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We report the dependence of the microwave-frequency dielectric constant and dc conductivity on the
crystallinity and local order of doped polyaniline. The dramatic increase of the dielectric response in the
three highest crystalline physically crosslinked polyaniline samples provides evidence for the formation
of three-dimensional coupled mesoscopic metallic regions. We report the measurement of a negative
dielectric constant in polyaniline (doped with camphor sulfonic acid) demonstrating the intrinsic metal-

lic nature of polyaniline.

Efforts have been made to define the intrinsic metallic
state of conducting polymers since their discovery in the
late 1970s. Evidence of the intrinsic metallic state can be
detected from the temperature (T') independent Pauli sus-
ceptibility,! thermopower? proportional to 7, and the
negative temperature coefficient of conductivity.® Con-
siderable controversy exists concerning the one-*° or
three-dimensional®’ (3D) nature of this metallic state.
As 1D models cannot account for the stabilization of me-
tallic states against the Peierls instability,® 3D ap-
proaches emphasizing interchain interaction have
emerged from both theory’ and experiment.” Further,
there exists controversy concerning application of quasi-
1D variable-range-hopping models’ or granular metallic
models®1° to charge transport of the system. The dielec-
tric response is important for understanding not only the
intrinsic metallic nature but also charge localization and
its temperature dependence. In this paper we report that
at low T, the dielectric constant (€) is proportional to the
square of the crystalline domain coherence length deter-
mined by x-ray diffraction (£2) for both parallel and per-
pendicular directions, establishing that the metallic state
of polyaniline is three dimensional. At high 7, € in-
creases modestly for poorly coupled metallic regions. It
increases dramatically for well-coupled regions forming
3D coupled mesoscopic!! metallic regions, which can be
considered as the beginning of the macroscopic metallic
state. Samples of polyaniline with camphor sulforic acid
(CSA) as counter ion and processed with m-cresol solvent
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have a negative dielectric constant demonstrating
achievement of a delocalized metallic state for specific
structural conditions.

The synthesis of XPAN-ES (Ref. 12) and PAN-CSA
(m-cresol) (Refs. 13 and 14), where PAN is polyanaline,
XPAN is crosslinked polyanaline, and ES is emeraldine
salts has previously been reported. Four classes of physi-
cally crosslinked (XPAN-ES), one conventional emeral-
dine hydrochloride salt form of polyaniline (PAN-ES)
and polyaniline doped with CSA in CHCI; and m-cresol
solutions [PAN-CSA (m-cresol)] were used for this study,
Table I. The experimental techniques for x-ray

TABLE 1. X-ray coherence length £ and effective delocaliza-
tion length Lgy determined from ¢,,,. Note that £f, £}, and §;
are obtained from A’(20) of (200), (010), and (002) ES-II
reflections, respectively. Also, i, 4, and n refer to intermediate,
high, and noncrosslinked samples, respectively. The stretch ra-
tio (1/1,) is given in parentheses (e.g., 3.5 X).

£(A) Lgr (A)

Materials & & &° ll 1
A XPAN-ES® (3.5X) 73 57 29 1200 350
B": XPAN-ES* (3.5X) 64 47 23 1200 330

C*" XPAN-ES® (5.5X) 57 45 21 880 300
D: PAN-ES® (4X) 52 42 23 300 120
E™ XPAN-ES® (1X) ~15 210

*High molecular weight samples.
®Low molecular weight samples.
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(04.)s" and microwave-frequency measurement”!® have
been presented previously. The microwave dielectric
constants (€,,,) at room temperature (RT) dramatically
increase from ~ 800 for the lowest crystalline XPAN-ES
to ~3.3X10* for the highest crystalline XPAN-ES with
an exponential temperature (7T') dependence of €,,,. The
slope of logo[0'4(T)] vs T~ '/2 for the highest crystalline
XPAN-ES, T,(K), is much less (~700 K) than that of
the lowest crystalline XPAN-ES (~3800 K), which im-
plies that the polymer chains between metallic islands are
better ordered in the higher crystalline materials. There-
-fore, the increase in size of the metallic islands (observed
in x-ray and low-temperature €,,, experiments) and of
the degree of order for chains between those islands [ob-
tained from o 4.(7T)] enables the formation of 3D coupled
“mesoscopic” metallic regions. The T-dependent mi-
crowave conductivity o, of PAN-CSA (m-cresol) in-
creases with decreasing T, from RT to ~200 K (=T,),
which implies the dominance of the intrinsic metallic
behavior. There is a weak-localization behavior in o,
below T.. A negative and increasing €, (from RT to
T.) proves the intrinsic metallic nature of this polymer.
In contrast PAN-CSA (CHCl,) is more disordered and
behaves similarly to less crystalline XPAN-ES. Hence
the fraction of crystallinity and coherence within the
crystalline and disordered regions, not counter ion, con-
trol the metallic state.

X-ray studies provide information about the percent
crystallinity, crystalline domain size, and local order in
the crystalline and amorphous regions. The Scherrer
equation, '* £=0.91/[cosf,A’(20)], where A (=1.542 A)
is the wavelength of the source, 6, is the Bragg angle, and
A’(20) is the full width at half maximum of the crystal-
line diffraction peak, was applied to estimate the size of
the crystalline domains, &, for both parallel (||) and per-
pendicular (1) directions, Table I. Values range from
&=15 A for the quasiamorphous sample E to 73 A for §;
of sample A4 having about 50% crystallinity. Compared
to sample C, sample D exhibits a lower percent of crystal-
linity and a greater paracrystalline broadening of the
diffraction peaks due to cumulative disorder within the
crystalline regions. Though each of samples 4 -D have
the ES-II structure, sample E has ES-I local order. 1°

Below 50 K, €,,, of each sample asymptotically ap-
proaches a unique value €,,, (T —0) which is proportion-
al to each sample’s &2, Fig. 1. We estimate the localiza-
tion length L  using €, (T—0)=¢+(2°/2/
73)e*N (Ep)L?, where €, is from core polarization and e
is the electron charge.” Assuming L ~§, the plot of
€, T—0) vs £, Fig. 1, yields N (Ep)~ 1.23 states/(eV 2
rings). This value is close to that obtained from magnetic
studies."”'"1® The proportionality of € =& and € <&}
with the same proportionality constant demonstrates the
3D nature of the metallic state in XPAN-ES. The fact
£~ L represents that as T—0 the metallic island size is
directly related to the crystalline coherence length.

Despite the universality of the e, (T—0)x§g?
behavior, the T dependence of o4, and €, varies. The
04 for all the hydrochloride salts 4 —E decreases with
decreasing 7T, Fig. 2. The quasi-1D variable-range-
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FIG. 1. €,,(T—0) vs £ for XPAN-ES (£2=£" X £Y).
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hopping (VRH) model,”" o(T)xexp[—(T,/T)'"?],
where T0=16/kBN(EF)L”Lf, N(Ep) the density of
states at the Fermi level and L, the localization length
in parallel (perpendicular) direction, respectively, pro-
vides the best fit to the data through the entire T range
for D(]|) and E samples only, with T;=4300 and 3800 K,
respectively. We label these samples type II. T, the
effective energy separation between localized states, is a
measure of the degree of disorder in amorphous regions.
For T'< ~100 K, T, values are 700, 900, and 1000 K for
samples A4 (||), B (]|), and C (]}), respectively (type-I ma-
terials). The lower T, implies that polymer chains of
type-I materials are more coherently organized in the
less-ordered regions than those of type-II materials in ac-
cordance with the x-ray-diffraction results. Localized
charges in the metallic islands can be more easily delocal-
ized through the more ordered (rodlike) chains as T in-
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FIG. 2. 04/(T) for XPAN-ES samples. Data for D (||) are
from Ref. 7. The dotted straight lines for 4 (||), B, (||), and C
(]|) are based upon the quasi-1D VRH model. o4 for PAN-
CSA prepared in CHCl; (F) and m-cresol (G) are also shown.
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FIG. 3. The comparison of €,,(7T) of XPAN-ES. Inset: A
magnified version of the figure below 100 K.

creases, possibly extending through several islands. This
may account for the deviation of o4.(7T) from the quasi-
1D VRH model above ~ 100 K in type-I materials.

The low-T ( <100 K) data of XPAN-ES for €,,,, inset
Fig. 3, shows €,,, < T? behavior in type-I materials and
€nw < T for type-II samples. In this regime, because the
charge motion is confined to the vicinity of isolated me-
tallic islands and the energy is insufficient to overcome
the disordered potential barriers between metallic islands,
the interrupted metallic strands (IMS) model? is suggest-
ed to account for the data. The low-frequency IMS limit
€my =1+ Aw] 72 where A—1 at low T and 7, is the relax-
ation time with insulating defects, predicts the €, <T
and €,,,, < T? behaviors for the relatively small and large
proportional constant «, respectively [assuming
7, <E+AL(T) with AL (T)=«T]. At high T (=100 K),
the exponential increase of €,,,(T) in type-I materials can
be interpreted by the considering more than one hop at a
finite frequency with a small TO.21 In type-II samples,
the €,,,(T) (T =100 K) has a power-law behavior due to
the relative large T,,. Table I also includes the effective
room-temperature delocalization length Ly obtained us-
ing €,,,(RT). For the type-I materials at RT charges
delocalize over ~4-8 crystalline regions for parallel and
perpendicular directions while for lower crystallinity
type-1I materials charges remain confined to the vicinity
of one or two metallic islands. Hence, for type-1 materi-
als, 3D coupled mesoscopic metallic regions form with
increasing T.

Though the granular-metal model (GMM) also pre-
dicts o4 xexp[ —(T,/T)"/?], it is not appropriate for
these samples. The anisotropies, /0, and €(,ny)/€1(muw)
of the samples A-D are =5 and =10, respectively;
GMM does not account for this anisotropy. Also T-
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dependent thermoelectric power and electric-field-
dependent conductivity studies of these samples yield
quantitative analysis within the quasi-1D VRH model
and are inconsistent with the prediction of GMM. %
Recently, there has been an effect to promote crystal-
linity by using secondary dopants, such as m-cresol, in
PAN-CSA.'*17 Rehgu reported’ the intrinsic metallic
nature of PAN-CSA (m-cresol) based upon the positive T’
coefficient of resistivity in the range from 180 to 300 K.
While €,,,(T) and o,,,(T) for PAN-CSA prepared in
CHCI, are similar to those of samples D and E discussed
above, the behavior of m-cresol prepared PAN-CSA is
dramatically different, Fig. 4. We contrast o4(T) of
PAN-CSA (m-cresol) with that obtained for the same
polymer/counterion in chloroform, PAN-CSA (CHCIl,;)
in Fig. 2 (samples G and F, respectively). The difference
in behavior (metallic vs localization) is attributed to sol-
vent (m-cresol) -induced structural order in the m-cresol
prepared material. The sample prepared in m-cresol has
~50% crystallinity with . ES-I-like chain array, and
coherence lengths §;~50 A and £ ~30 A. It is noted
that for ES-I structure adjacent chains are in phase while
they are out of phase for ES-IL, " therefore, electrons
may be more readily delocalized in the direction for the
most efficient perpendicular transport in the ES-I system.
In contrast, the CHCIl, prepared sample is less crystalline
with similar structure and coherence lengths to sample G
but with increased disorder within the crystalline regions.
The o,,,(T) increases from RT to T,, then decreases
from ~700 S/cm at T, to ~ 180 S/cm at 4.2 K, inset Fig.
4, similar to o4 (7). The dielectric constant of PAN-
CSA (m-cresol) is negative from RT to 4.2 K.'® From the
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FIG. 4. €,,(T) of PAN-CSA prepared in CHCl; and m-
cresol. Inset: o,,,(T) of PAN-CSA (m-cresol).
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Drude model at low frequency (w7 <<1), the dielectric
constant and conductivity are described as e~ —aw)7
and a:(wlz, /4m)7, respectively, where w, is the plasma
frequency and 7 is the scattering time.?> The increase in
7 as T is reduced to T, is caused by the diminished effect
of thermal phonons. Below T, the effects of localization
become stronger, and the delocalization length (which is
proportional to 7) decreases. We estimate the plasma fre-
quency ,~0.015 eV using the relation
©,~470 ,/V —€p,. T is estimated to be
~1.2X10"!"! sec at RT. This anomalous long 7 may
originate from the phonon backscattering rather than
from the forward scattering. The key to the appearance
of intrinsic metallic o4.(T), o,,,(T), and €,,,(T) is the
coupling of mesoscopic (crystalline) 3D metallic regions
through relatively coherent disordered polymer.

We conclude that the range of charge delocalization is
structurally controlled by the fraction of crystalline ma-

terial, and local order in the crystalline and amorphous
regions. The enlargement of metallic islands and the 3D
coupling through the more rodlike'>!* chains between
metallic islands induces the 3D coupled mesoscopic me-
tallic regions in XPAN-ES. The increase of crystallinity
induced by the conformational changes from coil-like in
PAN-CSA (CHCI;) to more rodlike in PAN-CSA (m-
cresol) contributes to the transition to an intrinsic metal-
lic nature which is confirmed by the negative T coefficient
of o,,, and the negative €,,,.
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