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Zagreb, Croatia 

F. RANOGAJEC 

Ruder BogkoviC Institute 
Zagreb, Croatia 

ABSTRACT 

Free radical copolymerization of styrene (St) and N(4-bro- 
mopheny1)maleimide (4BPMI) in dioxane solution gave an alternating 
copolymer in all proportions of feed comonomer compositions. The 
monomer reactivity ratios were found to be r, = 0.0218 f 0.0064 (St) 
and r, = 0.0232 f 0.0112 (4BPMI), and the activation energy of the 
copolymerization reaction for the equimolar ratios of comonomer was 
E, = 51.1 kJ/mol. The molecular weights of the copolymers obtained 
are relatively high, the Tis showed similar values (490 K), and the ther- 
mal stability is higher than that of polystyrene. The initial rate of copoly- 
merization depends on the total concentration of the comonomers and 
the maximum occurred at higher 4BPMI mol fractions; however, the 
overall conversion is highest at equimolar comonomer composition. It 
has been shown that a charge-transfer complex participates in the process 
of copolymerization. The initial reaction rate was measured as a function 
of the monomer molar ratios, and the participation of the charge- 

tDedicated to Professor Otto Vogl in honor of his 65th birthday. 
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transfer complex monomer and the free monomers was quantitatively 
estimated. 

INTRODUCTION 

Free radical copolymerizations of styrene with various N-phenylmaleimides 
have been reported in many papers, and it has been shown that in all cases a nearly 
alternating copolymerization took place, leading to copolymers with great structural 
stiffness and high thermal stability [ 1-31. Also, alternating copolymers, particularly 
those of maleic anhydride derivatives, have been used in the preparation of pure 
head-to-head polymers 14, 51. 

Several approaches have been used in the literature to treat the kinetic data of 
systems with the anticipated participation of a charge-transfer complex (CTC) in 
the copolymerization process [6-91. The treatment proposed by Shirota et al. [9] 
has the view that alternation in the resulting copolymers is brought about by stabili- 
zation of the transition state in cross reactions of the free monomers and the com- 
plex. This treatment has been adopted in the present study. 

Some work dealing with N-(4-bromophenyl)maleimide (4BPMI) has noted 
that copolymers are readily formed with styrene and butadiene of alternating struc- 
ture [lo] and random copolymers with methyl acrylate [ll].  However, no adequate 
attention has been paid to the kinetics of the reactions or to the properties of the 
copolymers obtained. In a previous paper [ 121 we described the copolymerization 
of styrene and N-(2,4,6-tribromophenyl)maleimide and some properties of the co- 
polymer. 

This paper details the copolymerization of 4BPMI with styrene in dioxane 
with 2,2'-azobis(isobutyronitrile) (AIBN) as initiator by following the course of the 
reactions by microcalorimetry. The participation of the CTC monomer and the 
free monomers in the initial rate of copolymerization was quantitatively estimated. 
Measurements of some characteristic properties of the copolymers were also made. 

EXPERIMENTAL 

Materials 

Styrene and solvents were purified by distillation prior to use. N-(4-Bro- 
mopheny1)maleimide was prepared in 75% yield in a two-stage synthesis from ma- 
leic anhydride and 4-bromoaniline [ 131 and was twice recrystallized from ethanol, 
mp 116OC. The 'H-NMR spectrum in CDC1, showed a singlet at 6.85 ppm (maleic) 
and a quartet at 7.20-7.65 ppm (phenyl). Azobis(isobutyronitri1e) was recrystallized 
from methanol. 

Measurements 

Thermogravimetric analyses (TGA, DTG) were carried out with a Perkin- 
Elmer TGS-2 and DSC-7 instrument in a helium and air atmosphere and at a heating 
rate of 20°C/min. 'H-NMR spectra were measured on a 90-MHz Varian EM-90 
Spectrometer in deuterated chloroform with TMS as the internal standard. The 
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compositions of the copolymers were established by bromine and carbon analyses. 
The molecular weights of the copolymers were measured by gel permeation chroma- 
tography carried out on an Aerograph 8500 Varian instrument fitted with a UV 
detector. Styragel columns (Waters Associates) were used at a flow rate of 1 mL/ 
min of degassed tetrahydrofuran. Retention times were calculated on polystyrene 
equivalents. 

Polymerization Procedures 

Solution polymerizations up to low conversion in dioxane (50 mL solutions) 
of monomers (0.025 mol) with AIBN (0.082 g) as the initiator at 5OoC were carried 
out under a constant stream of nitrogen in a lOO-mL, double-jacketed glass reactor 
equipped with a magnetic stirrer. After an appropriate time interval (10-100 min), 
when a withdrawn sample precipitated in methanol, the entire reaction mixture was 
poured into methanol, and the polymer was isolated by filtration, dissolved in 
dioxane, reprecipitated, and dried at 6OoC and 0.1 mm. 

Polymerizations up to high conversion were performed in a Calvet differential 
microcalorimeter (Setaram, France), consisting of two cylindrical cells, 20 x 80 
mm, with a maximum usable volume of 10 mL. A solution of comonomers and 
AIBN in dioxane (2 mL) was placed into a glass ampule, cooled in an ice bath, 
evacuated to high vacuum, and sealed. The ampule was heated to slightly below 
polymerization temperature and placed into the measuring cell of the calorimeter 
adjusted to polymerization temperature. The electromotive force in pV was re- 
corded. After an appropriate time, when the electric signal had reached zero value 
and remained unchanged for 1 h, the reaction was completed. The copolymer solu- 
tion was diluted with 4 mL dioxane and added dropwise into 50 mL methanol. The 
precipitate was filtered off, washed with methanol, and dried overnight in vacuum 
at 6OOC. A white polymer powder was reprecipitated. The polymerizations were 
performed at different monomer-to-monomer ratios but at a constant total concen- 
tration in the feed: 0.25, 0.50, and 1.0 mol/L, respectively. 

The initial reaction rates were established from when the clear electrical signal 
reached a maximum value in the beginning of the reaction, indicating a maximum 
rate in an appropriate time. It was previously shown that the microcalorimeter we 
used to follow the course of styrene polymerization makes stable and accurate 
measurements [12, 141. 

RESULTS AND DISCUSSION 

The free radical copolymerization of styrene (St) with N-(Cbromo- 
pheny1)maleimide (4BPMI) was performed in dioxane solutions by using AIBN as 
initiator. The influence of molar ratios of the initial monomer mixture (f) on the 
composition ( F )  and some properties of copolymers obtained at low conversions 
are summarized in Table 1 and the copolymerization diagram in Fig. 1 .  By using 
the Kelen-Tudos equation, the monomer reactivity ratios and the confidence inter- 
val [15] were calculated from the results in Table 1. The values r, = 0.0218 f 
0.0064 (M, = St) and r, = 0.0232 f 0.0012 were obtained and were related to the 
polarity (e) and to the resonance effect (Q) in the Alfrey-Price scheme for 4BPMI 
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TABLE 1. Copolymerization of Styrene (MI) and N-(4-Bromophenyl)maleimide 
(M,) in Dioxane at 5OoC with AIBN as Initiator" 

Conversion, a, x M, x 
f 2  Qi'a Br, % 4 1 0 - ~  1 0 - ~  TE,' OC 

0.10 
0.20 
0.30 
0.40 
0.55 
0.65 
0.75 
0.90 
0.95 

8.3 
7.2 
7.8 
8.9 
9.1 
9.0 
8.8 
7.3 
5.9 

21.23 
21.78 
22.14 
22.37 
22.45 
22.82 
23.09 
23.78 
23.91 

0.455 
0.475 194.3 90.6 213.0 
0.488 
0.497 244.8 113.5 214.8 
0.500 216.7 
0.510 387.7 180.1 
0.520 
0.545 177.2 63.3 228.8 
0.558 

"Polymerization conditions: Dioxane solutions (50 mL) of monomers (0.025 mol) and 

bDetermined by GPC. 
'Determined by DSC. 

AIBN (0.082 g), 5 O O C .  

I 

0 a2 04 0.6 0.8 10 
f2 

FIG. 1.  Monomer-copolymer composition curve for the copolymerization of styrene 
(MI) with N-(4-bromophenyl)maleimide (M2) in dioxane at 5OoC with AIBN as initiator. 
Experimental (0), calculated by r, and r, (-). 
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as follows: Q = 5.05 and e = 1.96. It is well documented that monomers present- 
ing such a large e value possess electron-acceptor properties, and in combination 
with electron-donor monomers, of which styrene is a typical example, they readily 
form alternating copolymers in conventional free-radical polymerization [ 161. The 
tendency to form an alternating St/4BPMI copolymer is evident from the copoly- 
merization diagram in Fig. 1 and was also confirmed by the values of the glass 
transition temperatures (T,) of the copolymers (Table 1). Small differences in the 
T,, which is in the range of 213 to 228OC, in spite of large differences in the 
monomer feed composition, suggest that the copolymerization is indeed nearly 
alternating. The molecular weight measurements (Table 1) showed relatively high a, and 2, of the cqpolymers, and also their significance increased up to about 0.7 
mol fraction of 4BPMI in the monomer mixture when these values started to de- 
crease. This behavior is in agreement with the highest initial polymerization rate at 
this specific monomer feed composition. 

The thermal stabilities of St-4BPMI alternating copolymer were determined 
by TGA and DTG measurements in helium and air atmospheres (Fig. 2). They 
showed that the copolymer starts to decompose spontaneously in helium at 387 OC 
and in air at 363OC, which is about 25OC above the decomposition temperature of 
polystyrene [17]. Some residue, 5.7% in helium and 12.0% in air, respectively, at 
the end of the fast decomposition indicates that depolymerization to volatile prod- 
uct did not go to completion, the usual characteristic of halogenated N-phenyl 
maleimide copolymers [ 181. 

la, 

80 

20 

r' 
20 '5 

3 
rn 

Y .- 
L 

8 
10 

FIG. 2. Thermogravimetric analysis of alternating copolymer of styrene and N(4- 
brornopheny1)maleimide in helium and air atmospheres. 
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The course of the copolymerization reactions up to high conversions in a 
homogeneous environment in dioxane solutions was followed by the microcalori- 
metric method. The integrated time-conversion curves were calculated and are pre- 
sented in Fig. 3.  It is clearly evident that in spite of the initial polymerization 
rate increasing by increasing the 4BPMI content in the monomer feed, the highest 
conversion was obtained at equimolar monomer amounts in the monomer mixture. 

The initial rate of copolymerization Rp, determined by microcalorimetry at 
low conversions, was measured as a function of the initiator concentration [I] at 
constant total monomer concentration [M,] = [Mz] = 0.25 mol/L in dioxane at 
6OOC. Figure 4 illustrates the dependence of Rp on [AIBN]'.'. A straight line passing 
through the origin demonstrates the bimolecular termination of the copolymeriza- 
tion process. The temperature dependence of conversion was established in dioxane 
at 40, 50, and 6OoC for an equimolar monomer mixture with a total concentration 
of 0.5 mol/L. Overall rate constants were determined as slopes of straight lines 
from a plot of In [M,J/[M,] against time, and they gave the values km = 0.79 

100 

s 
80 

0 
0 

60 

LO 

20 

0 1 2 3 L 5 6 

Time, hrs 

FIG. 3. Influence of the monomer mixture composition on the conversion versus 
reaction time in the copolymerization of styrene (M,) and N-(4-bromophenyl)maleimide (M2) 
at 6OOC. [MI = 0.5 mol/L, [AIBN] = 1 x lo-* mol/L in dioxane. 
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8 -  

6 -  
C' 

'n 
C .  '+ 
O F  
P -  

2 -  

0 

FIG. 4. Initial rate of copolymerization (R,) of styrene 

807 

(MI) and N-(4- 
bromopheny1)maleimide (MJ versus [AIBN]'.' at 6OOC. '[MI] = [M2] = 0.25 mol/L in di- 
oxane. 

I I I 

1 1  1 0 ~ r ' , ~ ~  p2 3.0 

FIG. 5 .  Arrhenius plot of copolymerization of styrene (M,) and N(4- 
bromopheny1)maleimide (Mz). [M,] = [M2] = 0.5 mol/L, [AIBN] = 1 X lo-' moL'L in 
dioxane. 
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3 .O 

c 

c) 
4, 
ul 
c 

2 2.0 

E 
U s 
oc" 
x 

1.0 

/ 0.5 I 

0 0.5 f z  1.0 

FIG. 6. Dependence of the initial reaction rate, R,, of monomer feed composition in 
the copolymerization of styrene (MI) and N-(4-bromophenyl)maleimide (M,) at various total 
monomer concentrations of [MI = 0.25,0.5, and 1.0 mol/L. [AIBN] = 1 x lo-' mol/L at 
6OoC in dioxane. 

x k,, = 1.43 x and km = 2.53 x s-l, respectively. The overall 
energy of activation for the given monomer feed as calculated from Fig. 5 was 5 1 .1  
kJ/mol. 

To illustrate the role of the CTC monomer in the copolymerization process, 
the initial rates were measured for various monomer feeds but at total monomer 
concentrations of 0.25, 0.50, and 1 .O mol/L, respectively, as shown in Fig. 6. The 
reaction rate, Rp, does not maximize at the equimolar feed ratio but at approxima- 
tive 0.6-0.7 mol fraction of 4BPMI. It is also somewhat dependent on the total 
monomer concentration. In the case of a bimolecular termination, the following 
equations were derived by Shirota et al. [9] to quantify the degree of participation 
of the free monomers and the CTC monomer in the copolymerization reaction: 

Rp = A(X)K{klc/k12 + (k2c/k21)X}[M,1Z + A(X)[M,I (1) 

R p 0  = A(X)[M,I (2) 
Rp(CT) = A(X)K{kIC/kl2 + (k2c/k2i)x} MI2 (3) 
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0 2.0 
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s c) 

1.0 
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809 

- 
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- 

12 t P  
I I 2.333 

666 

0 [M1]=[St], mol.C' 

FIG. 7. Dependence of the initial reaction rate, &/[St], on [St] at various monomer 
feed ratios in the copolymerization of styrene and N-(4-bromophenyl)maleimide in dioxane. 

RP [ M ] = 1.0 

R, ICT 1 

1 I 

0 0.5 f2 

1.5 

1.0 

0.5 

[M]=O.S  

RP 

0.5 f2  

0.75 

0.50 

0.25 

[hi 1 ~ 0 2 5  

1 .o 0.5 f2 

FIG. 8. Relative participation of free U, and complexed (c) monomers in the copoly- 
merization of styrene (M,) and N-(4-bromophenyl)maleimide (M,) at different monomer feed 
concentrations in dioxane at 6 O O C .  
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0 10 2.0 X 

FIG. 9. Plot of F(X) = K(kl, /klz + k2Jk,J) versus X in the copolymerization of 
styrene (MI)  and N-(4-bromophenyl)maleimide (M,) in dioxane at 6OOC. 

Here Xi s  the monomer feed molar ratio as represented above; K is the equilib- 
rium constant for the formation of CTC monomer; Ri is the rate of initiation; kd is 
the initiator decomposition rate constant; f is the initiator efficiency, k l ,  k2c, and 
k,, are the corresponding propagation reaction rate constants; and k,ll, kfZ2, and k,,, 
are the rate constants for the bimolecular , homo, and cross-termination reactions 
of growing polymer radicals, respectively. The overall initial rate R, is the superpo- 
sition of the reaction rates of the free monomer R J J )  and of the CTC monomer 
RJCT). The plot of R p / [ M , ]  against [ M I ]  gives straight lines for each given ratio 
of monomer concentration, as shown in Fig. 7, where [MI] and [MJ are molar 
concentrations of St and 4BPM1, respectively. The slope of the lines is A ( X ) K  
(k lc /k lz  + kZr/k2,X) and their intercept is A(X).  By substituting the values of the 
slope and the intercept in the above equations, the contributions of free and com- 
plexed monomers as a function of the various monomer feed compositions were 
obtained and presented in Fig. 8. These data indicate that the copolymerization of 
styrene and N-(4-bromophenyl)maleimide in dioxane at total monomer concentra- 
tion of 0.25, 0.50, and 1.0 mol/L proceeds predominantly via cross propagation of 
free monomers but that increasing monomer concentrations promote the participa- 
tion of the CTC monomer. The average contribution of Rp (CT) calculated from 
Fig. 8 is 20% (0.25 M ) ,  25% (0.50 M ) ,  and 38% (1 M ) .  From Eq. (6)  it is possible 
to get a qualitative estimation of the relative reactivity between the St-4BPMI com- 
plex and the free monomers. The numerical values of the reactivity ratios deter- 
mined from the intercept and slope of the straight line in Fig. 9 are K(k l , / k l z )  = 
0.75 and K(k,/k,,) = 0.50, respectively. The ratio (klckz,) / (k2&12) = 1.50 indi- 
cates a somewhat faster formation of St radicals in the propagation reactions. 
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CONCLUSION 

The free radical copolymerization of St with 4BPMI showed a strong tendency 
toward alternation and follows the mechanism proposed by Shirota et al. [8, 91. 
The reaction proceeds predominantly via the cross propagation of free monomers 
but an increase of the total monomer concentration permits participation of the 
CTC in the overall initial reaction rate. The average contribution of the CTC copo- 
lymerization rate in the overall copolymerization rate is 20% (0.25 M ) ,  25% (0.50 
M ) ,  and 38% (1 M ) .  Kinetic analysis provides evidence that the formation rate of 
St free radicals is somewhat greater than the formation rate of 4BPMI radicals. 
However, the strong tendency toward alternating copolymerization indicates that 
the St free radicals are preferentially formed through complex addition whose con- 
centration, under the experimental condition used, is presumably small. 
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