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ABSTRACT: Plasma-induced low-density polyethylene (LDPE) radicals were studied in detail by electron
spin resonance (ESR) by its comparison with ESR of high-density polyethylene (HDPE). The observed
ESR spectra of plasma-irradiated LDPE are largely different in pattern from those of HDPE. The
systematic computer simulation disclosed that such observed spectra consist of three kinds of radicals,
midchain alkyl radical (1), allylic radical (2) as discrete radical species, and a large amount of dangling
bond sites (DBS) (3) at an intra- and intersegmental cross-linked region. All these component radicals
are essentially identical to those of HDPE. One of the most special features unique to plasma-irradiated
LDPE, however, is the fact that thermally stable DBS (3) is a major component radical instead of a
midchain alkyl radical in HDPE. This can be ascribed to the difference in polymer morphology between
LDPE and HDPE: branched structure with a large amount of amorphous region for LDPE and linear
structure with a large amount of crystalline region for HDPE. Since one of the characteristics of plasma
irradiation is the fact that it is surface-limited, LDPE would undergo the radical formation preferentially
on the surface-branched structural moiety followed by facile cross-link reactions resulting in the formation
of DBS. Thus, the nature of radical formation of PE was found to be affected by the polymer morphology
in a very sensitive manner.

Introduction

Polyethylene (PE), both LDPE2 and HDPE,3 is one of
the most well-investigated polymers concerning radicals
generated by high-energy radiation such as X-ray and
γ-ray irradiation. A number of electron spin resonance
(ESR) studies of radiation-induced radicals of PE have
been reported.2,3 This reflects, in part, interest in the
high degree of technical importance of PE.
On the other hand, plasma irradiation can provide a

different phase of study for polymer radicals. One of
the characteristics of plasma irradiation is the effective
energy transfer to a solid surface to create stable free
radicals on a variety of polymer surfaces.4

One of the advantages of plasma irradiation over
other types of radiation for the study of polymer radicals
is that the radical formation can be achieved with a brief
plasma duration by a simple experimental apparatus
such as those we have devised.5,6 This method makes
it possible not only to study the polymer radicals
without a significant change of polymer morphology but
also to study the time-dependent ESR spectra following
readily the ESR kinetics for the radical formation and
its decay, so that we can carry out the systematic
computer simulations with a higher credibility using
variously prepared samples for one polymer.
As part of continuing work on elucidation of plasma-

induced surface radicals, we recently reported the
detailed ESR study on the nature of plasma-induced
surface radicals of powdered HDPE coupled with the
systematic computer simulations, and discussed the
structure of radicals formed on its comparison with that
of γ-irradiated HDPE.5k

In this paper, we report the first detailed account of
an ESR study on plasma-induced LDPE radicals to-
gether with those of HDPE reported ealier,5k since the

special features of LDPE radical formation would be
best discussed by comparison with those of HDPE.

Experimental Section

Materials. LDPE (pellet) is commercially available, but the
commercial LDPE shows the presence of unsaturated bonds
(vinylene, carbonyl groups etc.) by FT-IR spectral measure-
ments, as in the case of HDPE.5k Therefore, LDPE was
purified by dissolving it (2 g) in hot xylene (50 mL, 100 °C)
and then precipitating in a large excess of methanol (1 L).
Precipitated LDPE was collected by filtration and dried in
vacuo at 60 °C for 3 days. This procedure was repeated at
least twice until the disappearance of unsaturated bonds was
confirmed on the FT-IR spectral measurement. The LDPE
thus obtained was screened with a 200 mesh sieve. The mean
particle size was measured in ISOTON II (filtered solution
based on 0.9% saline) (Nikkaki Inc.) by a Coulter counter
(Model TA-2, Coulter Electronics Inc.), from which the specific
surface area was determined: 1.51 cm2/mg. The X-ray powder
diffraction (XRD) pattern measurement (Rigaku RAD-1C)
indicated ca. 40% crystallinity for the LDPE surface, deduced
from a comparison of the integrated peak area of the crystal-
line peak and the halo pattern area of the amorphous region.
The XRD spectra of LDPE are shown in Figure 1 together with
that of HDPE (ca. 90% crystallinity). The degree of crystal-
linity remained unchanged before and after plasma irradiation
for 20 min within the limits of detection by XRDmeasurement.
Plasma Irradiation and ESR Spectral Measurement.

The unsaturated bond-free LDPE powder (20 mg) was placed
in a specially designed ampule (30 mm i.d., 100 mm long)
connected with a capillary tube (2 mm i.d.) at the uppermost
part of the ampule, and the ampule was filled with argon gas
and sealed (0.5 Torr). Then the plasma state of argon was
sustained during agitation of the samples by a radio frequency
discharge of inductive coupling at 13.56 MHz with a prescribed
power and duration. The ESR spectral measurements were
performed while turning the ampule upside down at appropri-
ate intervals. The procedure was essentially the same as that
reported earlier.5k
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The ESR spectral intensity was determined by double
integration. The radical concentration (spin number/cm2) was
calculated from the spectral intensities with the aid of calibra-
tion lines obtained from the spectral intensity of a poly(methyl
methacrylate) (PMMA) powdered sample impregnated with
DPPH. Measurements of g values were made relative to the
fourth signal from the lower magnetic field (g ) 1.981) of Mn2+

in magnesium oxide (MgO). ESR spectra were recorded by a
JES-RE1X (JEOL) spectrometer with X-band and 100 kHz
field modulation. Care was taken to ensure that no saturation
occurred and that the line shape was not distorted by an
excessive modulation amplitude. 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.
Computer Simulation of ESR Spectra. The computer

simulations were performed with a 32-bit microcomputer (NEC
PC9821Cx3). The simulated spectra were obtained from
Gaussian functions by iteratively fitting spectroscopic param-
eters (g value, line width at half-height (HV), hyperfine
splitting constant (HSC), and relative peak intensity) with
observed spectra digitized through an A/D converter according
to a nonlinear least-squares method.5c The simulation pro-
grams were fabricated so as to include the effect of g-factor
anisotropy and/or R-hydrogen anisotropy on the line shape of
the powder spectra according to Kneubühl’s equation and
Cochran’s equation, respectively.7 To assist the simulation
procedure, we have also fabricated the program for obtaining
the difference spectrum by subtracting one observed spectrum
from another.

Results and Discussion

Observed Room-Temperature ESR Spectra of
Plasma-Irradiated LDPE. The progressive changes
of the room-temperature ESR spectral pattern of plasma-
irradiated powdered LDPE with various plasma dura-
tions are shown in Figure 2, together with those of
HDPE.5k

It is seen that several seconds of plasma irradiation
is long enough to detect the radicals formed in LDPE
as in the case of HDPE. The ESR spectra of plasma-
induced radicals of LDPE, however, are largely different
in pattern from the well-defined sextet-type spectrum
of HDPE. The spectral pattern gradually changes as
the plasma duration increases, especially characterized
by an increase in the peak intensity of the central lines.

We note that the main spectral features of LDPE
plasma-irradiated for less than 30 s are superficially
similar to that of HDPE obtained after plasma irradia-
tion followed by standing for a long period of time at
room temperature (vide infra, see Figure 4).
Figure 3 shows the comparison of the progressive

changes of total radical concentrations (determined by
double integration of the observed spectra) between

Figure 1. XRD spectra of LDPE and HDPE. The ratio in
crystalline and amorphous regions is about 40:60 for LDPE
and 90:10 for HDPE.

Figure 2. Observed ESR spectra of Ar-plasma-irradiated
LDPE and HDPE powders for various durations together with
the simulated spectra shown as dotted lines.

Figure 3. Progressive changes in total spin concentration per
unit surface area of Ar-plasma-irradiated LDPE and HDPE
powders determined by double integration as a function of
plasma duration (A) and on standing anaerobically at room
temperature (B): (b) LDPE; (O) HDPE.
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plasma-irradiated LDPE and HDPE as a function of
plasma duration (A) and on anaerobic standing at room
temperature (B).
It is apparent that the spectral intensity increases as

the plasma duration increases, although it tends to level
off in both cases, and the net effect of plasma irradiation
on the radical formation in LDPE is larger than that in
HDPE, while the decrease in the spectral intensity on
standing at room temperature is only slightly larger in
HDPE than in LDPE (Figure 3B). The ratio between
LDPE and HDPE in the initial rate of radical formation
per unit surface area was ca. 1.68:1 (k ) 2.59 × 1015
spin cm-2 min-1 for LDPE and k ) 1.54× 1015 spin cm-2

min-1 for HDPE).
ESR Spectral Changes on Standing in Anaero-

bic Conditions at Room Temperature. Figure 4
shows a series of ESR spectra of LDPE plasma-irradi-
ated for 3 min on standing at room temperature together
with those of HDPE. It is seen that the spectral pattern
of LDPE has gradually changed with a decrease in the
total spectral intensity, but in a different manner from
those of HDPE.5k On standing at room temperature for
92 h, the broad single line spectrum was finally obtained
from LDPE, and after that, the spectral pattern per-
sisted unchanged on further standing, which shows a
considerable difference in pattern compared with that
of HDPE shown in Figure 4. This indicates that not
only the observed ESR spectra of plasma-irradiated
LDPE consist of more than two-component spectra of
the radicals with different thermal stabilities at room

temperature but also the nature of radical decay in
LDPE is different from that of HDPE, since the spec-
trum of plasma-irradiated LDPE is very much similar
to that of HDPE plasma-irradiated for 3 min followed
by standing at room temperature for 24 h (Figure 4).
Simulated Spectra. We recently reported that

systematic computer simulations of the radicals formed
in plasma-irradiated HDPE using isotropic lines have
proven equally valid for providing a sufficiently funda-
mental insight into the nature of surface radicals formed
in plasma-irradiated HDPE.5k Thus, we also simulated
the present spectra of radicals formed in plasma-
irradiated LDPE using isotropic lines, as in the case of
HDPE.
The corresponding simulated spectra are shown as

dotted lines in Figures 2 and 4, respectively. It can be
seen that all the observed spectral features have been
satisfactorily reproduced by the present simulations.
Figure 5 shows representative component spectra of the
simulated spectra for the radicals of plasma-irradiated
LDPE. The simulated spectra consist principally of
three kinds of component spectra: a sextet spectrum
(I), a septet spectrum (II), and a smeared-out broad line
(III). All the simulated spectra were obtained from the
same component spectra with different ratios.
The ESR spectroscopic parameters for a representa-

tive selection of the component spectra, I, II and III, in
the simulated spectra are listed in Table 1. An outline
of a smeared-out broad line (III) (g ) 2.0024) was
approximated by a single broad line (∑H ) 9.38 mT)
with a small amount of a triplet of doublets (2.23 and
1.44 mT). It should be noted that all these component
spectra are essentially identical with those of HDPE.
Structural Assignment. In the studies of plasma-

irradiated HDPE, the radical structures of the sextet
spectrum (I), septet spectrum (II), and smeared-out
broad line (III) have already been assigned to the
midchain alkyl radical (1) (-CHĊHCHCHĊH-), the
allylic radical (2), (-CHĊHCHCHdCHCHĊH-), and
immobilized dangling bond sites (DBS) (3) at the surface
cross-linked region, respectively, and the pathway for
their radical formation has been established.5k Since
all the component spectra in plasma-irradiated LDPE
are essentially the same as those in HDPE, they can be
assigned to the same component radicals as those in
HDPE.
Figure 6 shows the progressive changes of three-

component spectral intensities in the simulated spectra
of LDPE in the course of plasma irradiation (Figure 6A)
and on standing at room temperature (Figure 6B).
It is seen from Figure 6A that the spectral intensity

of III parabolically increases as plasma duration in-
creases, while the spectral intensities of I and II tend
to level off for a short plasma duration. This captures
the essential reason for the changes in the observed
spectral pattern in the course of plasma irradiation (see
Figure 2). A striking difference in the nature of radical
formation between LDPE and HDPE is the fact that a
smeared-out broad line (III) is a major component in
LDPE from the beginning of plasma irradiation, whereas
a sextet spectrum (I) of the radical (1) initially produced
is a major component in HDPE, as reported previously.5k
The result indicated that LDPE has a great propensity
to undergo a rapid and facile surface cross-link reaction.
This is understandable from the polymer morphology
of LDPE, as illustrated in Figure 7, which possesses a
large amount of branched structures favorable for a

Figure 4. Progressive ESR spectral changes on standing
anaerobically at room temperature of LDPE and HDPE
plasma-irradiated for 3 min, respectively, together with the
simulated spectra shown as dotted lines.
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surface cross-link reaction. A similar propensity has
also been observed in some other polymers. For ex-
ample, alkyl-substituted celluloses (ethylcellulose and
(hydroxylpropyl)cellulose) had a great tendency to un-
dergo a high cross-link reaction on its plasma irradiation
so that the DBS was a major comoponent among three

kinds of radicals formed, unlike nonsubstituted cellulose
where a discrete hydroxyl-alkyl radical was a major
component.5o
On the other hand, it is seen from Figure 6B that the

sextet (I) and septet (II) spectra gradually decrease in
intensity and the spectrum (I) finally disappears on
standing at room temperature. The spectral intensity
of III, however, remains nearly unchanged, demonstrat-
ing that the decrease in the total spectral intensity is
caused by instability of two component spectra, I and
II. Thus, the simulated spectrum (92 h standing) of
LDPE shown in Figure 4 consists of a component
spectrum of III contaminated with a small amount of
II. A small amount of septet (II) is concealed from its
appearance in the spectral feature due to a large line
width of DBS, while the spectrum of HDPE plasma-
irradiated for 3 min followed by standing for 92 h
consists of the septet spectrum (II) as a major
component.5k Then, the midchain alkyl radical (1) of
the sextet spectrum (I) was also unstable in HDPE,
which would be caused by the radical coupling and/or
â-hydrogen elimination.

Conclusion
The conclusions drawn from the present study can be

summarized as follows: It was found that even less than
several seconds of plasma duration is long enough to
produce a detectable amount of surface radicals of
LDPE, and the radical concentration of LDPE observed
at room temperature is greater than that of HDPE. The
observed ESR spectra of plasma-irradiated LDPE are
largely different from those of HDPE but are superfi-
cially similar to those of HDPE plasma-irradiated for
less than 30 s followed by standing at room temperature
for a long period of time.
The systematic computer simulation disclosed that

such observed spectra consist of three kinds of radicals,
midchain alkyl radical (1), allylic radical (2) as discrete
radical species, and a large amount of DBS (3) at the
surface cross-linked region. All these component spec-
tra are essentially identical to those of HDPE.

Figure 5. Representative spectral features for the three component spectra, I, II, and III, in the simulated spectra of plasma-
irradiated LDPE.

Table 1. ESR Spectral Data for Component Radicals in
Simulated Spectra of LDPE and HDPEa

I II III

LDPE g 2.0026 2.0024 2.0023
AR 2.18 (1H) 1.79 (2H)
AR′ 0.58 (1H)
Aâ 3.15 (4H) 1.86 (4H)

HDPE g 2.0037 2.0037 2.0036
AR 2.19 (1H) 1.77 (2H)
AR′ 0.58 (1H)
Aâ 3.22 (4H) 1.82 (4H)

a Values of HSC are given in mT.

Figure 6. Simulated progressive changes in component
spectra in Ar-plasma-irradiated LDPE powder: (A) on plasma
duration; (B) on standing anaerobically at room temperature
of the sample plasma-irradiated for 3 min. Key: (b) total; (O)
sextet; (Y) septet; (y) DBS.

Figure 7. Three types of polymer morphology in polyethylene
(PE). LLDPE stands for linear low-density polyethylene.
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One of the most special features unique to plasma-
irradiated LDPE, however, is the fact that DBS (3) is a
major component instead of the midchain alkyl radical
(1) in HDPE. This can be reasonably ascribed to the
difference in intrinsic polymer morphology between
LDPE and HDPE: branched structure with a large
amount of amorphous region for LDPE and linear
structure with a large amount of crystalline region for
HDPE. Since one of the characteristics of plasma
irradiation is the fact that it is surface-limited, LDPE
would undergo the radical formation preferentially on
the surface-branched structural moiety followed by
cross-link reaction resulting in the facile formation of
DBS. Thus, the nature of radical formation of PE was
found to be affected by the polymer morphology in a very
sensitive manner.
We believe that LDPE radicals generated by any

radiation method have never been studied before to such
a detailed extent as those reported herein.
Finally, it should be noted that on the basis of the

fact that the component spectra of plasma-irradiated
LDPE were essentially identical with those in plasma-
irradiated HDPE, the ESR spectral analyses of plasma-
irradiated LDPE further reinforced our conclusion on
HDPE that a smeared-out broad line (III) is a DBS (3)
resulting from both intra- and intersegmental cross-link
reactions, not a polyenyl radical.5k
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