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ABSTRACT: The reverse atom transfer radical polymerization (RATRP) technique using
CuCly/bipyridine (bipy) complex as a catalyst was applied to the living radical poly-
merization of methyl methacrylate (MMA). A hexa-substituted ethane thermal
iniferter, diethyl 2,3-dicyano-2,3-diphenylsuccinate (DCDPS), was used as the initiator
in this copper-based reverse ATRP initiation system. The reversible dissociation nature
of DCDPS gives a more suitable amount of primary radical than formerly used con-
ventional initiators, such as AIBN. High molecular weight and narrow molecular
weight distribution (M,,/M,, ~ 1.20) of the resulting PMMA was obtained in bulk and
in solution polymerization at 85°C. End-group analysis result by ‘H-NMR spectroscopy
shows that the polymer obtained is w-functionalized by a chlorine group, which can be
used as macroinitiator for chain extension and block copolymerization with a conven-
tional ATRP catalyst. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 22372245, 2001
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INTRODUCTION

Since Szwarc first reported on anionic living po-
lymerization and defined the living polymeriza-
tion as a chain-growth process without chain-
breaking reactions (transfer and termination),!
much effort has been made to find a living radical
polymerization system. Due to the facile coupling
and disproportionation reactions between the
propagating radicals during polymerization, it is
very difficult to reach true living radical polymer-
ization.? However, in recent years several meth-
ods, such as nitroxide-mediated stable free radi-
cal polymerization (SFRP),>* atom transfer radi-
cal polymerization (ATRP),%~" reversible addition
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fragmentation chain transfer (RAFT), etc.,® have
been developed in the living radical polymeriza-
tion process.®

ATRP is based on transition metal-catalyzed
atom transfer radical addition including the re-
versible formation of carbon-centered radicals via
homolytic cleavage of carbon—halogen bonds by
transition metals in a low oxidation state, such
as copper(),"!° iron(II),''? and ruthenium
(I).513:1* Conventionally, in the ATRP system
the organic halides (e.g., haloalkanes, halok-
etones, halonitriles, haloesters, arenesulfonyl
chloride) are used as the initiators to reversibly
generate initiating radicals in the presence of
complexes of transition metals in their lower ox-
idation states. The ATRP method was success-
fully applied to the living radical polymerization
of St,%715 MMA,!! methyl acrylate (MA),'6 acry-
lonitrile,'” and n-butyl acrylate etc.'® It also pro-
vides controlled chain end structure to prepare
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functional polymers, such as block, graft, and star
polymers 61921

Among all of the transition metals, copper ap-
pears to be the most robust because of its versa-
tility, for example, a variety of monomers can be
readily polymerized in a well-controlled man-
ner.%"10 Initially, Xia and Matyjaszewski re-
ported the use of 2,2'-bipyridine (bipy) as the
ligand in copper-based ATRP to promote the
controlled radical polymerization of St and
(meth)acrylic monomers. Later, they succeeded in
improving the synthesis of poly(St) with a narrow
molecular weight distribution (M, /M,), as low as
1.05 and comparable to living anionic polymeriza-
tion, by employing more solubilizing 4,4'-di-
n-heptyl-2,2'dipyridyl (dHbpy) and 4,4'-di-(5-
nonyl)-2,2'dipyridyl (dNbpy) ligands.®

Although the above-mentioned conventional
ATRP method is an efficient way to maintain
living radical polymerization of various vinyl
monomers, it has two major problems: the halide
species RX are toxic, and the catalysts M{/Lx are
easily oxidized by air.?? To overcome the draw-
backs, the use of conventional radical initiators,
such as 2,2'-azobisisobutyronitrile (AIBN) in the
presence of complexes of transition metals in
their higher oxidation state, have been reported
and referred to as “reverse” or “alternative” ATRP
by Matyjaszewski et al.?>?* and Teyssié et al.,??
respectively. This type of ATRP approaches the
same type of equilibrium as a conventional ATRP
starting from conventional radical initiators such
as peroxides or diazo compounds.'° Several mono-
mers, including St, MMA, and MA, were success-
fully polymerized via this process.?2-31

In the past, only two kinds of initiators, such as
azo- and peroxide compounds, were employed as
the initiator in the reverse ATRP system. It is
well known that the decomposition of conven-
tional initiators is irreversible, which makes the
concentration of primary radicals rather high, es-
pecially at the early stage of polymerization at
high temperature, and it is also difficult to realize
living radical polymerization for some high reac-
tivity monomers. For example, the AIBN/CuCl,/
bipy initiation system was successfully used for
the living/controlled radical polymerization of St
via a reverse ATRP process, but it was uncon-
trolled for (meth)acrylate monomers.?32*

The development of new type initiators for re-
verse ATRP, using carbon—carbon bond initiator
instead of azo or peroxide ones, is of interest. At
the same time this new type initiator (an
iniferter) could provide the initiation step of re-

verse ATRP, in which the iniferter reversibly de-
composes to primary radicals, unlike other con-
ventional initiators (AIBN or BPO) having an
irreversible decomposition step, resulting in suit-
able amounts of primary radicals being gener-
ated. In our lab, we first introduced a carbon—
carbon bond thermal iniferter instead of AIBN
into the iron-based reverse ATRP system for St
polymerization.?”?° In this article we describe the
living polymerization of MMA with a new copper-
based ATRP process, by using a DCDPS/CuCly/
bipy initiation system. The reversible decomposi-
tion equilibrium of the iniferter DCDPS provides
a suitable concentration of radicals for the living
polymerization system. A well-defined PMMA
with high molecular weight and quite narrow
polydispersity was obtained through this process.
The resulting PMMA with a chlorine end-capped
group can be used as a macroinitiator to induce a
chain extension reaction with fresh MMA and a
block copolymerization with an St monomer.

EXPERIMENTAL

Materials

CuCl, was purchased from Aldrich Chemical
Company, and used as received. CuCl was puri-
fied by stirring in acetic acid, filtered, washed
with ethanol, and dried. 2,2’-Bipyridine (bipy)
was recrystallized from acetone. Methyl methac-
rylate was dried over CaH,, then distilled under
vacuum. DCDPS was prepared according to the
method reported previously.?? Solvent and other
reagents were purified by usual methods.

Polymerization and Block Copolymerization

The polymerization was carried out in a sealed
tube charged with a predetermined amount of a
mixture of the reaction components. For an exam-
ple, in the bulk polymerization of MMA, a mix-
ture of 3.5 mg DCDPS, 1.88 g MMA, 3.2 mg
CuCl,, and 5.9 mg bipy were charged into a glass
tube. The mixture was immediately degassed by
three pump—thaw cycles, sealed under vacuum,
then immersed into an oil bath thermostat at
85°C. After polymerization for 6.5 h the tube was
quenched with ice water to stop the reaction, and
the resultant polymers were dissolved in 4 mL
tetrahydrofuran (THF), then precipitated with 40
mL petroleum ether and dried. The resultant
PMMA was weighted as 0.094 g, and the polymer-
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Figure 1 Dependence of number-average molecular weight and molecular weight
distribution of PMMA on conversion at 85°C in bulk polymerization of MMA. Condi-
tions: [MMAI], = 9.38 mol L ™!, [CuCl,], = 9.38 X 10~ mol L, [bipy], = 18.8 X 1073

mol L !, [DCDPS], = 4.69 X 102 mol L.

ization conversion was calculated as 5%. The
other polymerization conversions for a given time
were obtained similarly. Block copolymerization
was performed in the same manner as the typical
homopolymerization.

Characterization

Molecular weights and molecular weight distribu-
tions of polymer samples were measured at 35°C
by Gel Permeation Chromatography (GPC) on a
Waters 2410 instrument using THF as the eluent
(1.0 mL/min), calibration with polystyrene stan-
dards, and Waters Millenium 32 as the data-pro-
cessing software. 'H-NMR spectra were taken at
25°C on a Brucker ARX400 (400 MHz) spectrom-
eter in DMSO-dg using tetramethylsilane (TMS)
as internal reference.

RESULTS AND DISCUSSION

Matyjaszewski and coworker reported that con-
trol of the ATRP process to some degree depends
on the concentration of propagating radicals. In
the reverse ATRP system, using a conventional
initiator such as AIBN, the decomposition of ini-
tiator is irreversible, which makes the concentra-
tion of primary radicals rather high, especially at

the early stage of polymerization at high temper-
ature, even in the presence of a strong inhibitor
such as CuCl,,. So it is difficult to realize a living/
controlled radical polymerization for some mono-
mers having high rate constants for radical prop-
agation such as MMA and MA.?? In fact, the living/
controlled radical polymerization of St monomer
was achieved with AIBN/CuCly/bipy system by
use of a large excess amount of deactivator (10
equiv CuCl, to AIBN).?3

While introducing iniferter DCDPS to replace
AIBN in the copper-based system, due to the re-
versible cleavage nature of the iniferter, the con-
centrations of primary radicals, (carbethoxycya-
nophenyl)methyl radicals (R - ), in the initiating
step are more suitable just like the reversible-
initiating step in a conventional ATRP process. In
addition, in this system only a lower amount of
catalyst (CuCl,) was needed to inhibit the propa-
gating radicals (CuCly/DCDPS =2 molar ratio).
The lower molar ratio of CuCl, to DCDPS, used in
this work, resulted in a living radical polymeriza-
tion for a high reactivity monomer, i.e., MMA.

Living Radical Polymerization of MMA

Figure 1 shows that the experimental molecular
weight increased, with monomer conversion, from
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Figure 2 GPC traces of bulk polymerization of MMA at 85°C using DCDPS/CuCly/
bipy initiating system. Same conditions as Figure 1.

28,400 up to 102,600 for the bulk polymerization
of MMA initiated with the DCDPS/CuCl,/bipy
system at 85°C. The molecular weight distribu-
tions remained narrow during the whole polymer-
ization (M,,/M,, = 1.12-1.26). The GPC curves of
the resulting PMMA are shown in Figure 2. They
appear to be exactly unimodal peaks as in living
polymerization. However, the efficiencies of the
initiator (f), as calculated from M, 4w/M, cpc)
are generally low (f < 0.8). M,, (4, is the theoret-
ical number-average molecular weight (M, 4,
= ([MMA]/2[DCDPS],) X MWyua X Conver-
sion). The low efficiency (f) is presumably due to
the irreversible termination reaction that might
happen especially at the early stage of the poly-
merization. The M, gpc, of the resulting PMMA
was measured with a PSt standard. In a compar-
ison experiment, the bulk polymerization of MMA
was carried out with DCDPS alone at 85°C (DC-
DPS/CuCly/bipy/MMA = 1/0/0/2000). The conver-
sion reached 19.1% after 0.5 h. The molecular
weight of PMMA, measured by GPC (M,, qpc)
=108,000), gave a much higher value than calcu-
lated according to the former equation (M, 4,
= 19,100), and the polydispersity is rather broad
(M, /M, = 1.70). From these results we can see
that the polymerization initiated with DCDPS
alone cannot be well controlled due to the termi-
nations between the propagating active species.
The logarithmic conversion data In([M]y/[M])
plotted against time ¢ as shown in Figure 3, gave

a straight line passing through the origin, which
shows the kinetics is first order in the monomer,
and the concentrations of growing species keep
constant during the polymerization. All these
mentioned above convincingly show that the liv-
ing radical polymerization of MMA was efficiently
carried out in bulk at 85°C with the DCDPS/
CuCly/bipy initiation system.

The solution polymerization of MMA with the
initiation system was carried out in toluene at
85°C. From Figure 4 we can see that, as the
conversion increased, the M, gpc) values also
increased keeping the low M,,/M,, values (M, /M,,
< 1.25), indicating a well-controlled polymeriza-
tion process. In a plot of In([M]y/[M]) vs. time ¢, as
shown in Figure 5, a straight line was observed
that indicated that the kinetics is also first order
in the monomer. This means that the concentra-
tions of propagating radicals are constant during
the solution polymerization. By comparing the
slopes of the kinetic plots of PMMA in bulk and in
solution polymerization, shown in Figures 3 and
5, it is evident that, at the same experiment con-
ditions, the bulk polymerization is much faster
than the solution polymerization. These kinetic
data allow us to calculate the apparent propaga-
tion rate constants (k,°""). Then the stationary
concentration of radicals, [P+], can be estimated
from the ratio of the apparent rate constants,
k,°PP, and the rate constants of radical propaga-
tion k&, available,®® i.e., [P] = k,*PP/Ik,. . Table 1
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Figure 3 Time dependence of In([M]/[M]) and conversion at 85°C in bulk polymer-
ization of MMA. Same conditions as Figure 1.

compiles the kinetic data with estimated concen-
trations of growing radicals in the polymerization
of MMA using the DCDPS/CuCly/bipy initiation
system. It shows that the concentrations of prop-

agating radicals in both cases are rather low, and
the low concentrations of active radicals lead to
narrow polydispersity, as shown in Figures 2 and
4. We also can see that the concentration of prop-
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Figure 4 Dependence of number-average molecular weight and molecular weight
distribution of PMMA on conversion at 85°C in toluene solution polymerization of
MMA. Conditions: [MMA], = 6.25 mol L%, [CuCl,], = 6.26 X 1072 mol L%, [bipyl,
= 12.5 X 1073 mol L%, [DCDPS], = 3.13 X 10~ mol L%
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Figure5 Time dependence of In([M],/[M]) and conversion at 85°C in toluene solution
polymerization of MMA. Same conditions as Figure 4.

agating radicals in solution is much lower than
that in bulk, which may result in the slower po-
lymerization rate, as indicated in the slopes of
kinetic plots.

End-Group Analysis and Block Copolymerization

End-group analysis of the resulting PMMA was
carried out by "H-NMR spectroscopy, as shown in
Figure 6. The methyl protons (d) of the terminal

Table I Kinetic Data and Estimated
Concentrations of Growing Radicals for Bulk®
and Solution® Polymerization of MMA with
DCDPS/CuCl,/bipy Initiation System

Bulk Solution
Temperature (°C) 85 85
[M],, mol L™t 9.38 6.25
kPP, 10% ™" 6.16 2.91
k,° 10 *L'mol 's ! 1.34 1.34
[P-], 10° mol L™ * 4.59 2.17

@ Conditions: [MMA], = 9.38 mol L%, [CuCl,], = 9.38
X 1072 mol L™, [bipyl, = 18.8 X 10 2 mol L, [DCDPS],
=4.69 X 10 ®*mol L™ 1.

b Conditions: (in toluene) [MMA], = 6.25 mol L™, [CuCl,],
= 6.26 X 1072 mol L%, [bipyl, = 12.5 X 1072 mol L1,
[DCDPS], = 3.13 X 10 mol L™ 1.

¢ Values extrapolated from the 60 to 90°C, see: ref. 33.

methyl ester unit, seen at 3.72 ppm, departed
from other methyl protons (c) of the repeated
methyl esters (ca. 3.65 ppm) because they are
affected by an w-chlorine atom in the PMMA
chain end. The protons (g) of the phenyl group
that derived from DCDPS are seen at 7.45-7.55
ppm. Both of these results indicate that end func-
tionalized PMMA with an a-(carbethoxy-cyano-
phenyl)-methyl group from DCDPS fragments
and an w-chlorine group from catalyst was ob-
tained by this initiation system. The molecular
weight, determined from the 'H-NMR spectrum
M, nmr) =~ 9800), is not close to the one obtained
from GPC (M, gpc) =~ 13,200), but it is close to the
M, ) = 9600. This may be because the molecular
weight of PMMA measured by GPC was cali-
brated with polystyrene standard, but not PMMA
standard, which results in some deviation from
the M,, (xmr)-

The resulting PMMA, with an w-chlorine atom
in the chain end, can be used as a macroinitiator
for chain extension or block copolymerization us-
ing a conventional ATRP process. The chain ex-
tension reaction of PMMA was carried out in bulk
at 100°C with a chlorine-terminated PMMA (M,
= 25,600, M, /M, = 1.26) in the presence of a
conventional ATRP catalyst, i.e., CuCl/bipy. The
M, of the resulting PMMA increases up to
146,600 (M,, /M, = 1.49), which can be essentially
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Figure 6 'H-NMR spectrum of resultant PMMA initiated with DCDPS/CuCl,/bipy
(1/2/4) in bulk at 85°C, M,, = 13,200; M,,/M,, = 1.29 (in DMSO-dg4, 400 MHz).
demonstrated by the GPC curves shown in Figure trace of the copolymer, and it shows no additional
7. By using the chlorine-terminated PMMA as the peak, confirming that essentially block copolymer
macroinitiator for the atom transfer radical copo- has been formed. These results indicate that the

lymerization of St, PMMA-b-PSt block copolymer DCDPS/CuCly/bipy initiation system induces liv-
could be obtained. Figure 8 displays the GPC ing polymerization via a reverse ATRP process.
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L.
............
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Figure 7 GPC curves of PMMA before and after chain extension reaction in the
presence of CuCl/bipy catalyst at 100°C. Conditions: ¢ = 36 h, [MMA], = 9.38mol L%,

[PMMA], = 7.35 x 10 ®*mol L %, [CuCl], = 9.38 x 10 ® mol L, [bipyl, = 18.8 X 10"°
mol L1,
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Figure 8 GPC curves of PMMA before and after copolymerization with St in the
presence of CuCl/bipy system at 100°C. Conditions: ¢ = 40 h, [St], = 8.75mol L ?,
[PMMA], = 7.35 X 10 ®mol L%, [CuCl], = 9.38 X 10 *mol L. !, [bipyl, = 18.8 X 103

mol L1,

Polymerization Mechanism

The polymerization mechanism is proposed ac-
cording to the end group analysis, as depicted in
Scheme 1. In the initiation step, the DCDPS
iniferter first reversibly cleaves to the primary
radicals R -, which is different from the irrevers-

ible process of the conventional initiators (such as
AIBN) in the reverse ATRP system reported be-
fore. Then the primary radicals combine with
monomer to form activated monomer radicals.
The monomer radicals can react with monomers
to create propagating chains or directly react with
CuCly/bipy complex by abstracting the chlorine

H§C0C —C — C —COC2Hs  _ & o [?
I [l Ss== 2 H5020ﬁ— r (R")
0 ¢N CN O S eN
R + CuClp /bipy ~— —= R—Cl 4+ CuCl/bipy
kll+mmm Tmm
CHy CH,
R—CH;~ t.l‘, + CuCly/bipy —/— R mCHz-t‘T‘,-CI + CuCl/ bipy
COOCH, COOCH3
kp
A *Fivia

Scheme 1



atom to generate an organic chloride and a lower
oxidation state metal complex CuCl/bipy. Then
the polymer propagates via a conventional ATRP
process.

CONCLUSION

A heterogenous reverse ATRP using the DCDPS/
CuCly/bipy as the initiation system has been suc-
cessfully carried out for MMA at 85°C. A well-
defined PMMA with «-(carbethoxy-cyano-phe-
nyl)-methyl and w-chlorine end groups, high
molecular weight (up to 102,600) and quite nar-
row polydispersity index (M,,/M, ~ 1.20) was
obtained using this system. The number-average
molecular weights of polymers increased with in-
creasing monomer conversion and first-order
plots were developed from which the concentra-
tions of growing radicals were estimated. Fur-
thermore, the chain extension and block copoly-
merization reactions confirmed that the PMMA
obtained with that w-chlorine group could act as a
macroinitiator.
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