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Doppler broadening and coincidence Doppler broadening of annihilation radiation experiments have been performed
in three kinds of polyethylene glycol (PEG) membrane formed with different average molecular weight using the tunable
monoenergy slow positron probe as a function of implantion energy. The obtained positron annihilation parameters are
interpreted from two aspects: surface effect and differences in micro-structure or chemical environment of positron an-
nihilation. The experimental results show that the regulation of densification of PEG molecular packing and distribution
uniformity from the near surface layer to the bulk region in the film forming process can be well realized by changing
its molecular weight. Combining a variable monoenergetic slow positron beam and these two positron annihilation spec-
troscopy methods is a powerful tool to study positron annihilation characteristics and for polymeric thin-film fine structure
analysis.
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1. Introduction
In recent years, a slow positron beam technique with vari-

able monoenergy has been successfully used to determine the
free volume related atomic or nanoscale fine structure property
in polymeric systems.[1–3] By tuning the incident energy of in-
jected positrons, a variable energy positron beam with an ad-
justable energy and a narrow energy distribution allows depth-
resolved measurements useful in thin film defect studies. Re-
ported results using a variable monoenergetic slow positron
probe show a great potential in studying bulk property cor-
related microstructure defects in polymer membrane materi-
als, which is important for many industrial applications, such
as coatings, gas separations, and pervaporation.[4–6] Doppler
broadening energy spectroscopy (DBES), as a powerful tech-
nique to determine the fine layer structure in polymeric film
system, has achieved great success in probing the relationship
between the free volume related molecular chain packing den-
sity in polymers and macroscopic performance.[7–9] However,
the analysis of the positron annihilation parameter obtained
from DBES is a challenge, since the obtained positron annihi-
lation spectroscopy signals was an integration of its dispersed
depths in polymer samples and was contaminated in the beam
chamber with the positrons reflected or back-diffuse to the sur-
face.

There is a practical problem or drawback in using DBES
for micro-structural analysis, which is low momentum resolu-

tion due to the limitation of energy resolution of detector and
interference of the background events. Therefore, an applica-
tion of a more sensitive physical method coupled with DBES
could be developed to benefit a more polymeric fine structure
analysis, and positron coincidence Doppler broadening (CDB)
is such a complementary technique.[10] Compared with tradi-
tional Doppler broadening spectroscopy, the use of CDB mea-
surements is principally more valuable because it is capable
of eliminating the background events to a great extent in data
analysis, which will also be important for the understanding of
basic principles of positron annihilation spectroscopy in poly-
meric applications.

Combining DBES and CDB is a powerful tool to study
in more depth the variation in the positron experimental data
and for membrane fine structural analysis. In this paper, we
report a combined study of the DBES and CDB methods cou-
pled with variable monoenergy slow positron beams to study
the positron annihilation characterization in polyethylene gly-
col (PEG) thin film formed with different average molecular
weight and further do fine structural analysis.

2. Experimental details
Three kinds of PEG produced by the Sigma Aldrich with

weight average molecular weight (Mw) of 20000, 35000, and
100000 were dissolved in the solvent mixture (ethanol and wa-
ter ratio of 1:1), by using a magnetic stirrer to form a 15 wt%
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homogeneous solution. Then 16 wt% of maleic anhydride
(MA) as crosslinking agent and 3 wt% trimethylamine as cat-
alyst mixed with the solution. Next, the mixture was covered
on a polyvinylidene fluoride (PVDF) supporting membrane,
with standing at room temperature for 12 hours. A PVDF
(PVDF-1015) supporting membrane was prepared using the
non-solvent induced phase separation (NIPS) method.[11] Fi-
nally, the composite membranes were crosslinked at 80 ◦C
temperature for 6 hours. All the reagents were of analytical
reagent grade and were used as-received. The as-obtained
membranes with average Mw of 20000, 35000, and 100000
are designated as PEG-2, PEG-3.5, and PEG-10, respectively.

The PEG/PVDF composite membrane samples were frac-
tured in liquid nitrogen and coated with a conductive layer
of sputtered gold. The cross-section morphologies of the
PEG/PVDF membranes were investigated by a scanning elec-
tron microscope (SEM, HITACHI S-4800).

Positron annihilation measurements were conducted with
a magnetically guided variable-energy positron beam (0.012–
20 keV) accelerated by the negative high voltage on sam-
ples. About 106 positrons/s are generated with a 50 mCi
22Na radiation source. Two positron annihilation spectrom-
eters, DBES, and coincidence Doppler broadening energy
spectroscopy were installed in the beam for this study. After
an injecting positron is thermalized in matter, it annihilates
with an electron and emits two 511 keV gamma quanta. The
energy broadening of the gamma quanta pair recorded by us-
ing an HPGe detector is described as DBES. The signal of
the detector is fed into a multichannel analyzer (MCA) after
being amplified, which had 16384 channels of 48.6 eV/Ch.
calibrated using 136Cs (661.7 keV) and 22Na (511 keV) iso-
topes. The shape of the DBES curve is expressed in S and
W parameters. The S parameter was defined as a ratio of in-
tegrated counts in the central region (510.24–511.76 keV, as
the area of A in Fig. 1) to the total counts of the peak rela-
tive (501.00–521.00 keV), and the W parameter as the ratio
of the sum of counts in the line wings (505.10–508.40 keV
and 513.6–516.9 keV, as B and C areas in Fig. 1) to the to-
tal counts. The S (W ) parameter reflects positron annihilation
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Fig. 1. (color online) The result of CDB. The resolution of the high
momentum region improves due to the decrease of background.

with low-momentum valence electrons (high-momentum core
electrons).

In measurement of CDB, coincidences between the two
annihilation gamma rays (511 keV) were detected by two
HPGe detectors placed at 180◦ to each other. Signals from
the coincidence circuit are processed using double-analogue-
to-digital converters (DADC), and the obtained data are fed
into a two-dimensional MCA, which had 400 channels in both
the X and Y directions, with focusing the peak of 511 keV at
the center of a 400×400 matrix. It took 20–24 h to obtain a
CDB spectrum for one sample with the integral number of to-
tal counts attained 1×107. The three-dimensional CDB spec-
trum is shown in Fig. 2, where the x axis (E1) and the y axis
(E2) represent the energy scales of the DBS of each Ge detec-
tor, respectively. E1 and E2 are expressed as m0c2 ± 0.5PLc,
where m0 is the electron rest mass, c is the speed of light, and
PL is the longitudinal component of the positron–electron mo-
mentum along the direction of the detector. The coincidence
curve, presented by the spectrum along the 135◦ line from the
left top to the right bottom, corresponds to the events which
satisfy the energy condition E1 +E2 = 2m0c2, neglecting the
electron binding energies here. CDB could achieve the dis-
crimination of the high-momentum region, just as the decrease
of B and C parts in Fig. 1, where the background level of CDB
is improved by more than 500 times compared to that of DBES
(∼ 0.01).
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Fig. 2. (color online) Three-dimensional spectrum of CDB.

3. Results and discussion
Different crosslinked polymer skin layers were formed

by changing the molecular weight of PEG (20000, 35000,
and 100000, respectively). The hierarchical structure of as-
obtained membranes were measured using SEM. Figure 3
shows two SEM images of the cross section for formed mem-
branes prepared by polymerizing PEG with 16 wt% maleic an-
hydride as the crosslinking agent and 3 wt% trimethylamine as
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the catalyst. From Fig. 3, we observe that the formed compos-
ite membranes show a typical three-layer structure: the upper
thickness about 6 µm corresponding to crosslinked PEG active
layer, the middle layer for approximately 20 µm correspond-
ing to the porous support layer, and the substrate layer was
polyester spinning.

20 mm 5 mm

Fig. 3. Cross-section SEM images of the membranes.

The sensitivity of positron probes to molecular dimen-
sions, particularly the free volume related microstructure in
a complex macromolecular system, has made it possible for
them to be a unique and valuable examination tool to probe
the subnanometer regions and defects in a wide variety of
polymers.[12] Within the last few years, positron annihilation
spectroscopy using low-energy positron beams has become a
powerful tool in determining the layer structure in a hierar-
chical or multilayer polymeric system.[2,3,9,13] Therefore, the
fine-microstructure of the above as-obtained three PEG mem-
branes as a function of depth could be obtained with a variable
monoenergy slow positron beam spectroscopy, and thus DBES
experiments as a function of positron incident energy from 0–
20 keV were carried out.

DBES, which probes the energy broadening from elec-
tron motion of atoms or molecules in the annihilate site, rep-
resents the momentum density in the longitudinal direction
of annihilation radiation.[14,15] Figure 4 shows the positron
annihilation Doppler broadening S parameter versus the im-
planted energy of positron beam, and the corresponding mean
positron implantation depth (calculated by experimental equa-
tion Z(E) = (AO/ρ)E1.6, where Z is depth expressed in units
of nm, ρ is the density in g/cm3, and E is the positron inci-
dent energy in keV) is shown in the top axis. As discussed
in many references in the literature,[15–17] the S parameter de-
rived from DBES is a qualitative measurement of free-volume,
and it indicates the relative change of molecular chains pack-
ing density (corresponding to mean free volume hole size) at
the atomic scale, since relative increase of the low momentum
electrons to the annihilation of positron in free volume holes in
polymer causes a corresponding increase in the value of S pa-
rameter. It is seen that for all of the three PEG samples, the S
parameter with increasing energy increases gradually from the
surface state to the bulk state and then reaches a plateau value.

From Figs. 3 and 4, we could conclude that when the positron
implanted energy increases, the implanted depth increases but
is still within the crosslinked PEG active layer. The depth pro-
file of the S parameter above shows that the stable S parameter
in the bulk of the crosslinked PEG active layer for PEG-2 is
much higher than PEG-3.5, and lowest for PEG-10. This re-
sult provides a direct evidence that the greater the molecular
weight of the PEG raw material is, the higher the molecular
chains packing density of the formed membrane is. That is to
say, the regulation of densification of PEG molecular packing
can be well realized by changing its molecular weight. It may
be mentioned that the pervaporation performance of the as-
obtained PEG membranes has been reported by Han et al.,[18]

and they have summarized that PEG with higher molecular
weight was easier to entangle, which resulted in the decrease
in fractional free volume of composite membrane, decreasing
membrane permeability.
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Fig. 4. (color online) Depth profile of S parameter for different PEG
membranes.

There is a practical problem in using the S parameter for
characterizing the fine structure of ultrathin composite mem-
brane which is usually scarcely discussed, that is the so-called
surface effect.[19–21] It is interesting to see that in Fig. 4 the S
parameter near the surface presents the opposite status, with
the positron incident energy from 0–4 keV. At the same depth
of positron annihilation, the S parameter on the surface of the
crosslinked PEG active layer for PEG-10 is much higher than
PEG-3.5, and lowest for PEG-2, which is opposite to the above
result. As discussed in many articles,[15,22,23] a large variation
of S parameter at low energy (0–4 keV in this case) represents
the back-diffusion of the positron and also associates with the
fine structure near the surface. Hence, it cannot be reasonably
explained by using just the free-volume model of positron an-
nihilation in this case. In our case, there is also an abrupt
break in the S parameter near the surface of all the obtained
membranes, and the S–W plots indicated in Fig. 5 are able to
distinguish two regions. The region of linear relationship be-
tween S and W indicates near the surface of the PEG layer an
S value of 0.470–0.485, and the slopes of three straight lines
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are almost the same, corresponding to PEG-2, PEG-3.5, and
PEG-10, respectively, indicating similar positron annihilation
behavior in the near surface of membranes. The other one of
the spots aggregate region indicates the bulk of the PEG active
layer at S value of 0.485–0.490, and thus further support dif-
ferentiation of the positron annihilation characteristic in above
the three different PEG surface layers. To understand more in-
depth the variations in the positron experimental data, a com-
bination of DBES and CDB technology is likely to cause us
to understand the physical essence thoroughly. CDB, which is
a more sensitive positron annihilation spectroscopy technique,
is principally very valuable and able to supply complementary
information since it involves quantitative information on the
detailed electron momentum distribution at the positron anni-
hilation site, and thus can be further utilized to extract infor-
mation on the chemical environment at the annihilation site. It
is a well-established fact that CDB spectra are presented as a
ratio to the reference sample, and the chemical surrounding or
elemental specificity of the annihilation site could be extracted
from the shape and magnitude of the CDB spectrum.
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Fig. 5. (color online) S–W parameters of PEG/PVDF composite mem-
brane change with the incident positrons energy.

Positron implanted energy-dependent CDB spectra of
PEG-2, PEG-3.5, and PEG-10 relative to the low-density
polyethylene (LDPE) spectrum are shown in Fig. 6. As seen
from the Fig. 6(b), the shape and magnitude of the peak cen-
tered around 16×10−3m0c is almost the same, indicating that
the chemical environments for positron annihilation in bulk
regions of above three PEG membranes are almost identi-
cal. However, as shown in Fig. 6(a), for positron annihilate
in near the PEG surface layer with LDPE, somewhat differ-
ent spectra with different magnitude of peak due to the dif-
ference in positron annihilation of chemical environment were
observed. The peak magnitude is systematically enhanced in
the sequence of PEG-10, PEG-3.5, and PEG-2. Combining
the opposite status result of the S parameter in the near surface
layer of the PEG membrane, this result indicates that the oppo-
site trend of the S parameter can be attributed to the difference
of positron annihilation with core electrons of oxygen atoms
in the near surface layer of three PEG membranes.
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Fig. 6. (color online) CDB ratios of PEG/PVDF composite membranes
to LDPE at the positron incident energy 1 keV (a) and 5 keV (b).

To further explore the methodology of utilizing positron
annihilation behavior in near surface and bulk layer of PEG
membrane for microstructural difference illustrations, more
positron annihilation information on representing the mi-
crostructural information could be extracted from the as-
obtained CDB spectrum. Figure 7(a) shows an evident differ-
ence of chemical environment for positron annihilation in near
surface and bulk layer of PEG-2 membrane, since it shows an
amplified magnitude difference of positron annihilation in the
high momentum region. In contrast, the nearly coincident ra-
tio curve of CDB spectra in the high momentum region are
shown in Fig. 7(b) for PEG-10 membrane, indicating similar
chemical environment for positron annihilation in near surface
and bulk layer of PEG-10 membrane. For various studies, it
is clear that the annihilation behavior of positron in polymeric
material is closely related to its chemical environment and free
volume related microstructure. Therefore, we attempt to ana-
lyze the difference of CDB experimental results considering
LDPE as a reference sample in PEG-2 and PEG-10 due to the
microstructural difference in near surface and bulk layer. It is
worth mentioning that the polymer surface is much softer than
bulk and has some large holes as reported by Cao et al.,[24]

which may lead to different positron annihilation characteris-
tics in the surface area compared with bulk. Combining with
the above conclusion involving densification of PEG molecu-
lar packing with different molecular weight, it is assumed that
the greater molecular weight of the PEG raw material is, the
thinner the transition layer is and the better distribution unifor-
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mity from the near surface layer to the bulk region is in the film
forming process, and thus the less the surface effect reflecting
on the positron annihilation parameters is. This experimen-
tal result is consistent with DBES data of steeper increases of
PEG-2 than PEG-10 in the near surface of thin film at 0–4 keV,
and hence further supports our conclusion.
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Fig. 7. (color online) CDB ratios of PEG-2 (a) and PEG-10 (b) to LDPE
in the surface and bulk at the positron incident energy 1 keV and 5 keV,
respectively.

4. Conclusion
It is found that simultaneous use of two positron tech-

niques (DBES and CDB) based on available energy measure-
ments can be efficiently used to extract microstructural and
chemical information, where the positron annihilation param-
eters of the polymer film can be reliably determined. Exper-
imental results show that the variation of positron annihila-
tion parameter as a function of incident energy is interpreted

in terms of the surface effect and differences in micro-structure
or chemical environment of positron annihilation. Combined
application of these two techniques to the analysis of positron
annihilation data and correlated fine structure are promising in
the near future.
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