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ABSTRACT

Styrene was copolymerized with 2,3-dibromopropyl acrylate,
2,4,6-tribromophenyl acrylate, or pentabromophenyl acrylate

in either aqueous emulsion, dimethylformamide, or benzene
solutions with a free radical initiator, and the thermal and
flammability properties of the resulting polymers are described.
The reactivity ratios of the monomers and the initial reaction
rates for homopolymerization and copolymerization reactions in
benzene were established. The monomer reactivity ratios were
found to depend slightly on the reaction medium. The reaction
rates for both homopolymerizations and copolymerizations
increased in the order styrene < 2,3-dibromopropyl acrylate

< 2,4,6-tribromophenyl acrylate < pentabromoacrylate. The
thermal stability of the polymers, determined from TGA and DTG
measurements, showed that poly(2,4,6-tribromophenyl acrylate)
and its styrene copolymers were the most stable and the copoly-
mers of styrene with 2,3-dibromopropyl acrylate had the best
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flame-retardant properties as was demonstrated by limiting
oxygen index measurements.

INTRODUCTION

Free radical polymerizations and copolymerizations of substi-
tuted acrylic esters have been studied extensively [1] . The reactiv-
ity of alkyl acrylates and methacrylates depends strongly on the
polarity of substituents in the molecule and less on their steric posi-
tions [2]. Halogenated acrylic esters show similar reactivities in
homo- and copolymerization reactions [3] .

The rate of polymerization is generally faster for the acrylates
than for the corresponding methacrylates, but electronegative substi-
tuents in the a-position to the ester group have a retarding influence.
Recently, copolymers of halogenated acrylic esters with other vinyl
monomers have attracted special attention because they can be used
for the improvement of flammability characteristics [4]. Relatively
little has been published about polymerization and copolymerization
reactions of aromatic bromine-substituted acrylic esters and the
properties of these compounds. Some work dealing with homopoiym-
erization of brominated phenylacrylates and methacrylates [ 5] and
the copolymerization of these monomers with styrene [ 6] or acrylo-
nitrile [7] has been reported. It was shown that the reactivity ratios
in these reactions depended upon the solvents used [6] . Most of the
end use properties of these copolymers have been described in the
patent literature [8, 9].

This paper details the copolymerization characteristics of styrene
with 2,3-dibromopropyl acrylate, 2,4,6-tribromophenyl acrylate, or
pentabromophenyl acrylate, and discusses some properties of the
copolymers obtained, particularly their thermal and flammability
behavior.

EXPERIMENTAL
Materials

Styrene was washed with 5% aqueous sodium hydroxide solution,
dried, and distilled under nitrogen at 10 mm before use. The initiator
was used in the emulsion experiments was analytical grade potassium
persulfate (Merck Chemical Co.) and the emulsifier was purified
grade sodium dodecylbenzene sulfonate (Allied Chemical Co.).
Azobisisobutyronitrile (AIBN) was recrystallized from methanol.
Solvents were purified in the usual manner.
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Pentabromophenol and 2,4,6-tribromophenol (Aldrich Chemical
Co.) were reprecipitated from benzene solutions into methanol, mp
92-93 and 225-226°C, respectively.

2,3-Dibromopropyl acrylate (Great Lakes Chemical Co.) was
distilled under nitrogen at 0.3 mm and the middle fraction was
collected [bp 93°C, nD3°= 1.5220 (Ref. 10, n_2° = 1.5220)].

Measurements

Infrared spectra were recorded on a Perkin-Elmer spectro-
photometer Model 147 from films cast from chloroform solutions
onto sodium chloride plates. 3C-NMR spectra were recorded on a
Varian-CFT 20 spectrometer with complete proton decoupling, and
'H-NMR spectra were measured on a 90-MHz Varian EM-90 spec-
trometer. The measurements were carried out at room temperature
on 10% solutions in deuterated chloroform with TMS as internal
standard. Thermogravimetric analyses (TGA, DTG) were carried
out with a Perkin-Elmer TGS-2 and DSC-2 instrument in a nitrogen
atmosphere and at a heating rate of 10°C/min.

The limiting oxygen index measurements were carried out with a
Stanton-Redcroft FTA instrument on films cast from methylene
chloride solutions (20 wt%) onto glass plates. The films were dried
for 24 h at ambient temperature and then for another 16 h at 0.1 mm
and 25°C and were finally cut into strips of 80 x 6.5 mm,

Intrinsic viscosities were measured on a Cannon-Fenske capillary
viscometer No. 100 in toluene at 30°C.

Procedures

Bromophenyl Acrylates (BPhA). 2,4,6-Tribromo-
phenyl acrylate (TBPhA) and pentabromophenyl acrylate (PBPhA)
were prepared by the condensation of acryloyl chloride with the
appropriate brominated phenols according to Schotten-Baumann,
following a modified literature procedure { 5, 11].

2,4,6-Tribromophenyl Acrylate (TBPhA). Overa
period of I h, solutions of acryloyl chloride (30 g, 0.33 mol) in 30
mL of dry methylene chloride and of triethanol amine (33.3 g, 0.3
mol) in 30 mL of methylene chloride were added dropwise and simul-
taneously to a stirred solution of 2,4,6-tribromophenol (115 g, 0.3
mol) and hydroquinone (0.1 g) in 250 mL of methylene chloride, cooled
in an ice-water bath. Stirring was continued for 6 h at room tem-
perature, then the solid was separated by filtration. The solution
was washed with water and a sodium dicarbonate solution, then dried
with sodium sulfate, and finally the solvent was evaporated. The
residual crude product was recrystallized from petroleum ether
giving 84 g (72% yield) of white crystals, mp 75.,5-76°C.
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Analysis: Calculated for CeHsO2Brs: C, 28.09; H, 1.31; Br,
62.29%. Found: C, 28.23; H, 1.15; Br, 62.09%.

The '‘H-NMR spectrum showed a singlet at & 7.9 ppm (aromatic
nucleus) and multiple signals at 6 6.1-6.9 ppm (vinyl group). The
BC-NMR spectrum for the side chain showed the following signals:
=CH. (0134.25 ppm), =CH- (0 126.16 ppm), -COO- (6 161.36 ppm),
and for the aromatic ring: C-1 (6 145.36 ppm), ortho C-2,6 (6 118,32
ppm), meta C-3, 5 (6 134.54 ppm), and para C-4 (5§ 119.68 ppm).

Pentabromophenyl Acrylate (PBPhA). For the syn-
thesis of PBPhA the same synthetic method as described for TBPhA
was used but with toluene as the solvent, and the crude product was
recrystallized from ethyl acetate giving white, flat crystals in 76%
yield, mp 153°C.

Analysis: Calculated for CoH:0:Brs: C, 19.92; H, 0.56; Br,
73.63%. Found: C, 20.12; H, 0.55; Br, 73.75%.

The 'H-NMR spectrum showed multiple signals at & 6.1-6.9 ppm
(vinyl group).

The “*C-NMR spectrum for the side chain showed signals for:
=CH, (6134.89 ppm), =CH- (6 126.06 ppm), —COO~ (5 161.34 ppm),
and for the aromatic ring: C-1 (5 146,63 ppm), ortho C-2,6 (6 121.00
ppm), meta C-3,5, (6 128,35 ppm), and para C-4 (5 126.89 ppm).

Polymerization Procedures

Emulsion polymerizations were carried out under a constant
stream of nitrogen in a 100-mL, double-jacketed glass reactor
equipped with a mechanical stirrer. A mixture of 50 g (2 wt%) of an
aqueous solution of sodium dodecylbenzene sulfonate and 5 g of mono-
mer was placed in the reactor which was thermostatted to 60°C
(¥ 0.2°C). The emulsion was purged with nitrogen for 30 min before
potassium persulfate (0.01 g) was added. The degree of conversion
was determined on samples which were withdrawn at regular inter-
vals and precipitated into methanol.

Homopolymerizations of brominated monomers in benzene or
dimethylformamide solutions were carried out in 20 mL glass polym-
erization tubes. Typically 10 mL of the monomer solution (0.345
mol/L) mixed with AIBN (20 mg) was degassed by three freeze thaw
cycles and then sealed at 0.1 mm., The tube was placed in a constant
temperature bath at 70°C for 1 to 5 h, and after opening the contents
were poured into 50 mL of methanol. The solid was collected by fil-
tration, washed with methanol, and dried at 65°C and 0.1 mm. The
same procedure was used for the copolymerizations with styrene.

RESULTS AND DISCUSSION

Copolymerization Reactions

The free radical copolymerizations of styrene (St) with 2,3-
dibromopropyl acrylate (DBPA) or 2,4,86-tribromophenyl acrylate
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My + My

FIG. 1, Copolymerization of 2, 3-dibromopropyl acrylate (M) with
styrene at 60°C in emulsion ( ® ), benzene ( & ), and dimethylform-
amide ( ® ).

(TBPhA) were performed in aqueous emulsion as well as in benzene or
dimethylformamide solutions. Because of the low solubility of penta-
bromophenyl acrylate (PBPhA) in St, this reaction was run only in
solution.

The composition of the copolymers which were obtained at low
conversions was determined by bromine analysis. The influence of
the molar fraction of brominated monomer (M,) in the initial mono-
mer mixture on the composition of the resulting copolymer is shown
in Figs. 1, 2, and 3. In all cases, the plot of monomer-copolymer
composition shows a marked tendency toward alternating copolymeri-
zation with the azeotropic composition near 50 mol% for TBPhA and
about 40 mol% for DBPA.

Using the Kelen-Tiidds mean square relationship [ 12] and confi-
dence intervals [ 13] , we calculated the reactivity ratios (Table 1)
from the experimental data, For the copolymerization of styrene
with TBPhA or PBPhA in benzene solution, good agreement was
found with reported data [ 6]. The monomer reactivity ratios depended
slightly on the reaction medium, i,e., water versus benzene or DMF,
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FIG. 2. Copolymerization of 2,4,6-tribromophenyl acrylate (M:)
with styrene at 60°C in emulsion (@ ), benzene ( @ ), and dimethyl-
formamide ( ® ),

The reactivity ratios found were related to the polarization (e) and
to the resonance effect (Q) in the Alfrey-Price scheme. As seen,
both parameters increase as the amount of bromine in the monomer
increases.

The tendency to form alternating styrene/brominated acrylic ester
copolymers was also confirmed by the polymerization rates as deter-
mined in benzene solution, The amount of copolymer formed from St
with the three brominated acrylic esters at the same feed composition
(styrene 95 mol%) and under identical reaction conditions was deter-
mined. The results (Fig. 4) showed that the initial rate of reaction
increased in the order St < DBPA < TBPhA < PBPhA. Homo-
polymerization reactions of the monomers followed the same trend
(Fig. 5). The polymerization rates for the brominated monomers
were about 10 times higher than those for styrene. Also, an increase
of the polymerization reaction rate was observed with increasing
polarity of the monomer. It is important to note that poly(PBPhA) is
slightly soluble in benzene, therefore the conversion/time polymeri-
zation plot for this monomer is somewhat irregular.
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FIG. 3. Copolymerization of pentabromophenyl acrylate (M) with
styrene at 60°C in benzene ( ®) and dimethylformamide ( @ ).

Solution viscosity measurements of poly(St-co-BPhA) and poly(St-
co-DBPA), obtained from benzene solution polymerizations, showed
only a slight decrease in viscosity if the content of brominated mono-
mer in the copolymer was low (Fig. 6). However, if the content of
bromine-monomer in the feed was high, then the solution viscosity
was reduced more as demonstrated by the copolymers of DBPA with
St (Fig. 7). This is probably due to chain transfer reactions in the
growing chain, either from a monomer or from the polymer chain,
?inc]:e this is a general tendency for bromine-containing monomers

14].

Thermal Stability and Flammability

The thermal stabilities of the homopolymers of the BPhA's,
DBPA, and of their copolymers with St were determined by TGA
and DTG measurements, and flammability tests were carried out by
limiting oxygen index measurements.
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FIG. 4. The initial rate of copolymerization of styrene (95 mol%)
(a) with 2,3-dibromopropyl acrylate (b), 2,4,6-tribromophenyl acry-
late (c), and pentabromophenyl acrylate (d) at 60°C in benzene with

AIBN.

Conversion (%)

100‘1

—
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w
1

5
Time (h}

FIG. 5. The rate of homopolymerization of 2,3-dibromopropyl
acrylate (o), 2,4,6-tribromophenyl acrylate (® ), pentabromophenyl
acrylate (e ), and styrene ( ¢) at 70°C in benzene with AIBN,
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FIG. 6. The influence of the copolymer composition of styrene with
2,3-dibromopropyl acrylate ( ¢ ), 2,4,6-tribromophenyl acrylate (),
and pentabromophenyl acrylate ( ), obtained in benzene, on the
inherent viscosities in toluene at 30°C.
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05 [

20 30 40 50 60
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FIG. 7. The influence of the composition of poly(styrene-co-
dibromopropyl acrylate), obtained in benzene, on the intrinsic
viscosities in toluene at 30°C.



20: 15 24 January 2011

Downl oaded At:

COPOLYMERS OF STYRENE 847

100
80 4
£ 60
5
(3
2
40 4
204
.-'vv-n--"-.-.:_____-:_”— -_—:—:
100 200 500 600 700

Temperature (°C)

FIG. 8. Thermogravimetric analysis of polystyrene (a), poly(2,3-
dibromopropyl acrylate) (b), poly(2,4,6-tribromophenyl acrylate)
(c), and poly(pentabromophenyl acrylate) (d) in nitrogen.

Spontaneous decomposition of the homopolymers (Fig. 8) starts
in the temperature range 285 to 330°C, i.e., at temperatures which
are 20-60°C below the decomposition temperature of polystyrene.
Some residue at the end of the fast decomposition region indicated
that depolymerization to volatile monomers had not been complete.

The higher stability of poly-TBPhA compared with poly-DBPA is
probably due to the stronger C—Br bond in the aromatic compound.
However, higher bromine content as in poly-PBPhA promotes faster
decomposition. Figure 8 shows the weight loss of styrene/brominated
acrylate copolymers with increasing temperature [ 15], and the data
obtained from the thermograms are summarized in Table 2. In
contrast to the TGA-curve of poly(St-co-TBPhA) (Fig. 10), the
thermogravimetric curves for the decomposition of poly(St-co-DBPA)
(Fig. 9) and poly(St-co-PBPhA) (Fig. 11) have two regions of rapid
decomposition, separated by the inflection Point C.

Point A in Fig. 9 marks the beginning of the fast decomposition
region and Point B marks 50% weight loss of the sample of poly(St-co-
DBPA) from the onset of heating to Temperature C. The temperature
readings at the end of the second region of rapid decomposition (at
Point C') and for 50% of the weight loss of the sample (at Point B') in
the Region C to C' are given in parentheses in Table 2. Thermo-
gravimetric curves tracing the decomposition of these copolymers
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FIG. 9. Thermogravimetric analysis of poly(styrene-co-2,3-
dibromopropyl acrylate) (molar ratio 69.0/31.0) in nitrogen.
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FIG. 10. Thermogravimetric
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FIG. 11, Thermogravimetric analysis of poly(styrene-co-penta-
bromophenyl acrylate) (molar ratio 57.6/42.4) in nitrogen.
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FIG. 12. The influence of the content of the brominated monomer
(Br wt%) on the limiting oxygen index of poly(styrene-co-2,3, -dibromo-
propyl acrylate) (e ), poly(styrene-co-2,4,6-tribromophenyl acrylate)
( ® ) and poly(styrene-co-pentabromophenyl acrylate ( e ).
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and the data from Table 2 suggest that both the polystyrene and the
brominated monomer sequences contribute to their thermal stability
characteristics.

Results of the flammability properties, as determined by limit-
ing oxygen index measurements of styrene copolymers with bromi-
nated acrylic monomers, are shown in Fig, 12, There are marked
differences in efficiency between poly(St-co-DBPA), a bromo-aliphatic
copolymer, and the bromo-aromatic copolymers. This is in agree-~
ment with previous reports that the former are thermally less stable
than the latter because of differences in the strength of the carbon-
bromine bond, and this results in a faster release of hydrogen bro-
mide from the bromo-aliphatic copolymer. Qualitatively similar
results have been reported for other aliphatic versus aromatic
bromine systems [16] . However, opposite findings have been re-
ported for unsaturated polyester resins [17].
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