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Positron lifetimes, Doppler broadening of the annihilation y energy, and electrical conductivities
have been measured for two conducting polymers, poly(pyrrole tosylate) and poly(pyrrole fluoride),
as functions of temperature in the range 10-295 K. The positron-lifetime spectra have been
resolved into two exponentials. Positrons are localized in shallow traps, and the lifetime data sug-

gest thermally induced detrapping of positrons at low temperatures. The temperature dependence
of the conductivity has been analyzed following the variable-range-hopping model which provides
results for the density of states at the Fermi energy [N(Ef}]and bipolaron localization length a
Whereas the temperature dependence of the conductivity qualitatively follows this model, it pro-
vides incorrect results for N(Ef) and a

INTRODUCTION

Conjugated polymers have attracted substantial atten-
tion in recent years due to their remarkable electrical
properties. ' Unlike saturated polymers, many conju-
gated polymers are known to exhibit conducting behavior
on oxidation-reduction (redox) doping, with conductivi-
ties as high as 10 0 ' cm ' measured for polyacetylene.
A linear-chain structure makes them additionally in-
teresting from the point of view of a reduced dimen-
sionality, which is expected to influence their electronic
properties. The electrical conductivity of these potential-
ly technologically important materials results from
mobile charge carriers introduced into their n. electronic
configuration. At sufficiently high-doping levels, the
transport of charge is believed to occur both along the
conjugated chains and via interchain hopping processes.
The latter of these is used to explain the temperature
dependence of the electrical conductivity in terms of the
variable-range-hopping model. The intrinsic electron-
phonon scattering and the many possible defects in these
materials limit the transport of charge. It is, therefore,
important to develop an indepth understanding of the
scattering processes. Recently, there has been a growth
in the scientific interest in heterocycle-based conjugated
polymers based on pyrroles and thiophenes because, in
addition to being reasonably good electrical conductors,
they are more flexible, mechanically strong, and stable
when compared with polyacetylene. They can be
prepared directly in the oxidized and conducting form,
using electrochemical techniques, as free-standing films
removable from electrode surfaces.

We have studied the electrical conductivity and posi-
tron annihilation parameters in poly(pyrrole tosylate) and
poly(pyrrole fluoride) as functions of temperature over a

wide range of temperature from 10 to 295 K. Whereas
the conductivity data help us better understand the
mechanism of charge transport, the positron data provide
important information about the lattice distortions which
facilitate conductivity in these materials. This paper
presents results for the electrical conductivity and posi-
tron annihilation parameters in order to obtain comple-
mentary information about the charge transport mecha-
nism in these materials. We discuss the electrical con-
ductivity data in terms of the variable-range hopping of
bipolarons. In the case of polypyrrole the generally ac-
cepted structure is shown in Fig. l. The variations of the
measured conductivity with temperature in both samples
qualitatively follow the hopping model. However, fits of
the conductivity data to the hopping model yield unac-
ceptable results for the two important parameters of the
model; the density of states at the Fermi energy [N(EF )]
and the localization length a '. We compare these re-
sults with other known results and discuss possible
reasons for these discrepancies. The positron-lifetime
spectra have been resolved into two components with life-
times v& and v2. The temperature dependencies of ~„~2,
and their relative intensities are discussed in terms of pos-
itron localization in shallow traps in the lattice (presum-
ably associated with the lattice distortions responsible for
conductivity, i.e., bipolarons). The positron annihilation
data present the first evidence for the differences between
the thermal expansion of two different microscopic re-
gions of the same sample, existence of shallow traps, and

thermally induced detrapping of positrons from these
traps. The electronic structure of these two regions could
be different due to the influence of the localized dopants
or polymer structure and thus ~& and r2 provide impor-
tant information about these regions, for example, the lo-
cal electron densities. A difference in the thermal expan-
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FIG. 1. (a) The structures of neutral polypyrrole, (b) polypyr-
role polarons, and (c) polypyrrole bipolarons. (Dopant anion
shown as A .)

sion of the two microscopic regions of the same sample,
as evidenced by the temperature dependencies of the life-
times, corresponds to a difference in the intermolecular
interactions in these regions. This is consistent with a
known concentration of the localized dopants in the sam-

ple, which should perturb the intermolecular forces in the
vicinity of the dopants.

EXPERIMENT

Poly(pyrrole tosylate) films were grown by electropoly-
merization at a current density of 1 mAlcm on a glassy
carbon electrode in a one-compartment cell. The mecha-
nism of electropolymerization of pyrrole has been studied
in detail in our group. ' ' The electrolyte consisted of
acetonitrile, 2% distilled water, 0.1 M tetraethyl am-
monium p-toluene sulfonate (TEATOS), and 0.2 M pyr-
role. The electrolyte was purged with nitrogen and the
polymerization was carried out under a nitrogen atmo-
sphere for about 5 h. This resulted in a film having a
thickness of about 100 pm which was thoroughly soaked
and washed with acetonitrile in order to assure removal
of the remaining pyrrole and excess TEATOS from the
polymer film. This has been confirmed previously by ele-
mental analysis. ' Films were then dried under vacuum
at 350 K for about 12 h. Poly(pyrrole fluoride) films were
prepared by anion exchange of the poly(pyrrole tosylate)
films as described previously using a solution of distilled
water and 0.1 M NaF at room temperature. ' ' After
ion exchange the films were washed with distilled water
and then dried under vacuum at 340 K for about 12 h.

The dc conductivity of the films was measured as func-
tions of temperature by using the standard four-point
technique in an Oxford Instruments helium cryostat.
Positron-lifetime- spectra were measured using a fast-fast
spectrometer with a full width at half maximum of
-0.33 ns for the Co prompt resolution data. Out of a

RESULTS AND DISCUSSION

The temperature dependencies of the electrical conduc-
tivity of poly(pyrrole tosylate) and poly(pyrrole fluoride)
are shown in Fig. 2. Over the temperature range studied
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FIG. 2. Electrical conductivity as a function of temperature
for poly(pyrrole) tosylate and fluoride.

total of 29 lifetime spectra, each of the 14 runs accumu-
lated ~ 555000 to ~762000 counts, 10 runs accumulat-
ed ~381000 counts each, and each of the remaining 5
runs accumulated ~ 170000 counts. The collection time
for these spectra varied due to considerations for liquid-
helium consumption and due to limited access to a cryo-
stat. These spectra were resolved into two exponential
components using POSITRONFIT EXTENDED. The life-
time spectra probably contain a third long-lived posi-
tronium component with a lifetime -2.2 nsec and a rela-
tive intensity 0. 5%%uo. Due to such a small intensity, this
long-lived component is essentially buried in the back-
ground. These spectra also have contributions from an-
nihilations in thin gold foils that were used to sandwich
the positron source. We estimate that the source com-
ponent has a lifetime -0.118 nsec with an intensity
~4%. This component and its temperature dependence
are, however, uncertain. We find that a correction for
this short-lived source component does not significantly
change the temperature dependence of the lifetime com-
ponents reported in this paper. Since the source com-
ponent is short lived with a rather small intensity and
since the temperature effect of this component is sma11

due to thermally generated defects in the gold foil for the
temperature range of interest, we have chosen not to
correct the spectra for the annihilations in the gold foils.
That our data and their analyses are accurate are sup-
ported by an excellent agreement between our results and
those reported by Doyle et al. ' for polypyrrole samples
at room temperature (details given below). The Doppler
broadening of the annihilation y-ray energy was mea-
sured by a digitally stabilized high-purity Ge detector
spectrometer with an energy resolution of about 1.2 keV
at 570 keV and analyzed for the standard shape parame-
ters. The temperature of the sample was controlled with
an accuracy of +1 K using the Oxford Instruments
liquid-helium cryostat.
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from 70 to 295 K, the conductivity of each polymer in-

creases nonlinearly with temperature. At 70 K we mea-
sure 23.9 and 0.014 0 'cm ' for the conductivities of
the tosylate and fluoride-doped polymers, respectively.
These conductivities increase to 76.3 and 2.24 0 ' cm
for the tosylate and fluoride samples, respectively, at 295
K. These results for the tosylate sample are in excellent
agreement with the conductivities measured by others. '
The ion exchange process is known to occur quantitative-
ly. ' ' The use of fluoride as the exchange ion causes a
significant change in the electrical properties of the sam-
ple as evidenced by a lower conductivity at all tempera-
tures. We have found that many other ions, including
Cl, C104, and SO4, have little effect on conductivity
and its temperature dependence. In order to contrast the
results from this study, samples with the greatest
difference in properties (F and TOS } were selected for
positron studies.

The temperature dependence of the conductivity in
doped semiconducting samples can be explained in terms
of the variable-range hopping of bipolarons. ' ' In the
simplest application of this model to conduction in amor-
phous solids, the phonon-assisted hopping rate of elec-
trons is considered between two localized states, one filled
at or slightly below the Fermi level, EF, and the other
empty and above the Fermi level. These two states are
separated in energy by b, and in space by R. The hopping
rate is then determined by the following three factors: (i)
exp( 6/kT}, which—is proportional to the probability of
finding a phonon energy b, at a temperature T, (ii}
exp( —2aR ), which measures the overlap for a tunneling
electron between the two localized states with the same
localization length a, and (iii) an attempt frequency, vo,
which depends on the electron-phonon coupling and the
phonon density of states. The temperature dependence of
the conductivity is, therefore, given by

a =ooexp( —A/T' ),

Though the plots of the measured conductivity shown in
Fig. 2 follow an overall behavior predicted by the
variable-range-hopping model via Eq. (4), the values of
a ' and N(EF) are, however, unreal when compared to
reasonably expected values. Similar unphysical results
for a ' and N(EF) have also been reported by others
who have studied the temperature dependence of dc elec-
trical conductivity in similar polymers. ' ' ' For example,
Travers et al. ' studied the temperature dependence of
the conductivity in oxydized polypyrroles and substituted
polypyrroles. In the substituted samples, they obtain
values for a ' ranging from 10 to 3 X 10 A
and for N (EF ) ranging from 7 X 10ss to 3 X 104s

states/eV cm . Elliott discusses possible reasons for such
anomalously high values obtained for the preexponential
term in Eq. (4) that yields unphysically large values for
N(EF); for example, these not-so-simple reasons may be
related to the use of single-phonon theories to obtain vo
and to the different functional forms expected for A in

Eq. (3} corresponding to hopping in three or two dimen-
sions depending on film thickness. ' We do not clearly
understand the reasons for the anomalous results ob-
tained by us and others for a ' and N(EF). We are in-

vestigating possible effects of film thickness, dopant con-
centration, and morphology.

The positron lifetimes of the two components, ~& and

rz, and the relative intensity of the longer-lived com-
ponent, Iz, resolved in the spectra measured for
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Following Eq. (4), we plot ln(o T' ) versus T '~ for
poly(pyrrole tosylate) and poly(pyrrole fluoride) in Fig. 2.
There is a remarkable difFerence between the effects of
temperature on the dc electrical conductivities of these
two polymers. These plots agree well with Eq. (4) in that
they are straight lines with a good variance of the fit.
Weighted-linear-least-squares fits of these data provide
the following values for a ' and N(EF ):
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FIG. 3. Lifetime components vs temperature for
poly(pyrrole) tosylate. The lines represent weighted linear
least-squares fit following Eq. (10). Inset shows data from Ref.
17.
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above 40 K, reaches a value of about 7.6% at 200 K, and
remains at this low value between 200 and 295 K. Simi-
lar results are obtained for the poly(pyrrole fluoride) sam-
ple. In this sample, positrons annihilate from the trapped
state with ~&=0.44+0.01 ns with a relative intensity,
I~=(22+3)% at 10 K. The lifetime in the free state at
10 K is ~&=0.24+0.01 ns. Again, the relative intensity
of the trapped positrons in the fluoride sample increases
from about 22% at 10 K to about 35% at 70 K. It de-
creases with increasing temperature above 70 K and ap-
proaches a low value of about 13% at 295 K.

The behaviors of the two lifetime components and
their relative intensities with temperature observed in
both polymer samples in our experiments cannot be un-
derstood in terms of a simple picture involving positron
trapping only in thermally generated lattice defects. We
discuss the temperature dependencies of these positron
annihilation parameters based on the thermal expansion
of the microscopic regions in which the positrons are lo-
calized in relatively shallow traps created by the dopants
around the lowest temperature (10 K} and based on the
possibility of the detrapping of positrons at higher tem-
peratures. Unlike the case of metals in which the concen-
tration of the positron trapping sites, i.e., point defects, is
increased by raising sample temperature, the concentra-
tion of the trapping sites in our polymer samples is essen-
tially determined by the concentration of the dopants.
Since the latter was a constant for each sample, we do
not expect any significant change in defect concentration
over the range of temperatures between 10 and 295 K.
This is consistent with relatively high values
(-0.36—0.73 eV) measured for the formation energies
for lattice defects in other polymers and molecular
solids. ' With such a high value of the formation ener-

gy, we expect a concentration of the order of only 10
for the thermally generated defects for temperatures in
the range 10 to 295 K.

Also, if the above-mentioned simple trapping scenario,
where positrons are trapped in thermally generated traps
like in metals, were valid, then (1) the lifetime of the
trapped positrons ~z should remain temperature indepen-
dent (although a temperature effect with a negative value
for ~her/b, 'r~ has been observed in metals ). On the
contrary, rz is observed to increase with temperature, (2)
the lifetime of the positrons annihilating from the free
state v.

&
should decrease with temperature. However, we

observe an increase even in r& with temperature, and (3)
the relative intensity of the trapped positrons Iz should
increase with temperature until saturation at some tem-
perature corresponding to trapping of all the positrons
implanted into the sample. However, we observe an in-
crease in Iz only from 10 K to a sample-dependent tem-
perature of -40 or 70 K. At higher temperatures Iz de-
creases with increasing temperature in both samples. We
have also analyzed the lifetime spectra by constraining 7p

to a temperature-independent value. From these analy-
ses, 7, turns out to be temperature independent and Iz
changes with temperature. These results are obviously in
contradiction with the simple trapping model. This mod-
el provides, for reasonable values of the needed parame-
ters (that are consistent with observed changes in Iz), a
reduction of about 14% in r& between 10 and 300 K.

We discuss our findings based on the following model:
(i) the trapping sites for the positrons in these polymers
are created as a result of spacially localized tosylate or
fluoride dopant anions. These dopants create local lattice
distortions in a manner so as to create "local" negatively
charged regions that localize positrons, (ii) these traps are
shallow and consequently the binding energy of the local-
ized positron state is low and of the order of kT with
T =40 and 75 K for the tosylate and fluoride samples, re-
spectively, (iii) there is possible detrapping of positrons at
temperatures higher than about 75 K, and (iv) the
thermal expansion of the sample (observed to be several
times larger than that of metals} further lowers electron
density at the site of the positron. This results in an in-
crease in the positron lifetimes. We, therefore, explain
the positron annihilation data of Fig. 3-6 by combining
simple thermal expansion of the lattice with positron
trapping in shallow traps from which they can escape at
suSciently high temperatures.

Following the trapping model including a finite proba-
bility of escape of the positrons from shallow traps, the
time dependence of the number of positrons is given by '

dnf(t)/dt = Afnf(t) —pcnf(t)—+A, cn&(t), .

dna(t) /dt = Aznz(t)—+pcnf (t) A, cnz(t—), .

(5)

where nf and n& are the number of positrons in the free
and trapped states; Af and A,& are the decay rates from
the free and the trapped states; p is the trapping rate into
the defects; A., is the rate of escape from the trapped
state; and c is the concentration of the trapping sites.
The solution of these coupled equations provides the
probability p(t) that the positron entering the sample at
time t =0 has survived until time t. It is given by

p (t) =(Af —I )/(I
&

—I ) exp( —I,t)

+(r, —xf )/(r, —r, ) exp( —r, t ),
where the rates I

&
and I z are given by

I, =
—,'(if+A, „+pc+A,,c+[[(Af+pc)—(A, +A,,c)]

+4&"~,]'") .

The subscripts 1 and 2 on I refer to plus and minus
signs, respectively. The relative intensity of the longer-
lived component Iz is given by

I~=(I f Af)/(r, —I ~),

I~=(Aq —kf+pc+A. ,c+[[(Af+pc) (A„+A,,c)] +4—pc A. , I' '}/(2I[(kf+.pc) —(Aq+A. , )]~+4pc A.,c I' }, (9)
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with

I, +I2=1 .

The above equations alone, however, cannot explain
the observed temperature dependencies of the lifetime
components shown in Figs. 3 and 4. The effect of the es-
cape of the positrons from shallow traps should result in
a shortening of the longer lifetime ~2 and in a decrease in
the value of the relative intensity of this component. The
I2 data of Figs. 5 and 6 show reductions in the relative in-
tensities (dI2/dT (0) of the longer-lifetime components
measured for the two polymer samples above certain tern-
peratures. While this is consistent with the escape pic-
ture described above, the changes seen in the lifetimes in
both polymer samples with temperature are not account-
ed for by this picture.

We propose that the temperature dependence of the
lifetime components in these polymer samples should be
understood, at least to first order, in terms of the simple
thermal expansion of the sample. We first evaluate the
effects of the thermal expansion on the two lifetime com-
ponents and the relative intensity without a consideration
of the escape of the trapped positrons. The net result of
this expansion is to lower the local electron density
around the positron. This results in a longer lifetime as
the sample temperature is increased. We, therefore, write

A, ( T)=A, ( To )[1+a( T —
T& ) ] (10)

where To is a reference temperature and a is the
coeff][cient for linear thermal expansion of the microscop-
ic region seen by the positron. We make weighted least-
squares fits to the temperature dependencies of ~, and 12
by using Eq. (10). This provides values for the expansion
coefficients for the microscopic regions corresponding to
the "free" and "trapped" states of the positron in both
samples. These results are summarized below:

Sample

Poly(pyrrole tosylate)

Poly(pyrrole fiuoride)

af(K ')
from v]

free state

( l.6+0.3)
x10-'

(1.2+0.2)
x10 4

a„(K ')
from wz

trapped state

(9. 1+0.1)
X10 4

(4.6+0.4)
X10 4

These results for the expansion coefficients are in very
good agreement with the macroscopic coefficients for
thermal expansion for similar polymer samples; for exam-
ple, a=4X10 and 5.5X10 for Epoxy and Nylon
materials, respectively. This agreement, at least, suggests
that a simple thermal expansion of these polymer samples
is a plausible mechanism that could account for the
changes seen in the positron lifetimes between 10 and 295
K. For comparison we notice that a =2. 5 X 10 and
1.66X10 for aluminum and copper, respectively. The
sample region corresponding to the trapped state expands
about 3.8 to 5.7 times more than the region associated
with the free state of the positron. This is not surprising

in view of the influence of the dopants on the local elec-
tronic structure in the localization region. Without es-
cape, Eq. (9) provides

I2 =pc I(Af —Ay+pc ),
where the temperature-dependent values of the decay
rates are given by Eq. (10) with appropriate coefficients of
thermal expansion for the two regions. Using the values
of af and a& given above, we calculate the relative inten-
sity of the longer-lived component as a function of tem-
perature. These results for I2 are compared with the
measurements in Fig. 5 and 6. The simple thermal ex-
pansion model provides, at least, decreasing values of I2
with increasing temperature. This qualitatively agrees
with the data. This simple model, however, does not
agree quantitatively with the experimental results. Con-
trary to a linear temperature dependence predicted by the
thermal expansion model, both lifetime components show
a change in the value of b,r/ET around 70 K. In addi-
tion, a rise seen in the values of Iz between 10 and 40 (70)
K is not explained by this model.

We conjecture that a more satisfactory explanation of
the temperature dependencies of the lifetime components
and the relative intensity should be obtained by combin-
ing three effects: (i) thermal expansion, (ii) thermal-
assisted escape of positrons from shallow traps, and (iii)
possible change in the escape probability due to thermal
expansion. We have already discussed and employed the
thermal expansion model to fit the temperature depen-
dencies of 'T, 7p and I2. We have also described possible
effects of thermal-assisted escape of positrons on the life-
time parameters. In this regard we have also examined
the temperature behavior of the positron mean lifetime,
r I, r, +I~r2 —and the bulk lifetime, rb = (I, /r,
+I&/r2) ' for the poly(pyrrole tosylate) sample. The
variation of these parameters is very similar to that seen
previously in the case of Cd at low temperatures.
Specifically, there is a change in Ar/b, T at around 150 K
and the two lifetimes (r and r~) exhibit different slopes.
This agrees with the Cd results which had confirmed
dI2/dT &0 due to positron detrapping at low tempera-
tures. A detailed analysis of the lifetime data following
the effects listed above under (ii) and (iii), however, is not
possible at this time because it requires detailed
knowledge about the positron-defect interactions, tem-
perature dependencies of the trapping and detrapping
rates, and the nature of the trapping sites (vacancies,
dislocations, other strain related defects, etc.). ' The
complexity of such an analysis is further emphasized by
the known differences between the trapping and detrap-
ping rates for the different kinds of defects (the polymer
samples may contain a complex network of defects) as
given below: (a) for dislocations,

k, Ip=mkTI(2pfi ) exp( Eb/kT)lerf(QEb—!kT )

(b) for surfaces,

1, /p= 1/p(mkT/2vrA )'

X exp( Eb lkT)I[1 —exp( —Eb!kT)],. —
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and (c) for voids,

A., /p = 1 Ip V exp( E—
~ Ik T)

X [(&vr /2 )erf( QEb /k T)

Q—EI, IkT exp( E&
—lkT)] . (12)

0.536

~ 0.534

0.532

Here p is equal to the number of line defects per unit area
for dislocations and to surface to volume ratio for surface
defects, V is the volume of the trap, and Eb is the posi-
tron binding energy in the trap. The thermal effects man-
ifest themselves in the form of lattice vibrations and lat-
tice expansion. Both of these effects are known to
inAuence, in a rather complicated manner, positron es-
cape from the trapping sites. Finally, we present results
on the temperature dependence of the Doppler spectra in
Fig. 7. These results on the standard s parameter and the
"valley-to-peak" ratio (Y parameter) are important be-
cause (1) they support our interpretation of the lifetime
data and {2) they enable a test on whether the lifetime
component with lifetime ~ 500 ps is due to positronium
annihilations. The temperature dependence of the s pa-
rameter clearly shows that the number of the positron
trapping sites, as we have stated above, does not change
according to a Boltzmann factor. The trapping sites in
these samples are probably determined by the dopants.
The valley-to-peak data support our view that the long-
lived component is not primarily due to positronium an-
nihilations. It is so because positronium annihilations at
temperatures above a certain sample dependent tempera-
ture would manifest as an increase in the valley-to-peak
ratio. The latter is not seen. On the contrary, this shows
a small negative slope that remains essentially constant
over the range of temperatures studied.

In summary we have presented detailed results from a
series of experiments by which we have investigated the
temperature dependencies of the dc electrical conductivi-
ty and positron annihilation parameters in poly{pyrrole
tosylate) and poly(pyrrole fiuoride) from 10 to 295 K.
The major findings of these experiments are (1) the varia-
tions in the electrical conductivity with temperature qual-
itatively follow the variable-range-hopping model. But
the same model yields unphysical results for the two im-
portant parameters a and N(EF), (2) positrons probe
two different microscopic regions in each sample and
show that each region has a characteristic thermal expan-
sion due to differences in the intermolecular interactions,
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FIG. 7. The s parameter and valley-to-peak ratio for the
Doppler broadening spectra vs temperature for poly(pyrrole
tosylate).

(3) positrons are localized in shallow traps that are creat-
ed possibly by the dopants in the polymer, and (4) the
data suggest thermally induced detrapping of positrons
from the traps. Whereas the conductivity data provide
information about the transport of charges via lattice dis-
tortions (bipolarons), the positron data provide informa-
tion about the electronic structure in the region of these
distortions. It is hoped that further investigations of the
results obtained from these two different experiments will
complement each other so as to clarify the reasons behind
the anomalous values of a ' and N (EF ).
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