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synopsis 
Graft copolymerization of natural rubber and MMA was carried out in the presence 

of Bz202 or AIBN as thermal initiator and hydrogen peroxide or benzophenone as 
photosensitizer. From the overall copolymerization product, the rubber-PMMA graft 
copolymer fraction was isolated from unreacted rubber and free PMMA fractions and 
composition characterization of the separated fractions was done by determination of 
rubber unsaturation. The efficiency of grafting under different conditions has been cal- 
culated and compared. 

INTRODUCTION 
The graft copolymerization of methyl methacrylate (MMA) with 

natural rubber provides a unique system involving a naturally occurring 
polymer and a synthetic polymer, in that it can be carried out in solution, 
in emulsion using the latex rubber or by swelling the rubber in bulk mono- 
mer, by thermal or photochemical means with or without sensitizers, or by 
mechanochemical Characterization of the copolymerization 
product depends largely on an elaborate and precise separative procedure 
which would separate the unreacted rubber hydrocarbon and the free 
poly(methy1 methacrylate) (PMMA) from their graft copolymer. 

Selective extraction and fractional precipitation have been usually 
employed in order to separate the overall graft copolymerization product 
to the above three polymeric entities and ozonolysis, has generally been 
employed6,6 in determining the composition of the graft copolymer frac- 
tion. Perbenzoic acid oxidation or infrared spectroscopy has also been 
used for the analysis of rubber in the ~opolymer.~ In this paper we report 
the results on the composition characterization of natural rubber-PMMA 
graft copolymerization products prepared under varied conditions. Our 
results are based on the above separative procedure and on a simple method 
of determination of rubber unsaturation by additive bromination. 

* Present address: Department of Chemistry, Rensselaer Polytechnic Institute, 
Troy, New York. 
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EXPERIMENTAL 

Materials 
Pale yellow crepe (natural) rubber of 93.7% assayed hydrocarbon 

content and intrinsic viscosity of 3.7 dl./g. in toluene solution at 30°C. 
was used in all experiments without any purification and processing. 
Stabilized MMA was freed of stabilizers and dried by the usual procedures 
and was distilled under reduced pressure before use. 

Polymerization Procedure 

Rubber solution of known concentration in toluene, known amounts of 
an initiator (benzoyl peroxide, BzzOz, or azobisisobutyronitrile, AIBN, 
both recrystallized) and MMA were mixed together in clean Pyrex tubes 
which were then sealed under vacuum. Some experiments were done in 
nitrogen atmosphere, and they showed no appreciable difference in poly- 
merization rate. I n  some experiments a known amount of rubber was 
allowed to swell in a fked volume of the monomer containing the catalyst 
for about 24 hr. in the dark at  room temperature under nitrogen atmosphere 
and then the contents were sealed under vacuum. Polymerization was 
allowed to proceed at a specified temperature for a specified time and was 
arrested by precipitating the whole polymer in a large excess of methanol. 

MMA containing hydrogen peroxide (HzOz), mhich was extracted in 
MMA from 30% hydrogen persxide by the method of Nandi and Palit,* 
was also used with rubter solution in toluene; polymerization was carried 
out at 30°C. in sunlight under nitrogen. Some polymerization experi- 
ments under nitrogen were also done in presence of ultraviolet light in a 
system containing known amounts of rubber, MMA, and benzophenone, 
the latter being used as a photosensitizer.9 

Separation of the Graft Copolymerization Product into Constituent 
Polymeric Entities 

The polymers precipitated in methanol were filtered after long standing 
(>15 hr.), washed with methanol, and dried at 4045°C. in vacuum and 
weighed. A sample of this dried polymer will be termed gross polymer. 
The gross polymers were separated into unreacted rubber, rubber-PMMA 
graft copolymer, and free PMMA fractions by a method of selective ex- 
traction and fractional precipitation similar to that described by Allen 
and Merrett'O with some modifications. 

Free soluble rubber was extracted from a known amount of the gross 
polymer with a benzene-petroleum ether (b.p. 80-100°C.) mixture at 
room temperature for 24 hr. and then at 4045°C. for about 1 hr. About 80 
ml. of the solvent mixture was used per gram of gross polymer. The ratio 
of benzene to petroleum ether was adjusted and the maximum percentage 
of benzene used was 50%. When a large proportion of rubber was present 
in the graft copolymer, a much lower percentage of benzene was used 
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(25-35%), as a 1 : 1 mixture of the solvents caused part of the graft co- 
polymer to dissolve, which was evidenced by the cloudy or turbid nature of 
the extract. When the extract made with 1 : 1 solvent mixture was cloudy 
or turbid, the right proportion of the two solvents was attained by slowly 
sdding just enough petroleum ether so as to clarify the solvent phase on 
stirring and standing. After extraction with the solvent mixture, the 
residual polymer was treated successively with 20 ml. portions of petroleum 
ether of boiling range 60-80°C. and 40-60"C. under reflux to remove the 
last traces of free soluble rubber. All these extract solvents were mixed 
together and evaporated under vacuum at near room temperature. The 
residue left after evaporation was the free soluble rubber. 

After extraction of the free soluble rubber, the residual polymer was 
dried and weighed and was then dissolved in benzene to give an apparently 
clear solution (2-5%) and was fractionally precipitated with methanol 
at room temperature. On addition of 2-5 ml. of methanol a very faint 
turbidity appeared, and the solution wm centrifuged (8000 rpm) at this 
stage for 15-20 min., and a very small amount of crosslinked, insoluble 
rubber was usually found to separate out. More methanol was slowly 
added with stirring to the decanted centrifugate until flocculation of the 
graft copolymer just started. The system was then coaled by 5-10°C. 
for 10 min. and then allowed to stand at room temperature. The graft 
copolymer fraction was thus completely separated. The clear super- 
natant solution did not show an increase in turbidity on further addition 
of 0.5-1 ml. methanol. It was then decanted out and the last (free PMMA) 
fraction was precipitated out with a large excess of methanol and a little 
petroleum ether. 

The separated polymer fractions were all dried in vacuum at 40°C. and 
weighed. Known amounts of these fractions (except the insoluble free 
rubber fraction) were then dissolved in benzene and brominated by the 
modified bromination method of Gowans and Clark," iodine bromide in 
carbon tetrachloride being used as the reagent. The method of bromina- 
tion and isolation of the product have been described else~here.1~ This 
has been found to be a method of exclusively additive bromination at 
rubber unsaturation, and the gain in weight on bromination was used to 
calculate the rubber hydrocarbon content in a given Pure 
PMMA gave no increase in weight on treatment with the brominating 
solution. The spectrophotometric method12 developed in our laboratory 
for the determination of traces of rubber unsaturation (the method being 
based on the color reaction between brominated rubber and phenol) was 
used to check the separative procedure and the rubber content of some of 
the graft copolymer fractions. 

RESULTS AND DISCUSSION 
Tables I-IV show the results of graft copolymerization and subsequent 

composition characterization experiments. Almost all gross polymer 
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GRAFT COPOLYMERIZATION 

TABLE I1 
Effect of Variation of Monomer Concentration and Temperature on Graft 

Copolymerization* 

1607 

Grafting efficiency, % Wt. rubber 
hydrocarbon, Volume, Tempera- 

System g. MMA, ml. ture, "C. EM ER 
A 0.0674 0.5 60 56.6 52.8 

0.0674 1 .0  60 42.7 63.2 
0.0674 2.0 60 55.1 72.3 

0.0707 3.0 60 60.4 68.2 
0.0707 3.0 70 77.8 95.0 
0.0707 3.0 80 54.0 96.0 

B 0.0707 3.0 45 No polymer formation 

a Initiator, Bz202, 0.0056 mole/l.; time of polymerization, 5 hr.; total volume (rubber 
solution + MMA), 7 ml. 

TABLE I11 
Effect of Variation of Rubber Concentration on Graft Copolymerization" 

Wt. rubber 
hydrocarbon, g. 

Grafting efficiency, '% 

Em ER 
0.0958 
0.1901 
0.2860 
0.4770 
0.7610 

58.4 
53.9 
75.9 
82.9 
81.9 

79.2 
68.2 
46.0 
46.0 
45.9 

MMA, 3 ml.; toluene, 4 ml.; temperature, 60°C.; Bzz02, 0.0056 mole/l.; time of 
polymerization, 6 hr. 

TABLE I V  
Ultraviolet-Induced Graft Copolymerization of Natural Rubber and MMA in Presence 

of Benzophenone as Sensitizer* 

Grafting efficiency, % 
Time of 

polymerization, hr. E M  ER 

4 66.8 42.7 
6 81.6 50.0 
9 89.0 62.5 

Rubber hydrocarbon, 0.0937 g.; MMA, 5 ml.; benzophenone, 0.055 mole/l. based 
on MMA; temperature, 30°C. 

samples were found to contain some free unreacted rubber. The grafting 
efficiency based on rubber ER is expressed as the percentage of total rubber 
hydrocarbon appearing in the graft copolymer and that based on PMMA, 
EM is expressed as the percentage of total PMMA appearing in the co- 
polymer. 

The amount of insoluble rubber obtained in most of the experiments 
was rather small, and precise determination of the insoluble form of rubber 
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in the gross polymer was not attempted in all the experiments. The in- 
soluble rubber separating out at the early stage of fractional precipitation 
with methanol was centrifuged out and was usually rejected. 

During thermal polymerization catalyzed by Bz202 in the presence of a 
fixed low concentration of rubber, E M  values increase with time in the 
beginning and then level off or decrease, while ER values show a con- 
tinuously increasing trend over the same overall period of polymerization 
(5 hr.) (Table IA). The effects of variation of initiator (BzzOz) concentra- 
tion, monomer concentration, and temperature on graft copolymer forma- 
tion are shown in Table IB and Table 11. Under the given conditions in 
Table IIB, the E M  values pass through a maximum of about 80% at nearly 
70°C. and then fall off with further rise in temperature, while ER values 
rise much more sharply with rise in temperature at the beginning and then 
level off at nearly 100% ER value in the higher temperature range. In- 
creased proportions of rubber in an otherwise fixed condition enhance 
retardation of polymerization, and EM values show an increasing trend 
while ER values follow the opposite trend (Table 111). 

It has been reported earlier6J0 that when AIBN is used as the initiator, 
formation of rubber-PMMA graft copolymer is insignificant or negative. 
Our observations stand in contradiction to this. We have been able to 
isolate graft copolymer in significant quantities in AIBN-initiated systems 
under the conditions given in Table IC, although the grafting efficiency 
( E M  or ER) is much less than that observed in equivalent experiments with 
Bz20z as the initiator. 

Hydrogen peroxide, when used as a photoinitiator in presence of sunlight, 
yields graft copolymer with relatively low grafting efficiency (Table ID, 
but benzophenone, when used as the photosensitizer in presence of ultra- 
violet light in a system of rubber swelled in MMA, yields graft copolymer 
with relatively high grafting efficiency; in this case EM values are much 
higher than corresponding E R  values (Table IV) . Appreciable unreacted 
free rubber appears in insoluble form, particularly with increasing period 
of photosensitization in presence of benzophenone. In the absence of 
benzophenone very little graft copolymer is formed. When dilute toluene 
solution of rubber (2-4%) is used in presence of benzophenone and MMA 
and the system placed in ultraviolet light, little polymerization is ob- 
served in about 5 hr. 

The separative procedure for the gross polymer products has been found 
to be reproducible. Precise separation of graft copolymer fractions from 
free PMMA fractions was easily checked by testing for the color reaction 
between the respective brominated samples and phenol. For free PMMA 
samples the color test was negative or negligible. 

It appears from composition characterization experiments, based on 
determination of rubber unsaturation, that very little unsaturation in 
rubber is lost; it is assumed that in the crosslinked free rubber fraction, 
however small, unsaturation is not lost to any significant extent. 

The NMR spectra of a purified natural rubber sample, a pure PMMA 
sample (initiated by BzzOz at 6OoC.), and a purified natural rubber-PMMA 



GRAFT COPOLYMERIZATION 1609 

graft copolymer of 17.3% rubber hydrocarbon content as determined by 
bromination method (graft copolymerization initiated by Bz20z at 60°C.) 
are shown in Figure 1. The spectra were taken with about 15% solution 
of the polymers in deuterochloroform in a Varian A-60 NMR spectrometer. 
The proportion of methylene, methoxy, and methyl protons of the co- 
polymer, calculated and observed, are given at the top of the spectrum of 
the graft copolymer, the NMR analysis being based on calculation of areas 

c ALCVLATED ObSERvFD 
PROTON ( N M W  

C H 2  
C H,O 1.00 t.00 

1.077 I .  065 

c H 3  1.307 1.308 A RUBBER- PMMA 
GRAFT 

CQPOLY M E R  

'PURIFIED NATURAL RUBBER C H 3  

I I 1 I I 1 1 
6 5 4 3 2 1 0 

Fig. 1. NMR spectra of natural rubber, PMMA, and the graft copolymer. 

PPM ($1 
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under respective peaks given by the signal integrator of the Varian A-60. 
The calculated and observed values are in good agreement. 

Mechanism 
Our results on BzzOz-catalyzed graft copolymerization are in agreement 

with those of Scheele and Rhodela on rubber vulcanization. Loss of un- 
saturation is very slight,14 and in some cases it may be within the limits of 
experimental error; the amount of crosslinked rubber formed is also rela- 
tively small. The ratio x of bound PMMA to free PMMA in the grafting 
experiments is generally much higher than the same calculated on the 
basis of grafting reaction, being entirely due to transfer reaction between 
growing PMMA chains and isoprene units of the rubber chains; e.g., under 
experimental conditions of Table IA the value of x calculated on the basis 
of the transfer reaction alone is about 0.12, but the observed values range 
from 0.18 to 1.5. Thus it is indicated that transfer reaction has only a 
minor contribution, if it contributes at all, to the formation of graft co- 
polymer. Graft copolymer formation thus appears to be primarily due to 
polymer growth on isoprenyl radicals, -CH-C (CH3)=CH-CH2-, 
formed in the system by the abstraction of relatively labile hydrogen 
atoms of a-methylene groups in rubber chains by the primary radicals 
derived from Bzz02.13 

Likewise, in AIBN-catalyzed systems the observed ratio of bound 
PMMA to free PMMA is much higher than that calculated on the basis 
of transfer reaction. This indicates that primary or secondary radicals 
derived from AIBN abstract a-methylenic hydrogens from rubber chains 
to a significant extent to give rise to radical sites for the growth of PMMA 
grafted chains in presence of MMA. A rubber-MMA system with AIBN 
as the catalyst, when placed in ultraviolet light at room temperature, gave 
a hard product within 2-3 hr. which could not be properly characterized 
due to its near insolubility in benzene or other common solvents. In view 
of the disproportionation reaction of primary isobutyronitrile radicals,15 
their reported reactivity toward halogenated benzenes,16 and absence of 
significant initiator effect” in graft copolymerization of vinyl acetate and 
PMMA, the reactivity of isobutyronitrile radicals or unstable reaction 
products derived from them [dimethyl-N-(Zcyan0-2-propyl)ketenimine] 
with rubber molecules would not be altogether unexpected. Hammond 
et a1.18 reported that the ketenimine intermediate formed in the decomposi- 
tion of AIBN easily reacted by a free-radical mechanism with mercaptans 
and halogenated compounds. Although graft copolymer has been isolated 
in AIBN-initiated systems, our experiments show that the effectiveness of 
AIBN in producing rubber-PMMA graft copolymer is much less than 
that of BzZ02, and this is perhaps due to higher stability of the isobutyro- 
nitrile radicals due to resonance than the benzoyloxy radicals. 

Formation of graft copolymer in the photosensitized systems presumably 
takes place by the same mechanism as above. Formation of higher propor- 
tions of insoluble rubber in the presence of benzophenone appears to be due 
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to significant crosslinking of natural rubber induced by ultraviolet light 
and aided by the presence of the photosensiti~er.~ 
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R&Umb 
La copolymerisation greffb du caoutchouc nature1 et du mkthacrylate de methyle a 

BtB effectub en pr6sence de peroxyde de benzoyle ou d’asobisisobutyronitrile comme 
initiateurs thermiques et de peroxyde d’hydrogbne ou benzophBnone comme photo- 
sensibilisateurs. Au depart du produit de copolymhisation totale, la fraction de co- 
polymbre greffe caoutchouc-PMMA a BtB isol& et dparBe du caoutchouc qui n’a pas 
rBagit et des fractions de PMMA libre et la caracthisation de la composition des dif- 
fBrentes fractions dparbes a BtB effectube par la dBtermination de l’insaturation en 
caoutchouc. L’efficacitb de greffage dans diverses conditions a B t B  calculee et com- 
parBe. 

Zusammenfassung 
Die Pfropfcopolymerisation von MMA auf Naturkautschuk wurde in Gegenwart von 

Bz202 oder AIBN als thermische Initiatoren und Wasserstoffperoxyd oder Benzophenon 
als Photosensibilkatoren durchgefuhrt. Im Bruttocopolymerisationsprodukt wurde die 
Kautschuk-PMMA-Pfropfcopolymerfraktion vom nicht umgeseteten Kautschuk und 
den freien PMMA-Fraktionen isoliert und die getrennten Fraktionen durch Bestimmung 
ihrer Kautschukdoppelbindugen in Bezug auf die Zusammensetzung charakterisiert. 
Die Pfropfausbeute wird fur verschiedene Bedingungen berechnet und verglichen. 
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