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Solid-State Polymerization of Acrylonitrile
Induced by Reactor Radiation

YONEHO TABATA*

Déparitment de Physico-Chimie
Service de Physico-Chimie Appliquée
Centre d'Eludes Nucléaives de Saclay
Saclay, France

SUMMARY

Radiation-induced solid-state polymerization of acrylonitrile
at low temperature is reported. It is pointed out that the rate of
polymerization may be extremely rapid in the initial stage of
polymerization in comparison with those induced with other radia-
tion sources, that the effect of fast neutrons is significant in the
polymerization, and that formation of both trans-vinylene and C=C
bonds conjugated with C=N groups can be observed only in poly-
merization initiated with reactor radiation.

INTRODUCTION

Investigations on radiation-induced solid state polymerization
of acrylonitrile have been reported by several workers [1]. But
studies onthe effects of linear energy transfer (LET) and the energy
of radiations for the polymerization have not yet been reported
except for a few experiments [2]. Mixed strong radiations, com-
posed of fast neutrons, thermal neutrons, and y rays, can be obtained
using a nuclear reactor as a radiation source. The effects of the
fast neutrons, thermal neutrons, and y rays, which have a broad
energy spectrum on the polymerization, are very interesting from
the viewpoint of LET studies. In this paper, the polymerization of
acrylonitrile at 2 low temperature induced by the reactor radiation
is reported.

*Present address: Department of Nuclear Engineering, Univer-
sity of Tokyo, Tokyo, Japan.
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EXPERIMENTAL

Acrylonitrile monomers were dried by NaHSO, and distilled
two times under ordinary pressure. The distillated monomers
were introduced into an aluminum ampoule (Fig.1). The ampoule
was shielded mechanically under vacuum. The monomer ampoules
were irradiated in a reactor (Mélusine CEA-G, 2 MW), The irra-
diation was carried out using a cryogenic rig (irradiation facility)
installed in the swimming-pool type of reactor. The flux of fast neu-
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Fig.1. Preparation of ampoules. The ampoule was shielded under
1073 to 10™4 mm Hg.
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trons was 2.1 x 1012 n/em2/sec (> 1 MeV), the flux of thermal
neutron, 1.7 x 1013 n/em2/sec, and the flux of y rays 9.1 x 107
rads/hr. The intensities of fast and thermal neutrons were deter-
mined by foil activations of Co and Ni. The outline of the cooling
device for the irradiation is shown in Fig. 2. The details of the
procedure have been reported by Bochirol et al, [3].

After irradiation, the irradiated monomer ampoules were kept
at liquid-nitrogen temperature for 20 to 40 hr to eliminate the
radioactivity and to prevent postpolymerization, the ampoule was
opened under cooling, and methanol was introduced immediately.
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The yield of polymerization was determined gravimetrically.
The viscosities of polymers obtained and the infrared spectra of
polymers were measured. Electron spin resonance spectra of
polymers were also measured.

i
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/Al.Ampule

Nuclear Reactor
Fig.2. Schematic diagram of the cryogenic irradiation facility.

Radiation Intensity and Elevation of Temperature Inside the
Ampoule

To estimate the total deposited energy, the contributions from
fast neutrons, thermal neutrons, and y rays should be taken into
consideration. Assuming the mean neutron energy to be 1 MeV,
and considering the cross sections of H, C,and N nucleons to be
3.0,2.0, and 1. 8 barns [4] for the neutron energy, the deposited
energy into the solid acrylonitrile can be calculated to be 2.5 X
107 rads/hr.

The absorbed dose rate by the thermal neutrons is attributed
partially to the (n,y) reaction of hydrogen atom. The cross section
of hydrogen atom for thermal neutron is 0. 33 barn, the kinetic
energy of recoiled deuterons from the nuclear reaction is 1. 4 keV,
and the kinetic energy is absorbed in the system and about 1% of
energy of the induced y rays is absorbed. Therefore, the dose rate
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is estimated to be 7.0 x 105 rads/hr as the contribution from the
nuclear reaction of hydrogen atoms. The contribution of the

14N(n, p)14C reaction to the absorbed dose rate can be estimated
to be 1.4 x 107 rads/hr. Finally, the intensity of y rays determined
by the calorimetry was 9.1 x 107 rads/hr. Therefore, the total
absorbed dose rate was 13.1 x 107 rads/hr. This corresponds to
0.276 W/g.

The temperature elevation inside the ampoule during irradiation
is a very important problem in these kinds of experiments. The
heat conductivity of organic compounds at low temperature is be-
lieved to be in a region 1/1600 to 1/1200 (cal/cm-sec-°K). The
temperature distribution inside the ampoule was calculated, assum-
ing an infinite long cylindrical model for the sample (Fig. 3).

dr

Fig.3. Infinite cylindrical model.

In a2 homogeneous radiation field, the rate of energy deposition
can be assumed to be equal in all parts of the sample. Let the rate
of energy deposition be q, (cal/sec-cm3), the conductivity be K
(cal/sec/cm/°K), and the temperature at r be ® (°K). In a steady
state, the following differential equation is obtained:

dz2 1 do
oLt 4 do

- —_ =0
drz r dr K

As the boundary conditions,
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Resolving the differential equation, we get the following solution:

_ quz r2
6“60‘"K[(§> -

© R2 r\?
il =14+ Yo 1 [=
©, 4KO, R
The mean value of the internal temperature is given by
2
o =0, + %8
6K

The total energy deposition q, by fast neutrons, thermal neutrons,
and y rays is 0. 276 W/g, that is, 0. 065 cal/g/sec.
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Fig. 4. Temperature distribution inside the ampoule.

The thermal conductivity of aluminum at —160°C is 0.514 (cal/
sec/cm/°K). The value is 103 times greater than organic solids.
To estimate the internal temperature of the sample, the effect of
the aluminum wall (the thickness is 0.5 m/m) can be neglected.

The temperature in the center of the ampoule is —145°C, and
the average temperature of monomers is —162°C. The transition
point of the solid monomer is in the region —120 to —140°C.
Actually, the polymerization proceeds below the transition tem-
perature (Fig. 4).
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RESULTS AND DISCUSSION

The relation between the conversion and the irradiation time is
shown in Fig.5. The intensities of fast neutrons, thermal neutrons,
and y rays are high enough that after 5 min of irradiation conver-
sion of monomers proceeds at a very high rate. It is thus not pos-
sible to know accurately the initial stage of polymerization.

The polymerization behavior was compared with that induced by
y rays and electron beam. This is shown in Fig. 6. It is known that

CONVERSION (%)
[~

— L

0 50 100 150
IRRADIATION TIME (min)

Fig.5. Relation between conversion and irradiation time. Irradia-
tion was carried out using an irradiation vessel in a liquid-nitrogen
bath.
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Fig.6. Comparison of the conversion-irradiation dose relation-

ship in the reactor experiments with other experimental results:

1, reactor radiation; 2, 60Co y rays, 6.5 x 104 rads/hr; 3, 4, elec-

tron beam from Van de Graaff (2 Mev), 3 x 10% rads/sec for

rapidly cooled monomers; 5, electron beam from Van de Graaff
{2 Mev), 3 x 105 rads/sec for annealed monomers.
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the rate of polymerization is profoundly affected by the crystal and
crystalline structure of monomers. The figure shows that these
effects are very significant in the case of electron irradiation
(curves 3, 4,and 5). It seems that the initial rate of polymerization
is most rapid in reactor irradiation, compared with other cases.
This is not due to intensity effects because the radiation intensity
is much higher in electron irradiation than in pile irradiation. This
is probably due to the broad spectrum of energies of y rays {0 to

7 MeV).

The figure also indicates that conversion decreases with irradia-
tion time. These phenomena have never been observed in other
radiations except for polymerization in the later stages of poly-
merization induced by extremely high energy protons [5]. This is
mainly due to the effect of fast neutrons, by which the crystal mono-
mers and polymers formed are degraded.

The results of viscosity measurements are shown in Fig.7. Vis-
cogity was measured in dimethylformamide at 35°C. The results
suggest that the molecular weight of polymers decreases more
rapidly in pile irradiation than in others. It is also due to the deg-

o Co 60 y—RAYS
o ELECTRON BEAM
e IN PILE

-
-
-

Mrads

Fig.7. Relations between intrinsic viscosity and irradiation dose
in polymerization induced by three different kinds of radiation
sources
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radation of polymer chain lying in the monomer crystals by fast
neutrons and by recoil deuterons and protons produced inside the
sample by nuclear reactions of hydrogen and nitrogen nucleons
with thermal neutrons.

For neutron bombardment, the mean energy of the primary knock-
on T is given by the following equation [6]:

T = f2M;M,/(M; + M,)2E

Here M, is the mass of neutron, M, the mass of an atom of the
sample, F the mean energy of the bombarding neutrons,and f a fac-
tor correcting for anisotropy and inelasticity in fast neutron
scattering. For a carbon atom f is taken as 0. 84,and a nominal
value of f = 2/3 may be employed.

For 1-MeV neutron bombardment, the mean energies of the pri-
mary knock-on T for the each element are calculated as follows:

Ty = 0.33 MeV
Te = 0.12 MeV
Ty = 0.10 MeV

The mean number of displacements per primary displaced atom
becomes

7= I
~ 2Eq
where Eq is a threshold value for displacing an atom and is taken
as 25 eV in most cases.

The mean number of atoms displaced per unit volume by heavy
particle bombardment, Ng, is given by

Ng=¢ndvt

where ¢is the flux density,t the time of bombardment, n the number
of atoms per unit volume in the specimen, and 6 the cross section
per atom for collisions that produce displacements.

As a first approximation, the number of displaced atoms can be
calculated using v. The energy loss by ionization was not taken into
consideration.

For solid acrylonitrile, the number of monomers per gram is
1.14 x 1022 and the numbers of C,N, and H atoms are 3. 42 x 1022,
1.14 x 1022, and 3. 42 x 1022 atoms/g.

Assuming that the average energy of fast neutrons is 1 MeV, the
numbers of displacements of carbon, nitrogen, and hydrogen are
3.4 x 1014,2,8 x 1014, and 14 x 1014 atoms/g-sec, respectively.
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Therefore, the total number of displacements of the atoms is
2 x 1015 atoms/g-sec, as a first approximation.

This value is overestimated because the energy loss by ioniza-
tion is neglected. Also, it is possible for the hydrogen atom to dif-
fuse in the solid monomer at this temperature, and so the displaced
hydrogen atoms are not fixed in a definite position. It seems that
the real displacement atoms may be in the region of 1 to 5 x 1014
atoms/g-sec.

For an irradiation of 80 min, the number of defects becomes
5x 1017 to 2.5 x 1018 atoms/g. This indicates that 0. 025 to 0.005%
of atoms were displaced by the bombardment of neutrons.

It is possible that the interstitial atoms deform the crystal lat-
tice in an appreciably long distance. As a result,bombardment by
fast neutrons can have a great effect on the solid monomer system,
that is, the deformation and degradation of crystals and the chain
scission of the produced polymers. Therefore, it can be expected
that the degree of polymerization and the yield of polymerization
decrease with the irradiation dose.

e
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Fig.8. Infrared spectra of polymers obtained at various irradiation
times in the region 800 to 900 cm™1.
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Infrared spectra of polymers obtained are shown in Figs. 8 and
9. The absorption at 946 cm~1! is due to the trans-vinylene structure:

H, H H, H,
c ¢ £ ¢
N/
/\C/ \C/ C AN
| H |
CN CN

The amount of the double bonds increases with irradiation time.
The formation of the structure is due to the irradiation effects on
the polyacrylonitrile produced. Such a phenomenon has been ob-
served only in polymerization with high-energy electrons above
15 MeV [2], and it may be due to the recoil effects of high-energy
electrons. In pile irradiation the formation of trans-vinylene
structure is due to the irradiation effect of fast neutrons.

2050

2210

2240

Fig.9. Infrared spectra of polymers obtained at various irradiation
times in the region 2000 to 2300 cm~1.



11: 29 25 January 2011

Downl oaded At:

Solid-State Acrylonitrile Polymevization 929

On the other hand, a strong absorption at 2210 cm~1 was observed,
as shown in Fig.9. The absorption may be due to a conjugated
C=N bond with C=C double bonds. The other possible explanation
is the formation of alkyne bond —C=CH by the 14N(n, p)14C reac-
tion, because the neutron cross section of the reaction is large
enough:

H, H H, H H,

VB NE NE S S
| | | | | I
Cc C C C C Cc
i i Il I il i
N N N N N N

The formation of the double bond was observed first in pile irradia-
tion. This was not observed in irradiation by high-energy electrons
above 15 MeV. It may be also a recoil effect by fast neutrons.

Electron spin resonance spectra of polymers obtained were
measured using a K-band spectrometer. It was shown from the
experiments that appreciably large amounts of free radicals exist
in the polymers. The half-width of the spectrum decreases with
irradiation time. It indicates that the formation of conjugated double
bonds increases with irradiation dose. These phenomena have not
been observed in the polymerization induced by y rays.

CONCLUSION

1. The solid-state polymerization of acrylonitrile induced by
reactor radiation at low temperature was carried out. The total
radiation intensity was high enough and was 1.2 x 108 rads/hr
(0.276 W/g) for solid acrylonitrile.

2. The temperature in the center of monomers was estimated
to be —145°C and the average temperature of specimen —160°C in
a liquid-nitrogen irradiation vessel.

3. The initial rate of polymerization was not possible to obtain
exactly,but it seems that the rate is most rapid in comparison with
other radiations. It might be due to the broad energy spectrum of
y rays.

4. It was found from the viscosity measurements of polymers
obtained that the molecular weight of polymers decreases with
irradiation time, and the values are lower in experiments with the
nuclear reactor than in the other cases with ¢ rays and fast elec-
trons.

5. It was observed that the yield of polymerization decreases
with irradiation time. This may be due to the degradation of poly-
mers by further irradiation with the high-flux fast neutrons.
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6. The formation of trans-vinylene was observed. This is a
characteristic phenomenon in polymerization induced by reactor
radiation or high-energy electrons (> 15 MeV). It may also be due
to the recoil effects by fast neutrons in the case of the experiment
withanuclear reactor. The absorption at 2210 cm~1 has been observed
only in polymers obtained by reactor experiments.

7. All polymers obtained in our experimental condition were
soluble in dimethylformamide.

8. Appreciably large amounts of stable radicals were observed
in the polymers obtained.
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