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Abstract

The polymerization behaviors of methyl methacrylate (MMA) in the presence of carbon tetrachloride (CCl ), metallic
copper powder (Cu®) and 2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen) in p-xylene at 95°C was examined. In both
systems of Cu®/bpy/CCl,/MMA /p-xylene and Cu®/phen/CCl,/MMA /p-xylene, the ‘living’ nature of these two
systems was demonstrated by the linear relationship between the MMA conversion and the number-average molecular
weight (M,,) of the produced poly(methyl methacrylate) (PMMA) as well as reaction time and INf[M]o/[M]. Furthermore, the
polydispersity index of the PMMA obtained in the former case was smaller than that in the latter case. In the
Cu®/bpy /CCl,,/MMA /p-xylene system, with decreasing the amount of Cu°, the polymerization rate decreased and the
polydispersity of the obtained PMMA increased, while the M,, of PMMA was still close to the calculated one by assuming
that one molecule of CCl, initiates only one polymer chain. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction dine (bpy) [5-9] or RX/CuX /1,10-phenan-
throline (phen) [11-14] system. However, one
of the main drawbacks of this method was that
it required a large amount of catalyst (the molar
ratio of the catalyst to the initiator was from 0.5
to 1.0) which had to be removed after the
polymerization for preparing polymer materials.
Recently, Matyjaszewski et al. [15] have used
toluene sulfonylchloride/Cu®/ 4,4'-di-(5-
* Corresponding author. Tel.: +86-21-6425318; Fax: -+ 86-21- nonyl)-2,2"-bipyridine (dNbpy) in a molar ratio
64253539 o o of 1:2.1 at 70°C to synthesize a sample of
Project ‘ Copolymerization Methods and Molecular Designing poly(methyl methacrylate) (PMMA) with an Mn

of Copolymers supported by NNSFC and by Doctoral Research 1 ] .
Fund of Chinese Universities. of 8360 g mol ™" and a polydispersity of 1.45.

Over the past few years controlled /*living’
radical polymerization has been studied exten-
sively [1-10]. One of the approaches to the
controlled radical polymerization of styrene or
acrylates was atom transfer radical polymeriza-
tion (ATRP), based on RX /CuX /2,2"-bipyri-
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The Cu®/dNbpy catalyst efficiency was calcu-
lated and found to be at 290 g PMMA g~ * Cu
h~%. Nearly at the same time, we reported that a
small amount of copper powder (the molar ratio
of the catalyst to the initiator was only from
0.02 to 0.05) was enough to well control the
polymerization of methyl methacrylate (MMA)
or styrene [16,17]. In this paper, some detailed
behaviors of MMA polymerization by using
heterogeneous Cu®/phen/CCl, or Cu®/bpy/
CCl, system was investigated. This catalyst
could yield PMMA with an M, of 12,000 g
mol ~* and a polydispersity of 1.33. The catalyst
efficiency was higher at 375 g PMMA g~ ! Cu
h~t

2. Experimental

2.1. Materials

MMA (99.0%, Shanghai No. 1 Chemicals
Factory) was vacuum distilled two times from
CaH, just before use. CCl, (99.5%, Shanghai
No. 1 Chemicals Factory) and p-xylene (98.5%,
Shanghai No. 1 Chemicals Factory) were dis-
tilled under argon just before use. Copper pow-
der (99.5%, Shanghai No. 3 Chemicals Factory,
particle size 200-mesh) was purified by reduc-
tion with hydrogen gas at 150°C just before use.
Phen (99.5%, Beijing Chemicals Factory) and
bpy (99.5%, Beijing Chemicals Factory) were
recrystallized two times from acetone and dried
under argon.

2.2. Polymerization

To apreviously dried round bottom flask, the
solid reagents such as Cu® and phen or bpy
were added. After the flask was degassed three
times, the liquid reagents, i.e.,, p-xylene, MMA
and CCl, were introduced via a syringe. The
flask was then immersed in an oil bath ther-
mostated at 95°C and the heterogeneous system
was magneticaly stirred under argon atmo-

sphere. As soon as the reaction system reached
the desired temperature, a certain amount of
sample was taken out from the flask and
recorded as the starting point of polymerization.
At timed schedule, the same amount of sample
was withdrawn from the flask and was injected
directly into gel permeation chrotomography
(GPC) to measure the M,, and the PDI of the
produced polymer. The sample corresponding to
Kinetic experiment was evaporated to dryness
under vacuum to calculate the monomer conver-
sion.

2.3. Measurements

GPC anaysis of polymers was performed at
aflow-rate of 1.0 ml min~! in THF at 25°C by
using a Waters150 component system (RI detec-
tors) equipped with ultra-u-stragel columns (102,
10° and 10* A) after caibrated with standard
polystyrene. The reported value of the M, of
PMMA was deduced from GPC value by the
method of universal calibration [18,19]. The
"H-NMR spectra of polymers were recorded in
CDCl; a 20°C with a Brucker DPX-300 spec-
trometer operating at 300.13 Hz. Characteristic
peaks on "H-NMR plot were assigned according
to known literature [4].

3. Results and discussion

When a solution of MMA and CCI, (molar
ratio = 150:1) in p-xylene containing Cu® (0.1
equiv per CCl,) and phen or bpy (2.5 equiv per
copper) is heated at 95°C for 30 min, the red
insoluble copper powder disappears completely
and the system becomes heterogeneous green,
which is different from the ATRA of chloro-
form to styrene at 140°C [20]. This indicates
that in this system the initiation may result from
areaction of CCl, with Cu® and phen or bpy to
generate a new insoluble cupric complex at the
early stage of polymerization. Furthermore, the
polymerization of MMA proceeds smoothly
without an induction period and the conversion
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Fig. 1. Monomer conversion and In[M]o/[M] vs. time for the polymerization of MMA initiated with CCl, in the presence of Cu®/bpy or
Cu’/phen in p-xylene at 95°C. Polymerization conditions: [MMA] = 4.70 M, [CCl,]=3.17 X 10~2 M, [CCl,]:[Cu’]:[phen or bpy] =

10:1:2.5.

of MMA reaches over 80% after ca. 5 h and the
catalyst efficiency is calculated and found to be
at 375 g PMMA g~* Cu h™*, which is higher
than that of 290 g PMMA g~ Cu h™! in
Cu® /dNbpy system [15], athough such a kind
of catalyst is less soluble in the system. Fig. 1
shows the pseudo-first-order kinetic plot for the
polymerization of MMA initiated and catalyzed
with Cu®/phen/CCl, or Cu’/bpy/CCl, in

p-xylene at 95°C, respectively. In both cases,
the linearity of In[M]o/[M] vs. time indicates
that the number of active species remains con-
stant and the chain-break reaction is insignifi-
cant, i.e, Kp[P*] = constant, where K, stands
for rate constant and [P*] stands for concentra-
tion of active propagation chain.

Fig. 2 demonstrates the ‘living’ nature of
these two systems. In both cases, the number-

15000 T T T 22
®  Mn(phen) 4
~=_ PDI(phen)
12000 | © Mn(bpy) > 12
;D. PDI(bpy) o o
o l o
9000 ~ 118
L4 -_—
s o, £
6000 |- 416
s
B
3000- Tl . 114
o T -
0 : ! . . 1.2
0 20 40 60 80 100
Conv.(%)

Fig. 2. Dependence of M,, and PDI of the obtained PMMA on monomer conversion for the polymerization of MMA initiated with CCl, in
the presence of Cu®/bpy or Cu®/phen in p-xylene at 95°C. Polymerization conditions as indicated in Fig. 1.
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Fig. 3. Monomer conversion and In[M]o/[M] vs. time for the polymerization of MMA initiated with CCl, at the varying concentration of
copper powder in p-xylene at 95°C. Polymerization conditions: [MMA] = 4.70 M, [CCl,,] = 3.17 X 10~2 M, [Cu’] = 3.2 mM or 1.6 mM,

[CCl,I[CuC:[bpy] = 10:1:2.5 or 10:0.5:1.25.

average molecular weight (M,)) of the produced
PMMA increases linearly with increasing the
monomer conversion and matches the cal culated
value based on the assumption that one molecule
of CCl, initiates only one polymer chain (M, =
100 X A[IMMA]/[CCl,],). It is noteworthy to
point out that the polydispersity index (PDI =
M, /M,) of the produced PMMA in the phen

system is higher than that in the bpy system and
in both cases, the PDI of PMMA decreases over
the range from 1.83 to 1.55 and from 1.68 to
1.33, respectively, during the course of poly-
merization. This indicates that the complexing
ability of these two ligands is different and that
the addition of MMA monomer to ‘living’
PMMA chain end at the early stage of poly-
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Fig. 4. Dependence of M,, and PDI of obtained PMMA on monomer conversion for the polymerization of MMA initiated with CCl, at the
varying concentration of copper powder in p-xylene at 95°C. Polymerization conditions as indicated in Fig. 3.
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merization is more nonuniform than that at the
later stage of polymerization.

As the bpy system is better than the phen
system for controlling the polymerization of
MMA, the polymerization of MMA with
Cu®/bpy/CCl, was then examined further.
Figs. 3 and 4 show the experimental results of
MMA polymerization at the different concentra-
tions of copper powder. In both cases, the poly-
merization behavior is similar except the lower
rate of polymerization for using the smaller
amount of Cu® due to the lower concentration
of initiating system. It can aso be seen from
Fig. 4 that, with decreasing the amount of Cu°,
the molecular weight distribution of PMMA
only slightly broadens while the M, of PMMA
is il close to the calculated one by assuming
that one molecule of CCl, initiates only one
polymer chain. These phenomena suggest that
Cu® and/or cupric complexes may act as cata-
lysts while CCl , may act as an initiator.

Fig. 5 presents the *H-NMR spectrum of
PMMA formed when the monomer conversion
reaches 9.1% after 20 min by using Cu®/bpy /
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CCl, in p-xylene at 95°C. The large peak c at
3.58 ppm is assigned to the methyl ester protons
existing in the repeat units of main-chain while
the small peak ¢’ at 3.79 ppm originates from
the methyl ester protons which are adjacent to
the terminal chlorine atom at the w-end. The
peak intensity ratio of ¢ to ¢’ is 11.9 which is
close to the half of the number-average degree
of polymerization (DP,) of 22.0 measured by
GPC method. This suggests that CCl , might act
as a bifunctional initiator. Moreover, the two
shoulders of peak ¢ at 3.58 ppm may be as
cribed to the methyl ester protons which are not
adjacent to the chlorine atom existing in some
oligomers such as trimers or tetramers etc. [21]
because of the low M, (M, = 2,200) and the
high polydispersity (PDI =1.68) of the mea-
sured sample. In addition, the stereochemistry
of the produced PMMA is 60.8% rr (from “H-
NMR) which is similar to that synthesized by
free radical polymerization with AIBN as an
initiator [22], indicating that the MMA monomer
added to the ‘living’ macromolecular chain end
should be in an atactic fashion.
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Fig. 5. 'H-NMR spectrum of PMMA synthesized by using [CCl 41/[Cu®1/[bpy] in p-xylene at 95°C. Polymerization conditions as indicated

in Fig. 1. DR(NMR) = 11.9, DR(GPC) = 22.0, PDI = 1.68.
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In conclusion, controlled/*living’ radical
polymerization of MMA has been achieved by
using Cu®/phen/CCl, or Cu®/bpy/CCl, sys
tem respectively. Compared to the Cu®/dNbpy
system [15], the catalyst efficiency is higher and
the polydispersity of the yielded PMMA is
lower. Details concerning the mechanism of
these systems are being studied.
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