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Summary

The radical polymerization of methylmethacrylate and ethylacrylate was carried out in the
presence of tris(4,4'-dimethyl-2,2"-bipyridine) copper(ll) hexafluorophosphate complexes
and aluminium isopropoxide. The molecular weight of the synthesized polyethylacrylates
increased proportionally with conversion, whereas the polymerization of methylmethacry-
late revealed a nonlinear behavior. The polydispersities of the molecular weight
distributions observed were between 1.09 and 1.34. Poly(styi@cigpolymethyl-
methacrylate) was synthesized by sequential monomer addition.

Introduction

Generally conventional free radical polymerization vyields macromolecules with broad
molecular weight distributions (1). In the recent years, research on the controlled radical
polymerization which overcome this problem has grown enormously. Especially poly-
acrylates, polymethacrylates and polystyrenes seems to be suitable for this kind of poly-
merization processes. Different methods were applied to obtain a controlled radical
polymerization: One approach utilizes organic compounds that terminate the growing
polymer chain reversibly. Especially stable nitroxide radicals as TEMPO (tetra-
methylpiperidinyloxy radical) (2-4) and triazolinyl derivatives (5) are investigated
intensively. Another approach includes organometallic compounds as cobalt(ll) or
ruthenium(ll) complexes (6-8). Furthermore, the polymerization of styrenes and acrylates
by atom transfer radical polymerization with copper(l) salts was investigated in detail
revealing a good control of the obtained molecular weight as well as narrow
polydispersities (9-15). However, polymers obtained by copper(l) salts - like copper(l)
bromide or copper(l) chloride - in the presence Nheterocyclic compounds suffer in
most cases from a rather high content of copper in the resulting polymers and are
therefore partly colored.

Recently, we described a new approach using copper(ll) bipyridine complexes (in
combination with aluminium isopropoxide) for the polymerization of styrene which
overcome some of the disadvantages mentioned above (16). The present paper is a
extension of this method describing the polymerization of methylmethacrylate and
ethylacrylate monomers.
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Experimental

Materials

4,4'-Dimethyl-2,2'-bipyridine  (Aldrich, Reilly Tar & Chem. Corp or synthesized using
organo-tin derivatives and Stille-type carbon-carbon bond forming reactions, see e.g.
(17)) and Cu(CECOO) x HO (Aldrich) was used as received. Styrene (Fluka),
methylmethacrylate (Fluka) and ethylacrylate (BASF AG) were distilled under reduced
pressure after destabilizing by passing through an alumina column (Alumina B, ICN).
(1-Bromoethyl)benzene (Aldrich), aluminium isopropoxide (Aldrich), 1,4-benzoquinone
(Fluka) and acetonitrile (HPLC grade, Fluka) were used as received.

Instruments

Gel permeation chromatography (GPC) analysis was performed on a Waters Liquid
Chromatograph system using Shodex GPC K-802S columns, Waters Differential Refrac-
tometer 410 and Waters UV Absorption Detector 486 with chloroform as eluent. Calibra-
tion was conducted with polystyrene standards.

Synthesis of [Cu(ll) (4,4'-dimethyl-2,2"-bipyridiéPF,), (1):

4,4'-Dimethyl-2,2'-bipyridine  was suspended in MeOKH (1:1) under nitrogen. A
solution of Cu(CHCOO), x HO in HO was added and the blue colored solution was
heated to reflux for 6 h. After addition of an excess of a saturated solution SFNH
methanol a blue solid precipitated immediately. The solid was filtered off, washed with
MeOH, HO and diethylether, dissolved in acetone and precipitated in diethylether. After
filtration the solid was dissolved in a small amount of acetone. By slow diffusion of
diethylether into the solution blue crystals @) (93%) were obtained. UV/VIS (CBN):

A /nm /(L - mol - cm’)) = 285 (32 70). (H, N.CuPF, x 2 HO (942.2): Calc. C
45.98, N 8.92, H 4.28. Found C 45.97, N 8.8 1, H 4.21.

Polymerization

A typical procedure was as follows: [(QICHOLAI (49.0 mg, 0.24 mmol) and methyl-
methacrylate (4.21 g, 42 mmol) were added to a solutionl)of54.4 mg, 0.06 mmol) in
CHCN (0. 7 mL) under argon. After addition of (1-bromoethyl)benzene (22.2 mg, 0.121
mmol) the reaction mixture was degassed by three freeze/pump cycles. Then the mixture
was heated to 75°C (oil bath) and kept at this temperature during polymerization. Samples
(0.2 mL) were taken and quenched with 1,4-benzoquinone iCICKR mL, 27 g/L, 0.25

mol/L) in distinct time intervals. The polymer samples were precipitated in methanol and
driedin vacuoat 50°C. The conversion was determined gravimetrically.

Results and discussion

The main focus of this work is the design of new effective systems for the controlled
radical polymerization of acrylates and methacrylates. Recently, we have demonstrated
that the polymerization of styrene with (1-bromoethyl)benzene as initiator in the presence
of 4,4-dimethyl-2,2'-bipyridine copper(ll) hexafluorophosphate complexBs (Figure 1)
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and aluminium isopropoxide results in polymers with defined molecular weights and
small polydispersities. With the present work we extend the application of this method to
methylmethacrylate and ethylacrylate.

- 2

2 [pre]

Figure 1: Schematic representation (left) and wireframe model (right) of [[Cu(ITN4.4'-
dimethyl-2,2'-bipyridine); }{PFg)z (1).

Complex 1 was synthesized starting from 4,4'-dimethyl-2,2'-bipyridine in 93% vyield. This
complex @) was then utlized in the polymerization of methylmethacrylate and
ethylacrylate (Scheme 1).

Br
-
0 [{CHa)-CHOJAI
0
\ 1in CH4CN

Scheme 1: Polymerization of methylmethacrylate with complex (1).

Monomer and aluminium isopropoxide were added to a solution of the complex in aceto-
nitrile (1:700 complex to monomer ratio). After addition of (1-bromoethyl)benzene as
initiator the reaction mixture was heated to 75°C. Samples were taken at different times
and quenched with 1,4-benzoquinone. The role of the aluminium isopropoxide in the
polymerization process is yet not clear but we assume that it acts as a Lewis acid lowering
the dissociation energy of the carbon halogen bond in the initiator and the dormant
polymeric chain (see also similar results for the polymerization of methylmethacrylate
with RuCl(PPh), systems (18)). However, recent results indicate that the aluminium
isoproxide also interacts with the used copper(ll) complexes in order to reduce copper(ll)
to copper(l). In that case the polymerization mechanism could follow the proposed ATRP
pathway. Further detailed investigation in this direction are currently in progress.

Figure 2 shows the dependence of conversion of methylmethacrylate and ethylacrylate in
comparison to styrene. For both methylinethacrylate and ethylacrylate a higher
polymerization rate can be observed than for styrene. After 20 h one obeserved a
conversion of 38% for styrene, 58% for methylmethacrylate and 85% for ethylacrylate.
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Figure 2: Dependence of monomer conversion as function of time in the polymerization
of methylmethacrylate (A), ethylacrylate () and styrene (+) (16) at 75°C using (1)
([(CH3xCHOAL 0.24 mmol, monomer: 42 mmol; ratio (1):{1-bromoethyl}benzene =
1:2; ratio 1:monomer = 1.700).

The molecular weight obtained during the polymerization increased linearly with
conversion for styrene and ethylacrylate, meanwhile the  polymerization of
methylmethacrylate showed a completely different characteristics. In the last case the
molecular weight increased sharply up to 10% conversion - after reaching this level the
M, = f (conversion) relation became more and more flat. The deviation of the M

f (conversion) for polyethylacrylate from the predicted, N, (MJ[l]] x conv. X

M + head and end group) is probably due to the unsuitable calibration of the GPC

monomer

with polystyrene standards.
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Figure 3: Dependence of the molecular weights as function of monomer conversion in
the polymerization of methylmethacrylate (A), ethylacrylate (.) and styrene (+) (16) at
75°C using 1 ([(CH);):CHORAL: 0.24 mmol, monomer: 42 mmol, ratio (1)(l-
bromoethyl)benzene = 1:2; ratio (1):monomer = 1:700).
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Figure 4 compares the molecular weight distributions found in the polymerizations of
methylmethacrylate, ethylacrylate and styrene. The best controlled reaction was observed
in the polymerization of styrene (MM, ~ 1.1). Polymerization of methylmethacrylate
revealed similar results with polydispersities between 1.1 and 1.25.
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Figure 4. Dependence of polydispersities as function of monomer conversion in the
polymerization of methylmethacrylate (A), ethylacrylate (x) and styrene (+) (16) at 75°C
using (1) ([(CH;:CHOLAL 024 mmol, monomer: 42 mmol, ratio (1):(1-
bromoethyl)benzene = 1:2; ratio {1):monomer = 1:700).

The polydispersities of the resulting polyethylacrylate were broader with values from 1.2
to 1.4. These results are summarized in table 1. In Figure 5 the GPC traces of polymethyl-
methacrylate and polyethylacrylate samples taken at different conversions are shown.
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Figure 5: GPC curves (chloroform as eluent) for samples obtained during polymerization
of methylmethacrylate (left) and ethylacrylate (right) in the presence of (1)
{[(CH3):CHOLAL: 0.24 mmol, monomer: 42 mmol; ratio (1):(1-bromoethyl)benzene =
1:2; ratio 1:monomer = 1:700); methylmethacrylate (left): (a) 7.8%, (b) 12.2%, (c) 82.2%;
ethylacrylate (right): (a) 66.6%, (b) 73.7%, (c) 83.9%.
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Table 1: Molecular weight data of different prepared polymers ([{CH:):CHOJAL 0.24
mmaol; monomer: 42 mmol; ratio (1).{1-bromoethyl)benzene = 1:2; ratio {1):monomer =
1:700).

Monomer Time (min) Conversion (%) M, (gmol’) MM, M," (g-mol’)
MMA 20 0.5 I 100 .15 360
80 0.8 1 200 1.13 465
165 1.3 17 000 1.13 640
295 T8 23 050 1.12 2915
343 122 25 900 1.13 4 455
1135 52.6 35 900 1.24 18 595
1355 681 38 700 1.23 24 020
1560 822 40 800 1.23 28 955
EA 300 59.6 26 100 1.23 21 045
405 66.6 28 400 1.23 23 495
570 73.7 31 200 1.34 25 980
2589 B3 9 33 400 1.34 29 550
Styrene 150 1.4 1 000 1.10 695
345 6.4 1 900 1.10 2515
540 29 2 800 1.10 3 789
1380 42.7 13 200 1.09 15 728
1540 52,1 14 600 1.09 19 149
Bo20 95.1 22 400 1.18 34 801

Y values measured by GPC, calibrated with polystyrene siandards; b) theoretical values

Furthermore, first experiments in the direction of polystyrene-polymethylmethacrylate
block copolymers were performed. After a nearly complete conversion of styrene the
remaining monomer was removed by evaporation and methylmethacrylate was added. 30
min after the addition of methylmethacrylate the formation of a second peak in the GPC
chromatograms could be observed by change of the refractive index and by UV
absorption detection (Figure 6, curve a). Due to the fact, that polymethylmethacrylate
does not absorb in the used wavelength (254 nm), the second peak could be related to a
polystyrene-polymethylmethacrylate block copolymer. After 27 h most of the homo-
polymer was converted to the polystyrdieckpolymethylmethacrylate.
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Figure 6: GPC curves (chloroform as eluent) for samples obtained during polymerization
of methylmethacrylate with polystyrene in the presence of (1) ([(CH3);CHOJAIL 0.29
mmol; styrene: 51 mmol; ratio 1:(1-bromoethyl)benzene = 1:2; ratio 1:monomer = 1:700,
addition of MMA (51 mmol) after 50 h): (a) GPC trace 0.5 h after addition of methyl-
methacrylate, (b) GPC trace 27 h after addition of methylmethacrylate.

Conclusions

Tris(4,4'-dimethyl-2,2'-bipyridine) copper(ll) hexafluorophosphate complexes in
conjunction with  aluminium isopropoxide and (1-bromoethyl)benzene is able to
polymerize methylmethacrylate and ethylacrylate. It was found, that the polymerization
rates depend strongly on the used monomer. In the case of ethylacrylate a good control of
the molecular weight via [M]/[l]] and conversions is possible, whereas molecular masses
of polymethylmethacrylate grow more or less uncontrolled. However, both methyl-
methacrylate and ethylacrylate polymerized in the presence trisf4,4'-dimethyl-2,2'-
bipyridine) copper(ll) hexafluorophosphate complexes reveal narrow molecular weight
distributions. Furthermore, the formation of a polystydgloekpoly methylmethacrylate

was possible. We are working currently on detailed studies about the mechanism of the
process.

Acknowledgements

The research was supported in parts by Bagerisches Staatsministerium fir Unterricht,
Kultus, Wissenschaft und Kunst, the Fonds der Chemischen Indasttiethe BASF AG
We thankReilly Tar & Chem. Corpfor contributing some 4,4'-dimethyl-2,2"-bipyridine.

References

1. Moad G, Solomon DH (1995) The Chemistry of Free-Radical Polymerization.
Pergamon, Oxford
2. Georges MK, Veregin RPN, Kazmaier PN, Hamer GK (1993) Polym Mater Sci Eng 68:6



326

13.
14.
15.
16.

17.
18.

Georges MK, Veregin RPN, Kazmaier PN, Hamer GK, Saban M (1994)
Macromolecules 27:7228

Hawker CJ (1994) J Am Chem Soc 116:11185

Colombani D, Steenbock M, Klapper M, Millen K (1997) Macromol Rapid
Commun 18:243

Sawamoto M, Kamigaito M (1996) Trends Polym Sci 4:371

Uegaki H, Kotani Y, Kamigaito M, Sawamoto M (1997) Macromolecules 30:2249

Ueda J, Matsuyama M, Kamigaito M, Sawamoto M (1997) Macromolecules 31:557

Wang JS, Matyjaszewski K (1995) Macromolecules 28:7901

Patten T, Xia J, Abernathy T, Matyjaszewski K (1996) Science 272:886

. Matyjaszeski K, Patten T, Xia J (1997) J Am Chem Soc 119:674

Matyjaszewski K, Shipp DA, Wang JS, Grimaud T, Patten TE (1998)
Macromolecules 31:6836

Gao B, Chen X, Ivan B, Kops J, Batsberg W (1997) Polym Bull 39:559

Percec V, Barboiu, Neumann A, Ronda JC, Zhao M (1996) Macromolecules 29:3665
Destarac M, Bessiere JM, Boutevin B (1997) Macromol Rapid Commun 18:967

Schubert US, Hochwimmer G, Spindler CE, Nuyken O (1999) Macromol Rapid Commun
in press

Schubert US, Eschbaumer C, Hochwimmer G (1999) Synthesis 779

Ando T, Kato M, Kamigaito M, Sawamoto M (1996) Macromolecules 29:1070



