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ABSTRACT: The copolymerization and addition reaction of styrene (S) with N-phenyl-
maleimide (PMI), either neat or in xylene, have been found to proceed at 125°C in the
presence of 2,2,6,6-tetramethylpiperidin-1-yloxy (TEMPO) radicals. TEMPO-termi-
nated alternating S-PMI copolymers and comonomer adducts were obtained. The
amounts of the low molecular weight compounds increased with the increasing content
of PMI in the initial mixture. The reaction suggests formation of monofunctional
unimolecular initiators. In the autopolymerization of neat comonomers, a mediating
role of TEMPO was observed. The synthesized copolymers containing TEMPO end
groups were used as macroinitiators to initiate polymerization of styrene. The molec-
ular weight distributions of resulting poly(styrene-alt-N-phenylmaleimide)-block-poly-
styrene copolymers indicated the presence of both low molecular weight termination
products and some copolymer precursor. The copolymers and comonomer adducts were
characterized using the nitrogen analysis, size-exclusion chromatography (SEC), and
NMR spectroscopy. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 76: 1093-1099, 2000
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INTRODUCTION

The free radical polymerization in the presence of
stable nitroxyl radicals, such as 2,2,6,6-tetra-
methylpiperidin-1-yloxy (TEMPO), ranks among
modern and attractive methods in the field of
polymer synthesis.'2* Using this technique, a va-
riety of high molecular weight products with con-
trolled structures and properties can be prepared.
Bimolecular, irreversible termination reactions,
typical of a conventional free radical polymeriza-
tion, are substantially reduced by decreasing the
number of growing radical chains. The nitroxyl
radicals can capture the propagating polymer
chains by forming thermally unstable alkoxy-
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amines. At temperatures above 100°C, the
C—ON bond of the alkoxyamine undergoes disso-
ciation to regenerate both the nitroxyl and poly-
mer radicals. The polymer radical can add more
monomer units and be trapped again by the ni-
troxyl. Due to the reversible trapping reactions,
the growth of the polymer chains proceeds in a
controlled manner.

Initially, two-component systems consisting of
a thermal radical initiator, as a rule dibenzoyl
peroxide, in combination with nitroxyl radicals
were used in the initiation of controlled radical
polymerizations.! Recently, unimolecular initia-
tors based on an alkoxyamine structure were de-
veloped.?’~27 They contain both a latent initiating
group and nitroxide in the 1 : 1 stoichiometry. The
success of the controlled radical polymerization
process depends on the strength of the C—ON
bond in the initiators. For styrene-based mono-
mers and comonomer mixtures, the relatively
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high temperatures, at which the nitroxide-medi-
ated polymerizations are conducted, may result in
additional radicals being formed by autopolymer-
ization. These radicals may be captured with
added nitroxides to give in situ unimolecular ini-
tiators.2873! Thus, the nitroxide-mediated poly-
merization in the absence of added initiating sys-
tems, i.e., the controlled autopolymerization, can
be performed.

In our recent work,>? we have synthesized sty-
rene—N-butylmaleimide copolymers by the au-
topolymerization in the presence of TEMPO. The
autopolymerization proceeded in a pseudoliving
manner and yielded copolymers of a fairly narrow
molecular weight distribution (=~1.3). The ob-
tained TEMPO-terminated styrene—N-butylma-
leimide copolymers readily initiated the poly-
merization of styrene. In this way, the poly-
(styrene-alt-N-butylmaleimide)-block-polystyrene
copolymers with various polystyrene chain
lengths and a narrow molecular weight distribu-
tion have been prepared. The aim of this study
was to synthesize analogous nitroxide-terminated
copolymer precursors and block copolymers by
substituting for N-butylmaleimide a more avail-
able maleimide derivative with a rigid aromatic
group, N-phenylmaleimide. The autopolymeriza-
tion and solution copolymerization of styrene—N-
phenylmaleimide-TEMPO mixtures as well as
the block copolymer synthesis using the prepared
copolymers with TEMPO end groups as macroini-
tiators were carried out, and the resulting prod-
ucts were characterized. The participation of the
comonomers in an addition reaction proceeding in
parallel to the copolymerization was also ob-
served.

EXPERIMENTAL

Materials

Styrene (S) (Kau¢uk Group Co., Kralupy, Czech
Republic) (b.p. 36°C/1.56 kPa) was distilled under
reduced pressure prior to use. N-Phenylmaleim-
ide (PMI) (m.p. 89-90°C) and 2,2,6,6-tetra-
methylpiperidin-1-yloxy (TEMPO) radical (m.p.
36-39°C) were commercial products of Fluka.
Dibenzoyl peroxide (BP) (Fluka) (m.p. 104°C) was
reprecipitated from chloroform solutions with
methanol. The solvents used were of analytical
grade.

Synthesis of TEMPO-Terminated Styrene-N-
Phenylmaleimide Copolymers

Mixtures of styrene, N-phenylmaleimide, and
TEMPO were heated in sealed glass ampoules in
nitrogen atmosphere at 125°C. The total amount
of comonomers was 2 X 10" 2or4 X 102 mol, that
of TEMPO 0.5 X 1074, 1.5 X 107 or 3 x 10 *
mol. The molar fractions of PMI (Fpy) varied
within 0.1-0.7. After 30 or 45 min, the mixtures
were cooled, diluted with CHCl;, and the result-
ing products were precipitated with ethanol. The
products were twice reprecipitated with methanol
from chloroform solutions and dried in vacuum at
room temperature. The total yields, composition,
molecular weights, and molecular weight distri-
butions of copolymers are given in Table I. The
TEMPO-terminated styrene—N-phenylmaleimide
copolymers were also prepared in xylene as a
solvent. In this case, both the uninitiated copoly-
merization and that initiated with dibenzoyl per-
oxide (1 X 10~* mol) in the presence of TEMPO
(1.5 X 10~* mol) were carried out (Table II). For
comparison, copolymerizations of styrene and N-
phenylmaleimide at Fpp; = 0.4 in the absence of
TEMPO were conducted (Tables I and II).

Low Molecular Weight Compounds

Table III summarizes the results on the addition
reaction of comonomers proceeding along with
their copolymerization. The adducts of comono-
mers were obtained by evaporation of solvents
after the second reprecipitation of products
formed in the autopolymerization of neat comono-
mers.

Polymerization of Styrene Initiated with TEMPO-
Terminated Styrene-N-Phenylmaleimide
Copolymers

A solution containing the copolymer C3, C9, or
C10 (Tables I and IT) (0.2 g), 5 mL of styrene, and
0.1 mL of N,N-dimethylformamide (DMF) was
heated in sealed glass ampoules in nitrogen at-
mosphere at 125°C for 20 or 60 min. A small
amount of DMF was added to homogenize the
reaction mixture. The resulting viscous reaction
mixture was diluted with chloroform and poured
into a 10-fold excess of ethanol. The obtained
polymer products were reprecipitated with etha-
nol from chloroform solutions and dried in vac-
uum at room temperature. A 24-h extraction with
cyclohexane followed to remove polystyrene
formed by a spontaneous thermal homopolymer-
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Table I Spontaneous Thermal Copolymerization of Styrene (S) and N-Phenylmaleimide (PMI) at

125°C in the Presence of TEMPO?*

Copolymer Fou fomr Total Yield (%) M, x 10 3P M, /M,
(o]0} 0.4 0.46 78.8 49.5 4.43
C1 0.1 0.35 25.7 9.6 1.49
c1 0.1 0.38 6.8 2.9 1.18
C2 0.2 0.42 37.3 12.3 1.60
c24 0.2 0.41 30.5 4.6 1.33
C3 0.3 0.49 58.0 13.5 1.60
C3¢ 0.3 0.48 36.4 5.7 1.40
C4 0.4 0.50 72.7 14.8 1.65
C4° 0.4 0.48 52.4 5.6 1.42
C5 0.5 0.51 86.6 18.3 1.67
C5° 0.5 0.50 64.5 6.1 1.42
C6 0.6 0.54 68.4 14.6 1.70
Cc7 0.7 0.65 50.2 13.1 1.65

Fpyr and fpyr are molar fractions of PMI in the feed and in the copolymer, respectively.
22 X 10~ 2 mol of comonomers, 0.5 X 10~ * mol of TEMPO, 45 min.
® The polystyrene-equivalent molecular weight of the copolymer determined by SEC.

¢ Without TEMPO; the mixture solidified after 3 min.

44 % 1072 mol of comonomers, 3 X 10~% mol of TEMPO, 30 min.
€2 X 102 mol of comonomers, 1.5 X 10~ * mol of TEMPO, 30 min.

ization of styrene.®® The characteristics of the
products before and after the extraction are in
Table IV.

Measurements

The yields of products were determined gravimet-
rically, the contents of both copolymers and low
molecular weight compounds in samples after the
first reprecipitation were evaluated using size-
exclusion chromatography (SEC). The composi-
tions of the S—-PMI copolymers, low molecular
weight adducts, and block copolymers were found

Table II Copolymerization of Styrene (S) and
N-Phenylmaleimide (PMI) at 125°C in Xylene®

Copolymer Total Yield (%) M, x 10°2* M, /M,

c8 80.5;0° 40.2 2.30
cod 23.9 5.8 1.61
C10° 22.8 7.7 1.57

22 X 10”2 mol of comonomers (molar fraction of PMI in the
feed = 0.4), 10 mL of xylene, 1 h.

® The polystyrene-equivalent molecular weight of the co-
polymer determined by SEC.

©1.5 X 10~* mol of TEMPO.

41.0 X 10~* mol of dibenzoyl peroxide, 1.5 X 10~ * mol of
TEMPO.

€0.5 X 10~ mol of TEMPO, 5 mL of xylene, 45 min.

from nitrogen analysis. The structure of the ad-
ducts was studied using NMR spectroscopy.

SEC Measurements

The measurements were carried out on a PSS
10000 column (8 X 500 mm, Polymer Standard

Table III Formation of Low Molecular Weight
Compounds L1-L7 in the Spontaneous Thermal
Copolymerization of Styrene (S) with N-
Phenylmaleimide (PMI) at 125°C in the
Presence of TEMPO (cf. Table I)?

Compound Fon AP (%) PMI/S¢
L1 0.1 15.2 —
L2 0.2 19.1 —
L3 0.3 36.7; 1.9
24.14
L4 0.4 41.7 2.0
L5 0.5 45.8 —
L6 0.6 55.7 2.0
L7 0.7 60.1 2.1

Fpy and PMI/S are the molar fraction of PMI in the feed
and the molar ratio of comonomer units in the low molecular
weight compounds, respectively.

22 X 102 mol of comonomers, 0.5 X 10~ * mol of TEMPO,
45 min.

® The low molecular weight fraction determined by SEC;
M, < 500.

¢ From nitrogen analysis.

41.5 X 10~* mol of TEMPO, 30 min.
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Table IV Polymerization of Styrene Initiated with TEMPO-Terminated Styrene (S)-N-

Phenylmaleimide (PMI) Copolymer Precursors®

Nitrogen

Content (%)

Block Copolymer Precursor® Time (min) Yield (g) M, x 107 *¢ M, /M, d e
BC1 C3 20 0.32 2.89 1.90 4.94 2.19
2.21f
BC2 C9 60 0.70 3.94 1.55 4.79 1.24
1.54f
BC3 C10 60 0.72 3.60 1.77 4.75 1.20
1.41F

2 0.2 g of the precursor, 5 mL of styrene, 0.1 mL of N,N-dimethylformamide, 125°C.

b See Tables I and II.

¢ The polystyrene-equivalent molecular weight of the copolymer determined by SEC.

4 In precursor.
¢ In block copolymer.
f After extraction with cyclohexane.

Service, Germany), filled with 5 um sorbent par-
ticles. Tetrahydrofuran (Fluka), distilled and
dried over molecular sieves (4 A), was used as a
mobile phase. The chromatographic data from re-
fractometric and UV (254 nm) detectors in a se-
ries connection were evaluated using the Data-
Monitor system (Watrex, Czech Republic). For the
determination of molecular weights, a universal
calibration equation calculated from the data on
polystyrene standards (Merck, Germany) was
used.

NMR Measurements

H- and 3C-NMR spectra of a 10% w/w sample in
CDCl; were measured at 300.13 and 75.45 MHz,
respectively, with a Bruker Avance DPX 300 spec-
trometer using 32 kpoints and quadrature detec-
tion. *C APT, DEPT, and SSLR INEPT spectra
were measured with the same number of points
and with the evolution delays 7.35, 3.86, and 25
ms, respectively.

RESULTS AND DISCUSSION

TEMPO-Terminated Styrene—N-Phenylmaleimide
Copolymers

On heating a mixture of styrene and N-phenyl-
maleimide in the presence of TEMPO radicals,
a fast autopolymerization takes place (Table I).
The total yield of isolated products reaches its

maximum at Fpygp = 0.5, and decreases with
increasing content of PMI in the feed. SEC re-
vealed that the products consist of both copoly-
mers and low molecular weight comonomer ad-
ducts. A typical eluogram is given in Figure 1.
The adducts can be removed by a repeated re-
precipitation of the products. Contrary to the
uncontrolled autopolymerization without any
added nitroxide giving the copolymer CO with a
high molecular weight (4.95 X 10*) and a broad
molecular weight distribution (4.43), TEMPO
radicals distinctly moderate the reaction pro-
cess. As a result, copolymers of markedly lower
molecular weights and narrower distributions

a

10 15 20 25
Time (min)

Figure 1l SEC curve of C5 (Table I) (a), and L5 (Table
IID (b).

Detector Response
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are formed.Their compositions suggest an alter-
nating nature of the copolymerization. Both the
molecular weights and molecular weight distri-
butions were found to be reduced in autopoly-
merization at higher contents of TEMPO and at
shorter reaction times. However, the analogous
TEMPO-terminated styrene—N-butylmaleimide
copolymers, which were prepared earlier under
similar reaction conditions, showed better mo-
lecular weight distributions (about 1.3).3? This
indicates that in copolymerizations of styrene
and N-phenylmaleimide, irreversible termina-
tion reactions occur to a larger extent.

The fast uncontrolled autopolymerization of
styrene—N-phenylmaleimide mixtures proceeded
also in xylene (copolymer C8, Table II). Due to the
dilution of comonomers, the molecular weight and
distribution of C8 (4.08 X 10* and 2.30, respec-
tively) were lower than those of CO. Using 2
X 10~2 mol of comonomers, 1.5 X 10~* mol of
TEMPO, and 10 mL of xylene, no autopolymer-
ization was observed, while at 0.5 X 10~ % mol of
TEMPO and 5 mL of xylene, copolymer C10 (M,
= 5.8 X 10°, M_/M, = 1.61) was obtained. A
copolymer (C9) of similar characteristics (M,
= 7.7 X 10%, M /M, = 1.57) as C10 was prepared
by the styrene—N-phenylmaleimide copolymeriza-
tion in xylene initiated with the dibenzoyl perox-
ide (1 X 10~* mo)-TEMPO (1.5 X 10~* mol)
system.

Comonomer Adducts

As mentioned above, the autopolymerization of
styrene and N-phenylmaleimide is accompanied
by a parallel addition reaction of the comonomers
(Table III). The SEC measurements showed that
the amounts of comonomer adducts increased
with the increasing content of PMI in the initial
reaction mixture. At Fpyy = 0.6 or 0.7, the low
molecular weight compounds even predominated
over copolymers. Their formation was a little re-
duced using a higher amount of TEMPO and a
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shorter reaction time (cf. L3). According to the
nitrogen analysis and NMR measurements, all
the isolated compounds L3, L4, L6, and L7 corre-
sponded to a trimer PMI-S-PMI. A detailed NMR
study on the trimer showed?* that it has consti-
tution of N-phenyl-4-(2,5-dioxo-1-phenylpyrroli-
din-3-yD)-1,2,3,4-tetrahydronaphtalene-1,2-dicar-
boximide (Scheme 1).

Similar to the thermal autopolymerization of sty-
rene,® an initial Diels-Alder reaction of styrene
and N-phenylmaleimide giving the nonaroma-
tized adduct, A, can be assumed (Scheme 2). The
reaction of A with another molecule of styrene
leads to radicals A* and S*. In the presence of
TEMPO, the radicals can be captured to give the
thermally unstable alkoxyamines A-TEMPO and
S-TEMPO (Scheme 3). An addition of PMI to A-
TEMPO followed by the reaction of a generated

o)
TE MPO 4

N _Q

A* + TEMPO >
A—=TE MPO
1€ MPOY
S* + TEMPO @
5—TE MPO
Scheme 3
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A-PMI—=TE MPO + A

alkoxyamine, A-PMI-TEMPO, with A may result
in the formation of trimer PMI-S-PMI (Scheme 4).

Poly(styrene-alt-N-phenylmaleimide)-block-
Polystyrene Copolymers

The polymerization of styrene at 125°C in the
presence of TEMPO-terminated copolymers C3
(Table I), C9, or C10 (Table II) yielded polymer
products of higher molecular weights and lower
nitrogen contents than those of the initial precur-
sors (Table IV). Evidently, poly(styrene-alt-N-
phenylmaleimide)-block-polystyrene block copol-
ymers (BC1-BC3) were obtained.

In a SEC curve of BC1, almost identical with
that after its extraction with cyclohexane, a low
molecular weight tail was observed (Fig. 2). A
similar tailing also appeared for BC2 and BC3. A
slightly increased nitrogen content in the ex-
tracted BC2 and BC3 copolymers rather than
hardly detectable changes in the corresponding
SEC curves indicated that some polystyrene was
removed. Irreversible termination reactions of
growing chains obviously take place in the block
copolymer syntheses. Besides, the precursor
chains containing TEMPO groups bound to ter-
minal N-phenylmaleimide units are probably less
efficient the broadening of the molecular weight
distribution being associated with their presence
in the resulting block copolymers.

Using C9 and C10 precursors, block copoly-
mers of similar characteristics were prepared.
Under the well-founded assumption that all C9

chains bear one benzoyloxy and one TEMPO end
group from the initiation and termination reac-
tion, respectively,® both C9 and C10 (the latter
being synthesized by autopolymerization) can be
regarded as monofunctional macroinitiators. This
conclusion is in agreement with the proposed for-
mation of alkoxyamines in the autopolymeriza-
tion process (Scheme 3). They contain latent
monofunctional initiating centers, and, conse-
quently, diblock copolymers are generated under
given conditions.

CONCLUSIONS

Styrene (S) and N-phenylmaleimide (PMI) un-
dergo copolymerization accompanied by an addi-
tion reaction at 125°C in the presence of TEMPO.
The molecular weight distributions of the virtu-
ally alternating TEMPO-terminated S—PMI co-
polymers (=1.65) were markedly lower than those
of the copolymers prepared in the absence of
TEMPO (4.43 or 2.30). A higher TEMPO concen-
tration and a shorter reaction time led to a de-
crease in molecular weights and their distribu-
tions. The amounts of comonomer adducts in-
creased with the increasing content of PMI in the
feed. At Fpyp = 0.6, the addition reaction even
predominated over copolymerization. A Diels-Al-
der adduct of the comonomers and monofunc-
tional unimolecular initiators are assumed to
take part in the reaction. Using the S-PMI copol-
ymers containing TEMPO end groups for initia-
tion of polymerization of styrene, poly(styrene-
alt-N-phenylmaleimide)-block-polystyrene copol-

Q
0
c
o
o
73
[}
[3
-]
8 b
2
o
L
13 15 17 19 21
Time (min)

Figure 2 SEC curves of BC1 (Table IV) before (a),
and after extraction with cyclohexane (b).



ymers were prepared. Both low molecular weight
termination products and some precursor chains
broaden molecular weight distributions of the
synthesized block copolymers.
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