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The radicals trapped in 3'-irradiated poly(vinyl alcohol) films were examined by e.s.r, spectroscopy, 
with respect to their thermal stability and the effects of foreign materials occluded in the polymer. 
Two different radicals are observed and their identity discussed. 

INTRODUCTION 

The trapped radicals in 3'-irradiated polyethylene have been 
extensively studied ~, but e.s.r, studies on irradiated 
poly(vinyl alcohol) have not received much attention. 
Abraham and Whiffen 2 examined the e.s.r, spectra of 3'- 
irradiated poly(vinyl alcohol) and found a triplet spectrum, 
without identifying the radicals. Ogawa 3 compared the e.s.r. 
spectrum of poly(vinyl alcohol) with that of 2,4.pentanediol, 
both 3'-irradiated, and assigned the observed triplet to the 
radical species -CH2 -COH-CH2- .  Subsequently, Hase and 
Yamaoka 4 examined the radicals in poly(vinyl alcohol) irra- 
diated at 77K. They found a singlet superimposed on a quin- 
tet. Based on the decaying pattern of the radicals, the sing- 
let was attributed to a trapped electron and the quintet to a 
radical species - C H 2 - C H O H - C H - C H O H - .  Both the sing- 
let and quintet are unstable at room temperature. In this 
paper, we report the finding that the room temperature 
triplet e.s.r, spectrum observed in ~,-irradiated poly(vinyl 
alcohol) is actually due to two different radicals and that 
additives in the polymer act as good radical scavengers. 

EXPERIMENTAL 

Poly(vinyl alcohol) was obtained from Borden Chemical Co. 
Average molecular weight of the polymer is about 88 000. 
The polymer powder was dissolved in triple-distilled water. 
The aqueous solution containing 60% by wt of the polymer 
was poured into a dish containing clean mercury; the water 
was allowed to evaporate at room temperature in the dark. 
The dry film was then lifted from the mercury surface and 
cut into rectangular pieces. The rectangular film was then 
rolled up and inserted into a quartz tubing for e.s.r, spectro- 
scopic examination. Before 3'-irradiation, the film was evacuat- 
ed for at least 24 h until the residual pressure was 10 -4  torr 
(1.3 x 10 -2 N/m2). The quartz tubing was then sealed off 
from the vacuum manifold. 

Irradiation was carried out in a 6°Co "),-ray source at a 
dose rate of about 0.5 Mrad/h. After irradiation, the quartz 
tubing was flame-heated to remove paramagnetic centres 
produced by the irradiation, while the film was at the other 
end of the sealed tubing. The irradiated polymer was then 
examined in a Varian 4500 e.s.r, spectrometer, the field dial 
of which was calibrated by Fremy's salt, g values were ob- 
tained by comparing that of DPPH (g = 2.0037). Polymer 

samples were heated by using the variable temperature acces- 
sory of Varian Associates. Temperature was measured by a 
calibrated thermocouple located just below the e.s.r, sample 
tube. 

RESULTS 

Radical production with irradiation dosage 
Gamma-irradiation of poly(vinyl alcohol) films produces 

radicals that show a 3-line e.s.r, signal. Figure la displays a 
typical spectrum, detected immediately after 0.67 Mrad 
of irradiation. Since there are reasons to believe that this 
spectrum is not due to one single radical type (see below) 
the growth of the three peaks against total irradiation dose 
was carried out and the results shown in Figure 2. 

Stability of radicals 
On storage at room temperature, the trapped radicals de- 

cayed slowly, and the intensity of  the e.s.r, lines decreased. 
Figure lb is the e.s.r, spectrum of the radicals in the same 
sample 7 days after Figure la was obtained. Comparing the 
lines in the two spectra, it is apparent that the central line 
decayed much more slowly than the two outer lines. Thus 
the thermal stability of these lines were studied and the data 
given in Figure 3. Samples of poly(vinyl alcohol) films were 
irradiated to a total dose of about 1 Mrad and then were held 
at a fixed temperature, while the intensity of the three e.s.r. 
lines was recorded. For the sample held at 310K, the obser- 
vation was continued for 5 days; at that time the two outer 
lines totally disappeared, while the central line still showed 
35% of the original signal remaining. 

The thermal stability of the three e.s.r, lines also depends 
on the total "),-dose. Table I shows the intensity of these 3 
lines remaining after each irradiated sample was annealed at 
350K for 10 min. At 0.7 Mrad, the two outer lines decayed 
over 90% and the central line decayed 80%; at a higher degree 
dose (1.4 Mrad), however, the two outer lines decayed over 
96%, while the central line decayed only 47%. 

Sensitivity of  radicals to additives in polymer 
The quantity of radicals trapped in the 3,-irradiated 

poly(vinyl alcohol) may be affected by traces of  foreign 
molecules incorporated into the polymer. To investigate this 
effect on the radicals responsible for the observed e.s.r, sig- 
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Figure 1 E.s.r. spectrum of 3,-irradiated poly(v iny l  alcohol) f i lm at 298K. (a) Observed immediately after 0.67 Mrad exposure; s.I. 80. 
(b) Observed after 7 days; s.l. 250 
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Figure 2 Growth of e.s.r, lines against radiation dosage. O, First 
line; O, second line; &, third line 

nals, small quantities of water-soluble compounds were 
added to the aqueous polymer solution. The film was then 
cast as described before. Irradiation and e.s.r, examination 
was done following the same procedure. 

The effect of AgC104 incorporated into the polymer on 
the e.s.r, signal is shown in Figure 4. The quantity of added 
AgC104 is given as wt % of the polymer. As is clear from 
Figure 4, 5% by wt of AgC104 incorporated into the polymer 
reduces the radical production by about 60%. 

Similar experiments were carried out with DL-alanine and 
deoxyadenosine-5-monophosphate (dAmp) and the results 
are plotted in Figure 5. As in the case of AgC104, addition 
of alanine and dAmp depresses the formation of trapped 
radicals. 
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Figure 3 Thermal stabil i ty o f  e.s.r, lines at d i f ferent temperatures. 
O, First line; l ,  second line; A, third line; - - ,  343K; - - - ,  300K 

DISCUSSION 

3'-Irradiation of poly(vinyl alcohol) produces an e.s.r, quintet 
at 77K and a triplet at room temperature. The quintet decays 
on warming to the triplet. The triplet has been interpreted 
to be radical species -CH2-COH-CH2-CHOH-3 ,  which 
has been generally accepted 4. However, owing to the aniso- 
tropy and the linewidths of these e.s.r, lines, there may be 
other signals masked by the triplet and not detected; this is 
especially true if the second radical species shows only a 
singlet. In Figure la, the triplet as shown was obtained from 
room temperature by 7-irradiation of a poly(vinyl alcohol) 
film. The isotropic g value of this spectrum is close to that 
reported by Abraham and Whiffen 1, and, as suggested by 
these authors, there may be a singlet superimposed on this 
triplet spectrum. Since it is not possible to detect the signal 
of the s?cond radical by spectral analysis, some form of kine- 
tic studies on the trapped radicals may be helpful. If  we as- 
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Table 1 ~'-Dose dependency of stability of e.sr. spectrum in 
irradiated poly(vinyl alcohol)* 

E.s.r. signal intensity (%) 
Total dose 
(Mrad) 1st line 2nd line 3rd line 

0.7 6 20 9 
1.4 2 53 4 

* I r radiated samples kept  at 350K for 10 min.  Measured l ine 
in tens i ty  normal ized to  that  be fo re  anneal ing 
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Figure 4 Ef fec t  o f  AgCIO 4 on the radicals in p o l y ( v i n y l  a lcoho l ) .  
O, First line; e ,  second line; A third line 

sume that the central line (second line) of the triplet is due 
to two separate signals from two radical species, whereas the 
two outer lines (first and third) are part of the triplet, then 
the central line may behave differently from the two outer 
lines. Figure lb shows that, after some thermal aging of the 
irradiated polymer, the two outer lines decayed much faster 
than the central line, suggesting different thermal stability of 
the two radicals. Referring to Figure 3, we see that at 310K~ 
the two outer lines decay by 75% after approximately 100 rain 
of storage, while the second line only suffers a 40% decay. 
At a higher annealing temperature (343K), 80% of the two 
outer lines decays in 9 min, during which the central line 
only decays by 60%. There is no detectable change in line- 
width on warming, and the different decay rates between 
the outer lines and the central line cannot be due to line- 
broadening effect. The most likely interpretation is that the 
central line is a composite of two signals superimposed on 
each other. One of the lines is part of the triplet, which is 
assigned to the - C H 2 - C O H - C H 2 - C H O H -  radical, and the 
other is a featureless singlet which has greater thermal stabi- 
lity than the triplet. It is also noteworthy that the decay 
rate can be separated into two segments; a fast decay which 
is essentially over at about 80 min at 310K and a very slow 
decay, which lasts for about 5 days before all the radicals 
vanish. 

In order to investigate the possibility whether the relative 
concentration of these two radicals can be changed by irra- 
diation dose, the strength of the three e.s.r, lines are plotted 
against dose in Figure 2. It appears that there is no substan- 
tial difference in the rate of production of the two species 
with respect to the amount of irradiation. 

It is known that the yield of trapped radicals is sensitive 
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to foreign substances doped into the trapping medium. If  
the spectra in Figure la are indeed due to two distinct radi- 
cals, the addition of materials may affect their yield or 
stability. In Figure 4, AgC104 is shown to diminish the 
radical yield, the effect being more pronounced on the trip- 
let than on the singlet. At about 20 wt % of AgC 104, the 
triplet is totally removed and only the singlet remains. The 
introduction of AgC104 at a relatively high percentage weight 
probably substantially alters the polymer's structure, dec- 
reasing the number of trap sites in the irradiated polymer. 
On the other hand, a small quantity of alanine or dAmp oc- 
cluded in the polymer also depresses the radical yield. This 
is usually called the protective effect of the additive, which 
is less effective on the triplet than on the singlet. A small 
amount by weight (6%) of alanine or dAmp incorporated in 
the polymer prior to irradiation causes an 80% drop in the 
radical yield of the triplet, but only 25% drop in the radical 
yield of the singlet. 

All the experimental observations reported here indicate 
that 7-irradiation of poly(vinyl alcohol) produces 
- C H 2 - C O H - C H 2 - C H O H - ,  responsible for the triplet e.s.r. 
spectrum; the other radical, which has a singlet line signal, 
cannot be identified definitely, but is known to be more 
thermally stable and less sensitive to protective effect than 
the triplet. Ohnishi and coworkers s, observed a similar sing- 
let about 17 gauss in width in irradiated poly(vinyl alcohol). 
3,-irradiation of polystyrene 6 and poly(vinyl chloride) 7 also 
produces a featureless symmetric e.s.r, line of about 25 gauss 
in width, similar to the one observed in poly(vinyl alcohol). 
The radical from these irradiated polymers is thought to be 
a polyenyl radical, -CH- (CH=CH)n- .  The radical does not 
possess a structure in the e.s.r, signal because of the electron 
delocalization throughout a long chain of conjugated double 
bonds; this radical is thermally quite stable. Based on the 
similarity of the e.s.r, singlet in 7-irradiated poly(vinyl 
alcohol) and poly(vinyl chloride), the singlet we observed is 
most likely a polyenyl type radical. On the other hand, an 
alkoxy radical 

0 
i 

( - C H 2 - C H - C H 2 - C H O H - )  

cannot be strictly excluded as the alternative species showing 
the e.s.r, singlet. Such a radical may be thermally stable and 
may also lack fine structure in its spectrum. Weiner and 
Hammond s produced t-butoxy radicals by photolysing di-t- 
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Figure 5 Effect of alanine (A,C) and dAmp (B,D) on the radicals in 
poly(vinyl alcohol). II, First line; Q, second line; &, third line 
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butoxide, and they detected a single e.s.r, signal. Sargent 
and Gardy 9 7-irradiated carbinols and detected alkoxy radi- 
cals by spin-trapping. 

It can be concluded that there are at least two radicals in 
7-irradiated poly(vinyl alcohol) at room temperature. One 
of  the species, showing an e.s.r, triplet, is a radical produced 
by the elimination of  hydrogen from the hydroxy-carbon; 
the second radical showing a featureless singleL is either a 
polyenyl radical or less likely an alkoxy-radical. 
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