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ABSTRACT: The radiation-induced crosslinking of poly(2-phenylbutadiene) (PPB) in ethylene 
dichloride solution was studied in vacuum at 303 K. The G value of the crosslinking was estimated 
to be about 7.2. In order to detect the reaction intermediates under irradiation, optical absorption 
spectra in rigid matrices and ESR spectra in bulk were measured. The absorption spectra due to 
radical cation of PPB and due to cx,cx-disubstituted benzyl cation were observed in butyl chloride 
glass. ESR spectra owing to polyenyl type radical was found in the irradiated specimens of PPB and 
Diels-Alder type dimer of 2-phenylbutadiene. The primary processes in radiation-induced cross
linking of PPB were discussed on the basis of the results obtained. 
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EXPERIMENTAL 

Materials 

The radiation chemistry on diene polymers 
have been extensively investigated in recent 
years. 1•2 A large number of studies on tran
sient species produced in the polymers during 
irradiation have provided us with the funda
mental information on elucidating the 
mechanism of radiation-induced reactions. 
However, these studies have almost limited to 
the conventional diene polymers such as poly
butadiene and polyisoprene. 

In a previous communication,3 we reported 
that the crosslinking of poly(2-phenylbuta
diene) (PPB) occurred under irradiation in 
vacuum. The purposes of the present paper 
are to study the details of the crosslinking 
reaction and to detect the transient inter
mediates in y-irradiated PPB, being devoted 
to clarify the primary processes of the cross
linking. 

2-Phenylbutadiene was synthesized by the 
dehydration of the corresponding alcohol ob
tained by the Prins reaction of o,:-methylstyrene 
or by the Grignard reaction of acetophenone. 
PPB with high content of 1 ,4-structural units 
was prepared by an anionic polymerization 
with n-butyllithium. The microstructure of 
the polymer was determined by applying 
Ambrose's method4 and was found to be 88% 
of 1,4-units, 6% of 1,2-units, and 6% of 3,4-
units. Diels-Alder type dimer of 2-phenylbu
tadiene, which is formed during the storage of 
the monomer at low temperature, was purified 
by repeated recrystallization from methanol. 
Ethylene dichloride (EDC), sec-butyl chloride 
(BuCl), and bromobenzene (PhBr) were distil
led over calcium hydride before use. 
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Irradiation and Measurements 
All samples were degassed by several freeze

thaw cycles under high vacuum and then seal
ed off. Irradiation of the samples was per
formed with a 12000 Ci 6°Co y-ray source at 
the Research Reactor Institute, Kyoto Uni
versity. 

Experiments on the crosslinking of PPB 
were carried out at 303 K. The polymer con
centration in EDC solution was 1.2 g dl - i 

(9.2 x 10- 2 M based on the monomer unit). 
The apparatus used for evaluation of the 
crosslinking was composed of a cylindrical 
quartz tube with an attached capillary viscom
eter. After irradiation, the solution was pour
ed into a large excess of methanol and pre
cipitated polymer was recovered by filtration. 
Extraction of sol fraction in the irradiated 
polymer was made for 20 h in a conventional 
Soxhlet apparatus using toluene as a solvent, 

Optical absorption measurements in rigid 
matrices were carried out with quartz cell of 
2 mm path length at 77 K by using a Shimadzu 
MPS-SOL spectrometer. Photobleaching of the 
irradiated samples was achieved with a tung
sten lamp. ESR spectra were measured with a 
Varian E-3 X-band spectrometer at 77 K by 
employing l00kHz modulation at a micro
wave power of 1 mW. 

RESULTS 

Cross/inking of PPB 
The change in viscosity of PPB solution is 

represented in Figure 1 as a function of dos
age, where (t/sp/c)0 is the viscosity number of 
PPB solution before irradiation and (t/sp/c)0 is 
that at irradiation dose D. The viscosity of the 
polymer solution increased with an increase in 
the absorbed dose, indicating the occurrence 
of crosslinking. With further irradiation, the 
gel formation of PPB was observed as shown 
in Table I. The point at which an insoluble 
network first starts to form is called the gel 
point and the critical irradiation dosage at the 
gel point is termed the gelation dose (Yge1). 
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Figure 1. Ratio of (l/,p/C}0 /(l/,p/C}0 for irradiated PPB 
in EDC as a function of dose. Dose rate, 0.22 Mrad h - 1; 

temp, 303K. 

Table I. Relation between gel fraction of 
irradiated PPB and dose• 

Dose Gel fraction 
Exptl. No. 

Mrad % 

I 0.43 0 
2 0.76 2 
3 0.86 II 
4 1.08 30 
5 1.30 51 

• Dose rate, 0.22 Mrad h - 1; temp, 303 K. 

From the plots of experimental results in the 
form of log(sol fraction) against irradiation 
dosage, the value of fgel is generally deter
mined by extraporation of the sol-dosage 
curve to log(sol fraction)= 1. By applying 
this method to the results of Table I, the rgeI 

value in the present system was obtained to be 
about 0. 74 Mrad. 

Since the chain scission due to radiolysis in 
PPB under vacuum is estimated to be essen
tially zero, the G value for crosslinking, G(X), 
can be given by the following equation: 

G(X)=0.48 X 106/ygel X Mw (1) 

where fgeI is expressed as the unit of Mrad and 
M w is the weight average molecular weight of 
the polymer before irradiation.5 Although the 
relation between the viscosity and the molec
ular weight for PPB has not been known, M w 

was roughly estimated to be 9 x 104 by using 
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the viscosity equation for the copolymer of 
ethylene with C(-methylstyrene.6 Substituting 
the above values for }'gel and M w in equation l, 
the G(X) in the present system was obtained to 
be about 7.2. 

Optical and ESR Measurements 
A matrix of BuCl is often used to stabilize 

positive ions. The positive holes in the matrix 
upon irradiation migrate in the glassy matrix 
and form radical cations of solute molecules. 
Diels-Alder type dimer of 2-phenylbutadiene 
(I), which has a double bond conjugated with a 
phenyl group, was used as a model compound 
of l,4-structural unit of PPB. 

(I) 

The absorption spectra of y-irradiated BuCl 
glasses containing 0.05 M and 0.4 M of the 
dimer at 77 K are shown in Figures 2(a) and 
(b), respectively. Three absorption bands at 
370, 400, and 680nm were observed in both 
spectra and assigned to the radical cation of 
(I). In the case of higher concentration of the 
dimer, the spectrum shows an additional band 
at about 470nm. From an analogous con
sideration with y-irradiated C(-methylstyrene by 

(bl 

0 400 700 

Figure 2. Ab~orption spectra of irradiated 2-phenyl
butadiene dimer in BuCI matrix at 77 K. Dimer concn: 
(a) 0.05 M; (b) 0.4 M; total dose, 0.45 Mrad. 
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Irie et al.,7 the absorption band at 470 nm was 
assigned to the sandwich-type .dimer radical 
cation (II) proposed by Badger and 
Brocklehurst. 8 

or 

(II) 

The absorption spectrum of irradiated PPB 
in BuCl matrix are shown in Figure 3(a). The 
spectrum was rather vague and the peaks of 
species seemed to overlap with the bands due 
to the solvent cation at 380 and 540 nm.9 In the 
case of PPB, therefore, the absorption spectra 
were taken after photobleaching with a visible 
light. The photobleaching process facilitates 
the positive charge transfer from the solvent 
cation to the polymer, which weakens the 
absorption bands due to the solvent cation and 
enhances those of the polymer radical cation. 
The resulted spectrum (Figure 3(b)) has four 
absorption maxima at 380, 400, 465, and 
650 nm. On the basis of the assignment for the 
irradiated dimer, three bands at 380, 400, and 
650 nm are attributable to the radical cation of 
PPB and the band at 465 nm is due to the 
sandwich-type dimer radical cation. The ab
sorption band at 400 nm can be assigned to the 

O -400~--:ro~--E'ro---700-

Wovelengfh (nm) 

Figure 3. Absorption spectra of irradiated PPB in 
BuCI matrix at 77 K. (a) before photobleaching; (b) after 
photo bleaching; PPB concn, 0.09 M, total dose, 
2.70Mrad. 
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1X,1X-disubstituted benzyl cation of the polymer 
(Ill), because this cation is known to show an 
absorption peak at about 400 nm. 10 • 11 

The spectrum of }'-irradiated BuCI contain
ing higher concentration of PPB (0.36 M) is 
represented in Figure 4(a). Two new absorp
tion bands at 510 and 550nm were observed 
in addition to the four bands in Figure 3(b). 
These two bands were also observed in the 
absorption spectrum of irradiated PPB in 
PhBr glass at 77K (Figure 4(b)). By y-irra
diation of PhBr matrix, a phenyl radical is 
formed through a dissociative electron capture 
process and a hydrogen abstraction from a 
solute molecule by the resulted phenyl radical 
subsequently occurs even at 77 K. 12 In the case 
of PPB as a solute, hydrogen atoms on the 4th 
carbon atom of the monomer unit would be 
susceptible to the hydrogen abstraction, be
cause a resulted radical (IV) (phenyl
substituted ally! radical) is resonance stabilized 
and hence is reasonably stable at 77 K. 
Therefore, we tentatively assigned that the 
absorption bands at 510 and 550 nm are due to 
the radical (IV). Bodily and Dole13 reported in 
the study of irradiated polyethylene that sev
eral polyenyl radicals of the structure, -CH
(CH =CH)n-, show the absorption bands at 
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Figure 4. Absorption spectra of irradiated PPB in 
BuCI and PhBr matrices after photo bleaching at 77 K. 
(a) 0. 36 M PPB in BuCI; total dose, 0.67 Mrad. (b) 
0.20 M PPB in PhBr; total dose, 1.35 Mrad. 
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different wavelengths and the absorption 
maxima uniformly shift to longer wave
lengths with increasing the number of conju
gated double bonds. These results seem to 
support our assignment of 510 and 550 nm 
bands to the radical (IV). 

-CHz-C=CH-CH-

0 (IV) 

Figures 5(a) and (b) show ESR spectra of 
y-irradiated PPB and Diels-Alder type dimer, 
respectively. The spectra are singlet with no 
resolved hyperfine structure. Photobleaching 
procedures gave no effect either on the shape 
or on the intensity of these spectra. On warm
ing to room temperature, these spectra began 
to decay and immediately disappeared by ad
mitting air in the system. Similar singlet spec
tra were observed in irradiated polyisoprene 
as well as polybutadiene by many researchers 
and were assigned to ally! or conjugated poly
enyl radical. 14 The results of ESR measure
ments provide further evidence on the presence 
of allylic type radicals in the present system, 
although an ESR spectrum of the radical (IV) 
has not yet been reported. 

Figure 5. ESR spectra of irradiated dimer and PPB at 
77 K. (a) 2-phenylbu!adiene dimer; (b) PPB; total dose, 
5.13 Mrad. 
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DISCUSSION 

For irradiation of bulk elastomers in vac
uum at room temperature, comparatively 
small G(X) values ranging from 0.9 for natural 
rubber to 3-4 for polybutadiene were re
ported. 2 The G(X) value for synthetic high cis-
1,4-polyisoprene was also obtained to be ap
proximately equal to that for natural rubber. 
In these elastomers, the reaction mechanism of 
crosslinking has been established to proceed 
via the coupling of allylic free radicals formed 
during irradiation or the direct addition of free 
radicals to the double bonds in the main chain. 
In copolymers of butadiene and styrene, 
however, the introduction of styrene unit 
into butadiene chain leaded to a remarkable 
reduction in the G(X) value and this effect 
was attributed to the energy transfer from 
butadiene chain to styrene unit of greater 
radiation stability. 15 • 16 

In the present study, the G(X) value for PPB 
in EDC was estimated to be about 7.2. The 
crosslinking due to radical reactions would 
occur in irradiated PPB, because the presence 
of allylic type radicals were detected at 77 K by 
optical and ESR measurements. However, the 
radical mechanism is not sufficient to explain 

y-rays 

rv CH 2 0 CH -CH 2 l\fVv--+ 
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Hydrogen 
transfer 

the higher G(X) value in the case of PPB 
containing an aromatic ring in the monomer 
unit. 

One possible explanation for the present 
system is the contribution of ionic species. In 
contrast to the information available on the 
radical reaction, only a little is known about 
the ionic mechanism on the crosslinking of 
elastomers. Heusinger and his coworkers 
found that the radiation induced crosslinking 
and cyclization in 1,2- and 3,4-polyisoprenes 
and 1,2-polybutadiene are initiated by car
bonium ions produced by inter- and intra
molecular reactions of radical ions with 
double bonds. 17 - 19 Recently, Basheer and 
Dole reported that the contribution of ionic 
reactions to crosslinking in irradiated styrene
butadiene copolymers is about 25-35% of 
the total crosslinking yield. 20 

A similar situation in ionic reactions would 
also occur in the present system. On the as
sumption that the same intermediates obser
ved in optical and ESR measurements at 77 K 
are formed in the polymer solution at room 
temperature, the following scheme on the pri
mary processes of irradiated PPB can be 
proposed: 

e 
(a) 

(b) 
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The radical cations which escape from 
geminate recombination resulted from reac
tion (a) and the carbonium ion from reaction 
(c) will start the crosslinking through ion
molecule reactions with double bonds of other 
PPB chains. The presence of EDC as a solvent 
would facilitate the salvation and the stability 
of cationic species. The progress of crosslink
ing should reduce their flexibility and result in 
the increase of the sandwich-type dimer radical 
cation sites. Thus the crosslinking reactions of 
both cationic and radical mechanisms seem to 
proceed simultaneously in the present system. 
However, the extent of ionic contribution on 
the crosslinking still remains unsolved. 

In conclusion, a definite proof of ionic me
chanism in radiation induced crosslinking of 
diene polymers was obtained by using PPB as 
a sample. Such information would be great 
help in understanding the characteristics of 
polymer radiolysis. 
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