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dc transport studies of poly„benzimidazobenzophenanthroline… a ladder-type polymer
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The room-temperature electrical conductivity of poly~benzimidazobenzophenanthroline! dramatically in-
creases when heated to 600 K by more than six orders in magnitude. The evolution of this significant increase
in conductivity is studied closely. The conductivity prior to exposure to the high temperature is compared with
postheated samples and analyzed in terms of activated and hopping models. The thermally induced electrical
conductivity is studied for different geometries and significant anisotropic features are observed. The variation
in the thermally induced conductivity with respect to the ambient conditions is also correlated with the
structure. The results reveal contribution of surface processes in the electronic transport.
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I. INTRODUCTION

The rigid-rod and aromatic heterocyclic ladder-type po
mers have been characterized extensively for their mech
cal properties, and they promise multifunctional purpo
compared to the linearly conjugated polymers because
their extensivep electron delocalization, coupled with hig
mechanical strength, and thermal stability.1,2 It has been sug-
gested that the existence of multiple conjugation paths wo
also result in higher conductivity because the charge carr
could bypass the defects on one of the chains.3 However,
there are far fewer studies on the electronic transport of th
rigid-rod and ladder-type polymers compared to the conv
tional conducting polymers such as polyacetylene, pol
niline, polypyrole, etc.4 Another aspect that has not bee
studied in conventional conducting polymers, primarily d
to lack of thermal stability, is the behavior of electron
properties in the high-temperature~500–700 K! regime and
investigation of shallow traps.

The fully conjugated ladder polymer poly~benzimida-
zobenzophenanthroline! ~BBL! provides a model system be
cause of its stability at temperatures up to 600 °C in air a
700 °C in nitrogen and the processability by which thin film
and fibers of micron-size diameter can be obtained.1,2 These
polymers, in the form of films or fibers, due to their hig
molecular weight, display good mechanical properties~high
tensile strength, high modulus! and exceptional solven
chemical resistance and high intrinsic viscosity~8.9
dl/gm!.1,2,5 The polymer has a repeat unit that possesse
double-stranded chemical structure consisting of arom
napthalenic and benzenoid units and alternating bond len
of imines in the neutral ground state. Recently wide an
x-ray measurements of BBL films have revealed scatte
patterns suggesting that molecular chains are arranged
layered configuration with their molecular planes almost p
pendicular to the film surface.6 It is expected that the ladder
like BBL polymer chains form a layered structure across
film thickness like other stiff polymers. The high degree
coplanarity is reflected in the anisotropy of conductivity ev
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for samples with film thickness ranging up to 15mm with the
in-plane conductivity greater than three orders of magnitu
than the out of plane conductivity.7,8 The absorption spec
trum shows the onset ofp-p* transition at around 1.68 eV
with a broad absorption maxima at about 1.9 eV.9 The broad
transition spanning over a range of 0.22 eV was attributed
the wide distribution of length scales of the conjugated s
tem and other broadening mechanisms arising from the
order in the system. The photocurrent studies also reve
the band edge observed in the absorption spectra but s
subtle differences with respect to the photon energy when
measurements are carried in the surface and sand
configurations.9

It is also been observed that dc conductivity in pristi
BBL films depends on ambient conditions and varies fro
10211 to 10214S/cm.10 Some of the methods to enhance t
conductivity in BBL have been through chemical doping11

ion implantation,12 pressure treatment,13 pyrolysis,14 and heat
treatment.2,8 Humidity-dependent studies reveal surface
fects which dominate the transport process.10 However, the
thermally induced processes are more pronounced with c
ductivity changing by nearly seven orders in magnitude
room temperature when heated to 625 K. In this paper
study the thermally induced electronic conductivity close
and speculate on the mechanism leading to this enha
ment. The temperature dependence of the conductivity
the stability of the electronic properties depend on
sample history and morphological aspects. Polymer sam
in film and fiber forms are studied to resolve these uniq
features. The anisotropy in conductivity and the depende
on ambient conditions of the enhanced conductivity are a
studied.

II. EXPERIMENT

The cast films of 20mm thickness and oriented fibers o
15 mm in diameter were used for the present studies. Fi
were obtained from the polymer solution with methane s
fonic acid as the solvent. The dc conductivity of the films
10 054 ©1999 The American Physical Society
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well as fibers were measured by the standard four-probe
two-probe methods. The conductivity cell consists of fo
electrodes with a spring loaded arrangement specially
signed for reliable high-temperature measurements un
high vacuum. The contact regions on the samples w
coated with gold for uniformity and measurements for res
tance were done in the Ohmic region from the curre
voltage curves. The temperature was monitored by the s
able thermocouples and platinum sensors along with a dig
keithley multimeter~model 2001! and current was measure
using a Keithley 6512 electrometer. The measurements w
carried out for a wide range of temperature as possible w
the sample resistance of 1012V as the limit of measurements

III. RESULTS AND DISCUSSION

The room-temperature conductivity of the BBL as me
sured by four-probe conductivity of cast films with equid
tant electrodes on the plane of the film,s i>1028 S/cm. The
conductivity perpendicular to the film,s'>10212S/cm, and
that of the fiber, with the electrodes placed along the fi
axis, sfib>531027 S/cm. The values of the conductivity i
different configurations reveal the anisotropy present in c
films. The source of anisotropy could arise from extrin
effects leading to modification of surface states or can
intrinsic in origin. The importance of these extrinsic effec
can be studied by the temperature dependence of the an
ropy. The conductivitys of the film and fiber in different
configurations as a function of temperature,T is shown in
Fig. 1. Fig. 1~a! shows that the plot ofs'(T) and the arrow
traces the thermal cycle in the measurement process.
predominant features accompanying the cycle of meas
ment is the presence of large hysteresis ins(T) between the
initial heating process and the subsequent cooling and wa
ing process. There was no discernible hysteresis ins'(T)
upon repeated heating and cooling after the initial first rou
However, if the sample is heated in the first round to aTmax
lower than 600 K, appreciable hysteresis is obtained
s'(T) during the subsequent cooling and warming cycl
The Tmax;625 K, the temperature corresponding to a mi
mum in the area of the hysteresis between the first ro
cooling and second round heating, can be assigned to
maximum value of an energy barrier which is thermally a
cessible for increasing the conductivity. Preliminary th
mally stimulated current measurements also reveal peak
dicative of well-defined trap energy levels.

The conductivity measurement of the sample with
probes along the surface, i.e.,s i(T) showed similar behavio
to that shown in Fig. 1~b!. However, the subtle difference
become more obvious in the anisotropys i /s' as a function
of temperature. The anisotropy profile as a function of te
perature is shown in Fig. 2~b! and shows a broad maximum
centered around 430 K.s'(T) increases more rapidly tha
s i(T) for T.430 K and the ratios i /s' settles down to 400
as the temperature is increased. The ratio is fairly indep
dent of temperature subsequently on cooling and rehea
The anisotropy decreases by three orders in magnitude
the thermal treatment at room temperature.

Measurements done on fiber also qualitatively rev
similar sfib(T) behavior as depicted in Fig. 1~c!. The mag-
nitudes of the conductivity, however, are shifted by three
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four orders in magnitude withsfib(T)>1 S/cm at T
5600 K. The high conductivity value is expected due to
increased degree of crystallinity, order and chain orientat
The anisotropy profile as a function of temperature is sho
in Fig. 2~a!. The sfib(T)/s'(T) shows a broad maximum
centered around 430 K.s'(T) increases more rapidly tha
sfib(T) for T.430 K and the ratios settle down to 3500
the temperature is increased.

The conductivity mechanism changes prior to sample g
ting exposed toT;600 K and thereafter as evidenced fro
Figs. 1 and 3. The mechanism crossover can also be b
marked in terms of the temperature dependence of the
isotropy. As the sample is heated the crossover tempera
can correspond to the point where the anisotropy ra
sfib(T)/s'(T) decreases to a constant value of;3500 and is
nearly temperature independent.

The anisotropy present prior to heating can be conside
to arise from extrinsic ambient sources which preferentia
modifies the surface compared to the bulk and gives rise
the peculiar temperature dependence with a rounded m
mum around 430 K. The anisotropy after the sample
heated to 625 K and maintained in vacuum conditions
correspond to some sort of intrinsic anisotropy of the syst
as indicated by the lack of temperature dependence.

FIG. 1. s(T) as a function of temperature for fiber~a!, parallel
~b!, and perpendicular~c! configurations. The arrow indicates th
thermal cycle,I indicates first round of heating and cooling, andII
indicates second round of heating and cooling. The chemical st
ture of BBL is also depicted in the inset.
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The time dependence of conductivity mentioned abo
also supports the view of different mechanisms for
charge transport process. The conductivity value for all
systems at room temperature, in vacuum conditions a
heating, is fairly constant; however, the value gradua
drops over a period of hours when exposed to air and c
verges to its original value as shown in Fig. 4. Earlier repo
on the humidity dependence of BBL were explained on
basis of H2O adsorption where the sites close to the surf
are significantly affected.10 The samples studied were, how
ever, in the highly insulating regime. The fiber conductiv
was more stable with respect to ambient conditions. The h
conductivity of the fiber at room temperature obtained
heating persisted longer. These results suggest that the
is less sensitive to moisture indicating that the diffusion ra
are small when compared to films and they have not alte
the electronic properties. Also thermogravimetric analy
~TGA! studies indicate there is a marginal weight loss bel
the degradation temperature of BBL at 675 K, which can
attributed due to the moisture content in the samples.

The difference in the energetics of the mechanisms ca
gauged by fits to the simple activated models. The fits are
crude as expected and the barrier energies obtained ca
used to highlight the differences. The initial heating proc
of the three configurations can be modeled in terms of
activated behavior and conductivity via barrier hopping
the leading mechanism. There is a gradual increase ins'(T)
up to 440 K, which can be approximately fitted to a simp
activated model: s5s0 exp(2D/kT) with D>0.0452 eV.
s'(T) increases more rapidly forT.440 K and is indicated
in the fit to the activated model with the value ofD of
>2.308 eV. s'(T) for T5600 K is in the order of
1025 S/cm. For the surface measurement,s i(T) of BBL

FIG. 2. Anisotropy in conductivity as a function of temperatu
for the entire thermal cycle~a! (sfib /s') vs T, ~b! (s i /s') vs T;
the arrow indicates the thermal cycle, 1 indicates first round
heating, and 2 indicates second round of heating and cooling.
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FIG. 3. s(T) for the entire thermal cycle in log scale as
function of reciprocal of temperature for different configuratio
fiber ~a!, parallel ~b!, and perpendicular~c!, respectively, and the
arrow indicates the thermal cycle. The dashed and solid lines i
cate fits to a simple activation behavior model.

FIG. 4. s(t) as a function of time for heated samples at roo
temperature and exposed to air for different configurationst
50 sec corresponds to vacuum conditions, and dashed lines ar
to the data.
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films, the initial heating process can be modeled in terms
a simple activated behavior with two different regimes;D
>0.011 eV for T,390 K and D>1.12 eV for 600.T
.390 K, ands>1023 S/cm atT5600 K. For the fiber mea-
surement,sfib(T), the initial heating process can also b
modeled in terms of a simple activated behavior with t
different regimes; D>0.098 eV for T,350 K and D
>0.878 eV for 600.T.350 K, and sfib>0.1 S/cm atT
5600 K.

Upon cooling from 600 K,s(T) for the different film
geometries and fiber can also be approximately fitted t
single activated process.s'(T) gradually decreases un
formly on cooling with D>0.35 eV and reache
>1028 S/cm at room temperature.s i(T) gradually decrease
uniformly on cooling with D>0.364 eV reaching
>1026 S/cm at room temperature.sfib(T) gradually de-
creases uniformly on cooling withD>0.377 eV approaching
>1024 S/cm at room temperature. The notable feature is
the activation energy values for all configurations and fib
are almost similar.

The results obtained after the initial heating proce
(Tmax>625 K) can be considered to be a better represe
tive of the system for studying the electronic transport p
cess because of the insensivity to subsequent heating c
yielding consistent results. Three-dimensional~3D! Mott
variable range hopping~VRH! models have been previous
used to describe thes(T) behavior with s(T)
5s0 exp(T0 /T)g where (1/g21) is the dimensionality and
for isotropic system s i5s' , the parameter T0
5A/kBND(EF)«D where« is the localization length,ND is
the density of localized states near the fermi level inD di-
mensions andA is a numerical factor of order unity.15 For
anisotropic 3D system the effective« is equivalent to a geo
metrically averaged (« i

2«')1/3 where« i and«' are intraplane
and interplane localization lengths. The conductivity anis
ropy, i.e.,s i /s' in the model16 is found to be;(« i /«')2.
The ratio of the localization lengths (« i /«') for BBL have
been estimated to be;30.7 The present value ofs i /s'

;400, which is in the same order of magnitude as (« i /«')2

can be then argued to arise from the anisotropy in local
tion length. However, in the present cases i(T), s'(T), and
sfib(T) yields better fits to quasi-1D models than 2D, 3
VRH, or a simple activated model. The deviation from a 3
model, which was used to describe the transport propertie
BBL,7 can be attributed to differences in factors such as
entation, impurity concentration, and processing conditio
The low-dimensional picture is more plausible for t
micron-size, drawn fibers, which can be considered to
packed with fibrillar structures as observed in scanning e
tron microscopy images and these structures are prese
the films as well.

Another crucial feature in the present case is lack of te
perature dependence ofs i /s' for surface and bulk configu
rations ands i /s' for fiber and bulk configurations. Thi
feature is also revealed in the similar values ofT0 obtained
in the 1D model fits~Fig. 5!, with values of T0;2.23
3105, 2.313105, and 2.373105 K, for bulk, surface, and
fiber configurations respectively. The system can be mod
in terms of a quasi-1D system with a strong intrachain h
ping and a weak interchain hopping component. For
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component of interchain hopping conductivity paral
to the chain, s i(T)5$@e2yph(2pt't ih)2#/(aKBTzA)%exp
@2(T0 /T)1/2# and the component of interchain hopping pe
pendicular to the chain,s inter(T)5$@2e2g(EF)b2yph#/
A(2pt't ih)2%exp@2(T0 /T)1/2#, where T058a/
(g(EF)zkB), vph is the characteristic phonon frequency,t' is
the interchain exchange integral,t i is the interchain mean
free time,a is the inverse of longitudinal localization length
b is the inverse of transverse localization length,z is the
number of nearest neighboring chains,A is the average cross
sectional area of each chain, andg(EF) is the density of
states with one sign of spin.17,18 A detailed structural infor-
mation on the arrangement of the polymer chains in the b
is needed to know how the quasi-1D models can be ado
for s'(T). However, it must be mentioned that several oth
models also result in this kind of temperature depende
such as charge energy limited tunneling for granular me
and 3D variable range hopping model with a Coulomb gap18

It is not possible with the present experimental informati
to have a complete understanding of the physical proc
involved in the conduction mechanism, but, what is est
lished is the identical nature of the temperature depende
of the conductivity in different geometries and morpholo
after thermal treatment.

The x-ray studies done on uniaxially oriented films r
vealed Bragg peaks atu;13.24° and 19.01° withd values
corresponding to 3.36 and 2.36 Å, respectively, and are c
sistent with the earlier observations.6 Preliminary observa-
tions in the x-ray studies also reveal additional featu
which are dependent on the sample history. Fibers are
pected to show a microstructure similar to the uniaxia
grown films. Efforts are being pursued to study these f
tures in detail as a function of temperature and correlate
results with the transport results.

The samples when exposed to air vary significantly w
respect to time after heat treatments. Upon exposing
samples i(t) and sfib(t) initially increases marginally and
subsequently (t.100 sec) the conductivity in all configura
tions progressively decreases with time as shown in Fig
The decrease ins(t) can be fitted to ln(s)5atb wherea and
b are constants. The rate of decrease in conductivity for
different geometries can be evaluated in terms of magnit

FIG. 5. ln(s) vs 1/AT for the heated samples fiber~a!, parallel
~b!, and perpendicular~c! configurations. The dashed lines are fi
to the 1D variable range hopping model.
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of the constantb, sinceds/dt5bs ln(s)/t. The fiber conduc-
tivity decreases at a much slower rate compared tos i(t) and
s'(t) with b;0.04, 0.08, and 0.02 for bulk, surface, an
fiber configurations, respectively. This process is irrevers
and the sample regains the higher conductivity (t50 value!
only upon thermal treatment. These features indicate the
sitivity of the electronic properties on the physiochemic
interactions at the surface. The results also clearly dem
strate that these changes brought about extrinsically ca
overcome by thermal treatment.

Earlier studies on the pressure dependence of the e
tronic transport of the thermally treated polymer in ambie
conditions also show the anisotropic behavior.13 The resis-
tance in the transverse configurationRtr and in the planar
surface configurationRsur show drastically different behavio
as a function of pressure. TheRtr of the sample gradually
decreases with an increasing pressure with the process b
reversible. The surface resistance on the other hand incre
with increasing pressure initially and then decreases foP
.25 kbar with an appearance of a rounded peak aP
;20 kbar and this process was irreversible. A possible
planation for the results was given in terms of the occurre
of an initial physiochemical process such as removal of w
ter from the surface forP,20 kbar, and subsequently phys
cal processes such as packing, and orientational changes
ing over forP.25 kbar as the major factors influencing th
dc conductivity.13

Previous results on photocurrent studies on hea
samples in ambient conditions reveal a small but signific
presence of photocurrent in the surface cell configurat
well below the absorption edge~,1.68 eV!.9 In contrast to
the surface cell configuration photocurrent the sandwich
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configuration photocurrent follows the absorption spec
closely around the edge.9 A possible source for this effec
was thought to arise from the presence of extrinsic impuri
that can cause tails in the density of states by perturbing
band edge via deformation potential, via coulomb interact
or by forming a band of impurity states. The present res
may explain the origin of the features observed in the p
sure dependence and photoconductivity results and stres
importance of geometrical effects in the experimental stud
due to the surface processes in this material.

IV. CONCLUSION

The present results add further insight into the electro
structure of BBL and the sensitivity of electronic propert
to ambient conditions and thermal treatment. The ambigu
manner in which the conductivity of BBL enhances due
thermal treatment and the decrease upon exposure to m
ture is completely traced and the results are consistent
previous experimental observations. The energy barriers
the time constants involved in these process are also
mated. The anisotropy in the electronic conductivity stud
as a function of these parameters also highlights the im
tance of structural and morphological aspects in the lad
type polymer.
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