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Conductivity and structure of a liquid-crystalline organic conductor
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We have measured the dc conductivity and lattice parameters of hexa(hexylthio)triphenylene (HHTT)
saturation doped by exposure to iodine vapor, using a four-probe resistivity technique and powder x-ray
diffraction. The compound was further characterized by differential scanning calorimetry, thermogra-
vimetric analysis, and polarizing microscopy. Pure HHTT is an insulator, and displays monoclinic crys-
tal (K), incommensurate helical (H), columnar liquid crystal (Dqd ), and isotropic liquid (I ) phases. The
iodine-doped compound retains the E, DI,d, and I phases, but the H phase is suppressed. In addition, the
conductivity rises 4-5 orders of magnitude after doping, so that the iodine-HHTT complex has a powder
conductivity characteristic of a semiconducting radical-ion salt.

I. INTRODUCTION

In recent years, there has been considerable experimen-
tal interest in the preparation of conducting complexes of
discotic liquid-crystal donors doped with electron accep-
tors. ' Such complexes may be expected to combine the
electrical properties of semiconductors or conductors
with the anisotropic mechanical, optical, and structural
properties of liquid crystals.

Discotic liquid crystals are typically formed by planar
molecules, with Aat, conjugated cores and four or more
paraffinic side chains, or "tails." In the typically ob-
served "Dzd" hexagonal-disordered columnar mesophase,
for example, the molecules are ordered into a long-range
two-dimensional (2D) hexagonal lattice of columns.
Within each column, there is only short-range positional
order of the molecules; intercolumnar correlations of the
intr acolumnar molecular displacements are weak or
nonexistent. The centers of the columns are occupied by
the molecular cores, which are essentially parallel to one
another. The intercolumnar space is occupied by the
highly disordered tails, which have in fact structural
properties resembling those of an isotropic liquid, even
though they are physically attached to the cores. The
structure can be thought of as consisting of stacks of con-
jugated plates, separated by regions of a paraffin liquid.

The structure of discotics is therefore similar to that of
many aromatic molecular crystals, which have been in-
tensively studied after a suggestion by Little' that such
compounds may display high-temperature excitonic su-
perconductivity. Although no high-temperature super-
conductors of this sort have been observed, some com-
pounds of this class have been shown to have highly an-
isotropic conductivity in the metallic range after doping
with electron acceptors. We can anticipate, therefore,
that a discotic compound might also display one-

dimensional conducting properties. " Upon doping with
electron acceptors, a number of discogenic compounds
have in fact been observed to retain their mesophase
character while undergoing increases in conductivity up
to six orders of magnitude from the insulating, undoped
values. '

The suggested mechanism for conduction in discotics
assumes that all carrier transport is along the stack of
cores; the tails are thought to play little or no role in the
electrical properties. Therefore, discotics should have
electrical properties similar to the aromatic molecular
crystals discussed above. The rigid aromatic rings which
form the core of the discotics contain delocalized m elec-
trons; the usual intracolumnar core-core distance is such
that the m' shells of adjacent molecules in the stack over-
lap, thereby enhancing the probability of carrier transfer.
In their undoped state, aromatic compounds have a very
low carrier concentration, ' and therefore are poor con-
ductors, the mechanism often being exciton migration li-
berating trapped carriers. However, the low ionization
energy of these compounds facilitates formation of con-
ducting charge-transfer or radical-ion salt complexes
upon the introduction of acceptor molecules. In this
state the Mott criterion, 2E =C —J, applies: The energy
gap E is reduced when the Coulomb interaction term C
decreases or the conduction bandwidth J increases. The
high polarizability of the aromatic cores provides the
necessary reduction of C, but the small values of J found
in organic molecular crystals (typically a few meV), ' in-
dicate that the molecular salt is more likely to be a semi-
conductor (with E )0) than a conductor.

Motivated by these observations, we have studied com-
plexes of a discogenic donor molecule,
hexa(hexylthio)triphenylene (HHTT), with iodine. Iodine
was chosen as our initial dopant based on the ease of va-
por doping and the observation that iodine forms stable
polyiodide ions in similar molecular crystals. ' ' Pure
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FIG. 1. (a) Molecular structure of hexa(hexylthio)
triphenylene (HHTT). (b) Crystal (K-phase) structure of pure
HHTT (Ref. 18). Half of the unit cell is shown, as viewed along
the c axis. Atoms in the upper plane are indicated with closed
circles, atoms in the lower plane with open circles.

II. EXPERIMENTAL

Hexa(hexylthio)triphenylene was synthesized as previ-
ously reported. ' To prepare samples for x-ray
diffraction and conductivity measurements, a flask con-
taining approximately 50 mg of sample was placed in an
evacuatable chamber together with a flask of 10 g of
iodine, both of which were kept at room temperature.
The chamber was evacuated to a vacuum of 10 Torr,
and then isolated from the dynamic pump. We observed
that the formation of iodine crystals on the sample was
suppressed if the chamber was then connected to an LNz

HHTT has undergone extensive structural and thermo-
dynamic study. ' ' The phase sequence of the pure sys-
tem at atmospheric pressure is

K H Dg I
62'C 70'C 93'C

The crystalline (IO phase has a monoclinic structure with
a basis of four molecules (Fig. 1). The molecules are or-
dered into columns, within which there is a repeat unit of
two molecules. The H phase, although crystalline, close-
ly resembles liquid-crystalline columnar phases. Mole-
cules are ordered into columns with long-range in-
tracolumnar and incommensurate helical order. In the
liquid-crystalline D&d phase, the molecules still form a
hexagonal array of columns. However, the positional or-
der within the columns is liquidlike, and both helical and
superlattice order is lost. As usual, the isotropic (I) liquid
phase has only short-range positional and orientational
order.

cold trap, which had the effect of maintaining the total
pressure at 10 Torr. Several hours were sufficient to
dope a powdery sample that had been recrystallized from
solution, while much longer times (on the order of days)
were required to dope liquid samples or solid lumps; we
ascribe this rate difference to the difference in surface
areas. After doping, the resulting silverish-purple
powder was found by thermogravimetric analysis (TGA)
to have an approximatetely 1:1.55 mole ratio of
HHTT:Iz. The compound was stable to iodine loss
through the crystal and mesophases, although the iodine
rapidly diffused out after melting into the isotropic phase.
X-ray diffraction showed no evidence of Iz crystals in the
sample.

For powder x-ray-diffraction measurements, the doped
compound was warmed to the isotropic phase, loaded in
air into 0.2- or 0.5-mm capillary tubes, and then allowed
to cool to room temperature. The tubes were then sealed
and mounted in a temperature-control oven with better
than 0.1 'C stability.

X-ray-diffraction measurements were carried out in
three different configurations. Low-resolution rneasure-
ments for phase identification employed an INEL XRG
3000 generator together with a CPS-120 one-dimensional
linear gas detector. Further work was done on a Rigaku
RU 200 rotating anode generator, utilizing the (004)
reflection from a Gr monochromator with a scintillation
detector. Iodine has a much lower absorption cross sec-
tion for the Mo Ea, radiation produced by this instru-
ment, an order of magnitude better than that for Cu x
rays. Therefore, the count rate was improved using the
Rigaku, although there was a substantial loss of resolu-
tion, which made it impossible to accurately determine
crystallographic parameters. Higher-resolution studies
employed an Elliott GX-13 rotating anode generator and
an NaI scintillation detector. The Cu Ka, line was
selected using LiF(200) vertically focusing monochroma-
tor, slits, and a Hat LiF(200) analyzer, resulting in a longi-
tudinal resolution of 0.005 A

Previous transport studies on discotic liquid crystals
have utilized a variety of techniques to determine the
resistivity, including dc two- and four-probe
methods, ' ' ' ac radio frequency reflection techniques,
and gain/phase impedance determination. For our resis-
tivity measurements, we chose to use the four-probe lead
configuration proposed by van der Pauw. This method
requires small amounts of sample, and minimizes effects
of contact resistance and sample shape.

Typically, about 20 mg of powdery crystal-phase sam-

ple (either doped or neat), were placed at the bottom of a
4.6-mm diam, flat bottom test tube. The tube was then
reheated in air above the isotropic transition temperature
and four 0.254-mrn copper leads were inserted at even

spacings around the perimeter. After cooling again to
room temperature, the sample was observed to make a
flat disk approximately 0.5 mm thick, covering the bot-
tom of the test tube. Finally, the cell was sealed with a
Teflon stopper, and the leads secured with silicon cement
around the top of the tube. The cell was then placed in

the same temperature-control oven used in the x-ray
studies. Since the surface of the oven consisted of
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grounded Al cylinders, it provided a fair degree of elec-
tric shielding. The conductivity was then measured using
a Keithley 617 system electrometer/source. (This meter
has an extremely high internal impedance of )200 TQ,
necessary when measuring high resistivities. ) Readings
were smoothed by a digital filter to minimize the effects
of electronic noise. The actual applied voltages were typ-
ically on the order of a few volts across a 3—5-mm sam-
ple.

According to the treatment of van der Pauw, a poten-
tial introduced between two adjacent contacts, a and b,
on the perimeter of a thin sample of arbitrary cross-
sectional shape and area, and constant thickness t will in-
duce a current between two other adjacent leads on the
sample, c and d. Under these conditions, the expression
for the resistivity is

m.t R~b cd +Rbc d

ln2 2

R.b, ,d
Rb, d

Here R,b « = V,b/I«. f is a tabulated function of lI,b «
and Rb«„and is very close to 1 when R,b «=Rb«„
as was the case in all of our measurements.

Systematic errors in such a measurement can include
the effects of non-point-like contacts, nonuniform sample
thickness, electrical noise, thermal electromotive force,
input capacity, and leakage resistance. The magnitude of
the first term can be approximated from van der Pauw's
treatment, and was found to be negligible. Homogeneous
sample thickness is a criterion for the van der Pauw treat-
ment to be valid. Within a given sample we observed, at
most, small deviations in thickness, and the reproducibili-
ty of our data for different size samples indicates this was
not a major source of error. Careful treatment of the
electronics minimized the other sources of error, so that
the total uncertainty from all of these factors is believed
to be less than 6%. As with other four-probe methods,
this configuration should give values mostly independent
of contact resistance, which in any case is likely to be
several orders of magnitude less than resistances in the
sample.

A potentially more serious question of interpretation
arises from the possibility of having a small number of
oriented domains, with some preferential orientation in-
duced by the substrate. We believe that our samples were
orientationally averaged in the E and I phases. In the
D&d phase, there is some possibility that homeotropic
alignment was induced by the glass substrate. The mea-
surements may therefore have been made predominantly
perpendicular to the columns, most likely resulting in a
value of the average conductivity that was lower than the
true "powder average, " and much lower than the intrin-
sic conductivity along the column direction.

TABLE I. Lattice parameters, in A, measured from powder
x-ray di8raction in pure (Ref. 18) and iodine-doped samples of
HHTT. The values given for the c lattice parameter in the Dzd
phase are the mean core-core separations.

Undoped Doped

The K-phase powder-diffraction pattern was indexed, and
it was found that the doped K phase remains a monoclin-
ic lattice with a unit cell that is slightly larger in all di-
mensions (Table I). The mesophase is still categorized as

D&d in the doped sample, as demonstrated by the ex-
istence of both hexagonal (100) and (110) shar~
diffraction peaks, with d spacings in the ratio of I:&3,
and the absence of any sharp (OOI. ) or (HKL) peaks. The
intercolumnar distance in the doped DI,d phase is actually
less than that in the undoped phase (Table I). At high
scattering angles, diffuse tail-tail and core-core scattering
patterns were observed, also characteristic of a discotic
mesophase. ' ' " The helical H phase was not observed
in the doped samples. Lattice constants corresponding to
the reflections in the K and DI,d phases are shown below.

X-ray-diffraction measurements on heating indicate an
extended region of K/Dzd coexistence between 54 and
59'C. In this region we observe the gradual growth of
the Dzd (100) peak at 0.3488 A, with the concurrent di-

minishing of the E (110) peak at 0.3319 A, while the
total integrated intensity under the two peaks remains
constant. This is consistent with the first-order thermal
signature observed by DSC.

The conductivities measured for both doped and un-

doped unaligned samples are shown in Fig. 2. We found
a conductivity increase of approximately 4-5 orders of
magnitude upon doping; this is consistent with measure-
ments on other unaligned doped discotics, although our
compounds showed a larger conductivity variance with
temperature than is usually observed. ' The conductivi-
ty increases exponentially with temperature in the E and
I phases. Upon warming into the mesophase from the K
phase, the conductivity increases rapidly through the
coexistence region, and eventually reaches a consistent
value when the sample is completely in the DI,d phase.
Large resistance fluctuations, as great as +20%, are ob-
served in the mesophase. The fluctuations are definitely
not an instrumental effect; while their origin is not corn-
pletely certain, we believe that they arise from random
movement of microaligned domains in the sample. Such
domains, separated by domain walls, are observed via op-
tical microscopy. The movement could arise from slow
flow of the highly viscous sample, from gradual annealing
and annihilation of domain wall boundaries, or (less like-
ly) from random thermal fluctuations. Sluyters et al. "

III. RESULTS

The saturation-doped compound was found by
differential scanning calorimetry (DSC) and powder x ray
to have the phase sequence

EC -+ D~ -+ I
54 C 63'C

K a
b
c

Dhda
C

28.69
25.02
7.88

97.85'

21.72
3.64

28.86
25.25
7.95

97.85'

20.80
3.79
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have observed a large enhancement of this effect when
conductivity was measured over a very small region of
sample with a pointlike probe. The observation of con-
ductance fluctuations is consistent with the hypothesis of
highly anisotropic conductivity in the D&d mesophase; we

suggest that aligned domains temporarily "short circuit"
pairs of leads, depending on their orientation.

If we assume a thermally activated hopping mechanism
for the K phase, where the conductivity o is given by
o =0 Oexp(

—E /2kb 8, an activation energy of approxi-
mately c.=1.8 eV may be extracted. This band gap is
larger than the energies in the range 0.7S eV usually seen
along the best conducting direction in molecular radical-
ion salts, but it should be noted that the activation energy
sampled in this experiment is an incoherent sum of the
activation energies parallel and perpendicular to the
columns, and that the latter is expected to be quite high.
It should be emphasized that our measurements were
made on essentially unoriented samples, and thus the
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FIG. 2. Thermal dependence of dc conductivity of pure and

iodine-doped HHTT, as measured by the four-probe method of
van der Paul. The shaded area in the lower graph indicates the

K-DI,d coexistence region.

conductivity we observe represents some kind of average
over any anisotropic conduction effects.

IV. DISCUSSION

Measurements of the bulk powder conductivity of an-
isotropic conductors are not sufficient to determine the
components of the conductivity tensors of these materi-
als, which have in general two or four independent com-
ponents in systems of hexagonal or monoclinic symmetry,
respectively. Since each component may have its own
temperature dependence, and the dominant component
may change in different temperature regimes, the behav-
ior observed may be reflective of only certain com-
ponents. In addition, no highly conducting behavior may
be observed, since it will be masked by interparticle con-
tact resistances between crystallites in the sample. There-
fore, although the increase in conductivity observed after
doping, as well as the color change in the sample, is indi-
cative of some degree of charge transfer and carrier gen-
eration, the absolute conductivity in any direction
remains unknown, pending work (in progress) on aligned
samples.

Crystal structure refinements have not been performed
on the ordered structures. Nevertheless, we can con-
struct a plausible model for the structure based on the
stoichiometry and lattice constants. It has often been ob-
served that in a nonpolar, uniaxial environment iodine
will form I3 ions. ' ' The observed mole ratio from
TGA is suggestive of a model of one polyiodide ion per
HHTT molecule, where the iodine appears almost com-
pletely as I3 . The creation of this species would be con-
sistent with the theoretical doping equation,

2 HHTT+3 1~~2 (HHTT+I3 ) .

The rest of the iodine would take the form of other possi-
ble species, such as I~ . The enlargement of the unit cell
in the K phase is greatest in the direction perpendicular
to the column; the increased distance between adjacent
cores is only 0.04 A. Therefore, we propose that the
monoclinic unit cell contains four HHTT molecules and
four polyiodide molecules, with the linear polyiodide
molecules occupying the gaps between the larger HHTT
molecules, although the orientation of the iodine ions is
indeterminable from our data. Such an arrangement is

quite similar to the two-dimensional "staging' structure
seen in polyacetylene and other doped chain polymers.

The decrease in the intercolumn distance in the Di, d

phase upon iodine doping seems somewhat surprising, al-

though a similar reduction has been seen in doped poly-
mer discotic liquid crystals. In general, the intercolum-
nar distance in discotic columnar phases is quite "soft,"
due to the many degrees of freedom available in the ali-

phatic tails. We have previously' ' reported large
negative thermal expansion parameters in discotic colum-
nar and nematic phases, and associated this thermal
shrinking of the lattice with increased tail disorder.
Thus, the most likely model for the structure of the
doped Dhd phase is that the iodine ions again At them-

selves into gaps between columns of HHTT molecules
{Fig. 3), with the aliphatic tails moving aside to make
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FIG. 3. Schematic of the proposed structure of the doped

DI,d phase. The disks represent the cores of the HHTT mole-

cules, which are assembled into columns with short-range in-

tracolumnar order and long-range hexagonal intercolumnar or-
der; and the black spheres represent the I3 ions. The iodine
ions are assumed to occupy the volume between the columns in

a disordered fashion. The liquidlike tails which also lie in the
intercolumnar spaces are omitted for clarity.

room. The decrease in the a -b lattice constant is then ex-
plained by Coulomb interactions arising from charge
transfer from the HHTT columns to the polyiodide ions.

It is of course possible that a minority of the iodine

atoms or molecules are incorporated within the HHTT
columns. For example, iodine has been observed to fit be-
tween adjacent conjugated sheets in molecular crystals. '

However, the mean observed core-core distance in this
0

phase of 3.79 A leaves little space between the calculat-
ed van der Waals radii of the adjacent triphenylenes for
an iodine ion. With a 1:1 ratio of I3 ions per HHTT
molecule, the majority of the iodine ions must be "inter-
calated" between the columns.

In summary, HHTT retains its monoclinic crystal and
hexagonal columnar liquid-crystal phases upon doping
with iodine. The conductivity increases by 4—5 orders of
magnitude after doping, and subsequent conductivity
changes are correlated with phase transition tempera-
tures. Our observations support the premise of conduc-
tivity occuring along columns of aromatics with m. orbital
overlap. The structural evidence is consistent with a
model of I3 ions interspersed between HHTT columns
in both the E and Dzd phases. Further structural and
conductivity measurements on oriented samples are anti-
cipated.
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