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Quite a few ESR investigations have been
carried out on polytetrafluoroethylene (PTFE)
irradiated by gamma- or X-rays.!”® When
irradiation and measurements have been made
in the absence of oxygen, the ESR spectra of
PTFE specimens have been found to consist
mainly of double quintets, arising from the

fluoroalkyl radical, -CF.CFCF,-, produced by
the removal of a fluorine atom from the
polymer chain. Some measurements of the
oriented samples have also been made; they
have given information concerning the relation
between the polymer structure and the ESR
spectra.”

The double-quintets signal disappeared,
giving an asymmetrical spectrum, when PTFE
specimens irradiated in vacuo were aged in
air.®> The kinetics of this reaction was analyzed

under the assumptions: R+0, 2 RO;, and

[il] + [Rdg] e [lil 0, Where R and sz represent
fluoroalkyl radical and its peroxy radical
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respectively and [R], was the initial concen-
tration.”> On the other hand, it has been
reported® that the ESR spectra of peroxy
radicals can be separated into two components.
One of them is associated with the peroxy
radical derived from the aforesaid fluoroalkyl
radical, while the other is ascribed to the
peroxy radical originating in the chain scission-
type radical.

This paper intends to pretent an examination
of the transition process from the spectrum
observed in vacuo to the spectrum which is
obtained in a specimen aged in air, considering
two sorts of peroxy radicals, and also an
examination of the stability of these peroxy
radicals under heat treatment. The nature of
the peroxy radicals will be discussed in the
light of data on the orientation dependence of
their ESR spectra and the crystalline arrange-
ment of PTFE.

Experimental

All the ESR spectra were measured at a frequency
of 24000 Mc./sec. with a superheterodyne-type
spectrometer,'® which displays the first derivative
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of the resonance curve. Some spectra were recorded
as absorption figures with an integrator. For the
determination of the correct line width, proton
resonance signals at 36.5 Mc./sec. with 100 kc. /sec.
side bands were recorded. Small quantities of 1,1-
diphenyl-2-picrylhydrazyl (DPPH) were employed
as a standard for the g-factor and intensity of
spectra.

The specimens of PTFE films and powder were
supplied by the Daikin Kogyo Co., Ltd. The film,
0.2mm. thick, had a density of 2.17, and the
degree of crystallinity was estimated to be about
559%.' In preparing oriented samples, the film was
stretched further by using a screw-jacket elongation
apparatus up to 2002;. All samples were placed in
quartz tubes 3 mm. in o.d. In the case of irradia-
tion in vacuo, the samples were sealed off after
evacuation with an oil diffusion pump for 24 hr.
The irradiation was carried out with Co-60 gamma
rays, the intensity of which was about 10° rad./hr.
the total dose reached up to about 107 rad.

Results and Discussion

The ESR Spectrum of Peroxy Radicals in
Powder.—The dominating feature of the ESR
spectrum in the powder sample irradiated and
measured in vacuo is the double quintets.
This spectrum shows a slight asymmetry, as a
result of the g-anisotropy. This appears more
clearly in the present K-band measurement
than in the reported X-band spectra.!=+

Upon exposure of the sample to oxygen, the
double quintets disappear rapidly and new
resonance lines build up. This new spectrum
gives an appearance of the superposition of
two components, one symmetric and the other
asymmetric, as may be seen in Fig. 1. Matsuga-
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Fig. 1. ESR spectra of peroxy radicals in
PTFE powders, (a) irradiated and observed
in air, (b) irradiated in vacuo and observed
in air.
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shita and Shinohara obtained the symmetrical
signal and the asymmetrical signal, which
disappear upon the re-evacuation of the oxy-
genated sample, at 250°C and 150°C respec-
tively.® In the present case, no treatment
is required to resolve them. The intensity of
the symmetrical component, I;, is obtained
under the assumption that the line shape is
Lorentzian. By subtracting I, from the total
intensity, the intensity of the asymmetrical
component, I,, is obtained. If the sample is
irradiated in the presence of air, the intensity
ratio of the symmetrical component, I/[ls,
increases by a factor of two.

The Transition Process.—In order to examine
the transition process from the spectrum in
vacuo to that of oxygenated sample, a small
quantity of oxygen is introduced, with a veloc-
ity of 10~ %cc./min. (reduced to 1 atm.), into
a sample tube containing about 30mg. of
PTFE powder irradiated in vacuo. The varia-
tion of the spectrum with time is shown in
Fig. 2. A decrease in the double gquintets
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Fig. 2. Changes in shape of ESR spectrum in
PTFE powder, upon exposure of oxygen.

(a) Before admission of oxygen
(b) Some 5 min. after admission of oxygen
(c) Some 15 min. after admission of oxygen

accompanies the increase in the asymmetrical
component. The intensity of each component
in the double quintets, Jaq, is expressed by:
Iog=1°4q exp(— 1) (1)
where [°a, is the initial intensity of each
component of the double quintets, ¢ is the
time in minutes, and A is a constant (0.035/
min. in the present case). The intensity of
the asymmetrical component in the oxygenated
spectrum, I, is given by:
Ly=5L={1—exp(—2a1)} (@)
where I,” is the intensity of the asymmetrical
component after equilibrium, and 2 is the
same constant in Eq. 1. The initial intensity
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Fig. 3. Intensity variation of ESR spectrum in

irradiated PTFE powder, as a function of
time after exposure of air, (A) relative in-
tensity of each component of double quintets,
(B) relative intensity of an asymmetrical
signal of peroxy radicals.

of the double quintets agrees with the final
intensity of the asymmetrical component.
These results accord with those of Tsvetkov,
Lebedev and Voevodskii,”” though the present
experiment was carried out with samples
smaller in size and at lower oxygen pressures.
The experiment shows only that the fluoro-
alkyl radical is converted into the peroxy

radical, -CF.CF(OO)CF;- which gives the
asymmetrical component of the ESR spectrum
in air, but it does not bring out information
about the symmetrical component.

The Thermal Stability of Peroxy Radicals.—
The intensity ratio of the symmetrical com-
ponent to the asymmetrical component changes
upon heat treatment. In the experiment, three
groups of PTFE powder were used: (1) irra-
diated and heated in air, (2) irradiated and
heated in vacuo before aging in air, and (3)
irradiated in vacuo and heated in air. The
change in I/I, when it is heated for 30 min.
at various temperatures is shown in Fig. 4. It
is evident that the radical which gives the
symmetrical component is unstable at tem-
peratures above 150°C ; the I./I, ratio decreases
rapidly at an annealing temperature of 150°C,
though the I, intensity does not change greatly
until 250°C.

It has bee reported'® that one of the peaks
of the mechanical loss tangent of crystalline
PTFE exists near 130°C in the dynamical
measurement at 1c./sec. This shows the pres-
ence of a configurational transition of the
material in this temperature region.!® The de-
composition of the radical species which give
a symmetrical spectrum must be related to this
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Fig. 4. Effect of anneal temperature on the
intensity ratio of a symmetrical component
to an asymmetrical one, Is/l,, in ESR spec-
trum of PTFE peroxy radicals.
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transition. From the symmetrical profile, this
“heat sensitive radical” must be trapped in
the region where the motional freedom of the
polymer, for example, vibrational or rotational
motion, is large and local order does not exist.
The “ heat sensitive radical ” does not seem to
come from the fluoroalkyl radical which gives
the double quintets signal, but from radicals
of a different type, for example, the type with
“ carbon-carbon bond " breakage. The scission
of the main chain destroys the local order and
gives much more motional freedom. The
situation holds even after aging in air, so that
the peroxy radical derived from the scission-
type radical shows a symmetrical spectrum.
As the temperature rises beyond 130°C, the
chain motion increases and the radicals trapped
at the ends of the chains disappear as a result
of recombination and decomposition. This
estimate accords substantially with that of
Matsugashita and Shinohara.

The asymmetrical spectrum, on the contrary,
holds even above about 250°C. It must origi-
nate from the fluoroalkyl radical trapped in
PTFE crystallite.

The Anisotropy of the g Factor in an Oriented
Sample.—Further investigation of the asym-
metric component has been undertarken from
the point of view of the angular dependence
of its g factor. The ESR spectrum of peroxy
radicals in oriented films can be resolved into
two singlets when the axis of the molecular
chain is along the orientation axis. One has
a stronger intensity than the other.

The resonance field position of the strong
signal changes as a function of the angle
between the orientation axis and the external
magnetic field ; the g factor shows a maximum
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Fig. 5. Variation of g factor of ESR in oriented

PTFE films irradiated and observed in air,
as a function of the orientation of the sample
in the magnetic field.
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Fig. 5a. Change of the ESR spectrum with the
angle, @, between the orientation of PTFE
films and the magnetic field.

value of 2.0230 when the magnetic field is
perpendicular to the orientation axis, and it
reaches a minimum value of 2.0065 when the
magnetic field is parallel to the orientation
axis, as may be seen in Fig. 5. The weak
signal hardly changes its field position through-
out the angle variation. Its g factor, 2.018,
agrees with the value obtained from the sym-
metrical component in the powder spectrum.
It becomes evident that the weak signal gives
nearly the same profile in both oriented films
and powder, while the strong signal appears
asymmetric in powder because of its g aniso-
tropy.

The Origin of the g Anisotropy—One can
consider the origin of the g anisotropy in
the oriented sample to be as follows. The
fluoroalkyl radical to which the oxygen
molecule is attached forms the peroxy radical,

~CF,CF(OO)CF;-. To the first approximation

ESR of Peroxy Radicals in y-Irradiated PTFE 113t

it is assumed that the local order of original
PTFE does not change markedly during the
desertion of the fluorine atom and the insertion
of the oxygen molecule. The crystal structure
of PTFE is pseudo-hexagonal at room tem-
perature,’*? and its C-C chain has a torsion
whose period is 6.5 carbon atoms along the
crystal ¢ axis (see Fig. 6). Now, we suppose

Fig. 6. The crystal structure of
polytetrafluoroethylene.
@ C atom O F atom

that the oxygen molecule in the defect of the
fluorine atom forms a C-0O-O bond perpendic-
ular to the crystal c¢ axis. The unpaired
electron localized on the oxygen atom has an
axially symmetrical distribution around the
C-0-0 axis. We choose three Cartesian
coordinates, (x,¥,2), (¢,%,0), and (x',y',z),
connected with each other by the Eulerian
angles shown in Fig. 7, where the system
x', y', z' is connected with the system (&, 7,{) by
three angles, 8, ¢ and ¢, and where w is an
angle between the { axis and the z axis. In
these systems we assume that the crystal c
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Magnetic

—a=x"

Direction
of C.0.0 bond

Fig. 7. The relation among three Cartesian
coordinate systems, xyz, &9, and x'y'z'.
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axis of PTFE is along the z' axis, and that the
x! axis is approximately in the direction of
the C-0O-O bond, which is the symmetrical
axis of the unpaired electron density. The {
axis is taken as in the direction of the orienta-
tion axis, while the z axis is in the direction
of the external magnetic field. Then, the
rotation of the { axis in the z—x plane about
the y axis is expressed only by the angle w.

If the principal values of the g tensor are
g1, 82, and g;, the g factor can be written as
follows :

g =gl + gt B+ gs’r? 3)
where a, 8, and 7 are the direction cosines of
the external magnetic field with respect to the
principal axis system. We can assume that g;
is the g factor along the x' axis, and that
g: (=g;) is perpendicular to it. The direction
cosines in Eq. 3 may be calculated easily using
the above assumption. The defects of the
fluorine atom are distributed at random about
the crystal ¢ axis, so that the angles ¢ and ¢
have no definite values. Therefore, we must
caluculate the average values of a? §2 y® with
respect to the equally-probable distribution of

¢ and ¢.
{a),{pH= %{ (1+cos?d) + (1 —3 cos?#)cosw}

T :%{ (1 —cos?@) — (1—3 cos?f)cos’w}

(4)
Then,

1
g' = [{(g:"+3g:) + (g:* — g:*)cos’0)}

+1{(g:1*—g:*) +3(g*— g1?*) cos*d }cos’w]

(5)
For the purpose of comparing the calculated
results with the experimental data, it is con-
venient to introduce the new parameters g,
and g1 ; g is the component of g along the
crystal ¢ axis, while g1 is perpendicular to it:
g1 =g 8‘J~=1/(g12+gz"’)/2.

1
g =5 [{(g12+g1D) + (gr?—gu?)cos?b}

+{(g:*—21?) +3(g.:*— g1?cos*d}cos’w]
(6)
Equation 6 shows the axial symmetry of g

around the orientation axis. If #=0, Eq. 6
becomes

g=gi’+ (g~ gi¥)cos’w @)
and as a simple approximation; g=g,—

dgcos’w, where dg=gi —gi{{g1, 2.
The results shown in Fig. 5 show this axially
symmetrical property of the g factor. The
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deviation of the experimental data from the
curve, g=2.0230—0.0165cos’w, suggests the
presence of distribution in #. The values of
g and g, are estimated as 2.037 and 2.0065
respectively.

If the local order of PTFE does not exist,
the average values of (a?), (8%, and (7% in
Eq. 4 become 1/3, and the value of the g
factor is 2.017, which is in good agreement
with the value obtained from the symmetrical
component of the ESR spectrum in air.-

The spectrum of the powder sample, taken
off the symmetrical component, must be
composed of the sum of randomly-oriented
radicals. It shows a fairly good agreement
with the curve obtained from the calculations
under the assumptions'®!®> of axial symmetry,
a Lorentzian line shape and the random
orientation of the crystallites, as Fig. 8 shows.

Hl
1 . i

8450 8500

8550 e
Magnetic field
Fig. 8. ESR absorption curve of peroxy radi-
cals in irradiated PTFE powder. Calculated
curve obtained from the observed values in
oriented sample; gy =2.0065, gi=2.0230,

and b=10ce. (b: half width at half power.)
—— Calculated Experimental

Summary

In the oriented sample of irradiated PTFE,
the ESR spectrum of peroxy radicals consists
of two singlets. One of them has an angular
dependent g factor: g=2.0230—0.0165 cos’w,
where o« is an angle between the orientation
of the PTFE crystal and the direction of the
magnetic field applied. This spectrum shows
an asymmetrical profile in a powder sample.
It has been interpreted in the light of the
crystalline arrangement of PTFE. Additional
peroxy radical, which gives an angle-independ-
ent ESR signal, is unstable at temperatures
above 150°C.
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