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’ INTRODUCTION

The advent of “living”/controlled radical polymerization (CRP)
over the past decade has enabled the synthesis of a wide range of
macromolecules with well-defined architectures, compositions, and
functionalities.1�3 CRP combines the advantages of traditional free
radical polymerization and living ionic polymerization.4 To date, the
most widely used CRPs include nitroxide-mediated radical polym-
erization (NMP),5 atom transfer radical polymerization (ATRP),1,6

reversible addition�fragmentation chain transfer (RAFT),7,8 and
single-electron transfer mediated LRP (SET-LRP).9�15 Despite the
continued debate over the mechanism of SET-LRP in the
literature,9,15 SET-LRP with Cu(0) as catalyst has shown its distinct
advantages over other LRPs since its emergence in 2006,9,10

including low temperature, small amount of catalyst, ultrafast
polymerization and high molecular weight polymers with narrow
molecular weight distributions. Matyjaszewski et al.15 argued that
SET-LRP was an activator regenerated by an electron transfer-
ATRP mechanism, in which Cu(0) was used as a reducing agent.
Irrespective of the undefinedmechanism, the direct use of Cu(0) as
the CRP catalyst is desirable since Cu(0) is cheaper and easier to
handle than Cu(I) or Cu(II) complexes. In addition, Cu(0) is
highly active and the polymerization temperature can be reduced to
room temperature while maintaining a high polymerization rate. At
room temperature, Cu(0)-mediated polymerization of MMA was
reported with good control over themolecular weights withDMSO
as solvent,16�18 while the polymerization of styrene (St) was
reported to be extremely slow with a poorly controlled process at
equal reaction conditions.19 The reason was possibly due to
the sluggish initiation of St at room temperature.19 Recently,
Perrier et al. reported the Cu(0)-mediated living radical polymer-
ization of St in toluene at 90 �C with well-controlled behavior.20

In their communication, the proper selection of ligand was
very important to a well-controlled process. N,N,N0,N00,N00-

Pentamethyldiethylenetriamine (PMDETA) was superior to hexam-
ethylene tris(2-aminoethyl)amine (Me6TREN) and 4,40-dinonyl-
2,20-bipyridine (diNbpy).20 It was noteworthy that Me6TREN
and diNbpy were both highly effective ligands in ATRP. Perrier's
report implied Cu(0)-mediated polymerization of St may be an
intricate control process. In this work, we investigated the
feasibility of copolymerization of MMA and St catalyzed by
Cu(0) at room temperature. The polymerization rates and
“living”/controlled features were stressed. The reactivity ratios
of MMA and St were calculated and compared with the systems
mediated by other CRP methods. This work would first exploit
the copolymerization of MMA and St mediated by Cu(0),
especially for those monomers which cannot be polymerized in
a controlled manner.

’EXPERIMENTAL SECTION

Materials. Methyl methacrylate (MMA) (>99%) and styrene (St)
(>99%) monomers were purchased from Shanghai Chemical Reagents Co.
(Shanghai, China). The monomers were washed three times with an
aqueous solution of sodium hydroxide (5 wt %), followed by washes with
deionizedwater until the solutionwas neutralized. The resulting solutionwas
then dried over anhydrous magnesium sulfate, distilled twice at reduced
pressure, and stored at�18 �C. Methyl 2-bromopropienate (MBP) (97%,
Alfa Aesar Co.), 2,2-dichloroacetophenone (DCAP) (97%, Alfa Aesar Co.),
N,N,N0,N0 0,N0 0-pentamethyldiethylenetriamine (PMDETA) (98%, Jiangsu
Liyang Jiangdian Chemical Factory, China) was dried with 4 Å molec-
ular sieves and distilled under vacuum. Copper (75 μm powder, 99%,
Sigma-Aldrich), dimethyl sulfoxide (DMSO) (99.9%, Shanghai Chemi-
cal Reagents Co.) and N,N-dimethylformamide (DMF) (99.9%,
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Shanghai Chemical Reagents Co.) were used as received. All other
chemicals were obtained from Shanghai Chemical Reagents Co. and
used as received unless mentioned.
Characterization. The number-average molecular weight (Mn) and

molecular weight distribution (Mw/Mn) of the resulting polymers were
determined using a Waters 1515 gel permeation chromatograph (GPC)
equipped with a refractive-index detector (Waters 2414), usingHR 1, HR 2
and HR 4 (7.8 � 300 mm, 5 μm beads size) columns with molecular
weights ranging from102 to 5� 105 g/mol. THFwas used as the eluent at a
flow rate of 1.0 mL/min and 30 �C. GPC samples were injected using a
Waters 717 plus autosampler and calibrated with poly(methyl
methacrylate) standards purchased from Waters. The 1H NMR spectrum
of the precipitated copolymer was recorded on an INOVA 400 MHz
nuclear magnetic resonance instrument using CDCl3 as the solvent and
tetramethylsilane (TMS) as an internal standard.
Typical Procedures for Cu(0)-Mediated Polymerization.

The monomers (MMA, 1.20 mL, 11 mmol; St, 1.30 mL, 11 mmol), solvent
(DMF, 1.00 mL), initiator (DCAP, 15.7 μL, 0.11 mmol), catalyst (Cu(0),
7.00 mg, 0.11 mmol), and ligand (PMDETA, 23.4 μL, 0.11 mmol) were
added to a 5.0-mL ampule in the following order: Cu(0), monomers, ligand,
solvent, and initiator. The solution deoxygenated with three standard free-
ze�pump�thaw cycles. The ampule was then flame-sealed and placed in a
stirred water bath equipped with a thermostat at 25 ( 0.1 �C. After the
desired polymerization time, the ampule was cooled by immersion in ice
water. Afterward, the ampule was opened, the contents dissolved in
tetrahydrofuran (THF), and passed through a small basic Al2O3 chromato-
graphic column to remove any unconsumed Cu(0) catalyst and Cu-ion
compounds. The resulting solution was precipitated into a large amount
methanol. The polymer was isolated by filtration and dried under vacuum
until a constant weight at room temperature. The monomer conversion was
determined gravimetrically.

’RESULTS AND DISCUSSION

Copolymerization of Styrene and MMA. To investigate
the feasibility of the copolymerization of MMA and St with Cu(0)-
mediated at room temperature, a Cu(0)/PMDETA-catalyzed copo-
lymerization was carried out at 25 �C in DMF with 2,2-dichloroace-
tophenone (DCAP) as an initiator. DCAP was reported to be an
effective initiator for the Cu(0)-mediated polymerization of MMA.9

The reaction conditions were as follows: [St]0/[MMA]0/[DCAP]0/
[Cu(0)]0/[PMDETA]0 = (20, 50, 100, 200):100:1:1:1, DMF =

1.00mL,MMA = 1.20 mL. Cu(0) powder with a particle size of less
than 75 μm was used as the primary activating species. The
polymerization kinetics and living characteristics were studied.
Figure 1 shows the kinetic data for the copolymerization in DMF.
The polymerization proceeded smoothly, and the polymerization
rate decreased with the increase of St monomer feed. This is may
due to the much higher propagation rate constant of MMA homo-
polymerization21 in comparison to that of St homopoly-
merization.22 Similar results are also found in Ru(II)-mediated
living radical copolymerization of St and MMA at 100 �C.23
Figure 2 shows 1H NMR spectra of the polymer obtained in the

St/MMA/DCAP/Cu(0)/PMDETA system. In general, the signals
in Figure 2 are broad and completely different from those of the
homopolymers, indicating the formation of neither block copoly-
mers nor homopolymer blends, but random copolymers.23 Further-
more, the peak at about 2.85 ppm, which can not be found in the
1H NMR spectra of both St and MMA homopolymers,24,25 can be
observed in the copolymer spectrum (Figure 2). This was assigned
to the �OCH3 groups of MMA units bonded to the St units.26

Opresnik et al.27 concluded that this peak was the indication of
the formation of PS�PMMA random copolymer rather than
PS�PMMA block copolymer. The peaks at 7.1 and 3.6 ppm
were ascribed to the signals from �C6H5 and �OCH3 in St and
MMA repeat units, respectively. Hence, as shown in Figure 2, the
molar unit ratio of St to MMA (copolymer composition) was
obtained from the peak intensity ratio of the aromatic protons
(6.5�7.3 ppm, 5H, integral value = S2) for St units to �OCH3

(2.5�3.8 ppm, 3H, integral value = S1) inMMA repeat units. So we
can use the following equation:28

½St�copolymer=½MMA�copolymer ¼ 3S2=5S1 ð1Þ

Figure 3 describes the number-averagemolecularweight (Mn,GPC)
and molecular weight distribution (Mw/Mn) as functions of the
overall monomers conversion at various [St]0/[MMA]0. The mo-
lecular weight of the copolymer increased with monomer conversion
and the molecular weight distribution was below 1.50 in most cases
(Figure 3a). The GPC traces of the copolymer showed unimodal
profiles at differentmolar ratios of [St]0/[MMA]0 (Figure 3b� 3e).
All of this evidence indicates that both monomers were incorporated
into the copolymer chains and the copolymerization was well-
controlled irrespective of the monomer feed ratio. It should be noted

Figure 1. Kinetic investigation (ln([M]0/[M]) versus time) of Cu(0)-
mediated copolymerization of MMA and St, using N,N-dimethylforma-
mide (DMF) as solvent at various monomer mole ratios. [St]0/[MMA]0/
[DCAP]0/[Cu(0)]0/[PMDETA]0 = (20, 50, 100, 200):100:1:1:1,
temperature = 25 �C. DMF = 1.00 mL, MMA = 1.20 mL.

Figure 2. 1H NMR spectra of the copolymer of MMA and St (Mn =
8050, conversion= 9.7%). ([St]0/[MMA]0/[DCAP]0/[Cu(0)]0/[PM
DETA]0 = 20/100/1/1/1, polymerization time =10 h, temperature =
25 �C, MMA = 1.20 mL, DMF = 1.00 mL). CDCl3 was used as the
solvent and tetramethylsilane (TMS) as the internal standard.
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that a general trend in the GPC traces seemed to be an increase in
Mw/Mn value with conversion and with increasing styrene feed. The

cause may be due to Cu(II)X2 catalyzed termination of the styrenic
radical chain ends (β-H elimination).29 Recent report from Maty-
jaszewski et al. also indicated that dead chain fraction increased with
conversion, resulting from the increased propagating radical.30

Calculation of Monomer Reactivity Ratio (r). The random
copolymerizations of St andMMA catalyzed byCu(0)/PMDETA
at 25 �C were performed with varying monomer feed composi-
tions. The parameters for calculating reactivity ratios with Fine-
man�Ross method31 are concluded in Table 1. From Table 1, we
find that at any feed composition, bothmonomers were consumed
almost at the same rates.
The relationship between copolymer compositions versus

monomer mixture composition is shown in Figure 4. The dashed
line is the linear fit for comparison. In the various mole frac-
tions of St in the initial feed, both comonomers polymerized
approximately at the same rates, and the calculated copolymer

Figure 3. Number-average molecular weight (Mn) and molecular weight distribution (Mw/Mn) of the copolymer from Cu(0)-mediated living radical
polymerization versus the conversion at various [St]0/[MMA]0. Parts b�e are GPC curves. Reaction conditions are the same as in Figure 1. The ratios of
[St]0/[MMA]0/[DCAP]0/[Cu(0)]0/[PMDETA]0 are 20:100:1:1:1 for part b, 50:100:1:1:1 for part c, 100:100:1:1:1 for part d, and 200:100:1:1:1 for
part e, respectively. In all cases of experiments, temperature = 25 �C. DMF = 1.00 mL, and MMA = 1.20 mL.

Table 1. Data for Calculating Reactivity Ratios

entrya MSt MMMA mSt mMMA f F f/F2 (f � 1)/F

1 0.167 0.833 0.229 0.771 0.297 0.2 7.425 �3.515

2 0.333 0.667 0.366 0.634 0.577 0.5 2.309 �0.845

3 0.5 0.5 0.494 0.506 0.976 1 0.976 �0.024

4 0.667 0.333 0.628 0.372 1.688 2 0.422 0.344
aCopolymers obtained at low conversation (about 10%) from different
monomer feed compositions ([St]0/[MMA]0 = 20/100, 50/100, 100/
100, 200/100). mSt and mMMA refer to the St and MMA composition
in the copolymer, respectively. MSt and MMMA refer to the feed com-
positions of St and MMA monomer, respectively. f = mSt/mMMA,
F = MSt/MMMA.
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compositions were found to be close to the monomer feed ratios.
This suggests that both monomers can copolymerize at similar
rates. This result agreed well with the copolymerization by other

CRPmethods.23,28 As a result, the composition of the copolymer
can be easily predetermined by monomer feed composition.
Thus, random copolymers of St and MMA with controlled
composition and molecular weights can be readily prepared by
the Cu(0)-mediated “living”/controlled radical copolymeriza-
tion at 25 �C. It was noteworthy that the homopolymerization of
St by Cu(0)-mediated at 25 �C was extremely slow and
uncontrolled.19

Based on Fineman�Ross method,31 the calculation equation
is depicted as the following eq 2, where the slope is the negative of
the reactivity ratio of MMA (�rMMA), and the intercept is
reactivity ratio of St (rSt).

ðf � 1Þ=F ¼ � rMMA � f=F2 þ rSt ð2Þ
31

The Fineman�Ross method was used to calculate the values for
rSt and rMMA of the copolymer obtained in the initial stages of
copolymerization (<10% conversion). The results were rSt = 0.507
and rMMA = 0.545, respectively (see Figure 5).
The obtained reactivity ratios in this work (rSt = 0.507, rMMA =

0.545) are different from that of reported by conventional free
radical polymerizations (rSt = 0.48�0.52, rMMA = 0.42�0.46).33�37

The terminal-unit-model or Kelen�Tudos calculation methods
were used for conventional free radical copolymerizations of St
and MMA, while the Fineman�Ross method was used for this
study. It was reported that different calculationmethods could result
in different values.23,38,39 The reported reactivity ratios for theATRP
copolymerization of St andMMA calculated by the Fineman�Ross
method were 0.60 and 0.63 respectively.23 The deviation of
reactivity ratios between ATRP and our work may be due to the
different reaction temperature (100 �C in ATRP), reaction media
(bulk in ATRP), as well as possible mechanistic differences.

Figure 5. Plot of (f � 1)/F vs f/F2 for St (M1) and MMA (M2)
copolymerization with least-squares straight line in Cu(0)-mediated
“living”/controlled radical copolymerization.

Figure 4. Copolymer composition (mSt) as a function of the molar
fraction of St in the initial feed (MSt) for St/MMA copolymerization.

Figure 6. (a) Kinetic investigation (ln([M]0/[M]) versus time) of Cu(0)-mediated living radical copolymerization of MMA and St, DMSO as solvent.
(b) Number-average molecular weight (Mn) and molecular weight distribution (Mw/Mn) of the copolymer from the polymerization versus the conversion.
(c) GPC curves. [St]0/[MMA]0/[DCAP]0/[Cu(0)]0/[PMDETA]0 = 20:100:1:1:1; temperature = 25 �C. DMSO = 1.00 mL; MMA = 1.20 mL.
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Investigation of Reaction Conditions on the Copolymer-
ization. It has been reported that the solvent plays an important
role in the Cu(0)-mediated “living”/controlled radical polymer-
izations. In this work, DMSO, a widely used solvent in Cu(0)-
mediated “living”/controlled radical polymerization, was used as
the solvent instead of DMF. The results are concluded in Figure 6.
As in Figure 6a, the polymerization rate was slightly elevated
(73 h, 73.6%) comparison with DMF as solvent at the equal
reaction conditions ([St]0/[MMA]0/[DCAP]0/[Cu(0)]0/[PMD
ETA]0 = 20:100:1:1:1, Figure 1), however, themolecular weights of
the copolymer did not increasewithmonomer conversion andmost
of theMw/Mn values were higher than 1.50 (Figure 6b). All of these
indicated that the molecular weights were poorly controlled in case
of DMSO as solvent. This evidence confirmed that DMFwasmuch
better than DMSO in the copolymerization of St and MMA
catalyzed by Cu(0). The reason is not clear at present.
We investigated the effect of initiator structure on the polymer-

ization. Methyl 2-bromopropienate (MBP) was selected as the
model initiator. The results withMBP as initiator are summarized in
Table 2 (entries 6�8). It was found that the copolymerizationswere
uncontrolled irrespective of the comonomer feed concentration.
The reason may be due to MBP being a poor initiator for MMA,
despite it being a good initiator for St.32 Thus, it can be deduced that
in theCu(0)-mediated “living”/controlled radical copolymerization,
the selected initiator shouldmatch both comonomers. The effects of
Cu(0)/PMDETA concentration on the copolymerizationwere also
explored. It can be found from Table 2 (entries 1�5) that the
copolymerization rates increased with increasing concentration of
Cu(0)/PMDETA. In Cu(0)-mediated “living”/controlled radical
polymerization, an increase in Cu(0) concentration can result in
elevation of the polymerization rate since Cu(0) acts as an activator.
However, when Cu(0) concentration was too high to keep the
equilibrium, the Cu(II) species formed in situ cannot deactivate the
propagating radical effectively. Therefore, the polymerization lost its
controllability. Thus, the catalyst concentration should be chosen to
provide a balance between polymerization rate and controllability.

’CONCLUSION

The Cu(0)-mediated “living”/controlled radical copolymeri-
zation of MMA and St at 25 �C proceeded smoothly with the
features of a “living”/controlled radical polymerization. The
polymerization was found to be a random copolymerization.
Reactivity ratios of MMA and St in the system were 0.545 and
0.507, respectively. The solvent was found to have an important
role on the copolymerization, with DMF giving a more

controlled copolymerization than DMSO. The selected initiator
should match both monomers for a good control over the
copolymerization. Suitable concentration of Cu(0)/PMDETA
should be used to balance the polymerization rate with polym-
erization controllability.
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