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Various physical properties of the solution-cast films of the proton conducting polymer polyethylene oxide
(PEO complexed with ammonium perchloradH,ClO,) have been studied in the temperature range 300—
370 K. These properties studied by us include free volume by positron lifetime spectroscopy, ionic conduc-
tivity by impedance spectroscopy, ionic mobility by transient ionic current technique, number of charge
carriers, dielectric constant, etc. The hole volume and conductivity show a steep Tis€Tat (~333 K). It
appears that the increase in free volume arises out of the increase in the size of the holes rather than an increase
in their number. Although the free volume shows an increase arépndhe measured ionic mobility does not
show similar behavior. The increase in the conductivityTgtis, therefore, ascribed to an increase in the
number of charge carriers atT,,. A suitable dissociation model involving the dielectric constant is proposed
to explain this increase. The value of the dissociation energy for PEGCNDA has been determined to be 2.4
eV.[S0163-1826)07533-9

[. INTRODUCTION volume change associated with the amorphicity of polymer
salt complexe$® have been reported using a positron anni-
Study of ion-conducting polymer electrolytes is an activehilation technigue. In spite of all these studies the theoretical
area of recent theoretical and experimental interest becaugkplanation of the measured ion transport properties is far
of their possible applications in modern electrochemicalffom satisfactory.
devices'™” One of the important classes of polymer electro- ~ The electrical conductivityr in the conducting polymers
lytes developed recently are the “polymer-salt complexes”’can be expressed in terms of the mobilityoy the relation-
which show high ionic conductivity of about 16-10°  Ship
Scm! at room temperature. These “polymer-salt com-
plexes” can be prepared by doping polar polymélike (,:2 NG i (1)
polyethylene oxidéPEO), polypropylene oxidéPPQO, poly-
vinyl aIt_:ohoI(PVA), e_tc]with alkali-metal salts, ammoni_um wheren, and 4 are, respectively, the number density and
salts, silver salts, acids, etc. As a part of the systematic PrAnobility of theith type of charge carriers ary the charge
gram of developing proton-conducting polymer electrolytesof jth species. Both cations and anions have been found to be
in our laboratory, different polymers like PEQRESC’ etc.,  mobile. Furthern, and; are temperatureT) dependent. In
have been doped with different ammonium salts, viz,order to understand the behavior @fwith 1/T we have to
NH,CIO,;, NHHSO,, (NH,),SO;, NH,I, etc. The mecha- know (a) variation ofn with T, (b) mechanism of generation
nism of conductivity(o) in polymeric electrolytes is not yet of mobile carriers(c) variation of u with T, (d) mechanism
clearly understood becauses governed by various factdrs of temperature dependence of and (e) whether the varia-
like degree of crystallization, relative values @f (glass tion of n or  is the controlling factor?
transition temperatuje T,,, (melting temperatupe intrinsic In the literaturé an explanation for the behavior ofwith
motion of elastomeric phase, degree of dissociation of saltd/T has been accepted in terms of the somewhat vague state-
in the complex which controls the number of charge carriersnent that the amorphicitgand hence the free volumén-
interfacial effects, ion pair formation, etc. It is well known creases with temperature and that this leads to an increase in
that most of the viscoelastic transport properties of polymershe mobility and hence in the conductivity. It may be pointed
depend strongly on temperature. Further the concept of freeut that such an explanation has been accepted in the ab-
volume’® has been widely used over the last three decadesence of any reporte@h literature direct measurement of
for explaining some of the observed results in polymericand u over a wide temperature range on apecificmate-
materials! The observed temperature dependence of theéals for which the measurement of free voluresually a
electrical conductivity of ion-conducting polymers has alsodifficult measurementhas also been carried out. In the
been explainedin terms of the free-volume theory. The present work we have tried to address ourselves to some of
study of thermally induced microstructural changes leadinghese vital questions by choosing the polymer electrolyte
to free-volume changes in polyacrylonitfif PAN) or free-  polyethylene oxide complexed with NBIO, (or
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PEO:NH,CIO,) on which systematic studies could be per-conducting PEO-based polymers showed that these materials
formed. In our earlier repdt the ion transport in the proton exhibit three different types of behavior, some of which are
conducting polymer electrolyte PEO:NEIO, has been partly explained by the so-called VogeI-Tamman—Fuléher
characterized using optical spectroscopy, X-ray diffraction(VTF) and Williams-Landel-Fer’f (WLF) equations. Since
(XRD), differential thermal analysi€©TA), IR, Coulometry, ~our aim was to study the mechanism of the ionic conductiv-
transient ionic current, and electrical conductivity studies. Inity in the polymer electrolytes and its correlation with the
the present paper we report the results of the following systumber of charge carriersn), mobility (w), free-volume,
tematic studies on PEO:NBIO, and analyze them to obtain ©{C-, We found it important to choose a system in which
partial answers to some of the vital questions raisedliStinct and large change ian with temperature(especially
above: (i) temperature dependence of the bulk electricaround Trln228|_ssopbs_erved. The resuits reporte.d in the
conductivity using impedance spectroscopy technidii¢, Ilte_raturel_' - _|nd|cated that the sys_tem PE.O'MHO“
temperature dependence of mobilities using transient ioniEUIf'"S this criterion best and hence this material has been

: hosen for the present study. Further, this polymer electro-
current techniqueiii ) temperature dependence of the num-¢ . o . .
ber of mobileqcﬁarge caFr)riers from Ft)he knowledge of thelyte has been previously studied in detail by*t€ur studies

respective values af and, (iv) temperature dependence of of the composition dependence of conductitityave shown

; " ; that the 80:20 weight percentage composition of
the mean free volume and of their probability density func- ) ) .
tion by the positron annihilation technique. PEO:NH,CIO, has the highest conductivity at room tempera-

Recent studies have established the usefulness of the pc}g_re and hence this composition was chosen for the present

itron annihilation technique for the measurement (if) or .
above. The basic process of positron annihilation and the The results of the present work are described below. The

application of this technique for the study of free volume in _most significant result obtained by us for the present material

polymers has been reviewed in the literatté’ Upon en- 'S that both o and free volume show rapid increase at

tering a polymer, the positron can form a positron—electronT%Tm' However the increase in the free volume is not as-

(e*—e") bound state(called a positronium or Ps atom sociated with an increase in the ionic mobility. In view of
Once inside the polymer such Ps atoms are localized this, the changes in mobility cannot be the main cause for the

o ; : variation of o. On the other hand, the number densitys
trapped preferentially in the free-volume holes having an found to change rapidly af,, and a suitable dissociation

atomic scale of volume. What is further interesting is that o .
these Ps atoms are unstable and they annihilate within th@Odel has been proposed by us to account for this increase in

free-volume region with characteristic paramet@g., life- n at .Tm' The positron I|fet.|me data have been analy_zed to
time 7, intensity!, etc) carrying information about the free- provide a detailed discussion of the free volume and its dis-

volume region without any significant interference from thet”buuon’ hole size, etc.
other bulk properties. The usefulness of the positron lifetime
technique has been further enhanced by the development of
the Laplace inversion technigd®translated into a computer
programconTIN,*®1%to analyze the measured positron spec- The polyethylene oxidéPEQ was procured from Aldrich
tra in terms of continuous lifetime distribution functioaé\) (MW ~6x10°) while ammonium perchlorat&H,ClO,) was
where\ is the annihilation rate. Further these positron life-obtained from VEB Laborchemie Apolda, Germany. Films
time distributionsa(\) can be converted into free-volume (~300 um thick) of polymer-salt complexes were prepared
hole radius distribution function§ R) and hole volume dis- by a solution-cast technique using dehydrated methanol as
tribution functionsg(V). Such positron lifetime studies of solvent. The solution of polymer-salt was poured into poly-
the free-volume properties in polymers, specifically measurpropylene dishes for casting the films by slow evaporation.
ing the variations in the free volume with temperattfte, Finally, the films were dried under vacuum to eliminate all
pressurél?? physical aging, and structural relaxatioh, traces of the solvent.
stress-induced structural deformatf@netc., have been re- The electrical conductivity of the PEO:NBIO, sample
ported in the literature. Theoretical treatment using molecuwas measured in the temperature range 300—400 K using
lar dynamics and kinetic thediy?® has predicted that the vacuum-coated silver electrodes. The complex impedance-
radii and the hole volumes of the free volume in a polymeradmittance plots were obtained using computer-controlled
obey a distribution functiorf(R) and g(V), respectively. Schlumberger Solartrofl250 frequency response analyzer
Experimentally the dependence of these distribution funceoupled with a Solartror{1286 electrochemical interface.
tions on pressufé??and temperatuf® have been estimated The temperature dependence of the electrical conductivity
with the positron lifetime technique, combined with then-  was evaluated using complex impedance-admittance
TIN program for data analysitg:?’ plots 3334

Coming back to the measuremertis—(iv) listed above, The transient ionic currenIC) measurement technique
we have carried all these both abovEXT,) and below was used to detect the number of different types of mobile
(T<T,) the melting temperaturd,,, because most of the ionic species in the bulk and to evaluate their respective mo-
properties are expected to change significantlyf at Sec-  bilities. In this method, the sample was first polarized across
ond, the choice of the material to be studied had to be guided dc voltage using Ag electrodes. The transient ionic current
by the criteria that significantly large changes in the physicalvas monitored as a function of time after reversing the po-
properties likea, n or u, free volume, etc., should be ob- larity of the polarizing voltage. Details of the experimental
served. A survey of the observed behaviorcof/s 1/T re-  technique have been reported elsewherghe mobility, u,
ported by various worket$4?8-3%or some H and Li* ion-  of mobile ionic species was calculated using the forrifula

IIl. EXPERIMENT
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K=y (2
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o

-0.134
whered is the thickness of the sampl¥, is the voltage
applied, ana is time of flight corresponding to the current
maxima.

The variation of the dielectric constant of the sample with
temperature was also measured. These data were needed foF
the interpretation of some of the results described later in this o
paper. The dielectric constant was calculated from the ratio ¢ g
of the measured capacitance with and without dielectric
(polymeric film). The capacitance was measured by using a
capacitance metefBoonton Electronics, Model 729B The 1.7
frequency of 1 MHz was chosen to avoid relaxation effects
of double-layer or electrode-electrolyte interface. 15 { . . | ) 0.054

Positron lifetime measurements were carried out at room 28 3.0 3.2 3.4
temperature using a conventional fast-fast coincidence spec- 10°/17 (")
trometer and a sandwich geometry for the souateout 15
uCi of ?NaCl) specimen assembly. Polymer electrolyte Fig, 1. Temperature dependencewPs lifetime, 73, in poly-
flms were stacked to prepare specimens of about 1 mréthylene oxide complexed with ammonium perchlorate
thickness. The typical time resolution used in the presentPEO:NH,CIO,) (80:20 wt. %. Positions indicated by arrows 1 and
work was 0.32 n§FWHM) while a total of about %10° 2 correspond to the melting temperatures of uncomplexed PEO
counts were recorded under each lifetime spectrum. The life(T,, ~339 K) and crystalline complexed materi€l,, ~329 K)
time spectra were measured in the temperature range 298Ref. 3§. Open symbols describe the data for increasing tempera-
353 K in steps of about 5 K. The measured lifetime spectraure, while solid symbols describe the data for decreasing tempera-
were analyzed in two ways. In the first method the lifetimeture. The continuous and dashed lines indicate the best fit to the
spectra were subjected to a least-squares-fitting procedupdserved points.
using the computer prograraTrIT.3” Our analysis showed
that the best?(<1.1) and most acceptable standard devia-7,=0.41-0.44 ns (1,=44-50%, and =1.6-2.4 ns
tions were obtained when each spectrum is fitted in terms ofl ;=10-12 % where the range of values of the intensities
three lifetime components. In our analysis we have con{l) is given in brackets. It is generally belieV&dhat the
strainedr;=0.13 ns in order to obtain a consistent result forlifetime ,=0.13 ns can be attributed to the annihilation of
7, 1; andl,.?! It may be mentioned that we also carried outsinglet Ps(or p-P9 while the second lifetime,=0.41—0.44
an analysis by removing the constraint on the values;of ns arises from the freéor unbound annihilation of posi-
This analysis yielded the values of, in the range trons. The longest or the third lifetimg=1.6—2.4 ns is due
7,=0.10-0.14 ns while the values of (lifetime of present to triplet Ps(or 0-P9. In the case of present results is
interes} andl ; showed a typical deviation that was less thanmuch larger thah,/3 and this suggests that thecomponent
5% from the values obtained by fixing=0.13 ns. The ac- receives contributions from-Ps as well as other modes of
companying effect on the free-volume hole radisse next annihilation. Following an earlier approafh®® we assume
section was less than 5%. In view of this, and for obtaining that o-Ps resides in a spherical well of radiRg having an
consistent results for, and 7; we constrainedy=0.13 nsin  infinite potential, and make use of the following semiempir-
our final analysis. Our second method of analysis involvedcal relationshig®*° between the values of; and the free-
determination of the annihilation rate probability distribution volume radiusR:
function (PDF Na(\) versush (annihilation rate using the

LN
w

—0.114

N
o

sTifetime 1,(ns)

—0.094

Hole volume (nm?)

0.074

computer prograntonTIN.® In the present analysis using 1 1 R 1 [2#R\]!
the CONTIN program we used the annihilation raxe=9.1 (Eaa) [1_R_+Z sm( = ” : 3
ns ! from well-annealed and high-purit§®9.99+ %) nickel 3 ° ©
as a reference while a total of 85 grid points over the ranggyhere we have use®,=R+AR andAR=1.66 A (an em-
0.25<\<13 ns * were used. pirical value obtainel by fitting the measured annihilation
lifetime for cavities of known sizgsThe values ofr; evalu-
Ill. RESULTS AND DISCUSSION ated by theeATFIT program were thus used to determine the

values ofR with the help of Eq(3). The temperature depen-
dence ofr; andl; are shown in Figs. 1 and 2, respectively,
where the variation with I/ is plotted because other physi-
We shall first present our results obtained from the posical properties of polymer electrolytes are usually described

tron lifetime spectroscopy. The positron lifetime spectraas a function of(1/T). The values ofR calculated fromr,
measured for the PEO:NBIO, (80:20 wt. % at room tem- using Eg. (3) are used to obtain the hole volume
perature were first analyzed by tlaTFIT (Ref. 37 com-  V;=47R%3, and the variation in the values ¥ (see the
puter program and it showed that each of the lifetime specright axig is also shown in Fig. 1. Our resul(sig. 1) show
trum measured in the temperature range 298—353 K showezth increase in; with temperature leading to an increase in
the presence of three lifetimes;=0.13 ns(l1,=39-44 %, the radius of the free-volume hol@a which o-Ps is annihi-

A. Positron lifetime, free volume,
and related distribution functions
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lating) with temperature. This observed behavior conforms LT s
to the known behavior of free volume in polyméts. 54 4 . -
It is observed from Fig. 1 that as temperature is increased 1.0~
from 298 K, the hole volume steadily increases up to 318 K Y P
after which it shows a steeper rise until 338 K and then 0.0 0.5 1.0 1.8 20 25 3.0

reaches a plateau. This sharp increasenirin the region Lifetime 7 (ns)

T=318-338 K in our sample PEO:NBIO, (80:20 wt. %

is due to the phase transitigne., semicrystalline to amor- FIG. 3. Positron lifetime distribution - functions in
phous taking place around =T,, (~333 K) which results PEO:NHCIO, (80:20 wt. % at some representative temperatures
in the softening of the material. obtained fromconTIN (Ref. 19 analysis. The positions correspond-

The total free volume available in a polymer is deter-ing to the I_ifetime values, m, and 73 obtained frompATFIT (Ref.

mined by the hole volume as well as the densitymber of 37 @nalysis are shown by arrows.
free-volume sitesof the holes although the dependence of chemical factor. If this is true then the present resultsl for
these two factors is not separately understood. According tg,ay not offer much information about the hole density. If it
the Ps-hole theory the probability @FPs formation is re- g 555umed that hole density does not change with tempera-
lated to the fraction of free-volume hole spadg,, in @  yyre, we can conclude that the observed increase in the hole
polymer. _45A simple semiempirical equation has beengj, ¢ with temperaturéFig. 1) will lead to proportional in-
proposetf~*for F,, crease in total free volume. A similar conclusion based on

F ALY @) the interp_re'gation o_f Eq4) was arrived at in the Ias_t para-

v 3Vt graph. It is interesting to note that Peagal!® have inter-

wherel 5 is theo-Ps intensityV; is the hole volume, and is  Preted their positron lifetime results for PEU-LiGl@bove

a parametetfor the particular materiatto be determined. In  Tq by proposing that the increase in total free volume with

the present casé; is observed to be basically constant with temperature arises out of the growth in hole size rather than

temperaturéFig. 2) and application of Eq4) shows thafF, an increase in number of holes. Recently J2aas reviewed

is almost proportional t&/; and hence should show a tem- our present understanding of the applications of positron an-

perature dependence similar to that exhibited/byn Fig. 1. nihilation spectroscopy to the study of hole size, content,
On the other hand, Itet al* have argued that both the distribution, and anisotropic structure in polymers and has

chemical factoke.g., electron affinitiésand the physical fac- Posed several questions that need to be answered before a

tor (e.g., hole size distributiordetermine theo-Ps intensity ~more comprehensive understanding is reached.

or 15 values in polymers. In the present sample the chemical BY analyzing the measured positron lifetime spectra with

factor does not change arg is observed to remain almost the CONTIN program we have been able to determine the

constant with temperature. The physical factor can coigrol Positron lifetime probability functione(\)\% and our results

through the hole volume size and the hole density. Thdor some representative temperatures are shown in Fig. 3.

present resultgFig. 1) already indicate a variation of the Using the CONTIN results the mean positron lifetimes and

hole volume size with temperature but no correspondindgntensities(r;, andl;, i=1-3 have been obtained with the

variation in |5 with temperature. Unless the effects of hole help of the formulas

volume size and hole density dg cancel out, we can inter- - .

pret the constancy df; as well as the low Ps yield to mean = ai)\fTidTi/ f ai)\iZdTi (5

that I; values in the present case are determined by the Ta Ta
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FIG. 4. o-Ps lifetime distribution functions in PEO:NRIO, FIG. 5. Free-volume hole radius distribution functiof{&) in

(80:20 wt. % at different temperatures. These functions are thePEO:NI—hCIO4 (80:20 wt. % at different temperatures. The con-
expanded profiles of the extreme right peakerked asrs) of Fig.  tinyous lines are drawn through the data points for visual guidance.
3. The continuous lines are drawn through the data points for visual

guidance. explanation. One possible explanation is that “Ps bubbles”

are formed above the melting temperature and they might
have a larger size and a narrower size distribution than the
— (7 free-volume holes present at lower temperature. A more sys-
l,= ai)\izdri. (6) tematic investigation is necessary to check these possibili-
a ties. In view of the uncertainties brought by the experimental
Although the values of, andl, (i=1,2,3 are not listed here, factors?® the distributions shown in Fig. 5 have to be inter-
we have found a good agreement between the peak positioﬂf,etEd qualitatively rather than quantitatively. It is interesting
of the three peakécorresponding tar, 7, and 75) resolved o note that the present results Riie in the range 2.5-3.0
by the CONTIN program and the values of;, 7, and A which is consistent with the values obtained from
obtained by theeATFIT program. The expanded profiles of Molecular-dynamics simulatiof.
the extreme right peak&orresponding tor;) of Fig. 3 are

and

shown in Fig. 4 to present the-Ps lifetime distributions in B. Conductivity, mobility, number of charge carriers,
PEO:NH,CIO, (80:20 wt. % at different temperatures. and free volume
Following Jean and DeRf we have defined the free-
volume hole-radius probability density functiof(R), as The present results for the temperature dependence of
probed by Ps to be conductivity (o) and ionic(cationic and anionicmobilities
(" and u”) are shown in Fig. 6. These results show a
27R a(\) change of slope in the versus 1T plot for PEO:NHCIO,
f(R)=—3.32 co R¥166| 1| (R+1.662" (7)  (80:20 wt. % at T,, and similar behavior has been observed

by many workers in other polymeric systems. The cationic
where we have not applied any correction factor for the P@nd the anionic mobilitiesFig. 6), however, do not show
trapping®®?2 The quantity,f(R)dR, then describes the frac- significant increase at the melting temperatig, In gen-
tion of free-volume holes having radii betwedR and eral, the enhancement in the conductivityTgt was earlier
R+dR. The present results fd(R) are plotted againgR in explained on the basis of an increase in the mobility values
Fig. 5 and they show that as the temperature is changed frowccurring during the crystalline-to-amorphous phase change
298 to 353 K, the free-volume holes expand in size with theirf the material. In the literature?’*® the approach used
distribution function moving to higher radii while the mean to explain the temperature dependence of the conduc-
radii changes from 2.5 to 3.20 A. We further notice that thetivity in polymers is based either on the empirical
f(R) functions(Fig. 5 appear fairly symmetric and can be Vogel-Tamman-Fulchét  (VTF) relaton or the
approximately described by a Gaussian-type function whoswVilliams-Landel-Ferr§? (WLF) empirical relation for poly-
FWHM changes from 0.8 to 0.6 A. Jean and fSdiave  mer relaxation processes. The possible relationships between
pointed out that two major effects, the counting statistics andhese empirical relationships and various free-volume mod-
the instrument instability, contribute to a dispersion of life- els have also been discussed in the literatdfeProponents
time distributions when the€oNTIN program is used to in- of the applicability of the free-volume theory to the ionic
vestigate free-volume hole distributions. In our studies weransport in polymer electrolytes point out that conductivity
maintained good counting statistics and instrumental stabilas well as free volume increases with temperature and hence
ity. The curves shown in Fig. 5 are raw results, not subjecteduggest that the ionic transport in these materials can be as-
to any deconvolution for natural broadening. The observedumed to occur through the carrier ions assisted by the seg-
narrowing of thef(R) distributions, if real, needs a suitable mental motion of the polymeric chain which will increase
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Conductivity (S em™)
Mobility 1 (cm?/ Vs)

No. of charge carriers
=3
T

16 1016 1 1 | 1 1 1 1 1
2.7 2.9 3.1_ 3.3 2.6 2.8 3.0 3.2 3.4
103 /17 (K 103/T (K™
FIG. 6. Temperature dependence of catiof¢) and anionic FIG. 7. Variation of number of mobile catiorta™) and anions

() mobilities along with the conductivityo) variation with tem-  (n™) with temperature for PEO:N}IO, (80:20 wt. %. Positions
perature for PEO:NECIO, (80:20 wt. 9. Positions indicated by indicated by arrows 1 and 2 correspond to the melting temperatures
arrows 1 and 2 correspond to the melting temperatures of uncomef uncomplexed PE(DTml~339 K) and crystalline complexed ma-
plexed PEO(T, ~339 K) and crystalline complexed material terial (T,,,~329 K) (Ref. 3. The continuous lines are drawn
(Tm2~329 K) (Ref. 36. The continuous lines indicate the best fit to through the data points for visual guidance.
the observed points.

Barker and Thoma$ have given the following expression
with the increase in the free volume. In this picture one,for the number of dissociated ions;
therefore, expects that with the increase in free volume with

temperature the diffusive displaceméand hence mobility n=n ex;{ —-U } (9a)

of the carrier ions should also increase. In other words, the 0 2eKT

pattern of increase in free volume should be reflected in the

variation of mobility with temperature. The measurement of"

the temperature dependence of free volufig. 1) and mo- _

bility (Fig. 6) in PEO:NH,CIO, (80:20 wt. %, however, Inn=Inng+| =——=|, (9b)
does not yield such a similar pattern. These results indicate 2eKT

that an alternative explanation has to be sought. wheren, is constant. This relation predicts a linear behavior

, 8

We recall thatr=new and hence the mobility is not the of Inn versusl/eT. A knowledge ofe is necessary if In is to
lone controlling factor which could explain the increase inpe plotted against &T. Hence the dielectric constant of the
the conductivity atT,,. We may ascribe the conductivity sample was measured by us at different temperatures and the
changes to a change in the number of charge carriers. Thesults are shown in Fig. 8. We note thaincreases more
number of mobile charge carriefsations and anionsan be  rapidly aboveT,,. The present results show a linear plot
calculated using the following equation: when Im is plotted against HT (Fig. 9). The value of dis-
. N B sociation energyl) obtained from the slopes of the straight
n o (tip lines (Fig. 9) is 2.4 eV. Interestingly the value &f for the
RS AAV ammonium salts is nearly sarmeThe dissociation mod#l
appears to explain the increasenimbserved by us, with the
wheret™ andt™ are the cationic and anionic transferencegielectric constant playing an important role.
numbers and they have been already determined by us for
PEO:NHCIO, (80:20 wt.% from  coulometric IV. CONCLUSIONS
investigatior° '
Using Egs.(1) and(8), and the present experimental data  On the basis of positron lifetime, ionic transport and other
we have calculated the number of mobile catién$) and  studies described above, the following important conclusions
anions(n~) and their temperature dependence is shown ircan be drawn
Fig. 7. It is interesting to note that the variation in the num- (i) The total free volume in PEO:NJ&IO, increases with
ber of charge carriers is not linear and that it shows a somaemperature, and the rate of increase changes its sldpg.at
what steeper gradient nediy,, as the temperature is raised  (ii) It appears that the increase in total free volume is
from room temperature. This indicates that the dissociatiomletermined mainly by the enhancement in the hole size
of complexed salts is increasing rather rapidly arodnpd rather than the increase in the number of holes.
On the basis of dissociation theory of electrolytes, the disso- (iii) The pattern of increase in free volume with tempera-
ciation of ionic salts is determined by the dissociation energyure is not reflected in the variation gfwith temperature. In
U and the effective dielectric constat¥) of the medium. particular, there is very little change in the value of mobility



54 TEMPERATURE DEPENDENCE OF POSITRON. . 7149

60 T T T T T T
4 & ‘019_
w50 |- - g o
a2 ] ° 10°L
3 4 ——o
240 - 2 =
Q 1 - 7 (a)
© ot 4 ° 10+
o ) 2 o
E30r 1 (b)
o 108 ] 1 ) 1 1 1 ]
S T 2 . 0 0.8 1.6 2.4
S d <4
o 20 B 1/7¢7T (10 K )
FIG. 9. Variation of number of mobile charge carriées cat-
i 1 1 1 1 1 . . — .
1%_7 2.9 31 3.3 ions (n*) and(b) anions(n™) with 1/eT for PEO:NH,CIO, (80:20
103/T (K'l) wt. %). The continuous lines indicate the best fit to the observed

points.

FIG. 8. The dielectric constant, at different temperatures for by the increase in the number of charge carriarsd not so
PEO:NH,CIO, (80:20 wt. %. Positions indicated by arrows 1 and 2 much by the mobility. This behavior may be explained on
correspond to the melting temperatures of uncomplexed PEQ  the basis of a simple dissociation model in which the dielec-
~339 K) and crystalline complexed materiél,,~329 K) (Ref.  tric constant of the polymer electrolyte plays a role. The
36). The continuous line is drawn through the data points for visuaivalue of the dissociation energy has been determined using
guidance. this model.
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