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Effects of composition and external electric field on positronium formation
in a polymer blend system
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Positron lifetime measurements were carried out for polymer blends between polyethylene and ethylene
vinyl acetate copolymefE/VA) over the entire concentration range. The intensiyof the longest-lived
component due to the annihilation oftho-positronium @-Ps) exhibited a complex behavior as a function of
E/VA concentration. The addition of up to 12% E/VA to polyethylene decreased the intensity from 28.2 to
25.8 %. Further addition of E/VA, somewhat surprisingly, resulted in an enhancement of positridsum
formation that continued until, reached a value of 29.7% for pure E/VA. The effect of E/VA on Ps formation
was found to be strongly influenced by the application of an external electric field. For exampte,Pthe
intensity recorded at a field of 50 kV/cm monotonously increased from 18.8% to 29.6% with increasing E/VA
concentration. These results are discussed on the basis of the spur reaction model of Ps formation.
[S0163-182608)00134-9

I. INTRODUCTION present only in the amorphous region of the polymer. Mean-
while, according to the spur reaction modé!s is formed by
After injection into a condensed matter, some of the posa two-step reaction between a positron and one of the elec-
itrons combine with an electron to form the bound statefrons, released from the polymer molecules by the positron at
positronium(Ps. Because of two possible spin orientationsan earlier time. This process must compete with other spur
of the two particles there are two substrates in Ps, singlgdrocesses and Ps formation is influenced by such processes
para-positronium @-Ps) and triplet ortho-positronium @S _electron-|0_n recom_bmatmn, positron and el_ectron scav-
(0-Ps). In vacuump-Ps annihilates into twey rays with a ~ €N9Ing. trapping, positron and electron escaping from the
lifetime of 125 ps, whereas-Ps decays into threg rays ~ SPU": etc. The spur.model has been successfully_ applied to
with a much longer lifetime of 142 ns. In condensed me-€xplain many experimental results for molecular liquid®.

e 12 ; : 3,14
dium, however, th@-Ps lifetime is shortened to a few ns or The . effe%t_sﬂ of addltlve_él, electric f|eld_§ and

; . irradiationt on Ps formation have been studied for a num-
less, because the positrondnPs undergoes two-photon an-

o . . : . ber polymers and well explained by the same mddel.
nihilation with one of the bound electrons with opposite spin. This paper concerns fo[:mation and annihilation of Ps in a
This process is called pickoff annihilatidn?

o X o complex system of polymer blends between polyethylene
The lifetime spegtrum of positrons _annlhllatlng in poly- 5ng ethylene vinyl acetate copolym@/VA). Positron life-
mers usually contains three exponentially decaying compogme measurements were carried out over the entire compo-
nents. The longest-lived component with a lifetimgand  sition range of the blends. The aim of the research was to
the corresponding relative intensity is attributed to the find out how the Ps formation in semicrystalline and nonpo-
pickoff annihilation ofo-Ps localized in a nm size hole. In |ar polyethylene is affected by the addition of polar E/VA
1981, an empirical equation relating the pickoff annihilationand further clarify the factors which influence Ps formation
lifetime to the Ps cavity size was introduced by Eldrup,in polymers.
Lightbody, and Sherwoddand it became possible to quan-
tify the cavity size in \_/arious_materia?sThe Ps cavity vol- Il EXPERIMENT
ume deduced from this empirical equation was found to be
well correlated with the diffusion coefficients of argon, ni-  Polyethylene(low-density polyethyleneand E/VA (ran-
trogen, and oxygen in various polymérdemonstrating the dom copolymer were purchased from UBE Industries, Ltd.
usefulness of Ps as a probe to study free volume in polymerand Beijing Organic Chemical Factory, respectively. The
Although the pickoff annihilation lifetime has been suc- melt-flow index of polyethylene was 0.25 g/10 min and that
cessfully correlated to the amount of free volume present irof E/VA was 2.0 g/10 min. The vinyl acetate content of the
polymers, its intensity is affected by many factors includingcopolymer was about 14%. Polyethylene and E/VA were
the free volume. Nakanishét al® studied Ps formation in mixed at 130—140 °C with a roller and then pressed into
semicrystalline poltaryl-ether-ether-ketonewith different  sheets with a thickness of about 2 mm at 140 °C using a
crystallinities and observed that the lower the crystallinity isliquid press machine. Densities and dielectric constants of
the higher theo-Ps intensity is. They interpreted the result the blends thus prepared are listed in Table I, whereas the
by assuming that the free volume suitable for Ps formation i€rystallinity determined by x-ray diffraction is plotted versus
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TABLE |. Densities and dielectric constants of the blends be-

(8] I T T
tween polyethylene and ethylene vinyl acetate copoly(BévA). % E/VA 100%
The vinyl acetate content of E/VA is about 14%. % \/\
x
(0]
E/VA concentration(wt. %) Density (g/cnd)® Dielectric constarit
E/VA 84%
0 0.924 2.32
3 0.923 2.33 \/\fﬁ
6 0.924 2.32
9 0.925 2.32 E/VA 48%
12 0.925 2.33
15 0.926 2.32
18 0.926 2.42 E/VA 0%
21 0.927 2.44
24 0.927 2.37 o
36 0.929 2.57 E
48 0.930 2.56 2
60 0.932 2.70 g
2 0.933 2.75 ¢ 50 7|5 ulao 12|5 150
84 0.935 2.79 temperature (°C)
100 0.937 2.88
FIG. 2. Differential scanning calorimetric analysis of the blends
“Determined with a water/ethanol density column at 25 °C. containing 0, 48, 84, and 100 % E/VA. The data were obtained with
PDetermined by the impedance bridge method at a frequency of % heating rate of 5 °C/min.

kHz.

o o hilation of o-Ps atoms. Correction was made for the posi-
E/VA concentration in Fig. 1. Miscibility of the blends was {rons annihilating in the source material. All the measure-

studied by differential scanning calorimet(lSC) with a  mpents were carried out at room temperature.
heating rate of 5 °C/min.

Positron lifetime spectra were recorded with a fast-fast
coincidence system by determining the time interval between
the detection of a 1.27 MeV ray from the nuclear decay of Figure 2 shows the DSC data for the samples with the
the 2°Na source and the detection of one of 0.511 MeV an£/VA contents of 0, 48, 84, and 100 %. The blend samples
nihilation photons. The time resolution of the lifetime spec-containing 48 and 84 % of E/VA clearly exhibit two endo-
trometer was 290 ps full width at half maximum. A 0.37 thermic peaks at about 115 and 90 °C, which are due to the
MBg 2*Na source sealed between two Kapton foils with amelting of polyethylene and E/VA crystals, respectively. The
thickness of 7.5um was sandwiched between two identical two melting peaks are observed for most of the blend
samples. The lifetime spectra were decomposed into thresamples studied and the intensity of the peak at 90 °C is
exponential components by theOSITRONFIT EXTENDED linearly increased, whereas that at 115 °C is linearly de-
program®® The longest-lived component with the lifetimg ~ creased with increasing E/VA concentration, revealing the
and the intensity; was easily attributed to the pickoff anni- immiscible nature of the blends over the entire concentration

range.
60 , T T T The variation of the-Ps lifetimer; in polyethylene upon
the addition of E/VA is shown in Fig. 3. The lifetime in-
creases, though slightly, with increasing E/VA concentration,
suggesting that the Ps cavity becomes larger as the E/VA
concentration is increased. Following THoEldrup, Light-
body, and SherwoGdpproximated the Ps cavity as a spheri-
cal potential well with radiug},. The potential has an infi-
nitely high wall and there is an electron layer with thickness
AR on the wall surface. By further assuming that the Ps
lifetime in the case of no free volume is 0.5 ns, these authors
derived the relation between the Ps pickoff annihilation
lifetime and the Ps cavity radiug:

Ill. RESULTS
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FIG. 1. Plot of crystallinity versus E/VA concentration for the HereR=Ry—AR is the cavity radius ant¥ = (4w/3)R% is
blends between polyethylene and ethylene vinyl acetate copolymdhe cavity volume. The value cAR was somewhat arbi-
(E/VA). The crystallinities were determined on the basis of thetrarily chosen to be 0.166 nm by Nakanishi, Wang, and
relative intensity of the110) and (200 reflections in the x-ray- Jearf’ In view of the complex nature of Ps annihilation in
diffraction data. polymers this simple model should not be taken too
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o o ) FIG. 5. Electric-field dependence bf for the samples with the
FIG. 3. Variation ofo-Ps lifetime 73 and calculated Ps cavity gn/A contents of 0, 24, 60, and 100 %. Note that there is a cross-

volume as a function of E/VA concentration. The error range ofger point around 10 kV/cm for the sample containing 24% E/VA.
each point is smaller than the plotting symbol.

seriously® but the use of Eq(1) with AR=0.166 nm can P=1-exp(=rc/r), @
reproduce_known hole volumes in zeolites and othefiyhere r, is the Onsager radius, expressed as
substance®’ The same choice oAR gives hole volumes =e?/(4meekT).**?1?Heree is the electronic charge; is
shown on the right-hand scale in Fig. 3. The deduced cavityhe relative dielectric constant of the mediugg, is the di-
volume is ranged from 0.154 to 0.166 Aand it seems that electric constant in vacuurkis the Boltzmann constant, and
the increase of the cavity volume with increase in E/VAT s the absolute temperature. The addition of E/VA to poly-
concentration is rather small. ethylene increases the dielectric constéRable ), which

In contrast to the variation of the lifetime, tloePs inten- according to Eq(z) should result in a reduction of Ps for-
sity 13 exhibits a complex behavior as a function of E/VA mation. This expectation is in qualitative agreement with our
concentration(Fig. 4). The addition of up to 12% E/VA to result at low E/VA concentrations, suggesting that positron

polyethylene decreases the intensity from 28.2 to 25.8%spur processes may have something to do with the complex
Further addition of E/VA, quite interestingly, results in an yariation ofl 5.

enhancement of Ps formation that continues Untileaches To further explore the positron spur processes in our
a value of 29.7% for pure E/VA. One can see in Fig. 1 thatylends between polyethylene and E/V#;Ps yields were

the crystallinity of the blend monotonously decreases withmeasured, for all the samples, as a function of external elec-
increasing E/VA concentration. Therefore the complex variatric field. The samples were clamped between two silver

tion of the Ps formation, in particular the reductionlgfat  electrodes to which static electric fields up to several tens of
low E/VA concentrations, cannot be related to the change okv/cm were applied. In order to avoid possible effects of

the crystallinity alone, and further consideration is required positron irradiatior>*’ the source was moved after each 2 h
The simplest version of the spur model assumes that Pgin to a new position so that a lifetime spectrum of a fresh

formation occurs after both the positron and electron A'art of the samples could be recordédSome results are
completely thermalized. The probabiliy of a thermalized  gh6\n in Fig. 5. The application of an electric field to poly-

electron-positron pair w.ith initial separatianrecombining ethylene considerably decreases the Ps yieldptRs inten-
together to form Ps is given as sity at 60 kV/cm(18.2% is lower by 10% than that at O

30 | | | | kV/cm (28.2%. The electric-field effect in reducing Ps for-
mation becomes increasingly weaker as the E/VA concentra-
30 tion is increased. For example, the reductionl infor the
< sample containing 60% E/VA upon the application of 60
3; o kV/cm is only 2% and there is no noticeable changésias
3 a function of electric field for pure E/VA.
$ 2 In Fig. 6 is shown the comparison of the concentration
i dependence df; observed at the field of 50 kV/cm with that
ﬂl- 24— — at 0 kV/cm. Because of the stronger electric-field effect at
o lower E/VA concentrations, there is no minimum in the data
22 — at 50 kV/cm, and th®-Ps intensity increases monotonously
| from 18.8 to 29.6 % with increasing E/VA concentration.
20 | |
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IV. DISCUSSION

FIG. 4. Variation ofo-Ps intensityl; as a function of E/VA Based on the data in Fig. 6, it is possible to distinguish
concentration. The error range of each point is smaller than th&vo contributions, one being sensitive and the other being
plotting symbol. insensitive to the electric fields up to 50 kV/cm, to the over-
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30 T T TABLE II. Positron mobilities in some of the samples.
28— . E/VA concentration(wt. %) Positron mobility (cri/Vs)
— I 0kViem —» .-
2 N T
: 26 I Ny 0 14i2
= 3 6+2
.‘6 o4 <«— 50 kV/cm ] 6 4+2
i 15 1+2
£ 22 - 100 0+2
o
20 — o ) _
in Fig. 7 can be ascribed to the reduction of the Onsager
13? | | | | radius as the result of the increased dielectric constant in Eq.

0 20 40 60 80 100

_ (2). However, one can easily confirm that the rather small
E/VA concentration (wt. %)

increasgabout 24% in dielectric constant is not sufficient to

FIG. 6. Comparison of the concentration dependendg af 50 &ccount for the rapid decline of the field-dependent compo-
kv/cm with that at 0 kv/cm. Note that the-Ps intensity recorded N€Nt, for whatever value in the reasonable range. Further-
at 50 kV/cm increases linearly with increasing E/VA concentration.more, the electric-field dependence of the blend containing

24% E/VA in Fig. 5 is not straightforward and cannot be

all Ps formation in the blends between polyethylene and Egxplained in terms of the simple Onsager theory.
VA. Variation of the field-sensitive contribution derived as  The electric-field dependence of the 24% E/VA sample is
the difference of the data between 0 and 50 kV/cm is showssimilar in shape to our previous results fgirradiated poly-
in Fig. 7. It is seen from Figs. 6 and 7 that with increasingethylene and polypropylerté suggesting that positron trap-
E/VA concentration the former field-dependent contributionping by E/VA plays an important role. In order to confirm
decreases, whereas the latter contribution, insensitive to tHBe presence of the trapping effect, overall positron mobili-
fields as high as 50 kV/cm, increases. The complex variatioties were measured for some of the blend samples by observ-
of the 0-Ps intensity in Fig. 4 is, thus, found to be due to aing the Doppler shift of the annihilatioy ray as a function
combined effect of two contributions which behave quiteof external electric field® Results are listed in Table Il. It is
differently as a function of E/VA concentration. seen that the positron mobility is drastically reduced by the

The field-dependent Ps formation is supposed to be ass@ddition of a small amount of E/VA. As only minor struc-
ciated with recombination of electron-positron pairs with tural changes are expected at such low E/VA concentrations,
large initial separation in the positron spur. Because of weakhe rapid decline of the positron mobility can only be ex-
Coulomb interaction between the two particles, they are eag?lained by immobilization of an increasing fraction of posi-
ily separated from each other by an electric field. At lowtrons at traps. In view of the very low positron mobilities in
fields only a small fraction of the pairs can be separated an@xygen-containing polymerS,it is likely that the polar ac-
the Ps formation is slightly reduced from that at zero field.etate group of E/VA captures mobile positrons, thereby in-
With increasing the field strength, more and more pairs aréreasing the number of the positrons that annihilate in the
separated and the Ps formation is further reduced. It shouldapped state.
be mentioned that the strong electric-field effect on Ps for- According to Tachiyd! the recombination probabilit{
mation has been observed for nonpolar polymers such & an electron-positron pair in the presence of both an elec-
p0|yethy£n2e6 and polypropylene with high positron tric field and a positron trapping center is written as
mobility.=>~

At first sight, it seems that the reduction of the field- P=1—exp(—re/n{l+(F?+u?)"3. )
dependent contribution with increasing E/VA concentrationThe factorss andu account for the effect of the electric field
and that of the trapping, respectively.is directly propor-

12 T 1 T T tional to the field strengtle

10l | F=eEr/2kT, ()

whereasu is proportional to the square root of the trap con-
centrationC

Al (%)

w=(xCID)¥r.. (5)

Here k is the trapping rate constant amdis the diffusion
coefficient. Equation(3) predicts that as far ag>F, P is
independent of field strength, but at sufficiently high fields
the trapping effect becomes negligible adiecreases with
5 26 m =0 increasing field strength. This prediction is in qualitative
60 80 100 . . 7
E/VA concentration (wt.%) agreement with the behavior of our sample containing 24%
E/VA in Fig. 5, where theo-Ps yield stays nearly constant
FIG. 7. Variation of the amount af-Ps reduced by the electric up to 10 kV/cm, beyond which it decreases. Since the factor
field of 50 kV/cm (Al3) as a function of E/VA concentration. wm is supposed to become larger with increasing E/VA con-
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centration, Tachiya’s equation can also explain the rapid desome electric-field dependencelaffor most of the samples
cline of the field-dependent component in Fig. 7. in Fig. 5 suggests that such generalization may be necessary.
The fact that Tachiya’'s equation can nicely explain thelt might be possible to extract the distribution of the initial
results of the field dependenésee Figs. 5 and)7signifies  separation of electron-positron pairs in polymers by precise
that the positron traps are rather well dispersed and the aweasurements of the Ps yields as a function of the external
erage domain size of the E/VA phase in most of the blends iglectric field.
smaller than the spur size characterized by the Onsager ra-
dius (19-24 nnm. If the domain size exceeded the spur size, V. CONCLUSION
one should observe a superposition of the E/VA and poly-
ethylene signals in Fig. 5 rather than the curve with thef
crossover for the 24% E/VA concentration.
Returning to the data in Fig. 6, the enhancement of th
field-insensitive contributior(recorded at 50 kV/cmwith

The addition of polar E/VA to polyethylene has two dif-
erent effects on Ps formation. At low concentrations the
é)-Ps intensity is decreased, but at high concentrations it is
increased by the addition of E/VA. The reduction of ti@s

increase in the amount of E/VA may be related to the reyield at low concentrations is due to the trapping of mobile

duced crystallinity of the blend. We believe that this Compo_posnrons, which would otherwise combine with an electron

nent is associated with electron-positron pairs with short init° form Ps in the positron spur. On the other hand, the in-

tial separationr. The factor exp{r./r) in Tachiya's equation crea;ed Ps formation at high E/VA conpe_ntrations may be
shoulé) be small for such paiFr}g ;né the recgmbingtion probgscnbeq to thg r_edu_ct|on .Of the qrygtalhmty. By assuming
ability P is not much affected by the electric field or the appropriate distributions in the initial separation of the

positron trapping. This may be the reason why this Comloo_electron-positron pairs in the spur, both of the effects can be

nent depends mainly on the crystallinity. Thus, a simple Cor_rat|onal|zed within the framework of the spur reaction

relation between the crystallinity and tlePs intensity is model, though this does not necessarily mean that it is the

expected only when the Ps formation occurs through ther9n|y mechanism of Ps formation. Finally it should be pointed

malized electron-positron pairs with short initial separation.?hu; (;r-]gtst'r;etesnl?tpIescgrrlzgttleodnot;]elt\/\:jenedne:hceer('ira){rs]tilcl)lr?(ljti){i()a:sd
So far, we have assumed that thé®s yields observed for : Iy 1S Exp y ’

the blends between polyethylene and E/VA can be separated
into two components, one being sensitive and the other being
insensitive to the electric fields as high as 50 kV/cm. The Y.K. expresses his thanks to Dr. K. Nakayama and Dr. T.
former component is related to Ps atoms formed fromKumagai of the National Institute of Materials and Chemical
electron-positron pairs with large initial separation in theResearch for technical assistance. Dielectric constants of the
positron spur, whereas the latter component is related tblends were kindly measured by T. Nagahama of Science
those from pairs with short separation. However, the separadniversity of Tokyo. We are grateful to Dr. M. Tachiya and
tion of the electron-positron pairs into only two componentsDr. R. Katoh of the National Institute of Materials and
is obviously an oversimplification and some generalizationChemical Research and Dr. D. Fink of Hahn-Meitner Insti-
will be required. In order to further develop the ideas pre-tute for valuable discussions. This work was carried out as a
sented in this paper, it is necessary to consider the distribypart of the Nuclear Cross-over Research Program, which was
tion of the initial separation of the electron-positron pairs insupported financially by the Science and Technology Agency
the spur. The fact that even at a field of 50 kV/cm there isof Japan.
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