/1/1/20

96

10,000

P2

Wire

119/1/1/20

92

10,000

–

–

P3

Wire

119/0.5/1/20

91

18,950

14,200

1.08

6,340

PDI
1.05

Mn,LALS (g/mol)
6,200
6,250
17,900

Conversion values were determined by 1H NMR and the molecular weights were measured by GPC relative to PMMA standards.
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FIGURE 3 Conversion versus time (left) and Mn and PDi versus conversion (right) for the Cu(0) wire/Me6TREN catalysed polymerization of MA in toluene and in the presence of phenol (P3) monitored by rapid chromatography with LALS detection and offline
by 1H NMR and GPC. The line is the best fit (R2 ¼ 0.981). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

induction period of the polymerization that consumes some
monomer and alters the ratio of [M]/[I]. This process manifests itself as a high molecular weight contaminant that is
observed in the GPC traces. It is particularly prominent in
the LALS detector and has low conversion of monomer to
polymer during the induction period, Supporting Information
Figure S2. As reported previously, varying the length of copper wire affects the rate of polymerization and thus the
observed exotherm. Polymerizations carried out using longer
lengths of copper wire lead to a shorter period of slow rate
and a faster rate of polymerization as the polymerization
starts whilst polymerizations performed using shorter
lengths of copper wire have longer periods of slow rate, and
the rate of polymerization is slower, activation, leading to a
higher concentration of propagating radicals in the reactor.29
As an unusually large quantity of copper wire (80 cm) with
respect to ligand was used during these reactions, it is likely
that the rate of the initiation of free-radicals is higher than is
normally the case.
Polymers with different molecular weights were synthesized
by altering the ratio of [M]/[I] but keeping other parameters
constant (P3). Poly(methyl acrylate) with a target molecular
weight ¼ 20,000 g mol#1 was synthesized and polymerization was monitored online by Rapid GPC coupled with LALS
detector and DRI detector and monitored offline with 1H
NMR and conventional GPC, Figure 3. The Mn increases linearly with increasing conversion and PDI narrows, indicative
of a controlled reaction. Although this reaction was performed in the absence of CuBr2 the polymerization occurs
from t ¼ 0 and with no apparent induction period. This is
more likely due to the increased amount of phenol relative
to initiator as compared to the previous reactions. In a
recent publication Nguyen and Percec demonstrated that
copper wire ‘‘activated’’ to remove an oxide layer provided
better control over kinetics and molecular weight and we
propose a similar process is occuring in situ in this case.30 It
has also been shown that a pre-equilibrium of all reagents
except monomer can remove the induction period activating
the copper wire.24 Nevertheless, the conversion data
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obtained from online Rapid GPC is comparable with that
obtained from offline characterization and the molecular
weight data obtained from rapid online LALS analysis is
comparable with that obtained from conventional GPC up to
molecular weights of $10,000 g mol#1. At Mn >10,000 g
mol#1 the data from the LALS is always noticeably higher
than that from conventional GPC, Supporting Information
Figure S3.
The Mn determined by conventional GPC at 91% conversion
is 14,200 g mol#1, theoretical Mn ¼ 18,950 g mol#1. However, the molecular weight determined by LALS detector is
17,300 g mol#1, in better agreement with the theoretical
value. To summarize, conventional free-radical polymerization may occur during the induction period of SET-LRP reactions initiated by irreversible cleavage of the carbon-halogen
bond. This alters the ratio of [M]/[I] and can lead to lower
than targeted molecular weights and the presence of a high
molecular weight contaminant that forms in the initial stages
of the reaction. The induction period is not desirable and
can be removed by the addition of Cu(II)Br2 or by activating
the wire by reduction to Cu(0), as described by Nguyen and
Percec.30 Furthermore, all polymerizations in toluene and in
the presence of phenol started as colorless solutions and finished as a ‘‘deep rusty red’’ color. This color change has been
attributed to the build up of Cu(II) in solution.
Optimizing the Use of Methanol as an Additive
for Cu(0) Mediated Polymerization of MA in
Toluene (M1-M3, L1-L2)
Polymerization of MA mediated by zero-valent copper metal
may be carried out in toluene and in the presence of polar
additives such as methanol, Table 2. In this case polymerization only occurs when there is methanol present in the
solvent mixture. There is little conversion to polymer when
toluene is used in the absence of other solvents, Figure 4. In
these cases the polymerizations were green at the end of the
reactions and no precipitation occurred thus alcohols may be
used as additives to accelerate the disproportionation of
Cu(I) whilst toluene aids solubility. Polymerization of MA in
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TABLE 2 Investigation on the Effect of Methanol During SET-LRP of MA at Different Ratios of MeOH and Cu type
Mn,GPC
(g/mol)a

PDIa

kapp
(10#4 s#1)

8,365

8,560

1.10

5.53

8,193

8,250

1.08

2.61

7,419

10,400

1.09

1.38

Run

Alcohol

Cu(0)

Ratio of Alcohol:
Toluene

Conv. (%)

Mn,theo
(g/mol)

M1

MeOH

Powder

15:15

95b

M2

MeOH

Powder

5:25

93b

M3

MeOH

Powder

2:28

84b
c

d

d

L1

MeOH

Wire

1:2

83

7,333

7,450

1.19

1.45

L2

MeOH

Wire

1:2

78c

6,989

6,510d

1.14d

1.43

a

The molecular weights were calculated using GPC in CHCl3 according
to PMMA standards.
b
Conversion values were determined by 1H NMR.

c

toluene was carried out in the presence of different ratios of
methanol. A constant volume of solvent was maintained for
reactions M1-M3. All of the polymerizations show a period
of slow rate at the start followed by an increase in rate as
propagation proceeds. Reaction proceeds to higher conversion in a shorter period of time when there is a greater proportion of methanol, Figure 4.

weights of the polymer are in good agreement, implying that
the initiation efficiency is high for these reactions. The molecular weight distribution is symmetrical throughout the reaction, demonstrating a controlled polymerization reaction, Supporting Information Figure S5. When the concentration of
MeOH in the solvent composition is low the initiation is less
efficient and the Mn is slightly higher than expected, implying
that activation to form radical species is less efficient.

The concentration of radicals is not constant throughout the
polymerization and first order kinetic plots do not produce a
straight line but a sigmoid shape, Supporting Information
Figure S4. There is an induction period at the beginning,
which lasts for $50 minutes. At higher conversions there is
increased deactivation of the radical chains, shown by the
curvature and deviation from linear behavior in the kinetic
plots. This can be attributed to an increased concentration of
deactivating Cu(II) in the reaction as shown to build up via
online monitoring with the photodiode array detector.
Increasing the concentration of methanol increases the rate
of polymerization and the temperature remained constant.
The apparent rate of polymerization is 1.38 % 10#4 s#1, 2.61
% 10#4 s#1, and 5.53 % 10#4 s#1 in MeOH: toluene with volume/volume ratios of 2:28, 5:25, and 15:15, respectively. In
the absence of methanol there is very little polymerization
with only 17% conversion achieved after 5 hours. At high
conversions there is increased deactivation of the propagating radicals. All polymerization reactions showed controlled
molecular weight increase with a linear increase in Mn and
decrease in PDI with increased conversion observed, Figure
4. The experimentally estimated and theoretical molecular

Conversion values were determined by DRI detector.
The molecular weights were calculated using GPC in THF according to
PMMA standards.

d

Assessing Different Alcohols as Additives
for Cu(0) Powder Mediated Polymerization
of MA in Toluene (M1, A1-A3)
Methyl acrylate was polymerized in a 15/15 (v/v) solvent
mix of toluene: alcohol, with isopropyl alcohol (IPA), tert-butanol (t-BuOH), and n-butanol (n-BuOH) used as additives,
Table 3. The rate of monomer conversion is dependent on
the choice of alcohol, with the fastest polymerization being
when methanol is added and the slowest being when tertbutanol is used, Figure 5. The temperature remained constant during the reactions. The first order kinetic plots all
show that there is an induction period of $50 minutes
before a more rapid propagation occurs, Supporting Information Figure S6. At high conversion there is increased deactivation of the propagating chains when IPA or t-butanol are
used, evidenced by the curvature of the first order kinetic
plots, that has been attributed to the increased concentration
of the deactivator Cu(II) species.
Polymerizations start as colorless solutions and finish as a
green solution, indicating an increase in [Cu(II)] and proceeded without precipitation. In all reactions the Mn

FIGURE 4 Conversion versus
time (left) and Mn and PDI versus
conversion (right) for the Cu(0)/
Me6TREN catalysed polymerization of MA in toluene and in the
presence of MeOH in different
ratios (M1-M3). [MA]:[Cu]:[Ini]:L
¼ 100:1:1:1. [Color figure can be
viewed in the online issue, which
is available at wileyonlinelibrary.
com.]
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TABLE 3 Investigation on the Effect of Methanol During SET-LRP of MA in Different Alcohols
Ratio of Alcohol:
Toluene

Conv.
(%)

Mn,theo
(g/mol)

Mn,GPC
(g/mol)

PDi

kapp
(10#4 s#1)

Powder

15:15

95

8,365

8,560

1.10

5.53

Powder

15:15

86

7,591

7,430

1.13

1.13

15:15

79

6,989

8,210

1.15

0.58

15:15

71

6,301

nm

nm

1.28

Run

Alcohol

Cu(0)

M1

MeOH

A1

IPA

A2

t-BuOH

Powder

A3

n-BuOH

Powder
1

Conversion values were determined by H NMR and the molecular weights were calculated using GPC in CHCl3 relative to PMMA standards, nm ¼
not measured.

increases with conversion, Figure 5, and the PDi decreases,
demonstrating that controlled radical polymerization reactions are occurring, with little termination between growing
radical chains. Initiation efficiency is high when methanol
and IPA are used as additives the experimentally determined
molecular weights are in agreement with the theoretical
value, however, when tert-butanol is used there is reduced
initiation efficiency, shown by the higher than expected
molecular weights. It should be noted that the solvent polarity has a large effect on SET-LRP mechanism. Besides, these
results also indicate that the alcohol coordinates via the lone
pair on the oxygen coordinating to the metal centre. The
decreased rate in polymerization observed in the series
MeOH/IPA/t-BuOH is due to either to steric factors or a
decreasing percentage weight of oxygen atoms in the reaction mixture or the changing polarity. To determine which
factor is relevant n-butanol was used as an additive.
When n-butanol was used as the additive the rate of propagation is faster than with tert-butanol, Figure 6, and is faster
even than when IPA is used, Table 3. This suggests that
steric hindrance of the additive is a major factor in determining the polymerization rate and is additional evidence
that the alcohol interacts via coordination to the metal
through the lone pair on the oxygen atom. Comparison with
the use of alcohols as additives leads to the conclusion that
phenol is also coordinating to the metal centre via the lone
pair on the oxygen.
SET-LRP Reactions in Xylene and Methanol Additive
Monitored Online via Rapid GPC (L1-L2)
A larger scale polymerization of MA catalysed by copper
wire in xylene with MeOH additive was performed in jack-

eted reactor and monitored online using Rapid GPC. The
rapid chromatographic system used is similar to the one previously described, however, there were three significant differences. Firstly, the extraction from the reaction mixture
was performed using a peristaltic pump. Secondly, there is
no LALS detector within the instrument and only a DRI.
Thirdly, a PDA detector is present to collect the output from
the injection loop of the chromatographic instrument. Analysis takes place on using a PL Rapide M column with a three
minute runtime, and detection is performed using DRI only.
Polymerization of MA catalysed by Cu(0) wire and Me6TREN
was performed at 25% solids on 400 mL scale with 100 mL
of MeOH and 200 mL of xylene. Polymerization was initited
by ethyl 2-bromoisobutyrate at 25 " C. The kinetic and molecular weight data from the Rapid GPC overlay each other,
indicating that both the polymerization and the data from
the instrument are consistent and reproducible. Use of widebore tubing as the injection loop regulates the flow from the
mixing tee. When narrow bore commercially available metal
injection loops are used the extraction pump often struggles
to pump at a consistent rate, affecting data output. Both polymerization reactions show a period of slow rate with little
monomer conversion over the first 50 minutes, Figure 7.
Conversion has been calculated from the magnitude of the
detector response using a method described in the Supporting Information.
Both polymerizations show an increase in Mn and decrease
of PDI with conversion expected of a controlled radical polymerization, Figure 8, and the experimentally determined
Mn’s are in agreement with the theoretical Mn indicating high
initiation efficiency. The molecular weight distribution shift

FIGURE 5 Conversion versus
time (left) and Mn and PDi versus
conversion (right) for the Cu(0)/
Me6TREN catalysed polymerization of MA in toluene and in the
presence of different alcohols
(M1, A1, and A2). [MA]:[Cu]:[Ini]:L ¼ 100:1:1:1. [Color figure
can be viewed in the online
issue, which is available at
wileyonlinelibrary.com.]
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ance of this feature in the UV spectrum coincides with the
formation of a green color in the reaction solution. The
increase in [Cu(II)] is constant and consistent throughout
the reaction. There is no decrease observed in the [Cu(II)]
during the polymerization, which suggests that disproportionation of Cu(I) to Cu(0) is a major process during this
reaction.

FIGURE 6 Comparison between first order kinetic plots for the
Cu(0) powder/Me6TREN catalysed polymerization of MA in toluene and in the presence of n-butanol (A3) and tert-butanol
(A2). [MA]:[Cu]:[I]:[L] ¼ 100:1:1:1. Solvent composition ¼ 15 mL
alcohol, 15 mL toluene. Reaction performed at 25 " C, 33% solids. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

from low molecular weight to high molecular weight as the
polymer chains grow, Supporting Information Figure S7, and
the peak shape is symmetrical throughout, providing evidence that the reaction is controlled and that there are few
side reactions such as termination occurring. The reaction
was stopped at 83% conversion and Mn ¼ 7450 g mol#1.
Under these conditions and using this instrumentation conversions above this value cannot be accurately determined
as the detector response from the DRI detector is nonlinear
at high concentrations/conversions.
As the reaction (labeled ‘‘Repeat’’ in Figs. 7 and 8) proceeds
the [Cu(II)] increases in solution. Monitoring the reaction
with a PDA shows the an increasing absorbance at 648 nm,
Figure 9, corresponding to a d9 Cu(II) complex. The appear-

Discussion on the Role of Cu(II) in SET-LRP Reactions
It has been observed that [Cu(II)] increases during the polymerization. These results and the previous study in DMSO
confirm that Cu(II) can be a helpful component in SET-LRP
reaction whether it is added in the initial stages or generated
in situ. It has previously been observed that CuBr2 can
remove the induction period that is commonly observed in
SET-LRP reactions.29 However, it is well established as a
deactivator of radicals in traditional ATRP reactions as well
as in SET-LRP reactions. Recently, Matyjaszewski and coworkers reported their observations on the effect of [Cu(II)]
in the Cu wire mediated ATRP of MMA.35 They varied the
[Cu(II)] from 2500 ppm to 0 ppm. Expectedly, they have
observed a well controlled polymerization even in the
absence of Cu(II).
Following up the suggestions of Nguyen and Percec on the
effect of copper oxides on the induction period, we performed a polymerization of MA in DMSO using an ultra pure
highly porous Cu(0). The ratio of [M]:[I]:[L]:[Cu(0)] was
100:1:1:1, with Me6TREN as ligand and ethyl 2-bromoisobutyrate as initiator and mesitylene used as an internal standard, Figure 10. There is no induction period observed. Therefore, the copper oxide impurities which exist on commercial
copper wires are eliminated.
The results from online monitoring SET-LRP reactions via
Rapid GPC and PDA in the absence of CuBr2 confirm that it
is a deactivator of radicals that mediates the reaction. It also
suggests that the Cu(0)/Me6TREN is a capable of forming
active radicals. In a typical reaction performed in this work

FIGURE 7 Raw detector response versus reaction time (left) and semilogarithmic first order kinetic plot (right) generated from this
data for the Cu(0) wire/Me6TREN catalysed polymerization of MA in xylene and in the presence of MeOH. Polymerization performed at 400 mL scale, initiated by EBrB and carried out at 25 " C. Ratio [M]:[I] ¼ 100. Solvent consists of 100 mL MeOH, 200 mL
xylene. Line is best fit through L2 (R2 ¼ 0.98). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIGURE 8 Plots of Mn and PDI against conversion obtained
from online Rapid GPC for the Cu(0) wire/Me6TREN mediated
polymerization of MA in xylene and in the presence of MeOH.
Reaction initiated by EBrB and performed at 25 " C. Ratio [M]:[I]
¼ 100:1 and solvent consists of 100 mL MeOH 200 mL xylene.
Line is best fit through data L1 (R2 ¼ 0.95). [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

all the reagents except for the haloester initiator are mixed
together and deoxygenated. The addition of initiator defines
t ¼ 0. The halide from the initiator reacts with Cu(0)/Me6TREN to form active radicals and a Cu(I) species. As Cu(0) is
very active this process is highly efficient and generating a
high concentration of radicals. Since there is no deactivating
CuBr2, as the reaction is performed in its absence, there are
no species to deactivate the radicals. The high concentration
of radicals means that there is essentially free-radical
process occurring in the early stages of the reaction. This
phenomena is observed as a high molecular weight contaminant at low monomer conversion.
The change in molecular weight distributions throughout the
reaction support Cu(II) being a deactivator. At early reaction

FIGURE 9 Raw data displayed in 3D from PDA for the repeat
polymerization L2, showing the changing UV spectra with over
the time of the reaction. Reaction is the large scale Cu(0) wire/
Me6TREN catalysed polymerization of MA in MeOH/xylene
solvent.

times with low conversion the molecular weight distributions are broad and not symmetrical. This is because the
[CuBr2], which is required to deactivate the radicals is low,
and polymerization is less controlled. As the polymerization
proceeds and [Cu(II)] increases the molecular weight distributions become more symmetrical and closer to the theoretical values, meaning that the polymerizations are better controlled. At very high conversions the polymerization rate is
slower, and in some cases the polymerization reaches a plateau and stops. This seems to be due to the [Cu(II)] becoming so high that the equilibrium between propagating a deactivated radicals is shifted too strongly in favor of the latter.
These results confirm that Cu(II) is a radical deactivator that
is an essential component of all SET-LRP reactions. By reducing the termination between free-radicals generated by
Cu(0) and Me6TREN it promotes propagation.
EXPERIMENTAL

Materials
Methyl acrylate (MA, Aldrich, &99%), anhydrous tert-butyl
phenol (Aldrich, &99.5%) and ethyl 2-bromoisobutyrate

FIGURE 10 Semilogarithmic kinetic plot (left) and Mn and PDI versus conversion plot (right) for ultra pure Cu(0) mediated polymerization of MA in DMSO. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(EBrB, Aldrich, 98%) were used as received without further
purification. Methanol (MeOH) and n-butanol were purchased from Aldrich, Isopropyl alcohol (IPA), dimethyl sulfoxide (DMSO) toluene and xylene solvents were purchased
from Fisher and used as received. Copper wire with a diameter of 0.25 mm was purchased from Comax and copper powder (particle size 1–5 lm) was purchased from Aldrich. The
ligand tris(2-(dimethylamino)ethyl) amine (Me6TREN) was
sythesized according to a literature procedure, degassed and
stored in a fridge under nitrogen before use. Ultra pure
Cu(0) with a very high porous active surface was obtained
from Exeter Analytics.36 Tris(2-aminoethyl)amine (TREN),
formaldehyde and formic acid used in the synthesis of Me6TREN were purchased from Aldrich.
Instrumentation
Offline Measurements (All Reactions)
Offline 1H NMR analysis was performed on a Bruker DPX
300 MHz spectrometer operating at 25 " C using deuterated
chloroform as a solvent. Offline size exclusion chromatography (SEC) analysis was performed on an ambient temperature SEC system fitted with 2 % PL Mixed D (300 % 7.5
mm) columns and a 5 lm guard column operating in chloroform and fitted with a differential refractometer (DRI) for
detection. The instrument was calibrated with linear narrow
molecular weight PMMA standards ranging from 772,000 g
mol#1 to 200 (dimer) with a third order polynomial fit.
Instrumentation for Rapid GPC and LALS Detection
(Monitoring SET-LRP Online with a Phenol Additive)
(P1-P3)
Online GPC was performed on a Polymer Laboratories PL50
instrument fitted with a PL-Rapide M (100 % 10 mm) column and DRI, UV detector and dual angle (45" , 90" ) light
scattering detector operating in THF at a flow rate of 3 mL
min#1. The light scattering detector had been calibrated with
a single narrow standard of polystyrene (Mp ¼ 66,000 g
mol#1) at a known concentration, whilst the rapid GPC
instrument had been calibrated by linear narrow molecular
weight PMMA standards ranging from 772,000 g mol#1 to
625 g mol#1 with a third order polynomial fit. A Shimadzu
LC10 pump was used to continuously extract the solution
from the reactor and direct it to a mixing tee, where it was
diluted with incoming THF. The diluted mixture passed to a
100 lL injection loop made from wide-bore PTFE tubing
within the online GPC instrument, where an automated injection sequence was programmed to inject a sample for analysis every 3 minutes. The extraction rate from the reactor
was set to 0.05 mL min#1 and the dilution rate set to 2.2
mL min#1. The dn/dc value for MA in THF was determined
to be 0.048 mL g#1
Instrumentation for Rapid GPC for Large Scale
Reactions (Monitoring SET-LRP Online with Methanol
Additive) (L1-L2)
The polymerization was carried out in a 500 mL Radleys
jacketed reactor fitted with overhead stirrer. Extraction of
the reaction mixture was performed by a peristaltic pump
operating at 1.5 ccw (counter clockwise) to introduce the
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reaction solution to a mixing tee. A Shimadzu LC10 pump
operating at 2.2 mL min#1 was used to introduce THF for
dilution into the mixing tee. The outlet from the mixing tee
went to the injection loop of a PL50 GPC instrument fitted
with differential refractometer (DRI) only. A PL Rapide M
chromatography column operating in THF eluent with a flow
rate of 3 mL min#1 was used for molecular weight and conversion analysis. The column was calibrated using narrow
molecular weight linear PMMA standards and a third order
polynomial fit was used. The injection loop was programmed
to inject sequentially every three minutes. The waste from
the injection loop transferred to the flow cell of a Shimadzu
PDA for a continuous full UV analysis.
Synthesis
Procedure for Monitoring Cu(0) Mediated Polymerization
of MA in Toluene in Presence of Phenol (P1-P3)
Toluene and MA were degassed by vigorously bubbling with
nitrogen for one hour before use. Copper wire (80 cm, 0.36
g) was wrapped around a magnetic follower and charged to
a triple necked round bottomed flask along with methyl acrylate (40 mL, 0.44 mol, 119 eq), Me6TREN (1.0 mL, 3.7
mmol, 1 eq) and toluene (40 mL, solvent) and phenol (7.2 g,
76 mmol, 20 eq). The round bottomed flask was fitted with
rubber septa and placed in a thermoset oil bath maintained
at 25 " C. A tube connected to the extraction pump was
passed through one of the rubber septums into the reaction
solution to remove a continuous stream of material from the
reactor. Nitrogen gas was attached to another neck of the
flask, leaving the third port available for manual sampling.
Ethyl 2-bromoisobutyrate (EBrB) was degassed separately
by bubbling with N2 and a measured quantity (0.55 mL, 3.72
mmol, 1 eq) injected into the flask to initiate polymerization.
This reaction is repeated twice to demonstrate the reproducibity of the use system (P1-P2). The introduction of initiator into the flask defines t ¼ 0. The extraction pump
removed a stream from the reactor at 0.05 mL min#1 and
the solution passed to a mixing tee for dilution with incoming THF pumped at 2.2 mL min#1 by a Shimadzu LC10
pump. The diluted reaction mixture was transported to the
injection loop of the online GPC programmed to inject every
three minutes. Samples were manually extracted from the reactor using a degassed syringe to obtain reference data via
1
H-NMR and conventional GPC. When synthesizing higher
molecular weight polymer (P3), the ratio of [MA]/[I]/[L]/
[phenol] ¼ 119/0.5/1/20 is used and all other parameters
remained the same.
Cu(0) Powder Mediated Polymerization of MA in Toluene
in the Presence of MeOH Additive (M1-M3)
Methyl acrylate (15 mL, 160 mmol, 100 eq), copper powder
(0.10 g, 1.6 mmol, 1 eq), Me6TREN (0.36 mL, 1.35 mmol,
0.84 eq), methanol (0, 2, 5, and 15 mL) and toluene (30, 28,
25, and 15 mL) were charged to a Schlenk tube with a magnetic stir bar. The total combined volume of MeOH and toluene was always 30 mL so as to allow comparison between
reactions. A rubber septum was fitted to the Schlenk tube
and the reaction solution degassed via four freeze-pump
thaw cycles in liquid nitrogen to remove oxygen. When this
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was complete a positive pressure of nitrogen was passed
into the Schlenk tube and the tube was placed in a thermoset oil bath operating at 25 " C and allowed to reach thermal
equilibrium. Initiator ethyl 2-bromoisobutyrate (EBrB) was
degassed by bubbling separately with nitrogen for ten
minutes and a quantity (0.24 mL, 1.6 mmol, 1 eq) syringed
into the Schlenk tube to initiate the polymerization. The
introduction of the initiator into the Schlenk tube defines
t ¼ 0. Temperatures were recorded using a thermocouple.

Samples were extracted manually from the reaction using a
degassed syringe and passed through a small column of neutral alumina to remove residual copper powder. The samples
were dissolved in CDCl3 for analysis via 1H-NMR and conventional GPC.
Procedure for Cu(0) Powder Mediated Polymerizations
in Toluene in the Presence of Different Alcohol Additives
(A1-A3)
Methyl acrylate (15 mL, 160 mmol, 100 eq), copper powder
(0.10 g, 1.6 mmol, 1 eq), Me6TREN (0.36 mL, 1.35 mol, 0.84
eq), alcohol (15 mL, MeOH, IPA, tert-butanol, n-butanol) and
toluene (15 mL) were charged to a Schlenk tube with a magnetic stir bar, a rubber septum fitted to the Schlenk tube and
the reaction solution degassed via four freeze-pump thaw
cycles in liquid nitrogen to remove oxygen. When this was
complete a positive pressure of nitrogen was passed into the
Schlenk tube and the tube was placed in a thermoset oil
bath operating at 25 " C and allowed to reach thermal equilibrium. Initiator, ethyl 2-bromoisobutyrate, was degassed
separately by bubbling with nitrogen for ten minutes and a
quantity (0.24 mL, 1.6 mmol, 1 eq) syringed into the Schlenk
tube to initiate the polymerization. The introduction of the
initiator into the Schlenk tube defines t ¼ 0. Temperatures
were recorded using a thermocouple. Samples were
extracted manually using a degassed syringe and passed
through a miniature column of neutral alumina to remove
copper powder. The samples were dissolved in CDCl3 for
analysis via 1H-NMR and GPC.
Large Scale Cu(0) Wire Mediated Polymerization
of MA in Xylene in the Presence of MeOH Additive
Monitored Online via Rapid GPC (L1-L2)
A length of 0.25 mm diameter copper wire (1 m, 0.44 g)
was wrapped around an overhead stirrer within a 500 mL
capacity Radleys jacketed reactor. Methyl acrylate (100 mL,
1.10 mol, 100eq), methanol (100 mL), xylene (200 mL) and
Me6TREN (2 mL) were charged to the reactor and degassed
by bubbling with nitrogen for two hours. The polymerization
was initiated with ethyl 2-bromoisobutyrate (1.7 mL, 11
mmol, 1 eq) that had not been degassed, and this defines t
¼ 0. Extraction of the reaction mixture was performed using
a peristaltic pump set to 1.5 ccw (corresponding to a flow
rate of $0.07 mL min#1) to the reaction mixture diverted to
a mixing tee. The dilution rate with THF was 2.2 mL min#1
and the output sent the injection loop of a rapid GPC instrument. The injection loop was programmed to send a sample
for analysis every three minutes. The waste output from the
injection loop was directed to the flow cell of a PDA.
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CONCLUSIONS

The Cu(0)/Me6TREN mediated polymerization of MA has
been performed in toluene and xylene in the presence of
phenol and alcohol additives. The results show that Cu(0)
mediated polymerizations may be performed in toluene or
xylene in conjuction with an additive to promote the disproportionation of Cu(I) without precipitation of the polymer.
The polymerizations are well controlled, with linear
increases in Mn with conversion and relatively low PDI’s
obtained in all cases. Molecular weights determined experimentally are in good agreement with the theoretical values.
The reactions have been monitored online using Rapid GPC
and LALS detection. The reproducibility of both the SET-LRP
reactions and the instrumentation have been demonstrated.
The results from online monitoring are in agreement with
data obtained from more conventional techniques. Rapid
chromatography coupled with Light Scattering detection to
determine absolute molecular weights has been demonstrated to be a most powerful and accurate method for
online analysis.
Polymerizations in toluene in the presence of a range of
alcohol additives have been optimized. The most efficient
additive is MeOH. The rate of polymerization is related to
the ability of the solvent system to aid disproportionation
Cu(I) into Cu(0) and Cu(II). If the solvent is not sufficiently
polar inefficient initation is observed and higher than targeted molecular weights obtained.
The SET-LRP reaction of MA in MeOH/xylene has been performed on a relatively large scale and monitored online with
a PDA. The [Cu(II)] has been shown to increase throughout
the reaction, indicating why the control of the polymerization improves as the reaction proceeds. The role of Cu(II)
within the reaction as a deactivator of radicals has been discussed. Finally, we demonstrated the difference between
using a commercially available copper wire and ultra pure
highly porous Cu(0) on the polymerization reaction kinetics.
It is clearly demonstrated that there is no induction period
observed when Cu(0) is used as catalyst and the reaction is
performed in the absence of Cu(I) or Cu(II).
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