polymer

ELSEVIER Polymer 40 (1999) 30333040

Temperature and time dependence of orthopositronium formation in
polystyrene

Z.L. Pend, B.G. Olsori, J.D. McGerve§, A.M. Jamiesofi*

®Department of Physics, Case Western Reserve University, Cleveland, OH 44106, USA
PDepartment of Macromolecular Science, Case Western Reserve University, Cleveland, OH 44106, USA

Received 26 February 1998; revised 5 May 1998; accepted 15 May 1998

Abstract

Three measurement protocols were performed to investigate the temperature dependence of positron lifetime spectra for polystyrene over
the temperature range 70 to 180C. The polystyrene samples were first subjected to a heating schedule in sequé@tiati®ments. This
was followed by a cooling schedule, again if@0Oncrements. The third schedule involved rejuvenation of the specimen dgdetween
each measurement. The measured lifetime spectra were resolved into three components. We observed a minimum in the temperature
dependence of the 0-Ps intensltyat ~20°C for polystyrene specimens subjected to the heating and cooling schedules, but not for the
rejuvenated samples. The influence of the durationeifeadiation on the lifetime and intensity of o-Ps annihilation was investigated under
isothermal conditions. A decrease in o-Ps intenisjtyith duration of exposure to'eirradiation was found whose rate was maximal &3
The results suggest that the time dependence of the o0-Ps intensity in the glass can be interpreted within the framework of the spur-model.
Specifically, the variation df; is ascribed to the formation at low temperature of free radicals with small electron affinities. After correcting
for the e'-irradiation effect, no significant aging effect in the glassy state was detected in the o-Ps intensity and [#et®86. Elsevier
Science Ltd. All rights reserved.
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1. Introduction the free volume characteristics of the polymer. Once
formed, o-Ps diffuses through the material and tends to
During the last several years many positron annihilation localize in regions of reduced density, such as free volume
lifetime (PAL) measurements have been carried out with the sites. When localized or trapped, the pick-off annihilation
aim of characterizing free volume in a wide variety of poly- rate is proportional to the local electron density, and thus the
meric materials [1-3]. It has been demonstrated that the o-Ps pick-off lifetime provides information regarding the
PAL technique is uniquely sensitive to free volume-based mean size of localization sites. A semiempirical correlation
structural changes (glass transitions, relaxation processes) irbetween the free volume hole radidsnd the o-Ps lifetime
polymers. The basic idea underlying this approach to 73 has been established [4,5],
relaxation phenomena is that molecular mobility at any 1 R 1 2R
temperature depends on the available free volume at this — =21 —sin(—)} (1)
temperature. T3 R+ AR 271' R+ AR
The positron lifetime spectra of polymers can usually be |, nere the boundary layer thicknea® = 0.1656 nm has
describgd in terms of thrge _exponential compqnents. Thepeen determined empirically by fitting Eq. (1) to o-Ps
term with the shortest lifetime (0.1-0.3ns) is usually 4npijlation data for molecular solids of known pore sizes.
associated with annihilation of p-Ps and free positrons, the gagides the o-Ps lifetime,, the corresponding intensity
|nte_rmed|ate lifetime (0._3—0.5 ns) with positrons 5_‘”0' of the o-Ps pick-off component is indicative of both the Ps
positron-molecular - species, and the longest lifetime ¢ mation probability and the density of localized sites.
(1-3 ns) with the decay of o-Ps by electron pick-off. The  pegpite numerous studies of positron annihilation in
annihilation of 0-Ps in polymers is essentially controlled by polymers, much controversy exists regarding the theoretical
basis for interpreting positron annihilation spectra, and the
* Corresponding author. application of analytical methodology for extracting free
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volume parameters from experimental data. Several effectsinside the sample holder were connected to a temperature

contribute to this situation. First, the interaction of high-
energy positrons with a polymeric material during the
thermalisation which follows their injection, is a complex
process involving phenomena such as ionization, electron—
ion recombination, free radical formation as well as trapping
of e and €. This leads to uncertainty not only in the
quantum mechanical basis for relating o-Ps lifetimes to
free volume cavity sizes, but also to difficulties of interpret-
ing anomalous effects of *eirradiation which are the
principal focus of this paper. Second, the level of free
volume in polymeric materials is often dependent on the
processing or formation history, and, in the glassy state,
may be time-dependent (physical aging [6-—11]). This
results in difficulties in comparing data on polymers
generated in different laboratories. Recently, studies of the
influence of é-irradiation time on the positron lifetime

controller (Model 330, Lake Shore Cryogenics). A constant
temperature was maintained to within 0.05C during data
acquisition periods.

Three measurement series were performed on the tem-
perature dependence of positron lifetime spectra. Each
series differed in the treatment of the samples in the
temperature interval from+ 70 to 110C. Prior to measure-
ment, the samples were annealed aC3Elightly aboveT )
for 30 min and quickly cooled down te- 70°C at a rate of
10°C/min. Then the temperature was raised from70 to
110°C in steps of 18C. At each measurement temperature
the samples were thermally stabilized for 40 min before
initiating the collection of a lifetime spectrum. Next, the
specimen was again cooled from 110 te 70°C in steps
of 10°C and lifetime spectra were obtained at each tempera-
ture. Finally, the samples were annealed in the chamber at

spectra of polymers have been carried out. It was observed95°C and cooled at a rate of approximately’@min to the

that [12,13] the o-Ps intensity decreased with increasing
elapsed time after insertion of the source. The extent to
which the o-Ps intensity decreases witfi-igradiation
time was found to depend on the type of polymer, the posi-
tron flux and the temperature. Thus, variations in the extent
of e'-irradiation could be another source of disagreement
between PALS results from different laboratories.

In this paper, positron lifetime spectra were measured on
well-characterized polystyrene samples as a function of
temperature and *eirradiation time. By investigating the
effect of different thermal histories on o-Ps annihilation
lifetimes and intensities, it is hoped to develop greater
understanding of the factors which influence positronium
formation probability in polymers.

2. Experimental
2.1. Sample preparation

Pure polystyrene (PS) with a molecular weight of 153 000
was used in this study. The materials were supplied in pellet
form. These specimens having a thickness of 1 mm were
formed under 7.5 ton pressure and annealed atQ76r
48 h, after which they were cooled down to room temperature.

2.2. Positron annihilation lifetime spectroscopy

The lifetime spectra were recorded with a fast—fast life-
time system having a time resolution of 220 ps. Each
spectrum contained X 10° counts accumulated over a
period of about 0.5 h. The positron source was rather strong
(50 »Ci ?NaCl, placed between two 1.7 mg/émluminum
foils) for the purpose of shortening the measuring time. The
source and the sample were then placed in a thin-walled
aluminum vacuum chamber for the duration of the experi-
ments. Heating wires mounted at two opposite sites of the

measured temperature. Spectra were recorded at increments
of 10°C in the temperature range from 70 to 180C. After

each measurement below °@5 the samples were reju-
venated for 30 min at 98, in the rubbery state. This
rejuvenation procedure [14,15], was used in our earlier
0-Ps studies of polymers in the glassy state, and is designed
to minimize anomalous decreases in 0-Ps intensity resulting
from prolonged exposure to"eradiation. Finally, the tem-
perature was increased stepwise from 100 to°C8&nd
measurements taken at°@increments. The influence of
e*-irradiation exposure on the positron annihilation spec-
trum was investigated using a polystyrene sample which
was annealed at 96 in vacuum for 6 h and then cooled
slowly to room temperature (23). The sample was then
stored at room temperature for 20 days in order to produce a
well-aged specimen. The time dependence of 0-Ps intensity
was first evaluated at 2@ immediately after source instal-
lation. For measurements at other temperatures, the samples
was annealed in the chamber at’©@5or about 6 h, then
cooled to the measurement temperature at a rate /10
min, and the measurement began immediately after 40 min
thermal equilibration.

3. Results and discussion

The measured lifetime spectra were all resolvable into
three components using the PATFIT computer program
[16], and the variances of the fitg%) are smaller than
1.2. Of the three components, only the o-Ps pick-off lifetime
73 and intensityl ; showed systematic variations with tem-
perature. Fig. 1a shows the temperature dependence of the
0-Ps lifetimer; for the same polystyrene sample but with
three different thermal treatments. Within the scatter of the
data we detect no differences g This indicates the o-Ps
lifetime does not depend on the thermal history of the
materials. Taking ; as a measure of the relative free volume

sample holder and two diode temperature sensors mountedtavity size (according to Eqg. (1)), the deviation of the
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Fig. 1. The temperature dependence of (a) o-Ps lifetigend (b) the corresponding intensityfor polystyrene samples with different thermal treatment.

thermal response noted in each polystyrene sample atsequential heating/cooling schedules. For the lattegr,
87.3C indicates a sudden increase in thermal expansionexhibits a distinct minimum value at a temperature near
coefficient of the free volume cavities, which is consistent 20°C, while no such minimum is seen in the rejuvenated
with the occurrence of a glass transition. Such behaviour of specimen. It is interesting that theminimum occurs at ca.
73 has been observed for many different polymers. Interest- 20°C, which is in the middle of the temperature range where
ingly, the glass transition temperature measured frgns the so-callegB-transition of polystyrene is reported to occur
lower than the bulk value measured by d.s.Cq (= (i.e. between ca. 10 and %D [17,18], depending on the
107.6C). This has been reported for other polymers, and molecular weight, tacticity and the specific measurement
is often attributed to the fact that the duration of measure- technique employed). Th&transition is believed to result
ment by PAL at each temperature is much longer than that from intramolecular relaxation associated with the phenyl
by d.s.c., leading to relaxation of the free volume néar groups [19-21], although there is still uncertainty about the
The corresponding variation of the o-Ps intendityis precise nature of the transition. It should be mentioned that a
presented in Fig. 1b. While no significant differencesin similar albeit more dramatic minimum ih; has been
were measured for the samples with different thermal treat- previously reported in polyethylene and polypropylene
ments, different values ot were obtained in the glass when [22-24]. Kindl and co-worker [22,23] suggested that the
comparing rejuvenated samples versus samples subjected tappearance of ahy; minimum could be the superposition
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Table 1 through creation of cations and free electrons. According to
The comparison of 0-Ps intensitys, and o-Ps lifetime,r;, for the the spur model, Ps formation takes place in the positron
polystyrene at room temperature with different thermal history terminal spur when electron—ion recombination, and
73 (ns) I3 (%) scavenging and trapping of electrons and/or positrons are
competing. The Ps formation process is therefore affected
Well-aged 2.064+ 0.020 31.11* 0.16 b | fact includi i ith elect .
Heating 2 067+ 0.025 2671+ 0.18 y several factors, including competition with electron-ion
Cooling 2.045+ 0.019 27.80+ 0.15 recombination, and formation of free radicals, which are
Rejuvenating 2.05% 0.024 30.82+ 0.18 sensitive to the chemical functional groups on the polymer

structure. Generally, the free radicals have positive electron
of two effects: (1) a temperature-induced decrease of theaffinities, and may inhibit positronium formation by
number of voids suitable for Ps-atoms; and (2) freezing-in scavenging of excess electrons. The following competitive
of local motions which opens up additional voids at low Processes take place in the thermalized spur of injected
temperature. However, such an interpretation seems incon-Positrons:
sistent with the fact that thi minimum is not observed in
glassy polystyrene samples subjected to rejuvenation. As
shown in Fig. 1b, for the samples after rejuvenatibnis
essentially temperature independent over the whole tem-
perature range. To further illustrate this, we give a compar-
ison of I3 and 73 values for polystyrenes with different
thermal histories at room temperature in Table 1. The Once formed, Ps diffuses and tends to localize in cavities in
0-Ps lifetimes for all the samples are numerically very the polymer matrix, such as free volume sites. The o-Ps
similar, butl; values differ substantially. Interestingli; intensity | ; is therefore a function of the o-Ps formation
for the rejuvenated samples is very close to the well-aged probability, the numbers of eand € trapping sites, and
value at room temperature, while the thermally cycled the number of free volume cavities. Thus, it is possible, a
samples were found to be significantly lower. priori, that thel; minimum effect observed in the glassy
To interpret the 0-Ps intensity we need to understand the state is due to ®irradiation effects or to changes in free
mechanism of Ps formation. At present, the so-called spurvolume due to physical aging.
model [25] appears to be the best description of Ps Recently, however, it has been reported, for several poly-
formation in condensed matter. Spur formation is reported mers, that the intensity of the o-Ps lifetime component
to be dominant in polystyrene and several other polymers decreases with increasing elapsed time after insertion of
via depth profiling with positron beams [28]. When an the positron source [12,13]. These studies have clearly
energetic positron is injected into the polymer matrix, a demonstrated that the effect is a consequence of the irradia-
trail of radiation damage is created, i.e. the positron spur, tion damage, and not to physical aging. In our experiment
during which the kinetic energy of the positron is dissipated shown in Fig. 2, we see no decreasel pivith irradiation

e’ + e~ — Ps positronium formation
M* +e~ — M =* geminate recombination

e~ +R— R electron capture by free radicals
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Fig. 2. The dependence on exposure time to the positron source of the o-Ps intgnsitpplystyrene.
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Fig. 3. The influence of the temperature on theexposure time dependence of the o-Ps interisity polystyrene.

time at high (98C) and low temperatures—{¢0°C). contrast, as shown in Fig. 3b, when the temperature is raised
However, for intermediate temperaturek; shows a to 95°C, following 20 h irradiation at 2%, |3 increases
substantial decrease with exposure time, although sharply to a value comparable to the initial value, and
remains unchanged. Since the sample had been stored adtays at that level for 10 h irradiation duration. Subse-
room temperature for 20 days, clearly, it seems unreason-quently, on cooling rapidly to 2&, | ; decreases slowly at
able that physical aging is the origin of the effect, at least for a rate comparable to that during the initial irradiation step.
the decrease df at room temperature. Also, consistent with We can only speculate at present on a possible explanation
this, in Fig. 1b, a similai ; minimum is observed in both  for these time-dependent phenomena. Previous authors
heating and cooling series, despite the fact that the initial [12,15] have interpreted the decreaselinin the glass
heating treatment will erase the prior thermal history of the with e*-irradiation time in the context of the spur model
sample. Thus, the observed response must result from as due to the accumulation of species (ions and free radicals)
et-irradiation damage and not from a change in the free that inhibit Ps formation through trapping the precursofs (e
volume cavity concentration. and/or €) of Ps. When the temperature is reduced through
Fig. 3a,b shows the influence of different thermal Tzto —70°C, the mobility of such species is progressively
histories on the & exposure time dependence of the 0-Ps reduced. The present observation (Fig. 2), i.e. that the rate of
intensity 1; in polystyrene. As evident in Fig. 3a, after accumulation of these species in polystyrene is maximal at
approximately 20 h of continuous source exposure attemperatures near th relaxation, is consistent with this
23°C, the o-Ps intensity decreases from 31.4 to 27%. picture. This follows if one assumes that the local motion
When next the temperature is suddenly decreased4to, which freezes in at thg relaxation temperature (e.g. phenyl
—70 and —10CC, |5 increases slowly over a period of group rotation), is necessary for ion—electron recombination
several hours and reaches a saturation value which isreactions or the production of free radicals. However, to
comparable to the initial value (31.4%). Subsequently, explain the time-dependent effects shown in Fig. 3a,b, a
when the temperature is rapidly raised t6Q3 ; decreases  more detailed analysis is required. To interpret the slow
immediately to a value which is essentially the same as thatincrease inl; on cooling from 23 to—40, —70 and
obtained after 20 h of positron irradiation at °€3 In —10C0C (Fig. 3a), it appears that we need to consider the
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accumulation of species which favour o-Ps formation at is allowed to warm, these frozen radicals become labile and
very low temperatures in the glass. In the context of the migrate, and the tunnelling effect becomes smaller. The
spur model, it appears that one possibility is, belowfhe electrons are trapped on the free radicals which results in
relaxation temperaturd,s, trapped free radicals provide a a dramatic decrease of the mobility of the electron, and a
source of electrons for the formation of o-Ps, resulting in reduction in range of the wave function compared to non-
an increase of; with e*-irradiation time. Both the increase trapped electrons. The positron can still pick off electrons
of the 0-Ps yield and the decrease of the inhibition efficiency from R™, but the probability of this process is much smaller
of free radicals at low temperatures in polystyrene can be than that of Ps formation by a nontrapped electron. Hence
qualitatively understood by assuming that thieradiation- we observe an inhibition of Ps formation with increasing
induced radicals have small electron affinities and capture temperature, belowT;. Moreover, on warming up the
electrons to form a loosely bound complex [26,27]. Many sample, reaction between free radicals and cations becomes
reactions of excess electrons with free radicals result in the possible, as well as ion—electron recombination, each of
formation of a product in which the electron is compara- which decreases the probability of the loosely bound com-
tively weakly bound (i.e. by 1-2 eV). In such a case, the plex available for Ps formation, and decreases precipi-
positron can efficiently react with the formed complex to tously. On further increasing temperature (aboVg),
produce Ps by picking off the electron. This process can be because of the mobility of the matrix, the lifetime of free
schematically described as: radicals and cations becomes shorter, i.e. the pool of avail-
able free radicals and cations which compete with Ps
formation decreases, and the positronium formation prob-
ability begins to increase abovg;. WhenT > T, , the
lifetime of reactive species becomes too short to influence
the Psyield, thus a rapid increasel gbccurs on heating to
95°C (Fig. 3b). Clearly, at present, this hypothesis is based
on limited observation, and needs to be supported by other
measurements to probe radical and cation formation using
At very low temperatures, the free radicals produced in the independent techniques.

positron spur are presumably immobilized and the decay Above, we alluded to the fact that a minimum in o-Ps
rate constant decreases with storage temperature. Withintensityl;, and a decrease with the irradiation time, was
increase of irradiation time, the concentration of immobi- also observed for high-density polyethylene (HDPE) in the

e +R> R
e+

Ps+ R shallow electron trap and its abstraction byae”

lized R~ will increase, and the weakly bound electron can
probably tunnel from on&~ to another, becoming deloca-

lized on severaR™ . This of course increases the electron
mobility and the effective range of the electron wave func-

rubbery state [12]. It seems unlikely that a similar explana-
tion can be offered for this observation, since molecular
mobility is exceedingly high. Instead, the changeslin

may be due to an irradiation-induced structural change. In

tion, and that, in turn, enhances further Ps formation at low support of this, we find a quite different behavioui gfor a
temperature. With increase of temperature, when the sampleHDPE specimen subjected to a heating—cooling cycle. As
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Fig. 4. Irreversibility of the &-irradiation damage in polyethyene.
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Fig. 5. Time dependence of the 0-Ps intensitat 23 and 68C after minimizing the contribution from™eirradiation damage.

shown in Fig. 4, upon exposure td-@radiation at 23C, changes inl; and 73 associated with relaxation of free
there is a gradual decrease in 0-Ps intenigjtyp a steady-  volume [22,23].
state value over a 20 h period. On increasing temperature to
80°C, I ; immediately recovers to a constant (equilibrium) .
. . : 4. Conclusion
value. In contrast to the behaviour in polystyrene (Fig. 3b),

on quenching from 80 to 28, |5 instantly reverts to We performed positron lifetime measurements to stud
the steady-state damaged value before heating. In the P P y

irradiation of HDPE, free radical formation can lead to the o-Ps formatlon probablllty in polystyrene as functlons of
S i T temperature and time under isothermal conditions. While no
cross-linking between chains. Such radiation-induced cross-

o R . .~ deviation among the samples with different thermal history
linking of polystyrene is difficult because of its aromatic . L .
units. Thus. in HDPE. it appears possible that a ermanentCOU|d be observed in the o-Ps lifetimes, the corresponding
chan' eis ' roduced ’in tt?e? viciniF; of the radia?ion spur intensities were influenced by the thermal treatment of the
becagse ofFZ:ross-Iinkin of the ma)t/rix P samples, showing a minimum iy near theg-transition

In previous studies agdecreasel QWit.h annealing in the temperature in samples subjected to sequential heating
glass has been observed and interpreted to be a result of &iig?}i/negnzttzzsalgér\;'e %gfésgigghs;cehaglnggtIi?]Stﬁ(ran-
structural relaxation of the polymers. To maximize the con- plass ]A decrease in f?le 0-Ps intensity withigadiation
tribution from free volume relaxation, and minimize that 9 ' . Iy

. . , - time was observed whose rate is maximal rigaif empera-

due to € exposure time, we investigated positronium . . P )
decay in samples reiuvenated at°©5for 30 min and ture-jump experiments suggest that the minimum is due to
subsgquently :Eged atJ 23 and°60 in each case taking the activation of reactive species n@&grvhich compete with
measurements at 23 (cooling rate approximately 10/ Ps formation for electrons produced by energetidrethe

min). During these thermal treatments, samples were positron spur. Temperature jump experiments further con-

separated from the positron source. Fig. 5 shows the resultsf irm that the decrease iy observed in glassy polymers on

e*-irradiation has a different mechanistic origin from that
for polystyrene. Clearly, the values ¢f, as well as the . . I .
. s : observed in polyethylene on irradiation abolg To iden-
corresponding values of, show no significant aging effect. tify changes in 0-Ps annihilation parameters associated with
It is inferred that changes seen in Fig. 1b in the o-Ps yield 9 P

are due to the radiation damage rather than a measure OFhanges in free volume during the phy_S|caI aging process I
: . . . will be necessary to carry out annealing treatments in the
changes in the void structure. Rejuvenation abbyeffec-

tively erases the radiation damage in polystyrene, and theabsence of the positron source.

measured temperature dependencel phpproaches the

value reflective of the number of free volume cavities. It Acknowledgements
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