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Radiation-Induced Graft Polymerization 
in Emulsion Systems 

I;. ISHIGZTRE," K. YOSHIDX,T and V. T. STANNETT 

Department of Chemical Engineering 
North Carolina State University 
Raleigh, fjorth Carolina 27607 

4 B S T R A C T 

The ndiation-izduced polymerization of styrene was 
conducted under emulsion conditions in the presence of 
polybutadiene later in an attempt to induce grafting and 
the results were compared with the corresponding chem- 
icaily initiated system. The procagation rase constarits, 
i; for styrene estimated on the asscmption of the Smith- 

Ewart theory and the activation energies derived from 
the temperature dependence were found to be in good 
agreement with the values reported in the literature. 
The grafting efficiency was also measured and the 
results are discussed in association with the molecular 
weight of the polystyrene chains on the basis of a simple 
model. This is presented to explain some aspects of 
the experimental results and to give clearer ideas of 
the reactions involved. 
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8 14 TSHIGURE, YOSHIDX, AYD STXWETT 

Many papers have been published concerning polymerization in 
emulsion systems. Most of them, however, nave dealt with chem- 
ically initiated polymerizations. Reports on radiation- induced 
polgmerization in emulsion, on the other hand, have been com- 
paratively meager. In the present paper the polymerization of 
emulsified styrene conducted in the presence of pobjbucadiene 
latex in an attempt to graft styrene to polybutadiene is discussed. 
This system is of interest  from a practical point of view since it 
leads to high inpac t  polystyrene which is a composite consisting 
of a continuous polystyrene pixtse and a dispersed rubber phase. 
The degree of real  chemical bonding betTeen the po1yst:;rene and 
2olybutadiene units seems to be one of the important factors for 
the desired improvement of the properties of the impact poly- 
styrene. In t h s  investigation the ldnetic features and graiting 
efficiency are compared between radiation-induced and chemically 
initiated systems. 

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

Two b d s  of polybutadiene latices were used: one was prepaied 
by emulsion polymerization initiated by :/-rays a t  W C ,  and anccher 
was kindly supplied by tne Firestone Rubber Company. The pa r -  
ticle numbers contained in the irradiation samples were adjusted 
by the dilution oi the original latices. The properties of the o r i g i i l  
latices are Listed in Table 1. One of the important differences in 
the properties of these latices e-xists in the particle diameter. The 
particle diameters were measured by means of electron micro- 
scopy, the 'oromination technique being used to avoid the agglom- 
eration of the particles in the process of dr;ring the diluted lacex. 
?-Ray irradiation was carr ied out under nitrogen atmosphere with 
end-over-end agitation, and potassium persulfate was used as an 
initiator in the chemically initiated polymerizations. E-xtraction 
of homopolystyrene was conducted using cold methyl ethyl ketone 
as solvent. The intrinsic viscosity of the polystyrene was measured 
at 30'C in toluene, and molec*dar weights were calculated according 
to [ 11 

The solubility of styrene in polybutadiene particles was measured 
by the static centrifugation teciulique [ 21. 
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GRAFT POLYXERIZ.ITIOK I 3  ELIULSION S E T E h l S  815 

TABLE 1. Properties of Original Polybutadiene Latices 

7- Ray 
prepared latex SR-5937 Iatex 

Particle cimmeter GI 300 660 

polymer content iv;tcC) 8.5 34 

Sodium laurpl Dresinate 214 
sulfate N a  salt of rosin acids 

Amount of soap (wt%c, 2 2 

Gel content -0 -0 

RESULTS AND DISCUSSION 

Ln Fig. 1 the time-con;-ersion curves are shown for the radiation- 
initiated systems with diiferent particle numbers cf the latex prepared 
by ?-ray irradiation. In the systems containing higher numbers or' 
the particles the curves appear to be slightly conca-Je to the time 
ax is  at a rather early stage of polymerization, while in the system 
with the lowest p r t i c l e  number the conversion is linear with 
irradiation time until higner conversions. 

In Fig. 2 the conversions a re  plotted against reaction time for 
the polymerizations initiated by KaSa08. Both a t  40 and 50°C the 
conversions a re  linear with time up to 70-80% conversion. 

In Figs. 3 and 4 the kinetic curves a r e  given for the radiation- 
induced systems 1~1th the Firestone SR-5937 latex. Apparently 
tiduction periods a r e  found in the systems containing this Latex. 
Since it u.as not obsemed in the graft polymerizations using p r a y -  
prepared latex, the induction period can neither be attributed to 
t races  of oxygen residue which were not replaced by purging with 
nitrogen nor to impurities involved in styrene monomer. It may  
probably be due t o  some unidentified impurities included in the latex. 

Polymerizations were carried out at  a lower dose rate to examine 
the effect of radiation intensity on the polymerization rate. The 
results a r e  presented in Fig. 5. In Fig. 6 the time-conversion 
curves a r e  indicated for the chemically initiated graft polymeri- 
zations to the SR-5937 lacex. 
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a 16 ISHIGURE, YOSHXDX &XI STXWETT 

Irrad. time Mip 

F’IG. 1. The relation between the conversion or’ styrene polyrn- 
erized in the presence of r-ray-prepared Iacex and irradiation time. 
0.12 Mrad/hr. Monomer to aqueous phase ratio: 1/2. ((3’ 4O’C, 
N = 3.2 x loL3, ml H 2 0 .  ( 0 )  2 S C ,  N = 6.7 x lo”,  ml HzO. ( G )  25’C, 
N = 3.2 x loL5 ml Ht0. ( 0 )  2 5 T ,  N = 1.6 X loA’, rnl H2O. 

: 001 

I /  di 2 3 4 5 s 
2eact.ti-e q r  

F’IG. 2. Time-conversion curves for &S2O9-initiated grafting 
of styrene to y-ray-prepred Istex. N = 3.3 x lo1’, ml HtO. 
Monomer to aqueous phase ratio: 1, 2. -13) 5O’C, 0.5 wt% K2SzOe. 
(el SO’C, 1 wt% KzSzOa. (31 40’C, 0.9 wt% K2SoOe. 

It has been shown in some reports [ 3! 41 on the chemically 
initiated emulsion polymerization of styrene that  the Smith-Ewart 
theory (Case II) is applicabLe to systems. Morton et  al. [ 5, S] 
investigated the emulsicn pol-rmerization uf butadiene and found 
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lrrad. time qr 

FIG. 3. Time-conversion curves for  y-ray-initiated grafting 
of styrene to SR-5937 latex. 0.12 Mrad/hr. 25'C. Monomer to 
aqueous phase ratio: 1/2. ( 31 N = 3.2 x 10"; ml HzO. 
( 0 )  N = 6.6 X 1014, ml HrO. 

FIG. 4. Time-conversion curves for 7-ray-initlated grafting 
of styrene to SR-5937 latex. 0.12 Mraa, hr. 40'C. Monomer to 
aqueous phase ratio: 1,2. (3) N = 3.2 X ml HzO. 
( 0 )  N = 6.6 x lo1* ml HzO. 

that when a hydroperoxide-polyamine redox system was employed 
as the initiator, the Smith-Ewart theory can be applied to the 
process. It would seem to be of great interest to examine the 
applicability of the theory to the present system. 
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8 t a  ISHIGLTRE, YOSHTDA, &\ID ST-XSXETT 

Irrad. time Hr 

FIG. 3 .  Time-conversion curves €or  r-ray-initiated graftinq 
of styrene to SR-5937 lateax. 0.052 >had,  hr. Monomer to aqueous 
phase ratio: 112. ( 3 )  25'C, N = 3.2 X lO"/mI HaO. ( 0 )  4O"C, 
N = 3.2 x lo", ml HaO. ( 3) 40°C, N = 6.6 x lO",'ml HzO. 

? e x ! .  time -tr 

FIG. 6 .  The time-conversion curves for K2SnOs-initiated graiting 
of styrene to SR-3937 latex. KzSaOs, 0.5 wt%. Monomer to aqueous 
phase ratio: 1/2. ( 0 )  AO'C, -V = 3.2 X loi' rnl HzO. ( 3) 4O'C, 
N = 6.6 x loL4, ml HzO. ( 3  ) 50aC, ?J = 3.2 x lo", mi HaO. ( 9 )  S O T ,  
N = 6.6 X loL4, ml HzO. 

According to the Smith-Ewart theoq ,  the polymerization rate 
p e r  milliliter of water is given by 

N R = - k [ , M ]  
P 2 P  
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G R 4 F T  POLYMERIZATIOX Ilu' EMULSION SYSTEMS 6 19 

where N refers  to the number of the particles per milliliter of water, 
k to the propagation rate constant, and M to the monomer concentra- 

tion m the polymer particles. To  calculate the value of k from the 

kne t ic  data on the basis of Eq. (l) ,  it is essential to know the value 
of [ M] in the present systems. The solubility of styrene in poly- 
butadiene particles was estimated as follows. In the case of 
y-ray-prepared latex, 1 g of polybutadiene dissolves 3 . 7  g of 
styrene, corresponding to 6.8 moles. l i ter  of [ M]. On the other 
hand, 1 g of polybutaahene LII the SR-5937 latex dxsolves  3.8 g of 
styrene. corresponding to 6.9 moles. liter. It has been reported 
that the solubility of monomer in polymer particles increases 
with particle dmmeter [ 73. The difference in the solubility between 
the two latices seems to be plausible. 

The values of k calculated from the  initial slope of the kinetic 
P 

curves in Figs. 1-6 a r e  listed in Table 2. There are many values 
reported for k of styrene. The most reasonable ones obtained 

by Matheson et al. [ 81 are:  

P 
P 

P 

2S.C 46 l i ter  mole-' sec" 
40'C 63 
50°C 124 

In Table 2 the values of k a r e  almost invariable at 25°C in the 

7-rap-prepared latex and the SR-593'7 latex systems irrespective 
of the particle number o r  of the dose rate. Considering the rela- 
tively large e r r o r  involved in the measurement of the particle 
diamecer, the agreement may be considered as good in the systems 
initiated by y-radiation at 2S'C. In other systems. however, the 
situation is not so good as at 25°C. T h e  experimental values a r e  
generally smaller in the chenically initiated svstems, especially 
for the pray-prepared  latex. In the case oi the SR-3937 latex, 
the values of k calculared for the systems containing the larger  

P 
amount of the particles a r e  approximately half of the values for 
the corresponding systems with the smaller amount of the particles. 
It should be noted that the monomer to polymer ratio in the former 
systems is actually a little below the saturated sohbili ty value 
measured experimentally. Therefore, the calculation of k was 

achieved for these systems on the assumption that all monomer 

p 

P 
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GRAFT POLY?VIERIZXTIO~~' 0- EMULSIOK SYSTEMS 821 

charged is dissolved in the polybutadiene particles. This assumption, 
however, m a g  not be correct. The &fusion of monomer from mono- 
mer droplets to polymer particles becomes slower and slower as the 
monomer droplets become smaller and the monomer concentration 
in the polymer particles approaches the saturation value. Probably 
it will take a long time in this case for the polymer particles to be 
saturated with monomer. While in the .-ray-induced systems the 
ampoules were stored overnight before irradiation to saturate the 
polymer particles with monomer, in the chemical initiator systems 
polymerizations started after 1 - 2  hr  storage with frequent and 
rigorous agitation. Thus the smaller values of k observed for 

the experimental runs of the :higher particle concentration may 
result from the overestimation of the value of [ M I .  

The actiTation energy was calculated from the temperature 
dependence of k 

for the y-ray-prepared latex-KzS-Os system, a r e  in good agree- 
ment with reported values: 7.8 kcal, mole by Matheson et al. [ 81, 
'7.4-8.4 kcal. mole bp Morton et al. [ 3, 61 and 11.7 kcaljmole by 
Smith 3 j . The unusually high activation energy observed for the 

P 

As shown in Table 3, the values, except that 
P' 

TABLE 3. Calculated Values of Activation Eaergy (in kcal, mole) for 
the Propagation Reaction of Styrene 

;,-Ray initiation KZSZOE initiation 
~ 

:.-Ray prepared latex 9.4 

SR-5937 k t e x  8.3 11.0 

?-ray lates-K2SzOa system seems to arise from the low value of K 

obse-Ted at 4O'C, which may be explained by the transfer of the radi- 
cals out of the particles. The decomposition of KaSzOB is quite slow 
at this temperature, and the number of radicals produced is very 
low compared with the number of the particles. Consequently, the 
time interval between the entrances of two radicals into a polymer 
particle becomes so  long that the radicals 'a the particle have many 
chances to transfer to monomer molecules and probably the chance 
LO transfer out of the particle. This sination leads to a lower 

P 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



a22 LSHIGURE, YOSHIDA, X3D STAATETT 

radical number tkan one half of the number of the polymer particles, 
which is assumed in the Smith-Ewart theory to be equal to the radical 
number. 

The grafting efficiency, i.e., the fraction of grafted styrene to the 
total amount of styrene polymerized, was calculated from the axtrac- 
tion data according to 

where S stands for the total axiount of styrene polymerized, B f o r  
the amount of base polybutadiene, T for the amount of crude poly- 
mer, s for the fraction of the crude polymer soluble in cold methyl 
ethyl ketone, and x for the correction factor for the small solubility 
of polybutadiene in methyl ethyl ketone. 

fn Fig. 7 the values of Gr a r e  plotted vs the polymerization 
conversions under the various conditions for the 7- ray-prepared 
Iat&x systems. In Figs. 8 and 9 the same plots are given for the 
SR-5937 h t e x  systems. Though the points are somewhat scattered 
in all cases, it is a common trend that the values of G r  decrease 
wth increasing conversion. In the r - r ay -p rep red  hrex systems 
Gr ranges from 30 to SO%, vhile it is snialler in the 3R-5937 

ao i 

2oL '0 20 LO 85 80 1Co 

. c o  nv. 'L 

FIG. 7. Plot of the graiting per cent vs conversions for p r a y -  
prepared latex systems. (3) :'-ray initiation, 25'C, N = 6.7 x lO"/ml 
H1O. (0) p r a y  initiation, 25'C, N = 3.2 X 10'?ml H 2 0 .  (3) p r a y  
initiation, 40°C, N = 3.2 x lO'!'ml BOO. (3) KZSZOS initiation, 40"C, 
N = 3.2 10': rnl HaO. (6) K z S Z O ~  initiation, SOT, N = 3.2 x 10'; rnl 
HaO. 
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G R 4 F T  POLYMERIZATION IE EMULSIOX SYSTESIS 823 

FIG. 8. Plot of the grafting per cent vs conversions fo r  SR-5937 
latex systems urlth p r a y  initiation. ( 0 1  25>C, N = 6.6 x lo1¶, ml HrO. 
( 5 )  25'C, N = 3.2  X loi4, ml HzO. ( 0 )  40°C, N = 6.6 X lo", mi HzO. 
( 0 )  40°C, N = 3 . 2  X loL4, ml HzO. 

2 ;  23 LO 50 go 103 
Cmv. *I, 

FIG. 9.  Plot of the grafting per cent vs  cmversions for SR-5937 
latex systems with KtSrOa mitiation. 
( 3 )  40°C, X = 3.2 x 10" ml HzO. ( 0 )  50T, N = 6.6 x 
( Q )  50°C, iV = 3.2 X lo1*, ml HaO. 

40°C, N = 6.6 x 10i4,/ml HzO. 
ml HzO. 

latex systems. It is of interest to note that in Figs. 8 and 9 Gr is 
always higher in the higher particle number systems than in the 
lower particle number systems, if the other conditions are the 
same. Moreover, no tendency was observed of the radiation initia- 
tion having an advantage over the chemical initiation in regard to 
grafting efficiency. 

However, as will be shorn  later, the nigher radical fluxes readily 
obtainable with radiation initiation appear to lead to a larger  number 
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824 ISHIGbRE, YOSHIDA, AND ST-UXETT 

of shorter  grafted side chains. This could be of great advantage in 
subsequent applications. 

The molecular weights of extracted polystyrene measured by 
viscometry a r e  listed in Table 4 compared with those caIcuIated 
theoretically using the equations 

N Pno = kp[ M] 

1 1 ktrm 

'n 'no P 
- = - + -  

k 

where R is the rate  of the radical formation per miliiliter of water 
and ktrm is the rate constant of chain transfer to monomer. 

Generally, the agreement betveen the e-xperimentai results and 
the theoretical predictions is ra ther  good for the radiation-induced 
systems. On the other hand, in the case of the chemical initiator 
systems the experimecral v a b e s  a r e  smaller  than the theoretical 
ones, even if the chain transfar reaction is taken into account. 
This may be due partly to the actuall:: smal ler  values of ( M I  as 
mentioned before and partly t o  rhe radical transfer out of the 
polymer particles. 

to elucidate the reaction rnechanism and to explain some aspects 
of the e.uperimental results. It is assumed that the Smith-Exart 
theory is applicable to the present systems. Thus all radicals 
formed exclusively in the aqueous phase entsr the polymer 
particles, and the polymerization takes  place only in the  polymer 
particles. Immediately after entering a particle, a radical starts 
the polymerization reaction as a propagating radical and continues 
the reaction until it terminates i ts  lii2 through an essentially 
instantaneous reaction with the ne.A radical entering the particle. 
The lifetime of a propagating radical is decided by the ratio cf 
the polymer particle number to the rate a i  radical formation. 
and during the lifetime 3 propagating radical has only CTO p s -  
sibilities: reactions with the double bonds in monomer iReaction 7 )  
and reaction with the double bonds in polybutadiene (Reaction 3).  
There may be anocher possible reaction such as cham transfer 
reaction to polybutadiene molecule (3 ' ) .  However, this is not so 
important a problem. If Eq. ( 8 )  is meant to imiude ncc onby the 

A simple model of the grafting reaction is considered in order  D
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826 ISHIGURE, YOSHDA, .LYD STUXETT 

addition reaction but also the chain transfer reaction to polybucadiene, 
the model is rather easy to deal with by using only Eqs. (5;-(10). 

w 

R. 

P- 

P- 

- C. 
C 

P 

P. 

t M -P- 

c M k P *  
P 

+ CH- P + c* 

=-here W refers  to a water molecule, R to an initiating radical, ? to 
a propagating radical, and k and k refer  to the rate constants of 

P q 
the corresponding reactions. 

If p and q a r e  defined a3 the probabilities of the reaction O P  a 
propagatbk radical with monomer (propagation process) and of the 
reaction with polybutadiene ~grar'tinq process), respecti-Jelg, then 

p + q = 2  (111 

The probability 5 by which a radical entering a polymer particle 
reacts with potybutadiene one OF more times during its lifetime 
according to the Eq. (8) is expressed as 

where n is the number of the repeating propagation and grafting 
processes which one radical e-xperiences during i t s  Lifetime, 
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G R A F T  POLYAIERIWTIOS I3 EMUISI0.h; SYSTEMS 827 

corresponding to the kinetic chain length or  the number-average 
degree oi polymerization of the polystyrene chain. It is easily 
shown that the graftir'g efficiency, Gr is equal to the  probability g. 

n G r = g = l - p  (13) 

Remenbering that 0 < p < 1, the above e-upression leads to the 
important conclusion that the grafting efficiency increases with 
increasing n, that is: increasing degree of polymerization of the 
polvscyrene chain. This seems to explain one aspect of the experi- 
mental results satisfactori!p. The time interval between the 
entrances of two successive radicals into a polymer particle 
increases with increasing particle number if the ra te  of the 
radical formation is constant. Hence the grafting efficiency is 
higher in the systems with the larger  number of the particles if 
other conditions a r e  the same. 

The probability q is e-upressed using the rate consrants k and 
k as follows. P 
9 

where (PB; is the concentration of the reaction sices of polybutadiene 
in the particles. Csuallp the f i rs t  term in the denominamr is m w h  
larger than the second term. Then q is given approximately by 

A s  the reaction proceeds, (PB1 decreases in two ways. that is, by 
the dilution of polybutadiene with formed polystyrene and associated 
styrene monomer, and by the consumption of the reaction sites,  the 
former b e k g  much more predominant. It iollows that q and, con- 
sequently, G r  decrease uith increasing conversion, as already seen 
in Figs. 7-9. 

radicals a r e  formed esciusiuely in the aqueous phase. In the case 
The foregoing discussion is based on the assumption that all 
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828 ISHZGCRE, YOSHIDIDX, .WD ST-UXETT 

of the radiaticn initiation, however, radicals a r e  also produced on 
polyburadiene molecules through the direct interaction of radiation 
with polybutadiene, though the number of such radicals is ordinarily 
Trery small  in comparison with the number of radicals produced in 
the aqueous phase. The radicals formed on polybutadiene c u l  
possibility make a contribution to the grafting process. Therefore, 
if the rate oi radical formation on polybutadiene is not negligible 
compared with the rate  oi radical entrance into a garticle, then a 
higher grafting efficiency is e-qected for the p r a y  hit iation than 
for the chemical initiation. As already described, no tendency of 
the radiation initiation increasing the grafting efficiency was 
observed. On the contrary, it apparently reduces the  graiting 
efficiency in some cases. However, it should be noted that in the 
chemically initiated systems the lifetime of propagating radicals 
is quite long on account of the low decomposition rate  of the initiator 
a t  these temperatures. The apparent high grafting efficiencies may 
be attributed to the long liferime of the propagating radicals. 

In Table 3 a r e  shown the vaiues of the Famne te r  q' calcdated 
according to Eqs. (17) and (18) with the use or' the measured degrees 
of polymerization. 

1 
n log p = - l o g 1  - G r )  

log p' = 1 log(1 - Gr) 
'n 

q ' = 1 -  P' 

116) 

(17) 

(18) 

In order  to find out whether the radicals formed on polIibutadiene 
make 3n i.xporcant contribution to the grafting process, it is essen- 
tial to exc!ude che effect of molecxlar weight oi  polysPjrene c h i n s  
on the grafting sificiency, and the parameter q' seems to be suitable 
for this pxpose.  In Table 5 no apyreciable diiference is seen 
between the q' values in the p r a y  initiation and the chemical 
initiation, which means that under the present e-Werimencal cm-  
ditions the number of radicals produced on polybutadiene by the 
direct interaction of radiation is negligibly small compared :vith 
the number of radicals entering the particles from the aqueous 
phase. 
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The consideration of G-values oi radical formation malies the 
situation clearer.  The G-value of radical formation in the aqueous 
phase is assumed to be 6 in this work, and the racio of polybucadiene 
to water was taken to be about 1, 12 in most oi  the e.xperimenta.1 
runs. If the G-value of radical foraat ion on polybutadiene is 
assumed to be about 1, the rate of radical entrance from the 
aqueous phase to the particles is about 70 cimes a s  large as the 
rate of radical formation on polybutadiene. 

the order  of 10". As (31) was taken to be a t  most 10 t imes a s  
Large as (PB), k , k is estimated to be nearly of the order  of lo-'. 

As indicated in Table 3, the parameter q' is approximately of 

P 9  
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