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Copolymers of Bromine-Containing Monomers. 6. 
Terpolymerization of Styrene, Acrylonitrile, and 2, 
4,6-Tri bromophenyl Methacrylate 

ZVONIMIR JANOVId,a KARLA SARI&," and OTTO VOGLb 

INA 
Research Institute 
Zagreb, Yugoslavia 

a 

bPolytechnic Institute of New York 
Brooklyn, New York 11201 

A B S T R A C T  

2,4,6-Tribromophenyl methacrylate was terpolymerized with 
styrene and acrylonitrile in aqueous emulsion and dimethylfor- 
mamide solution. Experimental terpolymerization data agreed 
well with values calculated from the Alfrey-Goldfinger equation. 
The relationship between monomer feed and terpolymer compo- 
sitions is presented on a triangular coordinate graph. The l ines 
of unique composition for  each monomer and the l ines of binary 
azeotropic composition for  monomer pairs  were established for  
both systems. No t rue azeotropic composition could be deter-  
mined, but a "pseudo-azeotropic" region was established. The 
experimental terpolymerization data agreed well with the theo- 
retical values over  a wide range of monomer composition up to 
high conversions. The influence of 2,4,6-tribromophenyl meth- 
acrylate on the thermal  stability and flammability behavior of the 
terpolymers is described. 
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86 JANOVI~ ,   SARI^, AND VOGL 

I N T R O D U C T I O N  

We recently reported our  resul ts  of the terpolymerization of sty- 
rene (St), acrylonitri le (AN), and some brominated acrylic monomers 
[ 1, 21. We found that free radical polymerization of the ternary sys- 
t e m s  followed classical terpolymerization theory. Polymers and co- 
polymers f rom bromine monomers have received attention in recent 
years  a s  they decreased flammability as judged by higher limited oxy- 
gen index values, particularly in styrene-based polymers [3]. 

St and AN o r  butadiene (bu) have been mentioned only in the patent 
l i terature [4, 51. 

In this  article we report  our  kinetic studies designed to gain de- 
tailed information of the terpolymerization of St with AN and TBPMA 
in aqueous emulsion and dimethylformamide (DM F) solution. The 
measurements of some characterist ic properties of the terpolymers,  
particularly their  thermal  stability and flammability behavior, were 
also undertaken. 

Terpolymers of 2,4,6-tribromophenyl methacrylate (TBPMA) with 

E X P E R I M E N T A L  

M a t e  r i a l s  

Styrene (St) was washed with 5% aqueous sodium hydroxide solu- 
tion, dried over  calcium chloride, and distilled under nitrogen at 10 
mm. Acrylonitrile (AN) was dried over  calcium chloride and dis- 
tilled at atmospheric p re s su re  under nitrogen at 77°C. 

2,4,6-Tribromophenyl methacrylate (TBPMA) was prepared from 
methacryloyl chloride and 2,4,6-tribromophenol by the Schotten- 
Baumann reaction [6]. 

The initiator for  the aqueous emulsion polymerization was ana- 
lytical grade potassium persulfate (Merck Chemical Co.); the emul- 
sifier was purified grade sodium dodecylbenzene sulfonate (Allied 
Chemical Co. ). Azobiisobutyronitrile ( AIBN) was recrystall ized 
from methanol. 

M e a s u r e m e n t s  

Infrared spectra  were recorded by a Perkin-Elmer Model 147 
spectrophotometer; the samples were in the form of fi lms cast  from 
chloroform solution onto sodium chloride plates. 

'H-NMR spectra  were measured on a 90-MHz Varian EM-390 
spectrometer at room temperature on 10% deuterated dimethylsulf- 
oxide solutions with TMS as the internal standard. 
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COPOLYMERS OF BROMINE-CONTAINING MONOMERS. 6 B 7 

Thermogravimetric analyses (TGA, DTG) were carried out with a 
Perkin-Elmer TGS-2, a DSC-2 instrument under nitrogen, at  the heat- 
ing rate of 10"C/min. 

Limiting oxygen index (LOI) measurements were made with a Stan- 
ton-Redcroft FTA instrument on fi lms cast from dichloromethane 
solution (20 wt%) onto a glass plate. The films were dried for 2 days 
at 25°C and 0.1 mm, and cut into 80 X 6.5 mm samples. 

capillary viscometer no. 100 in DMF at 30°C. 
Viscosity measurements were carr ied out on a Cannon- Fenske 

P o l v m e r i z a t i o n  P r o c e d u r e  

Emulsion polymerizations were carried out as follows: A mixture 
of 85 mL of an aqueous solution of sodium dodecylbenzene sulfonate 
( 2  wt%) and monomers ( 15 g) was placed i n  a 150-mL, double-jacketed 
glass reactor provided with a mechanical s t i r re r .  The contents of the 
reactor were heated with st irring to 60°C (i 0.2"C). The emulsion was 
purged with nitrogen for 1 h before adding potassium persulfate (0.03 
g). The degree of conversion was determined on samples withdrawn at 
regular intervals; the polymer samples were precipitated by pouring 
the emulsion into methanol. The polymer was isolated, dissolved in 
DMF, and reprecipitated into methanol. 

Solution polymerizations were carr ied out in the same equipment as 
that used for emulsion polymerizations. A homogeneous solution (100 
mL) of the monomer mixture (0.15 mol) in DMF, at 60°C, was purged 
with nitrogen for 1 h and then 3 mL of a solution of AIBN (0.2 g) in 
DMF was added. The terpolymer was precipitated, isolated by filtra- 
tion, redissolved i n  DMF, reprecipitated into methanol, and dried at 
60°C and 0.1 mm. 

Bulk terpolymerizations were carried out to high conversions in 
order  to prepare terpolymer samples for flammability measurements. 
The polymerizations were done in 20-mL glass polymerization tubes 
using 10 g of an azeotropic St/AN mixture (61.5/38.5 mol%) and vary- 
ing the amounts of TBPMA. The monomer mixture containing AIBN 
(0.2 g) was  degassed by three freeze-thaw cycles and sealed at 0.1 mm. 
The individual tubes were then placed in a constant temperature bath 
at 60°C; after 8 h the tubes were opened, the contents dissolved in DMF, 
and precipitated into methanol. The solid polymers were collected by 
filtration, washed with methanol, and dried at 60°C and 0.1 mm. 

R E S U L T S  AND DISCUSSION 

T e r p o l y m e r i z a t i o n s  

Terpolymers of St/AN/TBPMA were prepared by free radical 
polymerization of monomer mixtures in aqueous emulsion o r  in DMF 
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88 J A N O V I ~ ,   SARI^, AND VOGL 

solution. The reactivity ratios for the monomer pairs had been de- 
termined previously [6, 71 and a re  presented in Table 1. The values 
of the reactivity ratios depend somewhat on the type of polymerization 
and also on the polarity of the solvent used for the polymerization. 

tures and the terpolymers obtained was  calculated from the elemental 
analysis of nitrogen and bromine as well as from the values calculated 
from the Alfrey-Goldfinger equation [8]. In Table 2 a re  summarized 
the data for the emulsion polymerizations and in Table 3 for the solu- 
tion polymerizations. All polymerization experiments were carried 
out to low conversions; one can consequently assume that no signifi- 
cant change in the composition of the monomer mixtures occurred. 
Thus the terpolymer equation can be used. Since good agreement be- 
tween experimental and theoretical data was observed, it is concluded 
that the free  radical polymerization of the ternary system St/AN/ 
TBPMA follows classical copolymerization theory. 

The relationship between the composition of the terpolymers and 
the monomer feed is depicted by Slocombe's triangle method [9], 
where the monomer feed and the polymer composition are plotted on 
a triangular coordinate graph. The graph for emulsion polymerization 
is shown in Fig. 1 and that for  DMF solution in Fig. 2. Connecting the 
points of correspondence, the arrowhead indicates the initial terpoly- 
mer  composition and the tail of the arrow indicates the initial monomer 
feed. One can observe in both cases that the arrows point toward a 
rather well-defined line which corresponds to the connecting line be- 
tween the binary azeotropic compositions of the pairs ST/AN and st/ 
TBPMA, the azeotropic line [9]. The binary azeotropic compositions 
for the emulsion polymerization were St/AN 61.6/38.4 and St/TBPMA 
52.6/47.4; for the solution systems St/AN 54.6/45.4 and St/TBPMA 
49.0/51.0. The arrows a r e  inclined more i n  the direction of the azeo- 
tropic composition of the pair St/TBPMA and become shorter when lo- 
cated near the azeotropic line, indicating that the compositions of the 
terpolymers are quite similar to that of the monomer feed. 

In order  to obtain a clearer  understanding of the behavior of each 
monomer during polymerization, a computer program was utilized to 
facilitate the calculation of comonomer compositions and terpolymer 
compositions [ lo ,  111 ; a graphic method for the determination of azeo- 
tropic lines was used [12]. From the practical point of view, it was 
useful to determine not only the azeotropic point o r  the azeotropic 
curves, but also the domains where the drift of the compositions was 
only very slight. The arrow plot and the calculations then gave the 
possibility of defining these domains, which a re  termed "pseudo- 
azeotropic" domains ( o r  tlnear-azeotropictt region [ 131 ). The azeo- 
tropic lines of unique composition (M. = m.) for the three monomers, 
and the differer ce between terpolymer composition (dotted lines) and 
the composition of the monomeric mixture (solid lines) in the terpolym- 
erization (MI = St, M2 = AN, Mg = TBPMA) a re  presented i n  Figs. 3 

The relationship between the molar composition of the monomer mix- 
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- 
TBPMA 

FIG. 1. Monomer/terpolymer tr iangular composition plot for the 
system styrene/acryIonitriIe/2,4,6-tribromophenyl methacrylate in 
emulsion at 70°C. 

TBPMA 

FIG. 2. Monomer/terpolymer tr iangular composition plot for  the 
system styrene/acrylonitrile/2,4,6-tribromophenyl methacrylate in 
DMF solution at 60°C. 
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0 0.2 0.4 0.6 0.8 7 1 .o 
___c 

TBPMA 

FIG. 3. The azeotropic lines of uniform composition in terpolym- 
erizations of styrene ( M1)-acrylonitrile (M )-2,4,6-tribromophenyl 

methacrylate (M ) in emulsion at 70°C: Monomer mixture (-1) 
terpolymer composition (--). 

2 
3 

and 4. The three lines do not intersect; therefore) no true azeotropic 
point exists, but "near-azeotropes" could be predicted for the hatched 
region in the diagram. 

Azeotropic lines of binary composition (Mi/M. = mi/m.) of St/AN 

( M  1/M2) and St/TBPMA ( M1/M3) for emulsion polymerization and 

solution polymerization in DMF are presented in Figs. 5 and 6. It is 
evident that the slopes of these lines depend strongly on the polymeriza- 
tion media, particularly for the M1/M3 compositions. 

Terpolymerizations up to high conversions were carried out with 
three different compositions of the initial comonomer mixtures. The 
average value and the initial values of the terpolymer compositions 
were calculated. Within experimental e r r o r  the agreement between 
calculated values and experimental data of the average composition 
is satisfactory. In terpolymerization with an  initial monomer composi- 
tion St/An/TBPMA of 0.71/0.18/0.11, there i s  a difference between the 
composition of the monomer feed and the number of monomer units in 
the terpolymer; for emulsion and solution polymerization) calculated 
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0 - 
FIG. 4. The azeotropic l ines of uniform composition in terpolymer- 

izations of styrene (M l)-acrylonitrile ( M2)-2,4,6-tribromophenyl meth- 

acrylate (M3) in DMF solution at  60°C: Monomer mixture (-), ter-  

polymer composition (--). 

values for  the average terpolymer composition (Figs. 7 and 8) and for  
the initial terpolymer composition (Figs.  9 and 10) were obtained. 
When the initial total comonomer composition of St/AN/TBPMA in the 
feed had a molar ratio of 0.61/0.33/0.07, this composition was located 
on the azeotropic line for  emulsion polymerization, Fo r  this composi- 
tion the average (Fig. 11) and initial (Fig. 12) terpolymer composition 
depended very little on conversion. When the composition of the initial 
monomer mixture was on the unique azeotropic line with respect to sty- 
rene, as is the case for  the St/AN/TBPMA 0.51/0.32/0.17 molar  ratio 
for  emulsion polymerization (Fig.  13) and for  DMF solution polymeriza- 
tion (Fig. 14), the change in the average terpolymer composition for  
styrene is negligible whereas that for  AN and TBPMA is rather  sub- 
stantial. 

T e r D o l v m e r  P r o D e r t i e s  

The s t ructure  of the terpolymers was confirmed by their  IR spectra.  
Figure 15 shows a typical example. The spectrum exhibits character-  
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2 

I I  I I 

0 0.2 0.4 0.6 0.8 f 1 .o 
___.) 

TBPMA 

FIG. 5. The binary azeotropic l ines of uniform composition in ter- 
polymerizations of styrene ( M1)-acrylonitrile (M )-2,4,6-tribromo- 

phenyl methacrylate ( M  ) in emulsion at 70°C: Monomer mixture 

(-), terpolymer composition (--). 

2 

3 

istic absorption peaks at 2240 cm- which represent the nitri le band, 
and an absorption at 1760 cm-' is indicative of the carbonyl group. 
Characterist ic absorption bands are also at 1602 cm-', 1496 crn-l ,  
and 1455 cm-', which are the in-plane stretching vibrations of the 
phenyl ring, and a band a t  695 cm-', the out-of-plane phenyl ring de- 
formation. 

The intrinsic viscosities of the terpolymer obtained in emulsion 
polymerization were in the range of 0.9 to 2.2 dL/g (Table 2)) showing 
that the polymers are of high molecular weight. Comonomer mixtures 
with higher TBPMA content gave terpolymers with a lower value of 
the intrinsic viscosity [shown for  bulk polymerization (Fig. 16)]. It 
is well known that bromine-containing monomers [ 141 o r  bromine- 
containing compounds in polymerization mixtures are the cause of 
chain t ransfer  in radical polymerization. However, chain t ransfer  
is observed primarily with aliphatic carbon bromine rather  than with 
aromatic carbon bromine bonds. 

The thermal  stability of the terpolymers was studied by TGA and 
DTG measurements ( Fig. 17); their  flammability characterist ics were 
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0 0.2 0.4 0.6 0.8 f l . 0  

___t 
TBPMA 

FIG. 6. The binary azeotropic lines of uniform composition in ter-  
polymerizations of styrene (M )-acrylonitrile (M )-2,4,6-tribromo- 1 2 
phenyl methacrylate (M ) in DMF solution at 60'C: Monomer mixture 

(-), terpolymer composition ( - - ) .  
3 

evaluated by limiting oxygen index (LOI) measurements (Fig. 18). The 
TGA curve shows that the decomposition of the terpolymer St/AN/ 
TBPMA with a mol ratio of 0.5/0.3/0.2 has two regions of rapid de- 
composition. These resul ts  demonstrate that the overall  thermal sta- 
bility of the terpolymer depends very much on both the AN/St and the 
TBPMA units in the terpolymer.  The thermal  behavior of this terpoly- 
m e r  is s imi l a r  to the thermal  degradation behavior of St/TBPMA and 
AN/TBPMA copolymers [6], indicating that the TBPMA is the thermally 
weak link in the terpolymer. 

Flammability character is t ics  of the terpolymer were determined on 
samples prepared with an azeotropic mixture of AN and St and with in- 
creasing amounts (up to 8 wt%) of TBPMA in the terpolymer. The LO1 
values increased with increasing amounts of brominated units (TBPMA) 
in the terpolymers.  F rom resul ts  shown in Fig. 18, we conclude that 
TBPMA is an efficient flame retardant for St/AN copolymers; it com- 
pa res  favorably with other brominated compounds of low molecular 
weight [3] that have been incorporated into St and AN polymers. 
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FIG. 7. Average terpolymer composition as a function of conversion 
in the terpolymerization of the monomer mixtures of styrene/acrylo- 
nitrile/2,4,6-tribromophenyl methacrylate (0.71/0.18/0.11 mol rati 0) 
in emulsion a t  70' C: Experimental (o), calculated (-). 
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FIG. 8. Average composition as a function of conversion in the t e r -  
polymerization of the monomer mixture of styrene/acrylonitrile/2,4,6- 
tribromophenyl methacrylate (0.71/0.18/0.11) in DMF solution a t  60°C: 
Experimental (0 ), calculated (-). 
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CONVERSION, mole fract. 

FIG. 9. Calculated initial terpolymer composition as a function of 
conversion in the te  rpolyme rization of styrene /ac rylonitrile /2,4,6- t r i  - 
bromophenyl methacrylate (0.71/0.18/0.11 mol ratio) in  emulsion a t  60'C. 
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FIG. 10. Calculated initial terpolymer composition as a function of 
conversion in the terpolymerization of styrene/acrylonitrile/2,4,6-tri- 
bromophenyl methacrylate (0.71/0.18/0.11 mol ra t io)  in DMF solution 
at 60 'C. 
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FIG. 11. Average terpolymer composition as a function of conversion 
in the terpolymerization of monomer mixtures of styrene/acrylonitrile/ 
2,4,6-tribromophenyl methacrylate (0.60/0.335/0.070 mol ratio) in emul- 
sion a t  70°C: Experimental ( 0  ), calculated (-). 
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CONVERSION, mole fract. 

FIG. 12. Calculated initial terpolymer composition as a function of 
conversion in the terpolymerization of styrene/acrylonitrile/2,4,6-tri- 
bromophenyl methacrylate ( 0.605/0.324/0.070 mol ratio) i n  emulsion 
at  70°C. 
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FIG. 13. Average terpolymer composition as a function of conversion 
in the terpolymerization of monomer mixture of styrene/acrylonitri le/  
2,4,6-tribromophenyl methacrylate (0.51/0.32/0.17 mol ratio) in emul- 
sion at  70'C: Experimental ( o ) ,  calculated (-). 
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I , I 
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WAVENUMBERS (ern.') 

FIG. 15. IR spectrum of a styrene/acrylonitrile/2,4,6-tribromo- 
phenyl methacrylate terpolymer. 

BROMINE, w t  % 

FIG. 16. The influence of the amount of 2,4,6-tribromophenyl 
methacrylate (Br wt%) [constant styrene and acrylonitrile (0.62/ 
0.38) mol ratio] on the intrinsic viscosities in toluene at 30'C. 
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FIG. 17. Thermography and derivative thermogravimetry curves of 
styrene/acrylonitrile/2,4,6-tribromophenyl methacrylate terpolymer 
( 0.5/0.3/0.2 mol ratio). 
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0 2 4 6 8 1 

BROMINE. W t  % 

FIG. 18. Dependence of the amount of 2,4,6-tribromophenyl meth- 
acrylate ( B r  wt%) [constant styrene and acrylonitrile (0.62/0.38) mol 
ratio] on the limiting index value of terpolymers. 
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