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ABSTRACT: On the basis of an excellent transistor material,
[1]benzothieno[3,2-b][1]benzothiophene (BTBT), a series of
highly conductive organic metals with the composition of
(BTBT)2XF6 (X = P, As, Sb, and Ta) are prepared and the
structural and physical properties are investigated. The room-
temperature conductivity amounts to 4100 S cm−1 in the AsF6
salt, corresponding to the drift mobility of 16 cm2 V−1 s−1. Owing
to the high conductivity, this salt shows a thermoelectric power
factor of 55−88 μW K−2 m−1, which is a large value when this
compound is regarded as an organic thermoelectric material. The thermoelectric power and the reflectance spectrum indicate a
large bandwidth of 1.4 eV. These salts exhibit an abrupt resistivity jump under 200 K, which turns to an insulating state below 60
K. The paramagnetic spin susceptibility, and the Raman and the IR spectra suggest 4kF charge-density waves as an origin of the
low-temperature insulating state.

1. INTRODUCTION
[1]Benzothieno[3,2-b][1]benzothiophene (BTBT, Chart 1)
derivatives are excellent organic field-effect transistor materials

which show high performance and long-term stability.1−4

Recently, the solution-processed highly crystalline transistors
have realized very high mobilities of more than 30 cm2 V−1

s−1.5−7 In contrast to the field-effect transistors, chemical
doping is another way to generate charge carriers in organic
compounds. For example, a charge-transfer (CT) complex,
tetrathiafulvalene:tetracyanoquinodimethane (TTF)(TCNQ),
shows a room-temperature conductivity of σ = 600 S cm−1.8

Formation of a CT complex is sometimes utilized in organic
transistors; for example, TCNQ doping near the source and
drain contacts is a usual way to reduce the contact resistance.9

Alternatively, we can replace the whole metal contact with a
conducting CT complex, and the use of (TTF)(TCNQ)
contact is a convenient way to achieve low contact resistance.10

We have further investigated “self-contact” organic transistors,
in which the electrode parts are constructed by chemical doping
to the active layer.11 Therefore, it is important to investigate
CT complexes of BTBT derivatives. Dialkyl-BTBT forms mix-
stacked CT complexes with TCNQ derivatives. The resulting
complexes are not very conducting but afford air-stable n-
channel transistors.12 We have found that unsubstituted BTBT
forms a metallic CT complex with the composition of
(BTBT)2PF6, and this complex shows very high room-
temperature conductivity of 1500 S cm−1.13 Since each
molecule has an average 0.5+ charge, the drift mobility is
estimated to be 5.7 cm2 V−1 s−1. Many metallic organic
conductors undergo metal−insulator transitions at low temper-
atures, but the nature of the insulating states has a vast variety
due to the electron correlation.14 It is therefore important to
identify the nature of the insulating state in order to understand
the character of the donor molecule.

Received: February 2, 2016
Published: March 4, 2016

Chart 1. Molecular Structures of the Representative Organic
Molecules

Article

pubs.acs.org/JACS

© 2016 American Chemical Society 3920 DOI: 10.1021/jacs.6b01213
J. Am. Chem. Soc. 2016, 138, 3920−3925

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b01213


On the other hand, recently, considerable attention has been
devoted to thermoelectric materials, which directly transform
heat flow to electrical energy.15,16 Organic thermoelectric
materials have great potential for flexible, low-cost, and large-
area thermoelectric applications around ambient temperature.
A variety of conducting polymers have been investigated from
this viewpoint.17−21 Efficiency of thermoelectric materials is
represented by the figure of merit ZT = S2 σT/κ, where T is the
temperature, S is the Seebeck coefficient, and κ is the thermal
conductivity. Small κ around 0.2 W K−1 m−1 is a merit of
organic materials in comparison with large κ of 10−100 W K−1

m−1 in inorganic conductors.18 A large power factor (PF) S2 σ
is achieved by large S and σ, but S usually decreases with
increasing σ.18,19 Poly(3,4-ethylenedioxythiophene) polystyr-
enesulfonate (PEDOT: PSS) affords very high PF among
organic materials, where the maximum PF (S2σ = 300 μW K−2

m−1) is realized by optimal dedoping.17,18 By using the thermal
conductivity of κ = 0.24 W K−2 m−1, this leads to a figure of
merit ZT = 0.42. Several small-molecule organic conductors
such as (TTF)(TCNQ) and nickel dithiolate complexes have
been investigated as thermoelectric materials.21,22 The PF of
single-crystal (TTF)(TCNQ) is 36 μW K−2 m−1.23 In
particular, (TTF)(TCNQ) is an important material to show
negative thermoelectric power.
Although transport by using field effect and conduction in

chemically doped CT salts have been independently inves-
tigated, recently carrier number (n) dependence of thermo-
electric power has been studied by the combined use of field
effect and chemical doping.24,25 S is a decreasing function of n,
whereas σ is an increasing function of n, so that the PF makes a
maximum at a finite n. It should be, however, noted that the
charge-carrier density of 1021 cm−3 in a CT complex is by 2
orders of magnitude larger than the field-induced carrier
density,13 where the two-dimensional carrier density of 1012

cm−2 leads to the three-dimensional carrier density of 1019

cm−3.26 On the other hand, S is inversely proportional to the
bandwidth.23 The bandwidth of (BTBT)2PF6 has been
estimated to be 0.35 eV from the molecular orbital
calculation,13 which is remarkably smaller than 1 eV in TTF
conductors. Then, large S is expected, which leads to a large
thermoelectric PF together with the high conductivity.

This paper reports a series of newly prepared CT salts
(BTBT)2XF6 containing various octahedral anions, X = As, Sb,
and Ta. The experimentally determined bandwidth is as large as
1.4 eV, but the thermoelectric PF is still large (55−88 μW K−2

m−1 for the AsF6 salt) owing to the high conductivity. The
nature of the insulating state is discussed on the basis of the
magnetic and optical properties of (BTBT)2PF6.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. BTBT was prepared according to the

previous report.27 Rodlike black crystals were grown by electro-
chemical oxidation of BTBT (2−5 mg) in dehydrated dichloro-
methane using the corresponding tetra-n-butylammonium salts as a
supporting electrolyte (14−20 mg) under a constant current of 1 μA
at −10 °C for 3 days.

2.2. X-ray Crystal Structure Analysis. The diffraction data of the
AsF6, SbF6, and TaF6 salts were collected at room temperature by
using a Rigaku AFC-7R diffractometer with graphite monochromated
Mo Kα radiation (0.71069 Å) and a rotating anode generator. The
crystal structures were solved by the direct method (SIR200828) and
refined by full-matrix least-squares on F2 (SHELXL-9729).

2.3. Band Calculation. From the results of the X-ray crystal
structure analyses, intermolecular overlap integrals were calculated
using the highest occupied molecular orbital (HOMO).30

2.4. Resistivity. Electrical resistivities were measured by the
conventional four-probe method using low-frequency AC current.
Gold wires (15 μm ϕ diameter) were attached to a crystal using
carbon paste. Measurements were carried out parallel to the
conducting c-axis. The room-temperature conductivity values σav are
estimated from the average of three to 12 samples.

2.5. Thermoelectric Power. Thermoelectric power was measured
by attaching a sample to two copper heat blocks by carbon paste via
gold foils. The heat blocks were alternately heated to generate a
temperature gradient ΔT of less than 1 K. The generated voltage ΔV
was recorded, and from the ΔV−ΔT linear region, the thermoelectric
power was evaluated as S = ΔV/ΔT.31 The measurement was carried
out parallel to the conducting c axis similarly to the electrical resistivity.

2.6. Magnetic Properties. ESR measurements were carried out
for single crystals using an X-band spectrometer (JEOL JES-TE100).
Owing to the high conductivity, the ESR line shape was a highly
asymmetrical Dysonian depending on the field directions.13 For the
easiness of the analysis, a thin needle crystal was placed horizontally,
and the magnetic field was applied parallel to the c-axis. Then, the
observed symmetrical ESR line shape was fitted by a Lorentzian.

2.7. Optical Properties. Infrared reflectance spectra were
observed by an FT-IR spectrometer, Nicolet Nexus 870 equipped

Table 1. Crystallographic Data and Calculated Transfer Integrals of (BTBT)2XF6 (X = P, As, Sb, and Ta)

(BTBT)2PF6
a (BTBT)2AsF6 (BTBT)2SbF6 (BTBT)2TaF6

formula C28H16F6PS4 C28H16F6AsS4 C28H16F6SbS4 C28H16F6TaS4
M 625.69 669.64 716.48 775.67
crystal system Tetragonal Tetragonal Tetragonal Tetragonal
space group P-421c P-421c P-421c P-421c
a (Å) 13.4896(14) 13.5835(13) 13.7406(18) 13.763(3)
c (Å) 6.7343(18) 6.737(3) 6.744(3) 6.746(4)
V (Å3) 1225.4(4) 1243.1(6) 1273.3(5) 1277.9(8)
GOF 0.854 1.049 1.275 1.019
Unique reflections 1120 1136 1164 1169
Reflections [I > 2σ(I)] 718 677 729 707
R1
b 0.0392 0.0467 0.0404 0.0478

wR2
c 0.1368 0.1245 0.0737 0.1459

tc (meV) 87 87 89 85
tp1 (meV) 1.4 1.3 1.1 1.1
tp2 (meV) 0.12 −0.05 −0.24 −0.20
T (K) 298 298 298 298

aRef 13. bI > 2σ(I). cAll reflections.
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with an IR microscope, Spectratech IR-Plan at temperatures between
300 and 4 K. Raman spectra were measured by a micro-Raman
spectrogram RENISHAW InVia Reflex in a back scattering geometry
using a laser line of 632.8 nm at temperatures between 290 and 4 K.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure. The crystals are isostructural (Table

1) and belong to a tetragonal space group P-421c (no. 114).
The molecular packing of the AsF6 salt is depicted in Figure 1a.

The donor molecules are planar, and form stacks along the c
axis. The BTBT molecules are alternately arranged with respect
to the sulfur position, but the molecules are related to each
other by a c-glide plane. Then, the intrastack transfer is
uniform, which is designated as tc in Figure 1b. The molecules
in the adjacent stacks are arranged in a windmill manner, where
the molecular long axes are perpendicular to each other. With
increasing the anion size, the lattice volume increases
anisotropically; the c axis does not change largely but the a
axis increases predominantly. Then, the interplanar spacing of
BTBT, represented by c/2, is approximately the same (3.367−
3.373 Å, 0.18% change), but the intercolumnar spacing expands
depending on the anions (2% change). The interstack transfer
integrals are very small (Table 1), and these salts are highly
one-dimensional. From the calculated tc (Table 1), the
bandwidth is 0.35 eV, which is practically independent of the
anions.
3.2. Conductivity. These salts show remarkably high room-

temperature conductivity. Table 2 lists the room-temperature
conductivity σ and the drift mobility μ, calculated from σ = neμ,
where n is estimated from the unit cell volume.13 The
conductivity of the AsF6 salt is obviously higher than that of
the PF6 salt, but the conductivity successively decreases in the
SbF6 and TaF6 salts. It is not possible to directly compare the
drift mobility with the field-effect mobility, because the CT salt
has a different crystal structure from the neutral crystal.
Nonetheless, the estimated large drift mobility is in the same
order as the reported field-effect mobility.1−7

Figure 2 shows the temperature dependence of the resistivity.
These salts exhibit metallic conductivity below room temper-

ature. These salts show large resistivity jumps below 200 K with
a large hysteresis between the cooling and heating runs. The
temperature dependence just below the jump is nearly flat, but
a true insulating state appears below 60 K. The activation
energy Ea tends to decrease when the resistivity jump occurs at
higher temperature (Table 2). The resistivity jump is, however,
suppressed down to low temperatures by coating the crystal
with Apiezon N grease (Figure 2b), which applies a pressure of
about 0.3 kbar.13,32 No hysteresis is observed in the Apiezon-
covered crystals. The resistivity jump is very sensitive to the
pressure, but the insulating state below 60 K is unaffected, in
which Ea is generally larger than the noncoated samples.

3.3. Thermoelectric Power. Figure 3 shows the temper-
ature dependence of the thermoelectric power. These salts
show a similar value of 15 μV K−1 at room temperature. The
positive thermoelectric power indicates hole conduction. The
temperature dependence is very similar as well, and the linear

Figure 1. (a) Crystal structure of (BTBT)2AsF6 viewed along the c
axis, and (b) donor arrangement viewed along the a axis.

Table 2. Room-Temperature Conductivity σ, Drift Mobility
μ, Activation Energy Ea, Seebeck Coefficient S, and Power
Factor S2σ of (BTBT)2XF6 (X = P, As, Sb, and Ta)a

PF6 AsF6 SbF6 TaF6

σav (S cm−1) 1800 2600 1500 640
σmax (S cm−1) 2200 4100 2000 1700
μav (cm

2 V−1 s−1) 6.9 10.1 6.0 2.6
μmax (cm

2 V−1 s−1) 8.4 15.9 7.9 6.8
Ea (K) 57 43 125 18
Ea with Apezon (K) 140 93 131 77
Sav (μV K−1) 15 15 15 15
S2σav (μW K−2 m−1) 38 55 38 17
S2σmax (μW K−2 m−1) 47 88 48 40

aThe subscripts av and max indicate average and maximum values,
respectively.

Figure 2. Temperature dependence of the resistivity measured along
the c axis (a) without and (b) with Apiezon N grease. The results of
the PF6 salt are taken from ref 13

Figure 3. Temperature dependence of the Seebeck coefficient of
(BTBT)2XF6.
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dependence down to 60 K is consistent with the metallic
conductivity. It is noteworthy that no anomaly is observed
associated with the resistance jump. In general, thermoelectric
power is insensitive to domain walls and crystal imperfections
because the actual current flow is not accompanied. Actually,
even the compressed pellet shows a very similar thermoelectric
power to the crystal.21 Assuming the one-dimensional tight-
binding energy band, the thermoelectric power S is represented
by

π πρ
πρ

=
−

S
k T
et6

cos( /2)
1 cos ( /2)

2
B

2

2

where kB is the Boltzmann constant, and ρ is the charge-transfer
degree, which is 0.5 when the energy band is quarter-filled.23

Then, thermoelectric power is inversely proportional to the
bandwidth.23 From the room-temperature value of 15 μV K−1,
the bandwidth is estimated to be 1.4 eV (Supporting
Information). This is much larger than the value of 0.35 eV
estimated from the molecular orbital calculation. The calculated
transfer integral tends to increase with the number of sulfur
atoms involved in the molecules due to the large atomic orbital
of sulfur.33 However, it has been experimentally revealed that
even molecules such as perylene and fluoranthene, which do
not have sulfur atoms, form an energy band as large as 1 eV.34

The present result is an ambiguous evidence that BTBT forms
an energy band as large as 1 eV similarly to TTF conductors.
Such a large bandwidth is potentially related to the high
mobility of the BTBT transistors, where the calculation affords
similarly small transfer integrals.33

The power factor S2σ is as large as 55 μW K−2 m−1 in the
AsF6 salt, and the maximum value is 88 μW K−2 m−1 (Table 2).
Although the power factor in the optimally doped PEDOT:PSS
is as large as 300 μW K−2 m−1, the ordinary PEDOT:PSS
exhibits about 40 μW K−2 m−1.2 The observed S is not as large
as expected from the molecular orbital calculation, but the
resulting PF is comparatively large among organic thermo-
electric materials.
3.4. Magnetic Properties. On account of the high

conductivity, the ESR signal shows a highly asymmetrical
Dysonian shape depending on the crystal size.13 Since this is
due to the skin effect on the crystal surface, only sufficiently
thick crystals show the Dysonian shape. Then, we have selected
thin crystals and analyzed the results assuming the symmetrical
Lorentzian model. Figure 4 shows the temperature dependence
of the normalized spin susceptibility (χ), and the peak-to-peak
line width (ΔHpp). The susceptibility decreases gradually, but
does not go down to zero (Figure 4a). Thus, the low-
temperature insulating state is considered to be essentially
paramagnetic. The g values are 2.002 and constant down to low
temperatures (Supporting Information). The line width

increases when the anion element becomes heavy (Figure
4b). At low temperatures, the line width increases gradually, but
the resistance jump does not afford any influence. Below 30 K,
the line width decreases slightly. Accordingly, the possibility of
magnetic order is excluded as an origin of the insulating state.

3.5. Optical Properties. To investigate the nature of the
low-temperature ground state, Raman and infrared (IR) spectra
are measured for (BTBT)2PF6. Figure 5 shows the temperature

dependence of the reflectance spectra for E//c. The reflectance
exhibits a Drude-like increase below 8000 cm−1, but decreases
again below 2000 cm−1. This suggests the existence of a small
energy gap even at room temperature. Then, the spectrum is
analyzed by assuming the Drude−Lorentz model (Supporting
Information), and the plasma frequency is estimated to be ωP =
11500 cm−1 at room temperature. Assuming the one-dimen-
sional tight-binding approximation, this leads to the bandwidth
of 4tc = 1.35 eV.35 This value is in good agreement with the
estimation from the thermoelectric power.
Figure 6a shows the optical conductivity spectra calculated

from the IR reflectance using the Kramers−Kronig relation.

The spectra show a broad band around 3200 cm−1, indicating
charge localization even at room temperature. The growing
conductivity peak indicates development of an energy gap at
low temperatures.
It is noteworthy that a number of peaks in the mid-IR range

are enhanced at low temperatures (Figure 6b). The asymmetric
shape of the peaks are characteristic of the electron-molecular
vibration (e-mv) coupling,36 thus the signals are ascribed to ag
type of molecular vibrations. Although the X-ray structure
indicates uniform stacking, the activation of the e-mv bands

Figure 4. Temperature dependence of (a) the normalized spin
susceptibility and (b) the peak-to-peak line width.

Figure 5. Reflectance spectra of (BTBT)2PF6 (E//c) at various
temperatures.

Figure 6. (a) Conductivity spectra of (BTBT)2PF6 (E//c) at various
temperatures. The vertical scale is offset for clarity. (b) Magnified plot
of the mid-IR region. The inset shows the temperature dependence of
the integrated intensity for the 1380 cm−1 peak (*).
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demonstrates the modulated stacking. The temperature
dependence of the integrated intensity is plotted in the inset
of Figure 6b for the 1380 cm−1 peak (ν9). This vibronic peak
exists even at room temperature, and the peak intensity
remarkably increases below 150 K at which the resistivity jump
is observed. Then, the modulation, presumably stemming from
the one-dimensional instability, is closely related to the
insulating state.
Figure 7a shows the Raman spectra at various temperatures.

The Raman peaks and the IR e-mv bands (Figure 7b) are

assigned on the basis of the density functional calculation
(Supporting Information). A numerical fit to the IR spectrum
using a symmetric dimer model (Supporting Information)
reproduces the asymmetric shape and the observed frequencies
satisfactorily (broken curve in Figure 7b).37 This indicates that
the modulation, which accounts for the insulator transition, is
essentially ascribed to the dimerization.
It should be mentioned that several Raman peaks appear as a

doublet (for example, ν5, ν6, and ν9). Such peak splitting recalls
tetramerization due to the 2kF charge-density-wave (Peierls)
state that is observed in quarter-filled systems like (Peryle-
ne)2PF6 and (Fluoranthene)2PF6.

34 However, such modulation
is excluded owing to the observed paramagnetic susceptibility
(Figure 4a). As another candidate, one may assume symmetry
reduction due to charge ordering.38 The splitting is, however,
not compatible with the ionicity dependence of the different
modes (Supporting Information). In addition, the IR spectrum
is successfully fitted by the dimer model. Then, we conclude
that the Raman doublets are derived from a factor group
splitting. The observed paramagnetic insulator phase is
preferably ascribed to a 4kF charge-density-wave state. Here,
the donor stack is slightly dimerized owing to the alternating tc,
whereas the lattice parameter c is unchanged because of the
original two-molecule repeating unit.13 Each dimer has one
unpaired spin, which is localized due to the Coulomb repulsion,
and forms a Mott insulating state. The 4kF instability exists even
at room temperature, then the molecules dimerize gradually
and somewhat irreversibly at low temperatures.

4. CONCLUSIONS
We have investigated the physical properties of highly
conducting one-dimensional organic metals, (BTBT)2XF6 (X
= P, As, Sb, and Ta). From the thermoelectric power and the
reflectance spectrum, the bandwidth is determined to be as
large as 1.4 eV. This is the evidence that the BTBT molecules,
which involve only two sulfur atoms, mediate large
intermolecular interaction. Owing to the high conductivity,
the AsF6 salt shows a large power factor of 55−88 μW K−2 m−1

among organic thermoelectric materials. From the para-
magnetic susceptibility and the spectroscopic investigations,
the insulating state is attributed to the 4kF charge-density
waves. Accordingly, BTBT realizes a large bandwidth, but the
on-site Coulomb repulsion is still important, so BTBT
resembles TTF family donors rather than TCNQ and aromatic
hydrocarbons such as perylene. By the use of not only field-
effect transistors but also chemical doping, we can extend new
possibilities of BTBT-based materials.
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