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Solid-state Polymerization of Acrylonitrile 
Induced by LilHe Recoil Particles at Low 
Te m pera tu re 

YONEHO TABATA* 
D6partement d e  Physico-Chimie 
Service d e  Physico-Chiwie Appliqu6e 
Centre d'Etudes NuclBaires de Saclay 
Saclay, France 

SUMMARY 

Solid- state polymerization of acrylonitrile induced by reactor 
radiation, including recoil particles from a nuclear reaction of 
lOB (n, a) 7Li, was  carried out at  low temperature. I t  was observed 
from the experiments that the effect of the recoil particles on poly- 
merization is significant. The effect is characterized by cross- 
linking of polymers produced, and formation of trans-vinylene and 
C=C bonds conjugated with a bond CEN group in the polymerization 
during irradiation. 

INTRODUCTION 

In a previous paper [11, the solid-state polymerization of acrylo- 
nitrile a t  low temperature induced by reactor radiations was report- 
ed. The contribution of thermal neutrons to polymerization was  not 
so important. In this paper solid-state polymerization induced by 
recoil particles (Li/He) from a nuclear reaction of 1°B (n, or) 7Li is 
reported. 

The polymerization of various vinyl monomers in the liquid state 
ihduced by the Li/He recoil particles has been reported by Henglein 
et al. [2]. But solid-state polymerization induced by the recoil par- 
ticles has not been studied. 

*Present address: Department of Nuclear Engineering, Univer- 
sity of Tokyo, Tokyo, Japan. 
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932 Yoneho Tabata 

EXPERIMENTAL 

Acrylonitrile monomers and methanol were dried and distillated. 
Boric acid was used as a source of B. The solubtlity of the boric 
acid in the monomer is very small at an ordinary temperature. 
Therefore, the boric acid was dissolved into mixtures of acryloni- 
trile and methanol. The alcohol solution of the monomer (5. 5 ml 
monomer + 1.5 ml methanol) was always employed. The concentra- 
tion of boric acid to the monomer was 0, 1,2,4, and 7 wt. Yo. 

The monomer solution containing boric acid was introduced into 
an aluminum ampoule. The ampoule was prepared as described in 
a previous paper [l]. Irradiation was carried out in a cryogenic ves- 
sel installed in a M6lusine reactor [3]. The intensities of flux of 
thermal and fast  neutrons were determined by nuclear reactions of 
N i  and Co with neutrons. The measurements were carried out in 
five different positions inside the container of ampoules. The re- 
sults are given in Table 1 for 80 min of irradiation. 

Table 1. Measurements of Flux Intensities of Neutrons 

Flux of fast neutrons Flux of thermal neutrons 
Position (> lMeV), 1015 n/cm2 (2200 m/sec), 1015 n/cm2 

10.2 
8.25 
8.10 
9. 55 
11.0 

35 
35 
35 
35 
35 

The flux of fast neutrons can be taken to be 2.0 x 1012 n/crnz/sec 
and the flux of thermal neutrons 7.3 X 1012n/cm2/sec. The inten- 
sity of y rays  was 9.7 X 107 rads/hr. To know the effect of y rays  
only, some experiments on the solid-state polymerizations of mono- 
mers  containing boric acid induced by y rays  from 6OCo were car-  
ried out. Because, in solid-state polymerization, the effect of ad- 
ditives on the crystal and crystalline structure of monomers is very 
important. 

The contents of isotopic lOB is 18.83% for the total boron quantity 
in H3B03. In the monomer solution including 1 wt.% H3B0, for the 
monomer, 15.4 x 1018 lOB atoms are included in 1 ml of the solu- 
tion. 
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ESIlMATION OF D06E RATE 

The energy deposition to the solid acrylonitrile by fast neutrons 
(2.0 x 1012 n/cmz/sec) was calculated to be 2.38 x 107 rads/hr. 
The energy-deposition rates  in the solid monomers by the nuclear 
reactions 14N (n, p) l4C and 1H (n, y )  2D were estimated to be 
4.8 x 106 rads/hr and 3.0 x 105 rads/hr, respectively. The rates 
with the nuclear reaction lOB (n, a) 7Li was 1.15 X 107 rads/h for 
the solid monomer containing 1% H3B03. The total dose rates  were 
calculated and a re  shown in Table 2. 

RESULTS 

The relations between polymerization yield and irradiation time 
a r e  shown in Fig. 1 and 2 in the case of y irradiation. As is obvious 
from the figures, the rate of polymerization decreases by adding 
boric acid and methanol, and the effect of the boron concentration on 
the polymerization is very small. 

5 

0 
0 1 2 3 4 5 6 7 

IRRADIATION TIME (hrs  1 

Fig. 1. y ray-induced solid-state polymerization of acrylonitrile in 
the presence of methanol and boric acid (21.4 ~ 0 1 . 7 ~  methanol added). 

Dose rate: 9.53 X lo5  r a d d h r .  
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Fig. 2. y ray-induced solid-state polymerization of acrylonitrile. 
Dose rate: 9.53 X 105 rads/hr. 

The relations between polymerization yield and irradiation time 
in the reactor experiments a re  shown in Fig. 3,4, and 5. In the 
initial stage of polymerization, there is a great difference between 
the pure monomers and a mixture of the monomers and methanol, as 
observed in the y ray irradiation. This may be due mainly to the 
change of crystalline state caused by the addition of methanol. 

I I 1 

0 100 200 300 

Fig. 3. Relations between conversion and irradiation dose in poly- 
merizations induced by reactor radiations. 0, pure monomer;., 

monomer in presence of methanol. 

IRRADIATION DOSE ( M r a d )  
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936 Yoneho Tabata 

From Figs. 4 and 5 it is obvious that the polymerization yield in 
the presence of boron decreases gradually with the irradiation dose 
after the initial stage, and then the conversion increases quite 
rapidly. This acceleration phenomenon has not been observed in our 
experiments with monomers without boron. 

In the y-ray-induced polymerization, the effect of boron concen- 
tration on the polymerization was examined. The results a r e  shown 
in Fig. 6. The effect is not so distinguished as far a s  the polymeri- 
zation yield is concerned. 

0 50 100 150 
IRRADIATION D O S E  ( M r a d )  

Fig. 4. Polymerization induced by He/Li recoil particles. Relations 
between conversion and irradiation dose. 0,1% H,BO,;O , 2% H,BO,. 

0 50 100 150 200 250 

IRRADIATION DOSE ( Mr ad 1 

Fig. 5. Polymerization induced by He/Li recoil particles. Relations 
between conversion and irradiation dose. 0 , 4% H,BO,;O, 7%H3B03. 
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I 0 3h15" 

5*00 

93 7 

1 1 1 1 I 1 I 1 I 

0 1 2 3 4 5 6 7 
CONCENTRATION OF HsB03 (5%) 

Fig. 6. Effect of boron concentration on the y-ray-induced solid- 
state polymerization of acrylonitrile. The relations between the con- 

version and the concentration. Dose rate: 9.53 x 105 rads/hr. 

The relations between conversion and concentration of boron in 
the solid system are shown in Figs. 7 and 8 for Li/He recoil-induced 
polymerization. It is obvious from the figures that the conversion 
increases with boron concentration in a region of low concentrations, 
while the conversion decreases in a region of higher concentrations. 

5 

4 -  c." 
3 .- 
J 

, , 
0 

0 5 10 
H3B03 ( w t  % )  

Fig. 7. Effect of boron concentration on the Li/He recoil-particle- 
induced solid- state polymerization of acrylonitrile. Irradiation time: 

5 min. 0 ,Conversion; 0,  gel contents. 
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938 Yoneho Tabata 

The polymers obtained in the presence of boron were partially 
not soluble in dimethylformamide, unlike the polymers obtained from 
pure monomers. The gel contents of the polymers a r e  also shown in 
Figs. 7 and 8. The concentration dependences of the gel contents 
were very similar to those of conversion. 

1 I d -  

H,BO,(wt % )  

Fig. 8. Effect of boron concentration on the Li/He r coil-particle- 
induced solid- state polymerization of acrylonitrile. Irradiation time: 

80 min. 0, Conversion; *, gel contents;@, swelling degree. 

For polymerization performed during 80 min of irradiation, the 
swelling degree of polymers is plotted against the boron concentra- 
tion, as shown in Fig. 8. The degree of swelling decreases rapidly 
with boron concentration. 

Infrared spectra of polymers obtained from the polymerization 
of mixtures of monomer and methanol a r e  shown in Fig. 9. Absorp- 
tions at  1610 and 2210 cm’l were observed, and the intensity in- 
creases with the irradiation time. This is due to the irradiation with 
fast neutrons. 
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Solid-State Acrylonitrile Polymerization 939 

Fig. 9. Infrared spectra of polymers obtained from a mixture of 
acrylonitrile and methanol. Irradiation time: 5,10, and 80 min. 

An infrared spectrum of polymer obtained from monomers con- 
taining boron was compared with one from pure monomers. A large 
difference between the two spectra was not found. 

Electron spin resonance spectra of polymers, obtained in various 
conditions, have been measured, using a IS-band spectrometer. It 
was observed in the measurements that appreciable amounts of con- 
jugated double bonds exist in the polymers, and that the quantity of 
the double bonds and the half-width of the signal of electron spin 
resonance depend on the boron concentration. 

DISCUSSION 

As  reported inaprevious paper [ 11, polymers obtained in the poly- 
merization of pure monomers induced by reactor radiation were 
always soluble in dimethylformamide, whereas polymers obtained by 
Li/He recoil particles and other associated radiations were partially 
not soluble, a s  shown above. The gel content and the swelling de- 
gree depend on the boron concentration and the irradiation time. 
This is clearly due to the irradiation effects induced by Li/He re-  
coil particles. 

In solid monomers containing 1% H3B03, the number of 1OB 
atoms is 15.4 X lo1* per gram, and the number of monomers 3.93 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
2
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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x 1022 per  gram. As the flux of thermal neutron is @ = 7.3 X 
n/cm2/sec,the number of fissions of boron atom is calculated to be 
7.3 X 1010 per gram per second. Therefore, one can expect that 
one fission takes place for each 1.8 X 1010 monomers for 5 min of 
irradiation. 

The recoil 4He particle has an energy of 1.47 MeV, and the 
range in solid acrylonitrile is estimated to be 3.28 X 10-4 cm. 
Therefore, the mean linear energy transfer is 45 eV/ii. 

the particle is l O A ,  and that the monomer crystals in a cylindrical 
region within a radius of 100 %, from the center of the track can be 
deformed by the track formation, the volume of zone affected by the 
recoil He4 particles can be easily calculated. For 5 min of irradia- 
tion with 1% H,BO, concentration, 2.3% volume of the monomer sys- 
tem can be influenced by the recoil 4He particles. 

When the volume of the deformed region becomes large enough 
and the value arrives at  a threshold value, an enhanced deformation 
of the crystal matrix may be expected. For  a long period of irradia- 
tion, many active centers a re  accumulated in the system at low 
temperature. The acceleration of polymerization in a later stage 
may be explained by such reasons. 

The formation of gel is due to the branching or  cross-linking of 
polymers. Such a phenomenon has never been observed in polymeri- 
zations induced by other radiations. It seems that the polymeriza- 
tion takes place partially in a locally melted region produced by 
Li/He recoil particles. 

The decreases in both gel contents and swelling degree in a 
region of higher concentrations of boron may be due to degradation 
of the network polymers into small fragments by Li/He recoil 
particles. The formation of trans-vinylene and conjugated C- N 
groups may be due to the irradiation effect of fast neutrons on the 
polymers. 

Although the electron spin resonance spectra of polymers ob- 
tained from pure monomers or  the mixture with methanol are very 
narrow, in the range 7 to 11 g, the spectra of polymers obtained by 
the Li/He recoil-induced polymerization are reIatively broad, This 
indicated that the length of conjugated double bonds is not very long, 
probably due to the irregularity of polymers. Since the polymeri- 
zation is considered to proceed in a locally melted region, the stereo- 
regulation may not be possible. 

Assuming that the radius of the melting region along the track of 

CONCLUSION 

Solid-state polymerization of acrylonitrile induced by Li/He re- 
coil particles at low temperature was carried out by using a cryo- 
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Solid - State A cry loni tri le Poly rnerizati on 941 

genic device in a reactor. The solid monomers containing methanol 
and boric acid were irradiated at  - 196°C. 

1. In the initial stage of the polymerization, the conversion was 
lower in the presence of boric acid than with pure monomers, while 
in the later stage of polymerization, the conversion increases very 
rapidly with irradiation time, and the yield of polymerization was 
much higher than with pure monomers. It may be due partially to 
the accumulation of a great amount of active centers, partially to 
the degradation of crystal structure by Li/He recoil particles and 
also by bombardment of fast neutrons. The change of thermal con- 
ductivity due to the polymer formation may also play an important 
role for the acceleration phenomena. 

2. A decrease in yield in the region of high concentration of 
H3BO3 was observed and is probably due to the degradation of mono- 
mer  crystals and the polymer produced. In the case of y ray-induced 
polymerization, the yield increases slowly with concentration. 

3. The polymers obtained were not soluble in dimethylformamide, 
unlike the polymers obtained from polymerization of pure monomers. 
This is due to the branching and cross-linking of polymers. It 
seems that the polymerization takes place in a small  hot zone pro- 
duced by Li/He recoil particles. The formation of branching and 
cross-linking polymers has never been observed in solid-state 
polymerization of acrylonitrile with other radiations under irradiation. 

4. The degree of swelling of the polymers decreases with boron 
concentration. This indicates that the cross-linking density increas- 
es with concentration. In spite of the increase of the degree of 
cross-linking, the gel quantity decreases with increasing the con- 
centration. These facts indicate that the cross-linking polymers 
were degradated into small fragments by Li/He recoil particles. 

5. The formation of conjugated CE N bond and trans-vinylene 
structure was observed, as in the case of the polymerization of pure 
monomers. This may be due to the recoil effects of fast neutrons. 

in the polymers obtained. 
6. Appreciably great amounts of f ree  radicals have been observed 
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