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ABSTRACT: The nature of peroxy radical formation from plasma-induced surface radicals of polyethylene
(PE), both low-density polyethylene (LDPE) and high-density polyethylene (HDPE), was studied by electron
spin resonance with the aid of systematic computer simulations. It was found that peroxy radical
formation varies with the structure of component radicals of plasma-irradiated PE, both LDPE and
HDPE: Among three plasma-induced radicals of PE, dangling bond sites (DBS) undergo an instant
conversion into the corresponding peroxy radicals in contact with oxygen, while the midchain alkyl radical
is of very low reactivity with oxygen in both LDPE and HDPE. Computer simulations disclosed that
ESR spectra of peroxy radicals are similar to each other in LDPE and HDPE, both being composed of
two types of spectra, a partial g-averaging anisotropic spectrum and a nearly isotropic single line spectrum
due to different molecular motional freedom at the trapping sites of peroxy radicals.

Introduction

In the preceding paper, we reported the electron spin
resonance (ESR) study on plasma-induced low-density
polyethylene (LDPE) radicals on its comparison with
those of high-density polyethylene (HDPE).2 The ob-
served ESR spectra of plasma-irradiated LDPE are
largely different in pattern from those of HDPE. It was
found with the aid of systematic computer simulation
that such observed spectra of plasma-irradiated LDPE
consist of three kinds of radicals, a midchain alkyl
radical (1) (sextet spectrum), a midchain allylic radical
(2) (septet spectrum) as discrete radical species, and a
large amount of dangling bond sites (DBS) (3) (smeared-
out broad line) at the surface cross-linked region. All
these component radicals are essentially identical with
those of HDPE reported earlier, but thermally stable
DBS (3) is a major component radical, instead of a
midchain alkyl radical in HDPE, indicating the forma-
tion of a highly cross-linked network on the plasma-
irradiated LDPE surface.

Peroxy radical formation for the auto-oxidation pro-
cess has been extensively studied due to the importance
of industrial application of a wide variety of y-irradiated
polymers® including those of HDPE.* All kinds of
plasma-irradiated polymers are eventually exposed to
air for their practical use, so the studies of the auto-
oxidation process are also important for plasma-irradi-
ated polymers.

In this paper, we report the nature of peroxy radical
formation as an initial process of auto-oxidation studied
by ESR with the aid of systematic computer simulations,
from two types of plasma-irradiated PE, both LDPE and
HDPE, (1) by its exposure to air (oxygen) immediately
after plasma irradiation and (2) by its exposure to air
after standing the plasma-irradiated sample for 92 h
anaerobically at room temperature, which contains only
thermally stable radicals.

Experimental Section

Materials. Plasma-irradiated LDPE obtained in the pre-
ceding paper? and plasma-irradiated HDPE reported earlier®
were used for peroxy radical formation.
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Peroxy Radical Formation and ESR Spectral Mea-
surement. The peroxy radical formation was performed
simply by opening the ampule containing the PE samples
plasma-irradiated for a prescribed period of time to introduce
air into the ampule. ESR spectra were recorded by a JES-
RE1X (JEOL) spectrometer with X-band and 100 kHz field
modulation. Since most observed ESR spectra here are those
of peroxy radicals mixed with remaining carbon-centered
radicals, the power saturation of carbon-centered radicals
occurs easily, unlike the peroxy radicals, when a high micro-
wave power is used on the ESR spectral measurement. Thus,
from a plot of the square root of the microwave power versus
the signal peak height, a power level of 0.04 mW was chosen.
The computer simulations of ESR spectra were performed
according to the same method as described in the preceding
paper.2

Results

Observed ESR Spectra of Plasma-Irradiated PE
on Exposure to Air at Room Temperature. Itisa
well-known fact that most polymer radicals produced
by high-energy irradiation, including plasma irradia-
tion, are rapidly converted, in contact with oxygen, into
the corresponding peroxy radicals, and the ESR spectra
can be observed at room temperature in many poly-
mers.3* Figure 1 shows what happened to the ESR
spectra when LDPE and HDPE, both plasma-irradiated
for 3 min, were exposed to air.

It is seen that the spectrum of LDPE has quickly
changed to an unsymmetrical spectral pattern, which
is representatively characterized by a sharpening of the
central line. The spectral pattern continues to change
on standing in air with a decrease in the spectral
intensity, and the well-defined sextet-type spectrum was
obtained more than 30 min later, which is apparently
similar to that of HDPE. The simulated spectra shown
as dotted lines in Figure 1 disclosed that the change in
the spectral pattern in LDPE is caused by a rapid
formation and slow dissipation of the peroxy radicals,
which has a larger g value than carbon-centered radicals
(vide infra).

The result is in sharp contrast to the nature of
spectral changes in HDPE. Exposure of a well-defined
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Figure 1. Progressive ESR spectral changes on exposure to
air of LDPE and HDPE plasma-irradiated for 3 min, respec-
tively, together with the simulated spectra shown as dotted
lines.

sextet-type spectrum of HDPE to air at room temper-
ature does not show a significant change in spectral
pattern but appears to show only the decrease in the
spectral intensity. The computer simulations of these
progressive changes, however, have clearly shown the
presence of a small amount of peroxy radicals.

Figure 2 shows the progressive changes of the com-
ponent spectra of LDPE and HDPE as a function of
standing time in air for the simulated spectra shown
in Figure 1. It can be seen that all the component
spectra, I, 11, and Ill, in LDPE decay in intensity on
exposure to air, but among these, 11 and 111 quite rapidly
disappeared. Likewise, the component spectrum (I11)
in HDPE almost instantly disappeared, but the spec-
trum (I1) in HDPE behaved differently from that in
LDPE, which decays only gradually with standing time.
The rate of decay of the sextet spectrum (1) of LDPE is
similar to that of HDPE (l1x/lp = ca. 0.34 for LDPE and
ca. 0.32 for HDPE). On the other hand, the formation
of peroxy radical (dashed lines in Figure 2) shows a
maximum in intensity at a very early stage (several
minutes later) and then decreases gradually with
prolongation of standing time in air in both PE, which
could undergo the chain termination reactions through
the hydroperoxide consuming several moles of oxygen.

Further, it was deduced from Figure 2 that the ratio
of peroxy radical quantity against a total amount of
radicals in HDPE is only ca. 16% at the stage showing
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Figure 2. Simulated progressive changes in component
spectra on standing in air of LDPE and HDPE plasma-
irradiated for 3 min, respectively. Key: (@) total; (O) sextet;
(©) septet; (@) DBS; (2) spectrum of peroxy radical.

a maximum amount of peroxy radical formation, while
it is ca. 54% in LDPE. Thus, it became clear that only
a slight change in spectral pattern on exposure of
plasma-irradiated HDPE to air is caused by peroxy
radical formation in a much lower ratio and is almost
concealed from its clear observation in the spectra.

Figure 3 shows the peroxy radical spectra in the
simulated spectra shown in Figure 1. It is apparent
that both spectral features in LDPE and HDPE change
gradually with time, indicating that the spectra are
composed of more than two components due to the
difference in the molecular motion of the radical located,
and can be deconvoluted into two kinds of representative
component spectra shown as two types of dotted lines
in both LDPE and HDPE: One spectrum (1P) has been
shown to be of a partial g-averaging spectral pattern
(fine dotted line), which is a typical spectral pattern of
powdered peroxy radicals, and the other (2P) gave a
nearly isotropic single line with nearly complete averag-
ing of g anisotropy (rough dotted line) due to a random
molecular motion at the site of peroxy radical formation
(vide infra). A set of anisotropic g values deduced from
the simulated spectra are listed in Table 1.

It can be considered that the presence of two kinds of
spectra of peroxy radicals is due to the difference in the
polymer surface morphology at the site of the peroxy
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Figure 3. Progressive ESR spectral changes of peroxy radical
with two-component spectra deduced from the simulated
spectra on exposure to air of LDPE and HDPE plasma-
irradiated for 3 min.

Table 1. ESR Spectral Data for Peroxy Radicals in
Simulated Spectra of LDPE and HDPE

1p 2p
LDPE g 2.0145 2.0171
01 2.0030 2.0120
9 2.0074 2.0169
0s 2.0332 2.0224
HDPE a 2.0144 2.0176
01 2.0030 2.0128
0 2.0070 2.0167
0s 2.0334 2.0229

aValues of HSC are given in mT.

radical formation. As shown in Figure 4, although a
larger amount of 1P were formed than 2P, the progres-
sive changes in the spectral intensity of two types of
peroxy radicals indicated that 2P decays with a higher
rate than 1P due to more rigorous molecular motion,
thus changing gradually the spectral pattern with time.

All these results strongly indicated that a midchain
alkyl radical of the sextet spectrum (1) is of much lower
reactivity with oxygen, and the formation of peroxy
radicals stems mainly from a smeared-out broad line
(111) (DBS) and then a septet spectrum (11) (midchain
allylic radical) in both cases.

We have also examined the peroxy radical formation
of both LDPE and HDPE plasma-irradiated for 3 min
followed by standing for 92 h in anaerobic conditions
and then exposed to air, since such a sample of LDPE
does not contain a sextet spectrum (1), and that of HDPE
contains a sextet spectrum (1) only to a negligible extent,
although the total radical quantity is significantly
reduced, as reported in the preceding paper.2

The ESR spectral changes on exposure to air of both
LDPE and HDPE thus obtained are shown in Figure 5,
together with the simulated spectra shown as dotted
lines. It is seen that the broad single line spectrum of
LDPE was quickly converted into a new spectrum that
appeared at lower magnetic field with a significant
decrease in intensity and continued to decrese in
intensity, whose spectral pattern is roughly similar to
those shown in Figure 3. In fact, on the basis of the
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Figure 4. Simulated progressive changes in the spectral
intensity of peroxy radicals, 1p and 2p. Plots at zero standing
time were estimated from the extrapolation by line-fitting.

simulated progressive changes of the component spectra
shown in Figure 6, it is clear that the spectra of LDPE
consist of only the corresponding peroxy radicals. On
the other hand, the spectral features on exposure of
HDPE to air (Figure 5) have been considerably distorted
with a significant decrease in intensity and with ap-
pearance of a part of peaks for a septet spectrum (I1).
In fact, it is seen from Figure 6 that only a smeared-
out broad line (I11) of DBS in HDPE rapidly disappeared
to convert into the peroxy radicals, and the septet
spectrum (I1) slowly decreased in intensity. Thus, these
results parallel the view of the difference in reactivity
of the component radical with oxygen in the case of fresh
plasma-irradiated PE stated above.

Discussion

Comparison in the Nature of Peroxy Radical
Formation between Plasma-Irradiated LDPE and
HDPE. It is a well-known fact that peroxy radical
formation of HDPE occurs mostly at the amorphous
region due to the high capability of oxygen diffusion. In
fact, the rate of oxygen diffusion into the crystalline
region was reported to be about one-tenth relative to
that to amorphous region.**48 Thus, the difference in
the nature of radical formation between LDPE and
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Figure 5. Progressive ESR spectral changes on exposure to
air of LDPE and HDPE plasma-irradiated for 3 min followed
by standing for 92 h together with the simulated spectra shown
as dotted lines.
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Figure 6. Simulated progressive changes in component
spectra on standing in air of LDPE and HDPE plasma-
irradiated for 3 min followed by standing for 92 h at room
temperature. Key: (@) total; (O) sextet; (©) septet; (®) DBS;
(2) spectrum of peroxy radical.

HDPE can be rationalized in terms of the fact that a
large amount of DBS was formed at the amorphous
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surface cross-linked layer of plasma-irradiated LDPE
and was very sensitive to oxygen, whereas the midchain
alkyl radicals were mainly formed in plasma-irradiated
HDPE and unimportant in the formation of peroxy
radical, since most of such radicals are located in the
crystalline region. Part of midchain allylic radicals is
considered to be located in the crystalline region espe-
cially in the case of HDPE. In fact, as was shown in
Figure 2, part of the septet spectra (I1) as well as the
sextet spectrum (I) remained even after standing for a
long period of time in air and, thus, must be located in
the crystalline regions.

A similar propensity has also been observed in other
polymers. For example, the ESR spectral studies on a
series of plasma-irradiated carbohydrates clearly dem-
onstrated that plasma-induced radicals of amorphous
polycarbohydrates such as ethylcellulose and (hydroxy-
ethyl)cellulose disappeared instantly in contact with
air,® whereas plasma-induced radicals formed in totally
crystalline monocarbohydrates such as glucose and myo-
inositol were quite stable in dry air for a long period of
time at room temperature.” For these reasons, the ESR
spectra of peroxy radicals (Figure 3) were similar in
pattern for LDPE and HDPE, and a much smaller
amount of peroxy radicals was formed in HDPE than
in LDPE, although the ESR spectra of plasma-induced
radicals (Figure 1) are quite different in pattern from
each other.

The ESR spectrum of peroxy radicals does not give
any information on the original radical structures due
to the absence of any hyperfine splitting constants,
although it does give the information of molecular
motion where the peroxy radicals are located. It is
difficult for PE, therefore, to elucidate the spectral
feature of peroxy radicals derived from each of the three
original carbon-centered radicals, unlike the case of
plasma-irraidated poly(tetrafluoroethylene) (PTFE) where
three component radicals formed were experimentally
separated so that the ESR spectrum of each peroxy
radical was delineated.® However, the present result
in PE can be most reasonably explained by invoking
that 1P could be formed from DBS (a major component
in LDPE) and 2P was formed from the other radicals, 1
and 2, since much larger amounts of 1P were present
than 2P in the case of LDPE (Figure 4). Therefore, it
can be considered that a typical partial g-averaging
spectral pattern of powdered peroxy radical such as 1P
is due to the fact that the molecular motional freedom
at the cross-linked layer where DBS is located is highly
restricted, and a nearly isotropic single line spectrum
such as 2P is due to the random molecular motion
including the C—0 bond rotation at the site of trapped
peroxy radicals (Figure 7).

Concerning the Use of Peroxy Radicals for the
Molecular Motion Probe in the Polymer Main
Chain. A number of ESR studies of peroxy radicals
formed by exposure to air of y-irradiated HDPE and
PTFE as the effective molecular motional probe due to
incomplete averaging of g anisotropy in peroxy radicals
have been reported by many authors.!!

The temperature-dependent ESR spectra of peroxy
radicals formed from y-irradiated HDPE were inter-
preted as a superposition of two chemically identical
radicals, both being peroxy radicals located in the
amorphous region, trapped, however, at different loca-
tions and with different motional freedoms considering
a rotation about the polymer chain axis, parallel to the



3234 Kuzuya et al.

H N
N C
c / H
AN/ . N
g /C\H / H
H,/ o< H—\c/
)/ ° >, / 9 4 A
g, 0 kY kY
A\ . \Was
70 o e -
% H Ny N / "
\c/ c

Figure 7. lllustration for orientation of the O—O group of
PE peroxy radicals and the principal direction of the g tensor
(91; perpendicular to the COO plane, gs; direction of the O—0O
bond). The COO group lies in the plane perpendicular to the
polymer main chain axis.

direction of gi, as illustrated in Figure 7,° although
Kevan et al. proposed to explain such temperature-
dependent spectra by invoking one radical with jumping
between equivalent sites.® These interpretations are,
however, valid on the basis of the assumption that a
single radical was present without a change of a
significant polymer morphology during the course of the
radical formation. The ESR observation, including
temperature-dependent spectra of the peroxy probe is
blind to nonradical species such as the part of the
structure that resulted from cross-linkings. Neverthe-
less, such studies have been cited as direct evidence for
the molecular motion of the native linear HDPE main
chain.

On the basis of the fact that y-irradiated PE, in both
HDPE and LDPE, has shown ESR spectra similar to
that of plasma-irradiated PE, we are strongly inclined
to consider that three kinds of radicals including DBS
had also been produced in y-irradiated PE. The DBS
formed at the intra- and intersegmental cross-linked
layer, however, cannot undergo the chain axis rotation,
giving peroxy radicals with the ESR spectrum similar
to that of 1P. Thus, studies in y-irradiated PE as direct
evidence of the molecular motion of the linear PE chain
should be carefully discussed, and we believe that the
temperature-dependent spectra of peroxy radicals de-
rived from y-irradiated PE may also be explained in
terms of a rationalization similar to those reported
herein.

Conclusion

The conclusions drawn from the present study can be
summarized as follows: Exposure to air of plasma-
irradiated LDPE showed an instant change in the
spectral pattern due to the formation of a larger amount
of peroxy radical, while HDPE showed only the decrease
in the spectral intensity. This was rationalized in terms
of the fact that thermally stable DBS (3) (a smeared
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broad line), which is a major component radical in
LDPE, is very susceptible to oxygen, and the thermally
less stable midchain alkyl radical (1) (a sextet spec-
trum), which is a major component radical in HDPE, is
much less reactive to oxygen in both LDPE and HDPE,
since such radicals are present mainly in the crystalline
region.

We believe this is the first detailed ESR spectral
analysis and its progressive changes of peroxy radicals
freshly formed from irradiated PE, LDPE and HDPE,
in any kind of radiation method.

The result reported herein also reinforced our conclu-
sion on HDPE by reconsidering the conclusion on
y-irradiated PE discussed in a previous paper.®
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