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The ESR spectra of y-irradiated linear aliphatic polyesters (2.2, 2.4, 2.6, 2.7, 2.8 and 6.8 poly-

mer) have been measured at various temperatures ranging from 77°K to room temperature.
types of spectra are obtained in these polyesters except for 2.2 polymer.

Two
The first, the six-line spec-

trum obtained at low temperatures was relatively short-lived and increased in signal intensity with

increasing methylene groups of these polyesters.
stable even at room temperature in comparison with the former.

radicals were discussed.

The well-resolved, second, five-line spectrum is

The possible structures of two

Recently a number of ESR studies on the radical
produced by y-irradiation of low molecular weight
organic and polymeric substances have been
carried out. Correlations between the radical
species and chemical structures of various polymers
have been extensively found.!'-?  Configurations

*1  Presented at the 17th Annual Meeting of the
Society of Polymer Science, Tokyo, Japan, May, 1968.
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of the free radical in irradiated polyethlene and
polypropylene in particular were discussed with
respect to the relation of the radical decay reaction
to a molecular motion in the matrices.3:?)

In the linear aliphatic polyesters, however, no
studies on the radical species produced by y-
irradiation or the behaviour of radical decay have
been reported except for an anisotropic study on
irradiated poly(f-propiolactone).’® From the data
obtained by the observation of ESR spectra of
irradiated polyesters, the species and the site of
the radical are discussed.

The crystal structures of the polyesters have been
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extensively studied by many investigators.11-14)
From the results, it is apparent that the crystal
structure is similar to that of polyethylene and the
molecular chain conformations are planar zigzag
except for poly(ethylene adipate) and the glycol
parts of the polyesters with ethlene glycols. The
chemical structure of the polyesters studied is
expressed as —[(CHz)"—O—C—(CHz)m-—C—O:l—, and
o o
the polyesters are denoted as n.m polymer hereafter.
In the present paper the results deduced from ESR
spectra of 2.2, 2.4, 2.6, 2.7, 2.8 and 6.8 polymer
are mainly discussed.

Experimental

Samples (the 2.2, 2.4, 2.6, 2.7, 2.8 and 6.8 polymer)
were prepared by polycondensation between the corre-
sponding diol and dibasic acid using the ZnCl, as a
catalyst. To obtain high molecular weight polymers,
the later stage of the reaction was carried out in a
vacuum keeping the pressure below 1 mmHg and
bubbling argon gas through the reacting mass. The
polyesters prepared as above were purified by repeated
precipitation from benzene solution with methylalcohol
and dried in a high vacuum at room temperature.

The samples used for ESR measurements were
prepared in a 5 mm¢ glass tube with dried nitrogen
atmosphere, and subjected to irradiation at 77°K.
Irradiation dose was about 4 Mrad.

The ESR spectrometer used in the present study was
a JES-3BSX type apparatus (Japan Electron Optics
Laboratory Co., Ltd.) with 100 kHz field modulation
and TEy, mode cavity. The ESR measurements were
carried out at different temperatures from liquid nitrogen
to room temperature using variable attachments for the
spectrometer.

The drawn samples of 6.8 polymer were also prepared
from the film obtained by means of hot pressing at melt-
ing point. Drawing was carried out at room tempera-
ture, up to 5009, in draw ratio. The ESR spectra were
measured on various orientations of the specimen in
the applied magnetic field.

Results and Discussion

The ESR spectra of the irradiated 2.4 polymer
measured at various temperatures are shown in
Fig. 1. At low temperature, a single line spectrum
is overlapped on a weak six-line spectrum. By
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Fig. 1. The ESR

polymer.

spectra of yp-irradiated 2.4

raising the temperature, the signal intensity de-
creases gradually and the spectrum begins to split
at around —140°C. At room temperature, it
splits into a five-line spectrum with a hyperfine
(hf) constant of about 25 gauss.

As possible species of the radical produced in
these polyesters, three kinds of species are expected
which are produced by abstraction of hydrogen
atom from the acid or the glycol part of the main
chain.*? The three types are those which could be
produced by extracting «-hydrogen from the acid

(A - (CHz)n—O—(“J—(;H—(CHz)m-1—(":-0 -
o o)

(B)

(CH,)n1~CH-O-C—(CH,)n-G-O |-
e}

()

CHz—(;H(CHz)n-rO-((S}-(CHg)m-—C—O - or
1
e}

(CH,) n-O-C-CHy~CH(CH,)m-1-C-O |-
o ' o

*2 At the first stage of the analysis we examined the
possibility of radical production by chain scission, but
the possibility was excluded on the basis of ESR spectra.
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part (A), a-hydrogen from glycol part (B) and the
other hydrogen from both the acid or glycol parts
(C).

Type C is expected to give the same spectrum
as that of the alkyl radical which has often been
observed in irradiated polyethylene at low tem-
peratures. From the experimental results, the
weak six-line spectrum detected at low temperature
might be assigned to type C radical, because the
hf constant of the signal is about 33 gauss which
equals that of polyethylene.

- The spectral changes caused by the rise of tem-
perature in the irradiated 2.6, 2.7 and 2.8 polymer
are shown in Fig. 2. This behavior is similar to
that of 2.4 polymer. At low temperature the
weak six-line spectrum with the hf constant of 33
gauss is also observed more strongly than in that
of 2.4 polymer. At room temperature the same type
of five-line spectrum as detected in 2.4 polymer is
also observed in each polymer. The spectrum
may be attributed to either type A or type B
radical.

The crystal structures of the linear aliphatic
polyesters have been extensively studied by Fuller
and Frosh,' Turner-Johns and Bunn,? Chatani
et al.,'¥ and Kanamoto.'¥ According to their
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Fig. 2-a. The ESR spectra of y-irradiated 2.6
polymer.
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Fig. 2-b. The ESR spectra of p-irradiated 2.7
polymer.

—175°C
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Fig. 2-c. The ESR spectra of y-irradiated 2.8 (c),
polymer.
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studies, the crystal structure of these polyesters are
very similar to each other and a molecular packing
in planes perpendicular to the chain axis is very
similar to that of polyethylene. From these results,
the chain conformation of the polyesters is found
to be nearly planar zigzag except for 2.2 polymer
which has helical chain conformations, and for
2.4, 2.6, 2.7 and 2.8 polymers which are slightly
distorted around the chain axis in glycol parts.
The 6.8 polymer has a substantially planar zigzag
chain conformation throughout the chain.

—177°C

Fig. 3. The ESR

polymer.

spectra of y-irradiated 2.2

In order to obtain further information, the same
experiment was performed on 2.2 polymer. As
shown in Fig. 3, the spectrum at low temperature
is complicated, and is not well resolved even at
room temperature. On the other hand, the same
type of spectrum has been observed on both irradi-
ated poly(ethylene terephthalate)!® and powdered
succinic acid,’® and the spectrum has been inter-
preted as the result of the interaction between an
odd electron and three nonequivalent hydrogen
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atoms (i.e., « and two B-hydrogen atoms). The
nonequivalency of these hydrogen atoms in the hf
interaction may be caused by distrotions of the
methylene groups from the planar zigzag conforma-
tion. Considering the chemical structure of 2.2
polymer, the radical produced by irradiations ‘is
probably situated on «-carbons of diacid or diol
parts. According to the crystal structure of the
polymer,’® methylene groups in both parts are
distorted from the planar zigzag chain conforma-
tion. From the distortion in the methylene group
we can see the coincidence of the ESR spectrum
of the 2.2 polymer with that of poly(ethylene tere-
phthalate). In 2.4, 2.6, 2.7 and 2.8 polymer, as
mentioned above, it is known that the ethylene
glycol part of the polymers have also a slight
departure from the planar chain conformation.
If type B radical .was produced in the polymers,
unresolved signals similar to that obtained in 2.2
polymer should be expected. However, only the
five-line spectrum is observed in the polyesters.
This suggests that the five-line spectrum observed
at room temperature could be assigned to the type
A radical on the acid parts having planar zigzag
chain conformation.

The effect of temperature on the ESR spectra
of the 6.8 polymer was studied by raising the tem-

+26°C

22G

Fig. 4. The
polymer.

ESR spectra of p-irradiated 6.8
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perature (Fig. 4). At low temperature the six-line
spectrum is larger than that of the 2.4, 2.6, 2.7 and
2.8 polymers, and decreases with rising temperature.
At room temperature the five-line spectrum was
also observed with a trace of type C, and the spectral
pattern and the hf splitting are very similar to those
of polymers described above.

The chain conformation of the polymer, as re-
ported by Kanamoto,'¥) is planar zigzag in both
dibasic acid and the diol parts. If type B radical
was produced in the polymer, the spectral pattern
and the hf constant of the signal might be different
from that of the five-line spectrum. However, the
spectrum is in good agreement with that of the
polyester with ethylene glycol. This indicates that
type A radical is more probable than type B
because of the resonance stabilization

As shown in Fig. 5, the integrated intensity ratio
of the five-line spectrum is nearly 1:2:2:2:1.
The intensity distribution is interpreted as the result
of the interaction between an odd electron and one
a-hydrogen and two equivalent f-hydrogen atoms.
To obtain the anisotropic behaviour of a-hydrogen,
experiments are carried out in drawn 6.8 polymer.
The spectra were measured in orientation axes
parallel and perpendicular to the external magnetic
field. The radicals trapped in the specimen quickly
disappear by the reaction with oxygen, since ex-
periments are carried out in air without sealing the
sample tube. The spectra obtained at —80°C are
shown in Fig. 6-a, where type C radical remains.

Salovy and Yager!? have reported the anisotropy
in the ESR spectrum of oriented mats of solution-
grown polyethylene single crystal.

In the present case, the signal intensity of type

paralell

22G

Fig. 6-a.
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Fig. 5. The ESR spectrum of yp-irradiated 6.8
polymer at 26°C: (top) observed first derivative
curve: (bottom) its integrated absorption curve.

C radical will be similar to the alkyl radicals of
the polyethylene studied by Salovy and Yager.

perpendicular

The ESR spectra of yp-irradiated 6.8 polymer measured at

—80°C. Magnetic field parallel (left) and perpendicular (right) to

chain.
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paralell
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perpendicular

Fig. 6-b. The integrated absorption curves of y-irradiated 6.8 polymer.
Vertical dotted lines show hyperfine pattern obtained by Salovey!”) and
solid lines show predicted hyperfine pattern of type A radical.

Thus, by substracting the signal intensity of poly-
ethylene from the integrated absorption curves of
our spectrum, the intensity due to type A is obtained
in both orientations parallel and perpendicular to
the external magnetic field, as shown in Fig. 6-b.
The anisotropy of the hf constant of a-hydrogen
was estimated as A%,=34.6 gauss and A4%=17.3
gauss. In oriented polymeric substances the molec-
ular chain is aligned to the orientation axis (Y).
Thus the hf constant of a-hydrogen to direction
(X and Z) normal to the molecular chain is obtained
as the average in hf interactions, so that A% and
A3 are to be A, and (A4,+4,)/2, respectively.
Consequently, A,=34.6 and A,+4,=34.6 are
evaluated. A values are in close agreement with
those of low molecular weight organic com-
pounds.16:18-20)  The fact also permits the five-line
spectrum to be attributed to type A radical.

Existence of two kinds of species is concluded.
The one is relatively short-lived and gives a six-line
spectrum which is attributed to type C. The other
gives the five line spectrum which is stable even
at room temperature. Based on the chain con-
formation of the polymer, it is assigned to type A
radical in the acid parts.
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