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ABSTRACT:  Anomalous production of free radicals with increasing temperature in
the range from 100°K to 173°K was observed in the decay process of the polypropylene
mechano-radical produced by sawing in liquid nitrogen. It was experimentally demon-
strated that this anomalous production of radicals at such low temperatures resulted
from the excess electric charge due to the triboelectricity and from the oxygen dissolved
in the liquid nitrogen. The reaction scheme for the radical production in this tempera-
ture range is presented as the formation of a peroxy radical from the carbanion produced

by attachment of the excess electrons to the mechano-radical.
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In this decade it has been established''? that free
radicals are produced by mechanical actions on
solid polymers, such as large deformation,®* cut-
ting,>® and ball-milling.” A free radical produced
by such mechanical actions is called a ‘‘Mechano-
radical.”” ESR provides a powerful experimental
techique to study free radicals in polymers,® and
a lot of information on free radicals, e.g., iden-
tification of a radical species, a radical conver-
sion, and decay of a radical, can be obtained
from the analysis of an ESR spectrum. Species
of the mechano-radicals of polyethylene (PE),
polypropylene  (PP), poly(tetrafluoroethylene)
(PTFE), and poly(methyl methacrylate) (PMMA)
were identified by analyses of the observed
ESR spectra; all of the mechano-radicals from
these polymers were found to be scission-type
radicals, which were produced by ruptures of
the main-chains.®” The creation of the scission-
type radicals from mechanical origins forms a
clear contrast with production of the nonscission
radicals, which are generally observed in the
cases of ionizing radiation acting on the poly-
mers. Relative intensities of ESR spectra observed
at 77°K after heat treatments at various tem-
peratures higher than 77°K are plotted against
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the temperatures of the heat treatments. The
curve obtained by this procedure reflects well
the decay behavior of the radical, because the
ESR intensity is proportional to the concentra-
tion of radicals, which decay at higher tempera-
tures due to unstability. This is the reason why
this curve is called a ‘‘Decay Curve.”” Such a
curve contains information on the characteristic
decay hehavior of the radicals trapped in the
polymer matrix, and the decay mechanism of
these polymer radicals can be discussed from the
analysis of the curve.’ Actually the decay curves
of the radiation induced radicals of PE,° PP,'’ and
PTFE" demonstrate that the radicals decay with
increasing temperature. Such decay with tem-
perature is the normal behavior for the radicals,
because the radicals are unstable intermediates
which can survive only in either a trapped state
or a frozen one. The decay curves were ob-
tained for the radicals produced by the mechani-
cal destruction of several polymers, such as PE,
PP, and PTFE. It was found in these decay
experiments of the mechano-radicals that they
did not decay in a simple way but increased in
concentration in the temperature range between
100°K and 173°K. This means that some new
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radicals were produced by the heat treatment
alone at temperatures in this range lower than
room temperature. These anomalous increases
in the decay processes are quite unique, these
peculiar behaviors have been found not for the
radicals produced by methods other than the
mechanical fracture but do exist for all the
mechano-radicals which we produce.® Thus,
one is led to believe that this anomalous decay
behavior is one of the characteristics of the
mechano-radicals. One can hardly imagine that
a covalent bond can be broken by thermal mo-
tion at such a low temperature and a new radical
could be thermally produced in the temperature
range 77°K—173°K. It is thus interesting to
find a mechanism for this anomalous decay.
Since the anomalous decay was most clearly
observed for polypropylene, this polymer was
chosen as an example. In oredr to elucidate
the formation mechanism of new radicals at
these low temperatures, some factors contributing
to the anomalous behavior of the mechano-
radical were looked for experimentally and suc-
cessfully determined. The mechanism for this
anomalous decay behavior will be discussed on
the basis of the experimental results obtained.

EXPERIMENTAL

Sample

An isotactic polypropylene manufactured by
Mitsui Chemicals was used. The antioxidant-
free samples were prepared by extraction of the
antioxidant with hot toluene.

Apparatus

Both 3BX and PE-3X ESR spectrometers made
by JEOL were used with 100-KHz modulation
for ESR observation.

Methods of Mechanical Destruction

Sawing. Blocks of a polymer sample were
sawed using a steel saw in a vessel filled with
liquid nitrogen and the sawdust produced by
this sawing was transferred along with some
liquid nitrogen into an ESR sample tube, which
had been kept in a Dewar containing liquid
nitrogen. The sample tube containing the saw-
dust and liquid nitrogen was connected toa vacuum
system and evacuated to 107° Torr. The sample
tube was placed in the Dewar filled with liquid
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nitrogen during evacuation. By this procedure
the sawdust of a polymer produced at 77°K and
preserved at this temperature untill the warming
experiments. The fractured sample obtained in
this way were scarcely in contact with oxygen
except for the impurities in the liquid nitrogen.

Ball-Milling. A special apparatus for ball-
milling of a polymer was designed and built in
our laboratory, in order to mill polymer flakes
in a vacuum of 107° Torr at any temperature
above 77°K. The details of this apparatus have
been described in the other paper.’

Measurement of Electric Charge

A vibrating-reed electrometer, TR-84M, and
Faraday Cage, TR 8031, made by Takeda Riken
Co. were used to measure the electric charge of
the polymer sawdust.

RESULTS AND DISCUSSIONS

Decay Curves

Examples of decay curves of PP radicals are
shown in Figure 1. In this diagram the ordinate
represents the relative total intensity to the
initial one at 77°K and the abscissa shows the
temperatures of the heat-treatments, which was
performed for 5min at each temperature. ESR
spectra were observed at 77°K after each heat
treatment. The solid curve in Figure 1 is a
decay curve of the PP mechano-radical produced
by the sawing and the dotted line is that of the
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Figure 1. Decay curves of the PP radicals. The

black circles correspond to the mechano-radical
and the open circles to the radical produced by
7-rays. The abscissa is the temperature of the
heat-treatment.
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PP radical produced by y-irradiation. The radi-
cals produced by y-irradiation decay step-wisely
with increasing temperature of the heat-treat-
ments; no increase of the ESR intensity is ob-
served as a result of the heat treatments. This
is commonly observed for other polymers and
is a normal behavior in the decay of polymer
radicals.®'® On the other hand, the decay curve
of the mechano-radical increases to a maximum
at 173°K and decreases more rapidly in the higher
temperature region than that by p-irradiation.
This anomalous increase is a quite peculiar
behavior in the decay process. It is very often
observed that the ESR intensity is enhanced by
a desaturation effect. Thus, careful observations
were repeated with various r-f powers and this
anomalous increase was reproducibly observed
even with the weakest power. This fact indicates
that the increase in the ESR intensity originates
not from the desaturation effect but from an
increase of the radical concentration. It is
worth mentioning that no such anomalous in-
creases in the decay curve were observed for
the radicals produced by y-irradiation.

77°K
143°K
173°K
36.8G Max. Intensity
—_—

Figure 2. Changes in the line-shape of the ESR
spectra after the heat-treatments below 173°K. All
observations were done at 77°K. The temperatures
shown in the figure are the heat-treatment tem-
peratures.
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It was also found that the ESR spectra changed
in shape during this anomalous increase of the
intensity. Examples of the line-shapes observed
in this temperature region are shown in Figure
2. The temperatures shown in the figure are
the heat-treatment temperatures and all the ob-
servations were made at 77°K. The ESR spec-
trum observed before the heat treatment was
decomposed into two components, which were
identified to be an octet spectrum of the PP

H CH,
mechano-radical, ~C—C. , and an asymmetric
H H

one from a peroxy radical.>'* During the heat
treatment from 77°K to 173°K the spectrum of
the PP mechano-radical is decaying and the
asymmetric spectrum is increasing, as shown in
Figure 2. At maximum intensity the observed
spectrum became the single component from the
peroxy radical. These experimetal results con-
vince us that the peroxy radical is created by the
heat-treatments even at such low temperatures
(below 200°K) after the sawing in liquid nitrogen.

Factors Affecting the Anomalous Behavior in the
Decay Curve of the PP Mechano-Radical
Effect of Ingredients. Identical spectra and

the same decay behavior were observed from
the two samples, one of which the commercial
sample without any extracting of the antioxidant
and the other was the sample from which the
antioxidant had heen removed. Thus, one can
say that the antioxidants were not the source
of the ESR spectra and had no effect on the
anomalous behavior.

Electric Charge. Mechanical destruction is al-
ways accompanied by friction, which produces
electric charge, especially on a polymer, by tribo-
electricity. Thus, it is quite probable that
polymer samples after sawing are electrically
charged. The electric charge of the sawdust of
polypropylene was measured at 77°K by the
electrometer with a Faraday Cage, and it was
found that the polypropylene sample was elec-
trically negative-charged after the sawing with
the steel saw in liquid nitrogen. This excess
charge produced on the sample at 77°K was
gradually discharged at increased temperatures
and became almost neutral near room tempera-
ture, as shown in Figure 3. In this figure the
relative charge is plotted against the observation
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Figure 3. Discharge curve of the excess electric-
charge due to the triboelectricity. The abscissa is
temperature of observation and ordinate is an ar-
bitrary scale.

temperatures, since the calibration of the Faraday
Cage, which is valid only at room temperature,
is not fully reliable at such low temperatures.
It is interesting to notice that the electric dis-
charge starts in the neighborhood of the tem-
perature at which the radical decay starts. No
characteristic ESR spectrum from trapped elec-
trons was observed from the electrically charged
sample, and the sample showed no blue color,
which would be a characteristic absorption band
of a trapped electron. It is concluded from
these facts that the excess electrons, which arise
from the negative charge of the sample, are not
trapped and isolated in the polymer matrix but
are associated with either molecules or radicals
to form anions.

Effect of the Electric Charge on the Decay Curve

Decay curves were obtained for the same sam-
ples after fracture under the following two con-
ditions:

(1) Insulation Experiment: The entire appara-
tus of sawing, including the experimenter, was
electrically insulated from the ground. (2) Earth
Experiment: The sawdust of the samples was
not insulated but electrically grounded to the
earth at 77°K before being transferred to an
ESR sample tube. In the insulation experiment,
of course, the excess charge survives more than
in the earth experiment.

The two decay curves obtained from the ex-
periments performed under the two different
conditions are shown in Figure 4. The decay
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Figure 4. Decay curves obtained both in the insu-
lation and the earth experiments. The abscissa is
the temperature of the heat-treatment. The black
circles correspond to the insulation experiment and
the open circles to the earth experiment.

curve in the insulation experiment shows a more
enhanced anomaly than that in the earth experi-
ment. This comparison suggests that the pro-
duction of the radicals by the heat-treatment is
enhanced by the increased amount of the excess
charge.

In order to confirm the effect of the excess
charge on the anomalous phenomenon, an ex-
periment on the effect of the electron scaveng-
ing was conducted. The polypropylene flakes
were fractured in vacuum at 77°K with Tetra-
cyanoethylene (TCNE), which is a strong elec-
tron scavenger, by the ball-milling method. The
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Figure 5. Comparison between the normal decay
curve obtained by the ball-milling with TCNE the
anomalous decay curve obtained without any
scavenging of electrons. The lines connecting the
black circles and the open ones are an anomalous
decay and a normal one, respectively.
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decay curve of the PP mechano-radical was
obtained after the ball-milling with TCNE; the
comparison between the decay curves with and
without TCNE is made in Figure 5. In the case
of milling with TCNE no anomalous increase
was observed in the decay curve and the me-
chano-radicals stay unvaried up to about 250°K
and then decayed. Apparently the normal decay
was observed even for the PP mechano-radical,
which had showed the anomalous behavior,
when the excess electrons had been scavenged
by the electron scavenger. The scavenging of

77° K

263°K

Figure 6. Observed ESR spectra after the ball-
milling with TCNE and the decomposition of the
spectrum: a, observed spectrum at 77°K; b, ob-
served spectrum after heat treatment at 263°K; c,
the decomposition of the spectra ‘‘a’ into three
components.
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the excess electrons by TCNE was verified ex-
perimentally by the analysis of the ESR spectra,
shown in Figure 6. An ESR spectrum observed
immediately after the ball-milling with TCNE
at 77°K in vacuum is reproduced as Figure 6a.
After the heat treatment at room temperature
the spectrum ‘‘a’ in Figure 6 was found to be
converted into ‘‘b”’ in the same figure. The
ESR spectrum of ‘b’ is identical to the spec-
trum of a TCNE anion (TCNE)~, which can be
produced by reduction of TCNE with sodium.
On the basis of this change of the spectrum the
ESR spectrum ‘‘a’”” was decomposed into the
following three components: the sharp singlet
from (TCNE)~, the octet from the PP mechano-
radical,’ and a broad singlet from an unknown
radical, shown as ‘‘c’ in Figure 6. The evi-
dence mentioned above indicates that the excess
electric charge produced by the friction is at
least one of the factors which contribute to the
anomalous increase of the radicals by the heat-
treatment after the mechanical rupture.

Effect of Oxygen on the Decay Curve

The anomalous decay was most clearly ob-
served in the case of sawing of the polypropylene
blocks in liquid nitrogen, in which some oxygen
might have become dissolved during the experi-
ments. As shown in Figure 2, the new radical
species which was created by the heat treatment
was the peroxy-radical giving the asymmetric
ESR spectrum. From this fact it is safe to
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Figure 7. Comparison between the decay curve
connecting the open circle obtained for the PP
mechano-radical produced by the ball-milling at
105 Torr and the anomalous decay curve connect-
ing the black circles, which is the same as the
anomalous curve in Figure 5.
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assume that the oxygen molecules play an im-
portant role in this anomalous behavior in the
decay process of the mechano-radical. In order
to verify this assumption a comparison was
made, as shown in Figure 7, between the decay
curves obtained for the two different cases, namely
fracture either in liquid nitrogen contaminated
with oxygen or in vacuum of 107 Torr at 77°K.
The mechano-radical produced by the ball-mil-
ling at 77°K in vacuum does not show any
anomalous increase but decays in the normal
way. These facts demonstrate that the presence
of oxygen molecules is necessary for the anoma-
lous behavior in the decay of the PP mechano-
radical. The experimental results mentioned in
this section can be used to reach the conclusion
that two factors, the excess electrons and the
oxygen, are required for the observation of the
anomalous increase in the decay curve of the
mechano-radical.

Mechanism for the Creation of Radicals Due to

the Heat-Treatment

As stated in the earlier part of this paper, the
samples handled in the experiments were not
electrically neutral but were negatively charged
as a whole after the fracture. This was a big
difference from ordinary samples, which are elec-
trically neutral as a whole even if they contain
free electrons, cations, or anions. And it was
also found that the origin of the excess charge
was not the trapped and isolated electrons.
Thus, the negative charge must be in the form
of anions. On the other hand, it has been
experimentally demonstrated that mechanical
fracture of solid polypropylene at 77°K produces

scissions of the main chains and creates a couple
H CH,

of mechano-radicals, namely —~C—C., (R;-), and
H H

H CH,

.C—C-—, (R;-),."? It is known that a radical has
H H

rather large electron affinity,’”® for example,

25 kcal/mol for a methyl radical.’>*** Therefore,
it is most likely that the excess electrons are
captured by the mechano-radicals to form anions,
if there are excess charges. The arguments pre-
sented in the preceding paragraph convincingly
suggest that the excess electrons produced by
the triboelectricity during the mechanical des-
truction are combined with the mechano-radical

3
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and stabilized to form the carbanions, either
R,” or R,™ or both species, because of the elec-
tron affinity of such radicals. Although the
exact values of the electron affinity of the me-
chano-radicals, R;- and R,-, are not known,
they are probably close to the value for the
methyl radical. The carbanions, R;” and R,
are not free-radicals and thus not observable by
ESR. It is most reasonably considered that
some of the mechano-radicals are converted into
the carbanions immediately after the scission of
the polymer chains by the combination with
excess electrons and the ESR intensity observed
in the initial state at 77°K is reduced by the
number of the formed carbanions, R;™ and R,".
It was also found, as mentioned in the last
section, that the species of the radicals produced
by the heat treatments was the peroxy radical.
If the binding energies, Ep, of the mechano-
radicals, R,- and R,, with oxygen are larger
than the electron affinities, E,, of these radicals,
as shown in Figure 8, the electron captured by

Re+0,+ (-e)

R™+ Oz
RO+ (-€ )

Figure 8. Assumed energy diagram for the system
consisting of the radical, either R;e or Rse, an
oxygen molecule, and an excess electron. Ea and
Eg are the electron affinity and the bond energy
of the radical R, respectively.

the mechano-radicals can be released to form a
peroxy radical and a free electron, if an activa-
tion energy is supplied from thermal energy at
the elevated temperatures. In such a way the
peroxy radicals are newly produced by the heat
treatment, and the released electrons can easily
leak to the ground at these temperatures. Through
this process the ESR intensity is increased due
to the creation of the peroxy radical from the
non-radicals, the carbanions, only by the - heat
treatment. It has been found that the PP
mechano-radicals, R, and R,., readily react
with oxygen molecules to produce the peroxy
radical by heat treatment above 100°K."* Thus,
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both the original mechano-radical and the carb-
anions existing at 77°K are changed into the
peroxy-radical by the heat treatment and the
fraction from the carbanions is observed as the
increase of the radicals by the heat treatment,
which is the anomalous behavior in the decay
process. It is worth noting that the oxygen
plays two important roles in the anomalous
decay: the first is the release of the excess elec-
trons from the carbanion by the reaction with
the radical and the second is the stabilization
of the radical by forming the peroxy radical.

Excess charge due to the triboelectricity: (—e)

At the initial state of 77°K
R,-: the observed octet'?

If the oxygen does not exist as an impurity,
the mechano-radical probably does not survive
after the release of the electron from the carb-
anion, because a nonperoxy radical, like R, or
R,-, is much more unstable, in general, than the
peroxy radical, R,00. or R,00.. At tempera-
tures above 173°K the peroxy-radicals begin to
decay, as all other radicals do. The conclusive
explanation of the anomalous behavior in the
decay process of the mechano-radical will be
reasonably derived from the following reaction
schemes:

R,00.: the asymmetric spectrum (only R,- reacts to O, to form R,00..")

R;-+(—€e)—R,"

_} no ESR spectra
R,:+(—€)—R,

Heat treatment in the temperature range of 100—173°K

R,00.: unvaried
R,-+0,— R,00.:
R,”4+0,— R,00. -{—(——e)}
R; 40, — R,00- +(—¢)

conversion to the peroxy radical }

ESR intesity unvaried

creation of the peroxy radical from the nonradicals and
increase of ESR intensity

Released electrons (—e) leak to the ground and the sample approaches the neutral state

Heat treatment at temperatures above 173°K

R,00. and R,00: thermal decay

All excess electrons leak to the earth and the sample becomes

electrically neutral

It should be pointed out that such anomalous
decay was only observed for the mechano-radi-
cals and no anomaly was observed for the radi-
cal produced by either p-irradiation or UV
illumination. This fact is also understandable
if one remembers that the excess charge, from
which the anomaly occurs, can only be produced
by the triboelectricity accompanying the me-
chanical fractures. In the case of y and UV
irradiation there is no excess change and the
samples stay neutral even if ionization is gener-
ated in the samples. Therefore, no anomalous
decay behavior was observed from the neutral
samples.
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