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Abstract

Thermal treatment of y-irradiated polyacrylonitrile was performed to investigate

the radiation effects on the thermally activated reactions. It was found that the

exothermic reaction and the discoloration of the irradiated samples occurred at much

lower temperatures than for nonirradiated ones, and the reactions can be regulated by

the preirradiation dose. The structures formed by the thermally activated reactions of

the irradiated samples consisted of C=N and/or C=C conjugation sequences having

broad electronic absorption bands up to 500 nm. The preirradiation caused an increase

in absorption intensity. Free radical identification by ESR indicated that the radiation

effect was not due directly to trapped radicals but caused by the functional groups

generated during irradiation, which contributed to the initiation of the thermal reactions.

The differential scanning calorimetric and thermogravi metric analyses confirmed that

the preirradiation lowered the onset temperature of the reactions and alleviated the heat

evolution process.

Introduction

The thermally induced reactions of polyacrilonitrile (PAN) have been the subject

of a number of investigations for the last half centurty. Thermal treatment of PAN at

temperatures above 200°C leads to changes in physical properties which are of great

practical importance. For example, the electrical property of PAN can be altered from

an insulator to a semiconductor and, eventually, to a conductor, depending on the heat

treatment conditions. Another important application of this thermal treatment of PAN

is found when the polymer is used as a precursor to produce high-quality carbon fibers.

The primary stages of the thermally induced conductivity change in PAN films as

well as of the thermally induced stabilization of PAN-based carbon fiber precursors

generally consisted of thermally activated reactions of the nitrile groups. Although

various reaction schemes have been proposed, it seems to be widely accepted that the

intramolecular reaction leads to a ladder structure containing conjugated C=N

sequences. The reaction is highly exothermic and causes the degradation of the

polymer backbone. Therefore, a process that could regulate the exothermic process

would be very useful. Incorporation of a small amount of nucleophilic reagents such

as carboxylic acids has been found to be effective in reducing the exothermic effect and
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is widely used in the process of producing carbon fibers from PAN precursors.

Alternatively, we postulate that the reactions can be regulated by ionizing radiation.

We have studied the effects of y-irradiation on the conjugated structure formation

in poly(vinyl alcohol) and poly(vinyl chloride) and found that the pendant side groups

in these polymers could be more readily eliminated when irradiation is performed either

prior to or in situ of the thermal treatment, resulting in the formation of conjugated

sequences.'2 These studies tend to offer a facile way to prepare conjugated polymers

in addition to understand the initiation mechanisms of the elimination reactions. In

this paper, we report y-irradiation effects on the conjugated ladder structure formation in

the thermal treatment of PAN.3

Experimental Section

PAN was obtained from Aldrich (A/w=86 200; Mn=22 600). The film of PAN

was prepared by spin coating of a 3 wt % solution in dimethyl sulfoxide onto a silicon

wafer. The film was dried under 0.1 Torr first at 50°C for 1 day and then at 100°C for

another day. Then, the film was removed from the substrate and cut into 10 x 30 mm

slices. The film thickness was measured to be about 6 \im. The films were then

transferred into flat quartz cells with a Pyrex neck and sealed under vacuum (10~4 Torr)

prior to the irradiation. For the differential scanning calorimetry (DSC), thermo-

gravimetric (TGA), and ESR measurements, the powder samples were used as received.

Irradiation was performed at room temperature with y-rays (60Co source) at dose rate

within the range of 1-3.5 kGy h~'. Postirradiation thermal treatment was carried out by

isothermal heating as well as progressive heating. Progressive heating was done on

DSC and TGA devices with a heating rate of 10 °C min1 under N2 atmosphere.

Results and Discussion

The main change in chemical structures caused by the thermal treatment of

PAN at a moderate temperature is the formation of conjugated carbon-nitrogen

double bonds with the consumption of the pendant nitrile groups. As a result, the

electronic absorption behaviors of the materials will be modified. Electronic

absorption spectra of the heated PAN films with and without preirradiation are

shown in Figure 1. For the samples without preirradiation the absorbance

developed very slowly at the heating temperature of 170°C. In contrast, for the

samples irradiated prior to the thermal treatment, the absorbance increased more

rapidly when heated at the same temperature. The spectra show two broad

absorption bands with maxima at 270 and 360 nm. The absorption intensities

increased with heating time or preirradiation dose with no significant change in

peak positions.
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Figure 1. Effect of preirradiation on the absorption spectra of PAN films heated
at 170°C for 3 h: the preirradiation doses are (a) 0, (b) 27, (c) 54, and (d) 140 kGy.

The changes in FTIR spectra by the thermal treatment of the pre-irradiated film

demonstrated that C=N bonds (~1600 cm"') were produced while the nitrile groups

(2241 cm"') were consumed. At the same time, the C=C bonds (-1600 cn r ' ) might

also be produced to some extent because a decrease in intensity of CH2 (1450 cm"')

resonances of the polymer backbone was also observed. From the above results, it can

be concluded that the absorbance developed at the range of 220-500 nm in the

preirradiated PAN films reflects the formation of C=N and C=C conjugated rc-electron

systems. The formation of the conjugated unsaturation structures in nonirradiated

PAN was identified, but in that case, it required a much higher temperature to activate

the reaction.

The formation of radical species following irradiation as well as heating was

examined using ESR spectroscopy in order to clarify the root cause of the radiation-

induced effect. The ESR spectrum of PAN measured at room temperature

immediately after irradiation contained a hyperfine structure consisting of a triplet of

doublets and a singlet central line. The hyperfine structure has been assigned by several

authors to the following radicals A and B.

CN CN

(A)

CN CN CN

(B)

CN

These radicals resulted from the abstraction of H atom from the main chain

carbon atoms. However, these radicals were not stable and were annealed out on
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exposure to slightly elevated temperatures, 50°C. Interestingly, when the temperature

was further increased to 140°C, ESR signals with a singlet line were observed in the

preirradiated sample. However, the annealing temperature of 140°C was apparently

too low to generate radical intermediates in the nonirradiated sample. The radical

generated in the preirradiated samples can be assigned to the radical structure C, which

could be produced from the primary radicals A and B via eqs I and 2 of Scheme I.

(1)YYY™
CN CN CN

CN CN CN

YY
CN CN

(A)

r
CN

R - **•

Y
CN

CN

R'

CN CN

(B)

CN

YY
* As C N

N N-

Scheme

Y
CN.

vAyA/ -
CN CN CN

(C)

y c

1

YYY
CN CN CN

h H

N̂ CN CN

The specific reactions occurring in the thermal treatment of PAN is known to be

exothermic and accompanied with the loss of sample weight. Progressive thermal

treatment was therefore performed using DSC and TGA apparatus to measure the

evolution of heat and change of sample weight, respectively. A sharp exothermic peak

presents at 309°C for the sample without irradiation, while the exothermic peaks of the

preirradiated samples shifted 20 - 30°C to lower temperatures. The results indicate

that the kinetics of exothermic reaction, which is believed to be related to the

cyclization of the nitrile groups, was significantly modified by prior irradiation

treatment. Decrease of the reaction temperature with attenuated heat effect is essential

to protect the macromolecular backbone from decomposition during the cyclization

reaction, which was confirmed by thermogravimetric analysis. The nonirradiated

sample showed a weight loss of about 30%, while the one preirradiated to 169 kGy

showed the weight loss of less than 10% at the end of the exothermic reaction.
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