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Direct evidence of positron trapping at polar groups in a polymer-blend system
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Energy spectra of positron annihilation radiation were measured in polymer blends of polyethylene and
ethylene vinyl acetate copolymer~E/VA! by means of the coincidence Doppler broadening technique. Positron
annihilation with the core electrons of oxygen was appreciably increased by the addition of small amounts of
E/VA to polyethylene and was detected with a sensitivity one order of magnitude higher than would be
expected from the number density of the oxygen atoms in the polymer blends. This clearly shows that the
positron is sensitively trapped by the polar acetate group of E/VA and demonstrates the usefulness of positrons
as a sensitive chemical probe for polar structures in a nonpolar polymer matrix with high positron mobility.
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In metals and semiconductors, positrons are sensitiv
trapped by open-volume-type defects. The trapped posit
annihilate with the surrounding electrons, conveying use
information on the local electronic environment around
defects. The high sensitivity of positrons to open-volume
fects is well documented.1–4

Recently, it was found that not only such defects but a
defect-free nanoparticles embedded in materials can ac
trapping centers for positrons, provided that the positron
finity of the particles is higher than that of the host materia5

Thus the sites that attract positrons are not restricted to
fects. One may expect the negatively charged parts of p
groups in molecular substances to act as trapping cente
well.

Positron trapping at polar groups in polymers has b
suggested by Kobayashiet al.6 They measured positron mo
bility in polymer blends of polyethylene and ethylene vin
acetate copolymer~E/VA! by observing the Doppler shift o
the annihilationg rays as a function of external electric fiel
The addition of a small amount of E/VA to polyethylen
resulted in a drastic reduction in mobility, which strong
suggests that positrons are being captured by the pola
etate group of E/VA.

In this study, we directly confirmed this positron trappin
effect by using the coincidence Doppler-broadening~CDB!
technique, which has recently been developed to identify
chemical element with which the positron annihilates.7–12

CDB spectra were measured for the same types of sam
used in a previous study:6 polymer blends of polyethylene
and E/VA. Positron annihilation with the core electrons
the oxygen contained in the acetate group of E/VA was
tected with a sensitivity one order of magnitude higher th
would be expected from the number density of the oxygen
the polymer blends, thus confirming the positron trapp
effect.
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Polyethylene~low-density polyethylene! and E/VA ~ran-
dom copolymer! were obtained from UBE Industries, Ltd
and Beijing Organic Chemical Factory, respectively. The
nyl acetate content of the E/VA was about 14 wt %. Th
1/20 of the vinyl group was accompanied by a polar ace
group and the number density of the oxygen atoms in E/
was about 1.6%. Polyethylene and E/VA were mixed
130–140 °C with a roller and then pressed into sheets wi
thickness of about 2 mm at 140 °C using a liquid press m
chine. Samples with E/VA concentrations of 0, 3, 6, 15, 3
and 100 wt % were studied. The immiscible nature of t
blends over the entire composition range was demonstr
by differential scanning calorimetry~DSC!.6

CDB spectra were measured using two Ge detectors.
energies of annihilatingg-ray pairs~denoted byE1 andE2)
were simultaneously recorded by the two detectors locate
an angle of 180° relative to each other. The difference
energies of the twog raysDE5E12E2 is expressed ascpL
and the total energyEt5E11E2 is expressed as 2m0c2

2EB ~neglecting the thermal energies and chemical pot
tials!, where pL is the longitudinal component of th
positron-electron momentum along the direction of theg-ray
emission,c is the speed of light,m0 is the electron rest mass
andEB is the electron binding energy.11 Selection of coinci-
dence events that fulfilled the condition 2m0c222.4 keV
,Et,2m0c212.4 keV resulted in a significant improve
ment in the peak to background ratio~by three orders of
magnitude! over conventional one-detector measureme
which enabled us to observe element-specific hi
momentum positron annihilation with core electrons.

Figure 1 shows CDB spectra of polyethylene and E/V
In the present measurements the energy resolution of
apparatus was;1.1 keV full width at half maximum
~FWHM!. The sample-detector distance was 20 cm, wh
11 863 ©1999 The American Physical Society
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was long enough to avoid any increase in the backgro
due to 3g annihilation of the triplet state of positronium~Ps!,
the bound state between a positron and an electron.13 Each
spectrum was normalized to the same total counts. We
see that the momentum density distributionNEVA(pL) of
E/VA is slightly larger than that of polyethyleneNPE(pL) in
the high-momentum region (.1531023m0c), although the
two spectra are similar in shape.

In order to highlight the difference between the two sp
tra, we obtained the curveREVA/PE(pL) defined as the ratio
of the spectrum for E/VA to that of polyethylene:

REVA/PE~pL!5NEVA~pL!/NPE~pL!. ~1!

As is seen from Fig. 2, the ratio curve rapidly increases in
range between 7 and 1631023m0c, decreases in the regio
16–2531023m0c, and is constant above 2531023m0c
~within the limits of experimental error!.

In the high-momentum region, the momentum dens
distribution NPE(pL) of polyethylene is approximately pro
portional to that of carbonNC(pL),

NPE~pL!}NC~pL!, ~2!

because hydrogen has no core electrons.NEVA(pL) is ex-
pressed as

NEVA~pL!}~12x!NC~pL!1xNO~pL!, ~3!

whereNO(pL) is the momentum density distribution of oxy
gen. The parameterx can be interpreted as the average fra
tion of oxygen atoms at the site where positron annihilat
takes place. Thus the ratio curve becomes

REVA/PE~pL!}~12x!1xRO/C~pL!, ~4!

where RO/C(pL)5NO(pL)/NC(pL). The obvious peak
around 1631023m0c in REVA/PE(pL) suggests a large con
tribution of positron annihilation with the core electrons
oxygen in E/VA; if there was no oxygen contribution, th
ratio curve should have been constant throughout the h
momentum region as would be expected from Eq.~4! when
x50.

FIG. 1. CDB spectra of polyethylene and E/VA. Each spectr
is normalized to the same total counts.
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For more quantitative discussion, a suitable refere
sample for positron annihilation with oxygen is required. F
this purpose, we employed neutron-irradiated (;8.331018

n/cm2! vitreous silica. Previous studies showed that the
gular correlation of the annihilation radiation~ACAR! curves
of this sample reflects the momentum distribution of t
electrons of oxygen,14,15 indicating that positrons annihilat
with the electrons of oxygen rather than those of silico
Thus NO(pL) is well approximated by the momentum de
sity distribution of neutron-irradiated silica in the high
momentum region. Figure 3 shows the curveRSiO2 /PE(pL)
as the ratio of the CDB spectrum for the silica sample to t
for polyethylene. The shape of the ratio curve is very simi
to that of the E/VA curve in Fig. 2. The solid line in Fig.
corresponds to the modified ratio curveR̃SiO2 /PE(pL)5(1

2x)1xRSiO2 /PE(pL) with x50.15. It reproduces well the

REVA/PE(pL) data, implying that about 15% of the positron
in E/VA annihilate with the electrons of oxygen.

The above results are only possible in the presence
positron and/or Ps trapping at the acetate group, becau
rate of;15% positron annihilation with oxygen is one ord
of magnitude higher than the number density~;1.6%! of the
oxygen atoms in E/VA. If Ps capture by the acetate group
present, the longest positron lifetime in E/VA should
much shorter than that in polyethylene because of the che
cal quenching of the triplet state Ps~ortho-Ps!. However, no
such shortening of positron lifetime was observed.6 Thus the
Ps reaction in E/VA is excluded, evidencing positron tra
ping at the acetate group. The trapping seems to be a lo
localization of the positron around the acetate group rat
than strong binding to the oxygen atom because the frac
of positrons that annihilate with oxygen is;15%; some pos-
itrons still annihilate with carbon atoms.

The CDB spectra of the polymer blends of E/VA an
polyethylene at E/VA concentrations of 3, 6, 15, 36, wt
were also measured. Here we introduce theW parameter,
which is defined as the ratio of the counts in the high m

FIG. 2. Ratio curveREVA/PE of the CDB spectrum for E/VA
relative to polyethylene. The solid line shows the modified ra

curve R̃SiO2 /PE(pL)5(12x)1xRSiO2 /PE(pL) with x50.15 for
neutron-irradiated amorphous SiO2.
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mentum (1531023m0c,upLu,3031023m0c) region to the
total counts contained in the entire region. TheW parameter
is a measure of the fraction of positron annihilation w
oxygen in this case; a larger contribution of oxygen to
CDB spectrum will result in a largerW parameter~Fig. 2!.
Figure 4 shows theW-parameter as a function of E/VA con
centration. The rapid increase in theW parameter at lower
E/VA concentrations shows that positron annihilation w
oxygen is sensitively enhanced by the addition of sm
amounts of E/VA to polyethylene. Obviously the sensiti
effect of E/VA is related to the high positron mobility i
polyethylene.6,16

Since the polymer blends are immiscible, as stated ab
the E/VA domain in blends with low concentrations of EV
is dispersed in the polyethylene matrix. In addition, t
electric-field dependence of the intensity of the ortho
component in the lifetime spectrum suggests that the ave
domain size of the E/VA phase is less than the Onsa
radius (;20 nm!.6 In the blend sample with 3% E/VA, fo
example, we can estimate the number density of the E/
domain to be on the order of 1016 cm23; the enhancement o
the W parameter points to positron confinement in the E/V
domain. Once a positron diffusing in polyethylene pha
reaches the E/VA domain, it will find it difficult to escap
from the domain because of trapping at the acetate grou

The intensities of ortho-Ps in the lifetime spectra of
measured blends are between 26 and 29%6 i.e., more than
1/3 of the positrons form Ps before annihilation. As me
tioned above, Ps is not captured by the polar acetate gr

FIG. 3. Ratio curveRSiO2 /PE of the CDB spectrum for neutron
irradiated (;3.531022 dpa! amorphous SiO2 relative to polyeth-
ylene.
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The difference in behavior between Ps and the positron
attributed to the charge neutrality of the Ps atom. Ps pre
large open spaces to a polar group. Thus the contributio
pick-off annihilation of ortho-Ps with the core electrons
oxygen to the high momentum region of the CDB spectr
is thought to be very small; it merely reflects the numb
density of oxygen atoms in E/VA~;1.6%!. Therefore the
probability that a free~non-Ps! positron will annihilate with
the electrons in oxygen is much larger than 15%.

For many years, Ps has been recognized as a unique p
for nm-size free volume holes in polymers. Meanwhile, lit
attention has been paid to the process of free positron a
hilation in polymers, though it is the major mode of positro
annihilation. The present work suggests that free positr
may serve as sensitive chemical probes for polar group
nonpolar polymers with high positron mobility.

In conclusion, coincidence Doppler broadening of po
tron annihilation radiation was measured for polymer blen
of polyethylene and ethylene vinyl acetate copolym
~E/VA!. Positron annihilation with core electrons of oxyge
~which is contained only in the acetate group of E/VA! was
detected with a sensitivity one order of magnitude high
than would be expected from the number density of the o
gen atoms in the polymer blends. This is clear evidence
positron trapping at the acetate group and suggests tha
positron can act as a sensitive chemical probe of polar st
tures in nonpolar polymers.

This work was supported by a Grant-in-Aid for Scien
Research of the Ministry of Education, Science and Cult
~Grant No. 10450229! and the Nuclear Crossover Resear
Program of the Science and Technology Agency of Japa

FIG. 4. Dependence ofW parameter on E/VA concentration
TheW parameter is defined as the fraction of the counts in the h
momentum (1531023m0c,upLu,3031023m0c) region relative
to the total counts contained in the entire momentum region of
CDB spectrum.
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