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Abstract A review is presented of studies of polymeric membranes by applying positron anni-
hilation lifetime spectroscopy (PALS). PALS has been used to study subnanometer-sized holes, to
determine their size distribution and free-volume fractions, and to probe molecular-sized vacancies
in glassy polymers. At present, PALS is believed to be a highly effective physical method for the

examination of polymeric membranes.
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1 Introduction

Membrane systems have been used in industrial ap-
plications such as coating and gas separation. PALS
is one of the most sensitive methods for probing the
variation of the average size and concentration of free-
volume holes. This technique has been developed to di-
rectly examine the free-volume properties in polymeric
material. Therefore, it is widely used for studies of
polymeric membranes in recent years.

This technique allows mono-energetic positrons (ki-
netic energy of up to 0.54 MeV) emitted from a radioac-
tive source to penetrate the polymer sample, where the
positrons quickly lose their energy in about 10 ps be-
fore being thermalised. A positron can be directly an-
nihilated as a free positron together with a surround-
ing electron into two ~-rays or combined with the elec-
tron in ~ 0.4 ns to form a metastable state known as a
positronium (Ps) atom with a vacuum binding energy
of ~ 6.8 eV. Depending on the spins of the positron and
the electron, para~Ps or ortho—Ps may be formed. If the
spins are antiparallel, the total spinis § =0 ( ms = 0),
the singlet 1S, state (p-Ps) has an intrinsic lifetime
(Tp—ps) of approximately 0.125 ns and decays predom-
inantly into two ~y-rays of 511 keV energy. When the
spins are parallel, the total spinis S =1 (ms =0, £1),
the triplet S, state (o-Ps) has a mean lifetime (7y_ps)
of about 142 ns and o-Ps decays into three or more
~-rays in vacuum. The lifetime 7,_ps in polymers is
found to be 1 ns ~ 5 ns because the positron can pick
off one of the surrounding electrons with opposite spin
and be annihilated with it. Because of the positively
charged nature of the positron, the positron and Ps
are repelled by the core electrons, the open spaces such
as holes, voids, and free volume are found. The an-
nihilated photons mostly come from these spaces. By
a simple model, the measured o-Ps lifetime, 7,_pg, de-
pends on the radius of the free volume hole R according
to the semi-empirical relation [1+2!:
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where A\ = 2 ns~! is the spin averaged Ps annihilation

rate and AR = 1.656 A[B] is the thickness of the homo-
geneous electron layer whose value is valid for polymers
and containing simple covalent bonds. In this model the
free-volume holes are assumed infinite spherical poten-
tial wells of the radius Rg = R + AR.

The volume of the free-volume hole V& (in AS), for a
spherical hole can be calculated

47R3
W =—, (2)
where R can be calculated from Eq. (1). The relative
fractional free-volume (%) is expressed as 4,

f=0bVel;, (3)

where Vr is the free-volume of the membrane and I3
is the intensity corresponding to 73. The scaling factor
b is obtained from a variation of the free-volume with
temperature.

Because Ps has a relative small size (~ 1.59 A) and
small scale of probe lifetime (~ ns), PALS is very sensi-
tive in measuring small holes and free-volumes in a size
(1 A ~ 20 A) and at a time of molecular motion from
10710 5 and longer. The positrons and Ps are local-
ized in preexisting holes and free-volumes in polymers.
Therefore the measurements depend on a function of
the temperature, pressure, degree of crystallinity and
time of aging.

2 Results and discussion

The PAL technique has been applied in polymeric
membranes to control the gas flow (5], for the applica-
tion of field-assisted positron moderation [, to alter
the structural conformation of a polymeric chain 7
to observe hydrophilic / hydrophobic characteristics (81,
to study vacancy profiles associated with salt selectiv-
ity 191 and to measure the relationship between the
gas permeability and the free-volume [11~16],

The effect of swift heavy ions (SHI) irradiation in
polycarbonate (PC) polymeric membranes is the cre-
ation of nuclear tracks of permanent nature. The value
of 7,_ps is found to vary with the irradiation dose and

* The project supported by the Hundred-Persons Plan Foundation of Chinese Academy of Sciences in 2003
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Fig.1 (a) Mean lifetime; (b) deduced bulk lifetime using
the standard two-state trapping madel, as a function of in-
cident positron energy at room temperature

gives the estimate of the size of the track free-volume
in the order of 0.25 nm. The gas permeation increases
with the increase in free-volume of latent tracks pro-
duced by the ions. The flow rate, very small in a
dense membrane, can be controlled by generating nu-
clear tracks (5],

Three diamond membranes, a thin film on a Si sub-
strate (P015 and PO017), a free-standing membrane
(P002) and a type II a single crystal diamond have
been used in this work. The average grain size is about
t(um) X lpm x 1 ym, t ~ 2um thickness for P015
and P017, and 3.5um for P002. Two free lifetimes
were fitted with a modified version of POSITRONFIT.
Positrons can annihilate with electrons either in indi-
vidual grains or in grain boundaries in a diamond mem-
brane.

In Fig. 1, the trapping of positrons to surface states
is involved at a low energy (< 5 keV), and at a high en-
ergy (> 12 keV).The trapping of positrons to the inter-
face between the membrane and the Si substrate starts
to be activated for P015 and P017. PO002 and PO17
have the same type of defects because of nearly the
same bulk lifetimes, but the trapping rate to defects of
P002 is larger than that of PO17. Both lifetimes of P015
have smaller values and P015 has a better quality. The
results show that the trapping process in the insulator
and diamond membranes has sufficient quality to be
used as the main body of field-assisted moderators (6.

The pure form polydimethylphosphazene (PDMP),
sample P and the catalyst Ru-doped PDMP, in both
the virgin and hydrogenated forms, samples A and B,
have been studied for the molecular packing of the sys-
tem related to the effect of doping and hydrogenation.
The values of 73 and I3 yield a measure of the aver-
age size of the inter-and intra-chain spacings, and the
number of density of these sites as shown in Table 1.

Table 1 shows the result of a decrease in the size of
the inter- and intra-chain spacing because of Ru-doping.
The values of 73 and I3, of sample A are less than that
of sample B and P. Sample A inhibits o-Ps formations.
Therefore the Ru ion not only fills the nanospace but
also induces structural compacting [7}.
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Table 1. Orthopositronium lifetime and intensity data
for PDMP representing the size and population of internal
nano-voids

Specimen T3 (ns) I3 (%)
B 2.16 £ 0.02 14.02 + 0.14
A 2.05 + 0.02 5.89 + 0.11
P 2.43 + 0.03 22.32 £ 0.27
Table 2. Free volume parameters of EC and MEC4 mem-
brane
Membrane 73 (ns) I3 (%) r(am) Ve(am®) f
EC 2.63 £ 0.01 26.0 % 0.2 0.337 0.160 0.042
MEC4 2.26 £ 0.01 17.5 0.2 0.308 0.121 0.021

Table 3. Pick-off lifetime parameters and estimated radii
of the cavities in the polyamide samples

Sample 73 {ns) Is (%) R (nm)
PA-1 1.64 8.86 0.249
PA-2 1.58 8.93 0.243
PA-3 1.49 9.98 0.223
Before irradiation

Polymer 1 1.44 £ 0.03 7.66 £ 0.27 0.228
Polymer 2 1.45 £ 0.02 13.54 + 0.34 0.229
Polymer 3 1.38 £0.03 5.77 £0.26 0.220
After irradiation

Polymer 1 145 £0.02 10.71 £ 0.21 0.229
Polymer 2 1.42 £ 0.01 19.33 £ 0.29 0.226
Polymer 3 147 £0.01 11.37 +£0.21 0.238

Modifications by reacting ethyl cellulose (EC) poly-
mer with varying amounts of phenyl isocyanate were
carried out to alter its characteristic from hydrophilic
to hydrophobic. A modified membrane MEC4 (4.0 ml
phenyl isocyanate in 100 g of polymer solution) was ob-
tained with a smaller free-volume in comparison to the
unmodified form of EC, shown in Table 2 [8].

Dense aromatic polyamides (PA-1,2,3) were syn-
thesized from 1, 3-phenylenediamine and 1, 3, 5-benze-
netricarbonyltrichloride [ and the effect of ionizing ra-
diation (5°Co y-rays, ~ 110 kGy) on the polyamide was
obtained to have a significant increase in the relative
population of the voids [*9], to be used for the separa-
tion of fresh water from sea or brackish water.

As indicated in Table 3, after receiving a high ir-
radiation dose, although the intensities are apprecia-
bly changed, the pick-off lifetimes are least affected.
This means that the relative concentration increases are
likely to increase the flow rate of the solvent if the re-
verse osmosis process. All the pore sizes are smaller
than the size of hydrated Na* and Cl™ ions {(together

~ 4.75 A), and a result of effective desalination can be
achieved. Thus aromatic polyamide membrahes can be
utilized for high salt rejection.

Poly(1-trimethylsilyl-1-propine) (PTMSP) is a well
known polymer with the highest permeability to gases.
After chlorination the number of chain ends increases
due to the chain breaking and the loss of the bulky-Si
(CH3)3 groups. The strong decrease in the total o-Ps
density (I3 + I4) in the chlorinated membrane (PTM-
SPCL) with respect to that in PTMSP is reasonable in
that chlorine inhibits Ps formation. This agrees with
the finding that the smaller dimensions of channel-like
hole radii (Rs3) appear and densities increase in aged
PTMSPCL 1],

In Table 4, the PTMSP membrane cast from tetrahy-
drofuran (THF) has lower values of lifetime 74, o-Ps
intensity I, and permeability of oxygen, nitrogen, car-
bondioxide than the membrane cast from toluene, cy-
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Table 4. Results of PTMSP membranes cast, from different solvents

Solvents 74 (ns) . Iy (%) Po, x 10°* Py, x 10° Pco, x 10°
Cyclohexane 12.54 + 0.04 20.2 £ 0.1 2.34 1.56 7.02
Toluene 12.20 £ 0.01 220+ 0.1 1.46 1.03 3.81
THF 11.63 + 0.03 20.2 £ 0.1 0.446 0.299 2.08

* In the unit of cm® (STP) em /cm®s cm Hg.
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Fig.2 Fractional free-volume vs. hard segment content

clohexane. Free-volume and free-volume fraction are
directly related to permeability of the membrane be-
cause of its packing structure. PALS is useful for gas
separation in order to study the suitable microstructure
of polymers 12,

Correlations between gas permeation and free-
volume hole properties of polyurethane (PU) mem-
branes based on hard segments consisting of toluene
diisocyanate and 1,4-butanediol and different soft
segments consisting of hydroxyl terminated polybu-
tadiene (HTPB), hydroxyl terminated polybutadi-
ene/styrene (HTBS) and hydroxyl terminated polybu-
tadiene/acrylonitrile (HTBN) were described. The per-
meability, free-volume hole size (R) and fractional free-
volume decrease with the increase of hard segment con-
tent. These are due to the enlargement of the hard seg-
ment of the cluster aggregate and the restriction of the
movement of the soft segment. In HTPB-PU, the hy-
drogen bond cannot be formed between soft segments
and hard segments, although in HTBS-PU, rigid ben-
zene rings increase the stiffness of the polymer chain
and restrict the chain mobility. In HTBN-PU, -CN of
acrylonitrile in HI'BN can form a hydrogen bond with
-NH of the hard segments. In Fig. 2, HTBN-PU with
the increase of hard segment content has the lowest frac-
tional free-volume and the lowest gas permeability [13],

PU membranes obtained by varying the ratio of
the structural constituents, polypropylene oxide' and
polybutadiene (PBDO) were studied.

The values of the radius and the normalized frac-
tional freesvolume decrease with the increasing PBDO
content until about 50% due to the coexistence of two
phases corresponding to separate domains of the two
segments and the values remain about constant due
to the formation of a homogeneous phase. The PU
membrane (0% PBDO) presents low gas permeability
in contrast to the high values of its radius and frac-
tional free-volume that there are other factors involved
in the permeation as chain flexibility, chemistry at the
free-volume walls, diffusion barriers, etc. Indeed, the in-
terconnectivity and transmissibility between holes may
play a dominant role in that process (14,

The measurements also point out the tempera-
ture dependence of the free-volume in the Ag'-doped
polyperfluorosulfonate membrane (PSM) and exhibit
relatively high permeability for 1-butene compared with
n-butane and 1,3-butadiene 15!, The free-volume of
the amorphous phase varies irregularly with the pen-
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dant size group change. Transport properties depend
on the free-volume and the mobility of the segments
creating the supermolecular structure of the mem-

brane [16],

3 Conclusions

Based on the positron annihilation measurements
several polymeric membranes were prepared to study
different characteristics which have been applied to the
control of the gas flow, to the application of field-
assisted positron moderation, to the alteration of the
structural conformation of a polymeric chain, to the
observation of hydrophilic / hydrophobic characteris-
tics, to the study of vacancy profiles associated with
salt selectivity, and to the measurement of the relation-
ship between the gas permeability and the free-volume.
Through modification of the membranes, their physi-
cal and chemical properties were changed. In this work
a comparison between modified and unmodified mem-
branes was made on the concept of free-volume holes
and in correlation to gas permeation properties.
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