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ABSTRACT: The whisker method using anisole solvent was developed for effective production of high-aspect-
ratio poly (3-alkylthiophene) (P3AT) nanofibers, and alkyl chain length dependence on nanofiber formation and
their properties were fully investigated. The nanofibers have an anisotropic cross section of 3—4 nm height and
24—27 nm width, which slightly increase with the alkyl chain length, and the aspect ratio reaches 100—1000.
The nanofibers consist of more than 10* parallel stacks of the extended polymer backbones along the nanofiber
long axis and of 2—3 laminated layers of the polymer backbones separated by alkyl side chains. The nanofiber
formation originates from quasi-one-dimensional crystallization of P3ATs induced by both an attractive w—m*
interaction between polymer backbones and the crystallization of alkyl side chains. Carrier transport properties
of a AuCl;-doped nanofiber network and single nanofibers, both of which are explained by a quasi-one-dimensional
variable-range hopping (VRH) model irrespective of alkyl chain length, indicate that the origin of the random
potential that localizes the carriers should be attributed not to the bridges between nanofibers but to some factor

involved in a single nanofiber.

Introduction

Conducting polymer nanofibers have received much attention
in scientific research and industrial applications of organic
electronics because their intrinsic one-dimensionality provides
excellent carrier transport.' Polythiophene derivatives including
poly (3-alkylthiophenes) (P3ATSs) are one of the most promising
conducting polymers® because, in addition to good environ-
mental stability, the large overlap between the s orbitals
delocalized over the polymer chains and well-ordered semi-
crystalline structure result in high carrier transport.*~® While
unsubstituted polythiophene is insoluble and infusible, the alkyl
side chains of P3ATs render them highly soluble in common
organic solvents”® and hence suitable for applications to
solution-based nanofiber production. Conducting polymer nanofi-
bers of polythiophene derivatives have been produced by various
solution-based procedures: template method,” electrospinning, '
nontemplate method,'' Langmuir—Blodget method,'? dip-pen
nanolithography,'® copolymerization,"* molecular combing,'
self-organization on a substrate during drying,'®'” and self-
organized whisker formation in a solution.'® ' The whisker
method should have potential advantages from an industry
viewpoint due to low-cost and mass production of nanofibers.
Unfortunately, however, it has not been extensively studied, and
more investigations are required for achieving conclusive
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understanding of the physical mechanism of nanofiber formation
and establishing a standard process of fabricating nanofiber
devices. In particular, the effect of the alkyl chain length on
nanofiber formation and carrier transport should be of interest
because many studies on bulk and thin films of P3ATs have
revealed that the alkyl chain length has large influence on many
physical properties of P3ATs: solubility,”> melting point,>***
crystalline structure,? optical property,®® and carrier transport
property.?’ Although we have preliminarily investigated the
nanofiber production of solvent-soluble conducting polymers
by using the whisker method,'® the poor reproducibility of the
nanofibers caused difficulties in the systematic investigation of
their morphological and electrical properties. In this article, we
report the effective production of P3AT nanofibers by means
of the whisker method using anisole solvent. The reliable method
has provided an opportunity to elucidate the dependence of the
formation mechanism and the morphological, optical, and
electrical properties of the nanofibers on the alkyl chain length
by using atomic force microscopy (AFM), UV —vis absorption
spectroscopy, X-ray diffraction (XRD) measurements, and
conductivity measurements. We reveal that the nanofiber
formation results from quasi-one-dimensional crystallization of
P3ATs and discuss the carrier transport in a nanofiber network
and single nanofibers by comparing their four-probe conductivi-
ties measured using 36-um-spacing electrodes with those of 250-
nm-spacing ones.

Experimental Section

Materials. Regioregular poly(3-butylthiophene-2,5-diyl; P3BT),
poly(3-hexylthiophene-2,5-diyl; P3HT), poly(3-octylthiophene-2,5-
diyl; P30T), poly(3-decylthiophene-2,5-diyl; P3DT), regiorandom
poly(3-hexylthiophene-2,5-diyl; RRa-P3HT), anhydrous anisole
(99.7%), anhydrous chloroform (>99.7%, including amylene as a
stabilizer), anhydrous hexane (95%), anhydrous acetonitrile (99.8%),
octadecyltrichlorosilane (OTS) (>90%), and gold(Ill) chloride
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Figure 1. Chemical structure of regioregular P3ATs: P3BT, n = 4;
P3HT, n = 6; P30T, n = 8; and P3DT, n = 10.

Table 1. Molecular Weights of As-Received (Aldrich) and
Soxhlet-Extracted P3ATs (Acetone, Hexane, CH,Cl,, THF, and
CHCI; Fractions)®

Aldrich acetone hexane CH,Cl, THF CHCI;

P3BT wt% 39 11.8 11.2 23.1 49.9
M, 10500 3700 6100 8200 11700
My, 20400 4000 7900 12800 21500
MM, 194 1.09 1.28 1.56 1.84
N 76 27 44 59 85
P3HT wt % 2.6 1.7 12.2 83.6
M, 17500 4300 9900 27400
My, 44900 5000 15000 110000
MM, 2.57 1.17 1.51 4.00
N 105 26 60 165
P30T wt% 4.2 7.8 56.8 31.2
M, 7600 7300 18000 38400
My 33900 9100 30500 72700
MM, 4.44 1.24 1.69 1.89
N 39 38 93 198
P3DT wt % 3.0 6.5 78.6 11.9
M, 30500 8900 32800 46500
M,, 104000 12900 85800 181200
M /M, 3.40 1.45 2.62 3.89
N 137 40 148 209

“ Abbreviations: THF, tetrahydrofuran; wt %, weight percentage of
Soxhlet-extracted P3AT fractions; M,, number-averaged molecular weight;
My, weight-averaged molecular weight; N, number of thiophene units
calculated from the corresponding M, values. The M, and M,, values were
determined by the SEC measurements in terms of a polystyrene-equivalent
molecular weight.

(AuCl3) (99.99%) were purchased from Aldrich (Milwaukee, WI).
Other chemicals were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The chemical structure of the
regioregular P3ATs is shown in Figure 1. On the basis of the
information provided by the supplier, in contrast to the RRa-P3HT
containing equivalent number of head-to-tail and head-to-head (and
tail-to-tail) linkages, the regioregular P3ATSs predominantly consist
of head-to-tail linkages: 97% for P3BT and more than 98.5% for
other P3ATs used. A silicon wafer with a 150-nm-thick thermally
grown SiO; layer on its top surface (SiO,/Si) was purchased from
NTT Advanced technology (Tokyo, Japan). The dependence of the
nanofiber formation on the molecular weight of P3AT was
investigated by using the P3ATSs that were Soxhlet extracted with
alternative solvent exchange of acetone, hexane, dichloromethane,
tetrahydrofuran (THF), and chloroform. The molecular weights of
the as-received and the Soxhlet-extracted P3ATs are listed in Table
1. Some of the highest-molecular-weight fractions of the extracted
P3ATs exhibited the M,/M,, value slightly larger than that of as-
received ones. Soxhlet-extraction at high temperatures (ca. 60 °C)
may cause unexpected polymerization of P3ATs.

SEC Characterization of P3AT. Size-exclusion chromatography
(SEC) measurements were performed on a Shimadzu high-
performance liquid chromatography system equipped with a pho-
todiode array UV —vis detector. A P3AT solution (0.10 wt % in
chloroform) was passed through a 0.20-um polytetrafluoroethylene
(PTFE) filter and injected into a SEC system of three chromatog-
raphy columns: a Shodex K-800D guard column, a Shodex K-803
L column (diameter, 8.0 mm; length, 300 mm; pore size, 6 um),
and a Shodex K-804 L column (diameter, 8.0 mm; length, 300 mm;
pore size, 7 um). Chloroform containing a stabilizer (0.5% ethanol)
was used as the eluent (40 °C, 1.0 mL/min). The SEC system was
calibrated with polystyrene standards (PS-oligomer kit, Tosoh Co.,
Ltd., Tokyo, Japan) and gave the molecular weight of a P3AT in
terms of a polystyrene-equivalent molecular weight.
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Preparation of a Nanofiber Solution. In a typical procedure, a
P3AT (1.0 mg) was added to anisole (2.0 g) in a 5-mL glass vial
equipped with fluorinated silicone packing, and the solution was
stirred with heating (>70 °C). P3HT, P30T, and P3DT readily
dissolved in the anisole. On the other hand, P3BT dissolved only
partially due to its shorter alkyl side chains. The P3BT solution
was further stirred at 70 °C overnight and the residue was removed
by filtration through a 0.45-um PTFE filter above 70 °C; the filtrate
was used on further investigation. Although the concentration of
the P3BT solution decreased slightly on removing the residue, it is
described by the weight percent of the polymer initially added to
the solution, for simplicity. After the stirring was stopped at 70
°C, the P3AT solutions were gradually cooled to 20 °C in a rate-
controllable liquid circulator bath (Haake Phoenix II P1-C25P,
Thermo Electron Corp.) at a constant cooling rate of 25 °C/h. On
rapid cooling, the P3AT solutions that had been heated above 70
°C were quickly cooled to the room temperature within 15 min by
holding the glass vial at the room temperature; although the cooling
rate was not regulated at a constant value, it was much faster than
25 °C/h. Nanofibers mainly grow in the solution during cooling of
temperatures. These nanofiber solutions were used within several
days after preparation. In some experiments, anisole containing 20-
vol. % chloroform was used as a solvent.

Characterization of P3AT Nanofibers. A P3AT nanofiber
solution was spin coated at 3000 rpm on a SiO,/Si substrate and
the residual solvents were removed by vacuum-drying. Spin coating
was performed in air using a commercial spin coater (ACT-300D,
ACTIVE Co., Ltd., Saitama, Japan). The P3AT nanofibers thus
deposited on the substrate were imaged in air by using a MultiMode
AFM Nanoscope Illa (Veeco Instruments Inc.) operated in the
tapping mode. Typical AFM imaging was performed using a silicon
cantilever having a spring constant of 40 N/m and a resonant
frequency of 300 kHz (MPP-11100, Veeco Instruments Inc.). We
carefully adjusted the amplitude (setpoint) of the cantilever to obtain
a clear image of nanofibers. The coverage density of nanofibers
was determined from the analysis of their area in a 5-um scan image
by using the Nanoscope software. Three key factors were considered
for careful determination of the nanofiber dimensions using AFM
imaging: (1) degree of dispersion of nanofibers on a flat substrate,
(2) a small scan size that provides sufficient resolution, (3) the effect
of AFM tip geometry. As mentioned in later, the spin coating of a
dilute nanofiber solution (0.010 wt %) deposits well-dispersed
nanofibers on a flat SiO,/Si substrate whose roughness was much
smaller than their height. Smaller scan sizes of AFM images (1 x
1 um; 512 x 512 pixels) offer sufficient resolution to determine
the nanofiber dimensions. Previous studies have revealed that the
geometry and properties of an AFM tip have serious influence on
the AFM images of a small object that is nearly the same as the tip
radius of curvature.”® In order to check the effect of a tip, two
cantilevers having different tips were used in AFM imaging for
determination of height and width distribution: a Si tip and a carbon-
whisker (CW) tip (NSCO05, NT-MDT Co.). The spring constant of
the CW-tip cantilever was 14 N/m and the resonant frequency was
320 kHz. The CW tip has a steeper geometry than the Si tip.>*
The height and width of a nanofiber were determined from the cross
sectional AFM images obtained perpendicular to the long axis of
the nanofiber. The width of the nanofiber is defined as full width
at half-maximum (fwhm) of the cross section. Optical-microscope
images were recorded on an Olympus BX-51 M metallurgical
microscope using reflected light illumination equipped with a CCD
camera (DP21, Olympus Corp.).

UV —vis absorption spectra were recorded on a Shimadzu UV-
3150 spectrometer equipped with a temperature controller unit using
a liquid circulator. A P3AT solution was filled in a 2-mm-thick
quartz cell sealed with a PTFE cap. For UV—vis measurements,
nanofiber thin films of P3ATs were drop cast from the respective
nanofiber solutions (0.050 wt %) on OTS-modified quartz substrates.

XRD measurements were performed using a Rigaku diffracto-
meter (Type 4037) with graded d-space elliptical side-by-side
multilayer optics. P3AT nanofibers were collected by drying in
vacuo using a 0.050-wt % nanofiber solution or precipitation from
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methanol using a 0.10-wt % nanofiber solution. Monochromated
Cu Ko radiation (4 = 1.542 A), generated at 40 kV and 30 mA,
irradiated the nanofibers placed into a quartz capillary (diameter,
1.5 mm; wall thickness, 0.01 mm) or between Mylar films (Teijin
DuPont Films Japan Limited, Tokyo, Japan). XRD patterns were
recorded on a Rigaku R-AXIS IV imaging-plate detector. The
camera length was 150 mm. Since randomly oriented nanofibers
showed a ring-like diffraction pattern, the diffraction pattern was
converted into 26-intensity profiles using the Rigaku R-AXIS
software. The 26-intensity profiles were corrected by subtracting
the background intensity of the quartz capillary or the Mylar film.
The diffraction peak at 20p in the 26-intensity profile was fitted
by a Gaussian function, which gave the fwhm A@ of the peak. The
size of the coherent domains (crystallites) & was roughly estimated
from the Scherrer equation given by eq 1°

E= 0.94 1)
(A0) cos Oy

Conductivity Measurements of a Nanofiber Network and
Single Nanofibers. Substrates suitable for the conductivity mea-
surements of a nanofiber network were made by fabricating
platinum electrodes on SiO,/Si substrates using conventional
photolithography. From their optical-microscope images, typical
spacing and width of the electrodes, Lion and Wiy, were found to
be 36 and 500 um, respectively. On the other hand, substrates
suitable for the conductivity measurements of single nanofibers were
made by fabricating platinum electrodes on SiO,/Si substrates using
photolithography in combination with AFM lithography according
to the fabrication method reported by Kato et al.*' From their AFM
images, typical spacing and width of the four-probe electrodes, Lo
and Won, were found to be 250 nm and 9 um, respectively. Typical
thickness and roughness of the platinum electrode were respectively
about 10 and 1 nm. The substrates with electrodes were cleaned in
a piranha solution (H,SO4: 30-wt % H,O, = 3:1 v/v) for 15 min at
45 °C. (Caution! Piranha solution reacts violently with organic
materials.) An OTS solution (10 mmol/L in anhydrous hexane)
was freshly prepared and passed through a 0.20-um PTFE filter.
The substrate surface was modified by dipping it in the OTS solution
for 10 min, followed by three times washing with chloroform under
argon atmosphere. Prior to the spin coating of nanofibers, the current
between electrodes was measured in order to check their electrical
isolation. The electrodes that showed a current less than 0.2 pA
were selected and used for the subsequent electrical measurements.
A P3AT nanofiber solution in a solvent mixture of anisole/
chloroform (4:1, vol. %) was spin coated on the substrate at 500
rpm for 10 s and 1500 rpm for 120 s, leading to the deposition of
the P3AT nanofibers between the electrodes. The concentration of
the solution was 0.050 wt % and 0.010 wt % for depositing a
nanofiber network and single nanofibers between the electrodes,
respectively. In order to avoid an electrical leakage through the
substrate edges, the nanofibers placed near the edges were wiped
off by using a cotton swab soaked with p-xylene. Further, so as to
avoid the unintentional doping of the solution by the atmospheric
oxygen, it was sealed with argon gas during nanofiber formation
and its exposure to air during spin coating was kept to the minimum
(<10 min). AuCl; was used as an acceptor dopant in P3AT
nanofibers. In the absence of a P3AT nanofiber, the current between
the electrodes dipped in the AuCl; solution was comparable to the
background current, indicating that AuCl; does not cause a serious
leakage current.

A conductivity measurement setup consists of a probe station
chamber (ARK-LIPS-LV-2, Nagase Electronic Equipment Service
Co., Ltd.) equipped with a Keithley source-measure unit (Model
236), and two Keithley electrometers (Model 6514). The nanofibers
deposited between electrodes were introduced in the chamber, and
subsequently the pressure in the chamber was reduced below 1073
Torr using a turbomolecular pump. Sample temperatures were
controlled in the range of 20—300 K by using a cryogenic
refrigerator and a heating block. In darkness, the conductivity of
the nanofibers was measured using two- and four-probe methods.
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Figure 2. Photograph of a 0.050-wt % P3HT solution in anisole: (left)
at a high temperature (ca. 60 °C) and (right) at room temperature (ca.
25 °C). P3HT Soxhlet-extracted from THF was used.

In the two-probe configuration, current voltage (/—V) characteristics
were recorded using the source-measure unit. In the four-probe
configuration, a potential difference was applied across the two outer
electrodes by using the source-measure unit, and the current
flowing between them and the voltages V; and V; of the two inner
electrodes with respect to the ground were independently recorded
using the source-measure unit and the two electrometers. The
voltage drop Vi, between the inner electrodes was calculated by
subtracting V, from V;. The two- and four-probe conductances of
the nanofibers, Gy, and Gy, Were respectively determined from
the slopes of the /—V and I,—V, characteristics in their respective
Ohmic regions. The thickness of a nanofiber network ¢ was assumed
to be the same as the average height of the respective P3AT
nanofiber /,, because typical cross section of a pit in an AFM image
exhibited a step height comparable to the h,,. The effective width
of 36-um-spacing electrodes Wefj,,, was assumed to be proportional
to the surface coverage of nanofiber ¢ between the electrodes. The
effective width of 250-nm-spacing electrodes W, was calculated
from the number of the nanofibers bridging the inner electrodes,
N, and the average width of the nanofiber w,,. The h,, and w,,
were respectively determined to be 3—4 nm and 24—27 nm from
the following AFM measurement. As a result, the four-probe
conductivity of nanofiber o was calculated from eq 2

L
0= Gfourﬁ (2)

o

W]e(fng =Wx¢ (36-um-spacing electrodes)

W =N X w,, (250-nm-spacing electrodes)

where o is long or short.

Assuming that the four-probe resistance represents the intrinsic
resistance of the nanofiber networks and the two-probe one
represents the series equivalent of the resistance of the nanofiber
networks and two contact resistances, the contact resistance per
unit width of the electrodes R. was calculated from eq 3

1{ 1 1

four,

Results and Discussion

Nanofiber Production. The dissolution of P3AT in anisole
produced a transparent orange solution at high temperatures
(>70 °C). During cooling, the solutions of all the P3ATs
displayed a dramatic color change; P3BT and other P3AT
solutions respectively turned brown and purple at 20 °C (shown
in Figure 2). AFM images showed one-dimensional nanofibrillar
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structures on SiO»,/Si substrates where the solutions were spin
coated. The P3AT nanofibers had the height of a few nanometers
and the length of several micrometers, which represent their
high aspect ratio and will be discussed in detail later. It is
important to note that the use of anisole solvent yielded high-
aspect-ratio nanofibers of all the P3ATs investigated here,
although the whisker method using other solvents such as
p-xylene, cyclohexanone, and toluene has been reported to
produce nanofibers of only one or two P3ATs.'® 2" In contrast
to the P3HT nanofiber in cyclohexanone that precipitated within
a few days at room temperature,'® the nanofibers of all the
P3ATs produced in this study were stably dispersed in anisole
over a week without macroscopic precipitation.

We investigated the effects of production parameters on the
nanofiber formation in anisole: (1) cooling rate, (2) the
concentration of P3AT, and (3) polymer regioregularity. In this
study, P3AT nanofibers were obtained by rapid cooling and also
by gradual cooling (25 °C/h), in contrast to the P3HT nanofiber
in p-xylene that were reported to be produced only by gradual
cooling.'® 2% The rapid cooling often resulted in a shorter length
of the nanofibers than the gradual cooling. The short nanofiber
length of the order of 100 nm is similar to that of the P3HT
nanofiber produced by solvent-nonsolvent method.?' Nonethe-
less, the cooling rate did not crucially influence the production
of P3AT nanofibers in anisole in the range investigated. The
dependence of nanofiber formation on the concentration of
P3AT in anisole was investigated by gradual cooling. P3HT
nanofibers were obtained for a wide concentration range of
0.005—0.5 wt %. A solution having a P3HT concentration higher
than 1.0—2.0 wt % finally gelled at room temperature. Ther-
moreversible gelation of P3AT/xylene systems has been reported
and investigated in detail by Malik et al.,** and a fibrillar
network structure was found in dried gels by using scanning
electron microscopy. Similarly, the gel of a P3AT/anisole system
may consist of a three-dimensional nanofibrillar network because
the high-aspect-ratio nanofibers produced in a concentrated
solution readily form physical cross-links in the gel. The low-
concentration limit to obtain a P3HT nanofiber in anisole is at
least 1 order of magnitude lower than that in p-xylene.'” The
alkyl chain length of P3ATs had little influence on the
concentration range of their solutions that yielded nanofibers.
The wide ranges of P3AT concentrations and cooling rates
employed in this study enabled us to reproducibly and reliably
obtain P3AT nanofibers. In contrast to the cooling rate and the
P3AT concentration, polymer regioregularity can still be a
crucial parameter dominating nanofiber formation; the regio-
regular P3ATs yielded nanofibers, but RRa-P3HT did not. The
disturbed chain regularity of RRa-P3HT could disturb the self-
organization of the polymer chains into a well-ordered lamellar
structure.®® This result is consistent with the explanation that
the nanofiber formation of P3ATs in a solution is dominated
by the crystallization of their polymer chains, which was
previously proposed for the whisker formation of P3HT'"2%->*
and other regioregular conducting polymers.'® Furthermore, the
following UV —vis absorption and XRD measurements support
the crystallization of P3ATs into the nanofibers.

The abovementioned results reveal that the selection of a
solvent is one of the most influential factors governing nanofiber
formation and that anisole is more appropriate than other
solvents used in previous studies.'® 2! A possible scenario of
nanofiber formation is as follows; P3ATs are isolated at a higher
temperature due to dissolution and gradually self-assemble into
nanofibers at a lower temperature due to low saturating
concentration. A rough measure of polymer solubility is
provided by the difference between the solubility parameter ¢
of the polymer and that of the solvent: the polymer can be
soluble if this difference is small; insoluble, otherwise. Neher
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and co-workers have determined ds of P3HT and P30T at room
temperature to be 9.1 and 8.9 cal'? cm™3?, respectively, by
means of solvent-nonsolvent titration.** ¢ of p-xylene (8.8 cal'2
em™32 ) is modestly different from that of P3HT but
sufficiently close to that of P3OT; therefore, the consequent low
solubility of P3HT in p-xylene resulted in the formation of P3HT
nanofibers, whereas the high solubility of P3OT prevented the
formation of P30T nanofibers. The differences between 0 of
cyclohexanone (9.9 cal? ¢cm~32 *) and those of P3HT and
P30T were so large that they could result in macroscopic
precipitates due to poor solubility, which prevents the formation
of high-aspect-ratio nanofibers. On the other hand, 6 of anisole
(9.5 cal'? cm™32 *%) is modestly different from those of both
P3HT and P3OT; therefore, the consequent higher solubility at
high temperatures and lower solubility at room temperature can
induce their self-assembly into nanofibers at near room tem-
perature. However, the effect of a solvent on nanofiber formation
is not exactly understood at present; in particular, its temperature
dependence, which should be an important factor for nanofiber
formation. Further investigation is necessary for achieving a
complete understanding of the effect of solvent properties on
nanofiber formation.

AFM Measurement. P3AT nanofibers produced in anisole
were spin coated on SiO,/Si substrates and their morphology
was characterized using AFM. Although AFM images showed
that the nanofibers had a one-dimensional nanofibrillar structure,
some of the images included the nanofiber aggregates consisting
of several tens of nanofibers, which were heterogeneously
distributed on the substrate. In order to suppress the aggregation
of nanofibers in a solution, we used a solvent mixture of anisole
containing 20 vol. % of chloroform because chloroform is a
moderately good solvent for P3ATs.*® A P3AT solution in the
solvent mixture of anisole/chloroform was gradually cooled to
20 °C and further stored at 20 °C for 12 h, followed by spin
coating on a Si0,/Si substrate. The spin coating of a 0.050-wt
% solution gave uniformly distributed nanofibers, leading to
dense network morphology (shown in left images of Figure 3).
The surface coverage of the nanofiber network was determined
to be 30%—60%. In contrast to the dense nanofiber network,
well-dispersed nanofibers were obtained by the spin coating of
a 0.010-wt % solution (shown in right images of Figure 3). Their
surface coverage was determined to be 10%—25%. The
concentration of the nanofiber solution roughly dominates the
surface coverage of the nanofibers.

The height and width of a nanofiber were determined from
magnified AFM images (1 x 1 um scan size). Typical AFM
images and their cross sections are shown in Figure 4. For all
P3ATs, the height distributions of nanofibers exhibited two
peaks: one peak in the 2—4-nm range and the other peak in the
4—6-nm range; mostly, the former is sharper and has a higher
frequency than the latter (see the Supporting Information). The
height measurements were performed on those nanofiber sec-
tions that did not overlap with any other nanofiber, which
excludes the possibility that the 4—6 nm peak might have
resulted from the overlap of nanofibers. Therefore, a stepwise
increment in the height of nanofiber, which increases with the
alkyl chain length, indicates layer growth of the nanofibers in
the height direction. Average height h,, and its standard
deviations oy, are listed in Table 2. The h,, shifted to higher
values with an increase in the alkyl chain length. For the same
alkyl chain length, the &,, determined using the CW tip was a
factor of 1.1—1.4 larger than that determined using the Si tip.
This is probably due to lower loading force of the CW tip than
the Si tip.*” The width distributions of the nanofibers of all
P3ATs exhibited a symmetrical peak at 25—30 nm, and
therefore, the histograms were fitted by a single Gaussian curve
(see Supporting Information). The peak positions w,, and their
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Figure 3. AFM images (upper) and their typical cross sections (lower)
of P3AT nanofibers. The nanofibers were produced by whisker method
using a solvent mixture of anisole/chloroform (4:1 vol. %) and spin
coated on Si0,/Si substrates. The concentrations of the solutions were
0.050 wt % (left) and 0.010 wt % (right). Scan size is 5 x 5 um. Height
scales are 30 nm (image) and 10 nm (cross section).

standard deviations oy, are listed in Table 2. The w,, determined
using the CW tip (24—28 nm) was lower than that determined
using the Si tip (28—30 nm), probably because the steeper
geometry and lower adhesion forces of the CW tip can improve
the lateral resolution of the images.*” The improvement enabled
us to obtain a slight increase in w,, with an increase in the alkyl
chain length, in contrast to constant w,, determined using the
Si tip. The increase in w,, suggests that, in addition to the
predominant role played by attractive interactions between the
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Figure 4. AFM images (upper) and their typical cross sections (lower)
of P3AT nanofibers. The nanofibers were produced by whisker method
using a solvent mixture of anisole/chloroform (4:1 vol. %) and spin
coated on Si0,/Si substrates. The concentrations of the solutions were
0.010 wt %. Scan size is 1 x 1 um. Black solid lines indicate the cross
section of the image. Cantilevers having a Si tip (left) and a CW tip
(right) were used for the AFM imaging.

Table 2. Results Obtained from Height and Width Histograms of
the Nanofibers Determined Using AFM Measurements

hav (nm)a Oh (nm)a Way (nm)b Ow (nm)b

Si tip P3BT (Aldrich) 2.8 0.3 28.2 29
4.1 0.4

P3HT (Aldrich) 2.5 0.2 31.3 42
4.2 0.4

P30T (Aldrich) 3.0 0.3 28.7 3.8
4.8 0.4

P3DT (Aldrich) 3.7 0.4 28.3 3.0
6.0 0.4

CW tip P3BT (Aldrich) 3.0 0.8 24.1 43
4.6 0.6

P3HT (Aldrich) 3.0 0.1 25.5 4.6
52 1.6

P30T (Aldrich) 43 0.6 27.7 39
6.3 1.3

P3DT (Aldrich) 4.5 0.8 27.5 4.8
6.4 0.9

“ The height histograms of the nanofibers were fitted by a superposition
of two Gaussian curves. ” The width histograms of the nanofibers were
fitted by a single Gaussian curve.

polymer backbones, the alkyl side chain also plays an important
role in the stabilization of the nanofiber structure.?***** This
explanation is supported by the result that the polymer chains
of RRa-P3HT did not self-assemble into nanofibers because,
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Figure 5. UV—vis absorption spectra of P3AT solutions in anisole
(0.025 wt %) during cooling. Soxhlet-extracted P3ATs were used. The
thickness of a quartz cell was 1 mm.

although an attractive w—x* interaction exists between the
polymer backbones, a random sequence of alkyl side chains
could not stabilize the nanofiber structure.

The careful AFM characterization has determined the height
and width of the nanofibers to be 3—4 nm and 24—27 nm,
respectively. The nanofiber length of several micrometers
presents their high aspect ratio of 100—1000. Similar height
and width of P3HT nanofiber have been reported by AFM'7-20!
and transmission electron microscopy.'”'® The width of the
nanofibers is 5 times larger than their height, indicating that
their cross section is anisotropic, not isotropic. The anisotropic
cross section of the nanofibers implies the existence of two
different origins that determine their height and width, which
has been revealed by the following XRD measurement.

UV—Vis Absorption Measurement. Since the solutions of
all P3ATs investigated here displayed a drastic color change
during nanofiber formation, we investigated in detail the
relationship between their UV—vis absorption spectra and
nanofiber formation. Figure 5 shows temperature-dependent
UV—vis absorption spectra of P3AT solutions. At a higher
temperature, the spectra exhibited a single peak at Ay.x of 445
nm similar to P3AT solutions in chloroform.®*** Because
chloroform is a moderately good solvent for P3ATs,* this result
indicates their complete dissolution in anisole, which is con-
sistent with the result that no spectral change occurred in the
solutions after passing through a 0.20-um PTFE filter at high
temperatures (above 70 °C). The absorption spectra recorded
at a lower temperature exhibited a decrease in the absorbance
at 445 nm and the appearance of vibronic structures at longer
wavelengths (500—620 nm) for all the P3ATs investigated. The
color change was thermally reversible and was accompanied
by large temperature hysteresis (see Supporting Information).
Similar spectra have been reported as temperature-dependence
of a P3HT solution in 2,5-dimethyltetrahydrofuran®® and sol-
vatochromism associated with nanofiber formation.?' Isosbestic
points were observed around 480 nm in the absorption spectra
recorded in a temperature range of 10—80 °C, suggesting two
different states of P3AT in a solution. Although no macroscopic
precipitate was observed, the passage through a 0.20-um PTFE
filter left brown or purple solids and caused the resulting filtrate
to turn yellow. The absorption spectra of the filtrate showed a
drastic decrease in the absorbance at 500—620 nm, leading to
a single peak at Ay.x nearly the same as that of the high-
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Figure 6. UV —vis absorption spectra of P3AT solutions (0.010 wt %)
recorded at 70 °C (dash-dotted line) and at 20 °C (dashed line), P3AT
solutions passed through a 0.20-um PTFE filter at room temperature
(dotted line), and thin films of P3AT nanofibers (solid line). A solvent
mixture of anisole/chloroform (4:1, vol. %) were used as a solvent.

temperature solutions (dotted lines in Figure 6). AFM imaging
confirmed that the filtrate did not contain nanofibers. As a result,
the absorbance at 500—620 nm was ascribed to the nanofibers
and consequently the origin of the two different states was
revealed: one state is an isolated polymer chains completely
dissolved in a solution and the other state is a polymer aggregate
dispersed in a solution, which corresponds to the one-
dimensional nanofibrillar structure visualized by AFM. Although
a previous study has revealed the appearance of vibronic
structures at longer wavelengths was ascribed to microcrystalline
aggregates in a solution,*® the geometry of the aggregates has
not been characterized yet. At high temperatures, an isolated
P3AT chain has a flexible-coiled conformation, thereby shorten-
ing the conjugation length. Heffner et al. have determined the
persistent length of P3HT in chloroform to be 2.4 nm,*® which
is much smaller than the width of the nanofibers. Ay slightly
shifted to longer wavelength during cooling due to an increase
in the conjugation length (see Supporting Information). On the
other hand, at near room temperature, P3ATs self-organized into
the nanofibers consisting of a stack of polymer backbones. The
stacking structure not only provides more extended conformation
of the polymer chains but also restricts the rotational motion of
the polymer backbones so that it can provide much longer
conjugation length than an isolated P3AT and gives an absor-
bance increase at 500—620 nm.*® The residual P3ATs in the
filtrate were collected by vacuum drying and their molecular
weights were determined from SEC measurements. Resulting
M, and M, /M, of the P3ATSs were as follows: M, and M/M,
of P3BT were, respectively, 6400 and 1.26; P3HT, 8400 and
1.27; P30T, 11700 and 1.35; P3DT, 13400 and 2.00. These
M, values were much smaller than those of the corresponding
starting P3ATs, indicating that the high-molecular-weight frac-
tion of the P3ATs was selectively removed by filtering out the
nanofibers. A simple explanation for this is that high-molecular-
weight P3ATs, which formed nanofibrillar aggregates that
dispersed in a solution, were filtered out, and on the other hand,
low-molecular-weight P3ATs, which still be isolated, remained
in the filtrate. Surprisingly, the self-organized nanofiber forma-
tion showed a stronger preference for the high-molecular-weight
P3ATs than the lower-molecular-weight ones and exhibited
molecular-weight selection even when the starting P3ATs had
a wide molecular-weight distribution (My/M, of 2—4). This
explanation was further supported by the following discussion
of the nanofiber formation using Soxhlet-extracted P3ATs.
Figure 7 shows absorbance change of P3AT solutions at
600—620 nm during cooling process. P3ATs with shorter alkyl
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Figure 7. Absorbance change in the peak at 600—620 nm for P3AT
solutions in anisole (0.025 wt %) during cooling (25 °C/h). Soxhlet-
extracted P3ATs were used: P3BT (CHCly), circle; P3BHT (THF),
square; P3OT (THF), triangle; P3DT (THF), diamond symbols. The
lines are a guide to the eye.

chains showed a gradual increase in the absorbance at higher
temperatures (49 °C for P3BT and 37 °C for P3HT), whereas
P3ATs with longer alkyl chains exhibited a rapid increase in
the absorbance at lower temperatures (23 °C for P30T and 28
°C for P3DT). Because the absorbance at 500—620 nm was
ascribed to the 7—x* band of P3AT in the nanofibers, the
absorbance change closely relates to nanofiber formation. Here,
we can expect the analogy between the gelation in a P3AT/
xylene system and the nanofiber formation in a P3AT/anisole
system because the formation of fibrillar structures is responsible
for both of the systems with slight difference in solvent and
concentration. According to the gelation model of the P3AT/
xylene system,?? the nanofiber formation is involved in a two-
step process: (1) coil-to-rod conformational transition of a
polymer chain and (2) crystallization of rod-like polymer chains
into fibrillar aggregates. Because the activation energy of the
crystallization of polymer chains is larger than that of their
conformational transition for P3HT and slightly smaller for
P3DDT,** by assuming that the similar activation energy values
are present in our system, crystallization appears to be the rate-
determining step for the nanofiber formation of P3ATs having
shorter alkyl chains whereas the conformational transition
appears to be the rate-determining step for the nanofiber
formation of P3ATs having longer alkyl chains. This is
consistent with the following explanation of the absorbance
change: the slow kinetics of the formation of critical-size nuclei
dominates the nanofiber formation accompanying the gradual
increase in the absorbance of P3ATs having shorter alkyl chains,
whereas slow conformational transition of the polymer chains
followed by their rapid crystallization results in the rapid
increase in the absorbance of P3ATs having longer alkyl chains.

All the UV—vis absorption spectra of P3AT nanofiber thin
films exhibited a maximum at 505—525 nm and two peaks at
550—560 and 600—615 nm (solid lines in Figure 6). Although
the thin films showed an absorbance increase at 500—620 nm,
their peak wavelengths were almost the same as those of the
respective nanofiber solutions. This indicates that the conjugation
length of P3AT in the nanofibers dispersed in a solution is
comparable to that of P3AT in the nanofiber thin film on the
substrate and supports that the nanofibers formed in the solution.

X-ray Diffraction Measurement. Figure 8§ shows XRD
patterns of P3AT nanofibers. Similar patterns were obtained for
both the nanofibers of P3ATs as received from Aldrich and those
of Soxhlet-extracted P3ATs. The patterns exhibited two clear
peaks, one at a lower diffraction angle of 3—7° and the other at
a higher angle of 23°. The XRD spectra, similar to those of the
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Figure 8. XRD patterns of P3AT nanofibers. Since the nanofibers were
randomly oriented, all the nanofibers exhibited ring-like diffraction
pattern. (a) Nanofibers were produced from 0.10-wt % solutions in
anisole using P3ATs as received from Aldrich and collected by drying
in vacuo. (b) Nanofibers were produced from 0.050-wt % solutions in
a solvent mixture of anisole/chloroform (4:1, vol. %) using Soxhlet-
extracted P3ATs and collected by precipitation from methanol. Inset:
Two-dimensional XRD pattern of the P3DT nanofiber.

Table 3. Interlayer Distance d and the Size £ of the Coherent
Domains (Crystallite) of the (100) and (020) Peaks Determined
by the XRD Pattern

dioo (nm)* o (nm)*  dooo (nm)” Enzo (nm)”
P3BT (Aldrich) 12.7 9.0 3.8 3.5
P3HT (Aldrich) 16.5 10.5 3.8 6.0
P30T (Aldrich) 20.5 10.5 3.8 6.9
P3DT (Aldrich) 24.1 11.0 3.8 73
P3BT (CHCls) 12.4 7.4 3.7 4.1
P3HT (THF) 16.6 8.3 3.8 3.1
P30T (THF) 20.1 10.8 3.8 8.4
P3DT (THF) 23.5 10.8 3.8 7.1

“ The (100) peak were fitted by a Gaussian curve. ” Since a few peaks
overlapped each other at 17—27°, the resulting broad pattern was fitted by
a superposition of two or three Gaussian curve.

thin films of P3ATs in previous studies (type-I polymorph in
ref 25d),5>2> suggest that the nanofibers form microcrystalline
structures similar to those observed in the thin films of P3ATs.
The interlayer distance d and the size & of the coherent domains
(crystallite) of the diffraction peaks are summarized in Table
3. The peak at 3—7° shifted to lower angles with increasing
alkyl chain length, and the corresponding interlayer distance of
the (100) diffraction, di0o, showed a linear increase as a function
of the number of carbon atom in the alkyl side chain. The slope
and section of the linear plot were determined to be 1.9 A and
5.1 A, respectively. Assuming that a C—C bond length is 1.545
A and a C—C—C bond angle is 110.5°,%° twice the molecular
length of the alkyl chains on all-trans conformation increases
by 2.53 A per methylene group, indicating that the alkyl side
chains on all-trans conformation are tilted at about 40° with
respect to the normal direction along the polymer backbone.
The section of the linear plot was comparable to the width of
a polythiophene backbone.*! The d;qp is almost the same value
as the summation of twice the molecular length of the alkyl
chains on all-trans conformation tilted and the width of a
polythiophene backbone, suggesting their minimal interdigita-
tion.” In contrast to the lower diffraction peak, the higher
diffraction peak was almost constant at 23° independent of the
alkyl side chain length, and the interlayer distance corresponding
to the (020) diffraction, dyyo, was determined to be 3.8 A, which
is the stack distance of polythiophene backbones. Analogous
to a molecular model proposed for a P3AT thin film,*>*°% a
P3AT nanofiber consists of the extended polymer backbones
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nanofiber long axis

Figure 9. Schematic illustration of a P3AT nanofiber.

stacked along the nanofiber long axis and of laminated layers
of the polymer backbones separated by alkyl side chains. A
schematic illustration of a possible nanofiber structure is shown
in Figure 9. A similar nanofiber model has been proposed in
previous studies.'” 2°?* The nanofiber width of 24—27 nm
corresponds to 60—70 monomer units as calculated from the
0.39-nm length per a thiophene unit along the extended polymer
backbone (c-axis) direction. This number of monomer units is
smaller than that of as-received P3ATs (except for P30T),
implying the possibility that the nanofiber accompanies folding
of P3AT chains. The nanofiber height of 3—4 nm indicates that
2—3 layers of polymer backbones were laminated perpendicular
to the long axis of the nanofibers. Strong (100) diffraction peaks
corresponding to the alkyl chain direction indicate that the alkyl
chain in P3AT nanofibers have a more or less crystalline
structure, which plays an important role in the stabilization of
the nanofiber structure. Self-organized nanofiber formation was
induced by both of the strong sw—s* interaction between
polymer backbones and the crystallization of alkyl side chains.
In comparison with a few layers in the height direction, more
than 10* layers stacked along the nanofiber long axis, as
calculated from the dyo of 3.8 A and the nanofiber length of
several micrometers. This indicates that the origin of nanofiber
formation is highly anisotropic, quasi-one-dimensional crystal-
lization of P3ATs, which is probably caused by larger attractive
interaction between polymer backbones than that between alkyl
side chains. The &jop of 7—10 nm corresponds to about twice
the height of the nanofibers. This may indicates the slight
correlation between nanofibers during solidification. The &gy
of 3—8 nm corresponds to 8—21 stacking layers of P3AT.
Because the nanofiber consists of more than 10* layers, this
result indicates each nanofiber contains many domains of
stacking structure, not a single domain. If we assume the
domains are separated by a single defect layer, the ratio of the
coherent domain is calculated to be 87—95%, which is ap-
proximately similar to the regioregularity of the P3AT. This
may suggest the regioregularity of the polymer chain determines
the size of the coherent domain along the long axis of the
nanofiber, which is consistent with the result of P3AT thin films
previous reported.®® Both the &;9 and &g slightly increase with
longer side chains, indicating that the alkyl chains enhance the
crystallinity of the nanofibers.

Dependence of Nanofiber Formation on Molecular
Weight. To clarify the effect of molecular weight, we further
examined nanofiber formation of Soxhlet-extracted P3ATs. The
results are summarized in Table 4. Whereas the solutions of all
P3ATs were orange at high temperatures (above 70 °C), their
appearance during cooling was classified into three groups: (1)
the solutions that turned brown or purple at 20 °C within 12 h,
(2) the solutions that were orange within 12 h and turned brown
after 48 h, and (3) the solutions that remained orange after 48 h.
The first, second, and third groups respectively correspond to
high-, middle-, and low-molecular-weight fraction of P3ATs.
The brown and purple solutions yielded nanofibers on a substrate
(shown in Figure 10), while the orange solution did not. Because
nanofiber formation requires extended rod-like conformation of
polymer backbones, the conformational entropy of the polymer
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Table 4. Dependence of Nanofiber Formation on the Molecular
Weight of P3AT
hexane CH»Cl, THF CHCl;
12h 48h 12h 48h 12h 48h 12h 48h

P3BT appearance” or or or or br br pu  pu

nanofiber® — — — — + + + +
P3HT appearance or or or br pu  pu

nanofiber - - - + + +
P30T appearance or or or br pu  pu

nanofiber - - - + + +
P3DT appearance or br  pu pu pu pu

nanofiber - + + + + +

< A Soxhlet-extracted P3AT (0.050 wt %) dissolved in a solvent mixture
of anisole/chloroform (4:1, vol. %) at 70 °C, and then the solution was
cooled to 20 °C at the rate of 25 °C/h and kept at 20 °C for 12 h and 48 h.
AFM images confirmed whether nanofibers formed or not. * Appearance:
or, orange solution; br, brown solution; pu, purple solution. © Nanofiber:
+, formed; —, did not form.

P3BT

CHCl3) P3BT (THF
pgra iz e X B 0 20 nm
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Figure 10. AFM images of P3AT nanofibers. The P3AT nanofibers
were produced from a 0.050-wt % solution in a solvent mixture of
anisole/chloroform (4:1, vol. %) using the corresponding Soxhlet-
extracted P3AT. Scan size is 5 x 5 um and height scale is 20 nm.

chains decreases significantly on nanofiber formation. The
cooperative attractive interactions between polymer backbones
and between alkyl side chains for high- and middle-molecular-
weight P3ATs, which increase with the length of polymer
backbones, seemed to compensate the loss of conformation
entropy of the polymer chains and energetically stabilize the
nanofiber structure. On the other hand, a weak interaction
between short polymer backbones could not stabilize the
nanofiber structure. The 60—70 monomer units as calculated
from the nanofiber width of as-received P3ATs seem to be a
threshold for nanofiber formation. High-molecular-weight P3ATs
form nanofibers more rapidly than middle-molecular weight
ones, probably due to a lower saturating concentration.

Conductivity Measurements. The carrier transport in a
nanofiber network was measured using electrodes whose spacing
(36 um) is much larger than the length of the nanofibers. The
spin coating of a 0.050-wt % nanofiber solution produced a
nanofiber thin film on an OTS-modified substrate. The P3AT
nanofibers, except for P3HT, uniformly distributed between the
electrodes and exhibited no aggregates in optical-microscope
images; P3HT nanofibers formed several aggregates on the
substrate (see Supporting Information). Although the hetero-
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Figure 11. (a) Current—voltage characteristics of P3DT nanofiber
network doped with AuCls measured by two- (dashed line) and four-
probe methods (solid line). (b) Four-probe /y-V), characteristics of the
P3DT nanofiber network at various temperatures. (c) Temperature
dependence of the four-probe conductivity o of P3AT nanofiber
networks plotted as a function of 7-2. Open symbols show data points:
P3BT (circles), P3HT (squares), P3OT (triangles), and P3DT (dia-
monds). Solid lines show the fitting lines of a quasi-one-dimensional
VRH model given by eq 4.

geneous thickness of the P3HT nanofiber thin films may
influence the conductivity analysis, we neglect it for simplicity.
AFM images of the thin films show a dense network of
nanofibers between the electrodes (see Supporting Information).
The surface coverage of the nanofibers was 70—80% mostly
independent of the alkyl chain length of P3ATs. Since the
contact between an organic semiconductor and a metal electrode
is an important issue in the field of organic electronics, two-
and four-probe current—voltage characteristics, /—V and Ih— V2,
of the nanofiber networks were measured in order to estimate
the contact resistance between a P3AT nanofiber and a platinum
electrode. As shown in Figure 11a, clear Ohmic behaviors in
both of the /—V and Ip—V), characteristics respectively gave
two- and four-probe conductance, Gy, and Gy, Of the
nanofiber networks. The Guyo, Grours, Giwo/Gours T300k, and R
values are summarized in Table 5. The R, values were on the
order of 102—10* Q cm. Smaller 030k on the order of 0.1—10
S/cm gave the Giyo/Grour ratio of 0.4—0.6 whereas larger g3k
on the order of 100 S/cm gave the Gyo/Grour ratio smaller than
0.1. The contact resistance has a crucial influence on two-probe
conductivity measurement if the nanofiber has a large conduc-
tivity (~100 S/cm). Work function, surface chemistry and
geometry of metal electrodes may affect the contact between
the electrodes and the nanofibers. Since higher work function
of platinum than gold can result in less injection barrier at the
interface,*? we used platinum for the metal electrode. Typical
height and roughness of the platinum electrodes was respectively
10 and 1 nm, which is quite smaller than those of conventional
gold electrodes. As far as visualization with AFM, the nanofibers
were not distorted at the edge of the electrodes. Nevertheless,
the height and roughness of the electrode may have an influence
on the contact because the stacking structure of polymer chains
in the nanofiber might be slightly deformed at the edge of the
electrodes.
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The temperature dependences of I,—Vj, characteristics for
the nanofiber networks were measured at applied voltages
ranging from —0.1 to +0.1 V (shown in Figure 11b). Qualita-
tively similar /o— V|, characteristics were obtained, independent
of the alkyl chain length of P3ATs, up to 100 K for P30T and
40 K for the other P3ATs. Below these temperatures, the current
decreased to the background current. Note that even after
subjecting the AuCls-doped nanofibers to these temperature
variation measurements the o3pox was nearly the same as that
obtained before the measurements. Neither degradation nor
dedoping of the doped nanofibers occurred during the conduc-
tivity measurements (typically for a few days) due to high
stability of the AuCls-doped nanofibers in contrast to low
stability of iodine-doped nanofibers (see Supporting Informa-
tion). Figure 11c shows the temperature dependence of the four-
probe conductivity o of the nanofiber networks. The o decreased
with temperature. For all the P3ATs, the logarithmic plot of o
as a function of 7~!, which explains thermally activated hopping
of carriers, could not be fitted by a single linear function. On
the other hand, the logarithmic plot of ¢ as a function of 712
was well described by a single linear function. For all the
P3ATs, the carrier transport in their AuClz-doped nanofiber
networks could be explained with a quasi-one-dimensional
variable-range hopping (VRH) model described by eq 4:*

T,\1"2
0=0, exp[—(7) ] 4)
T,= 1—62 5)
kyN(EpL Ly

where N(Ep) is density of states at Fermi level, L and L are
localization lengths in the directions parallel and perpendicular
to polymer backbone, respectively, and Ty is an estimate of the
effective energy barrier between the localized states. The Ty
values obtained from the fitting curve in Figure 11c are listed
in Table 5. They show a good correlation with the o3k values:
P30T nanofibers have the lowest o300k and the highest 7p; P3DT
nanofibers, the highest os3px and the lowest Tp. A similar
correlation has been reported for iodine-doped P3AT thin films.”
Although the qualitative behavior of the carrier transport was
similarly explained by the VRH model for the nanofiber
networks of all the P3ATSs, the o300k and the Ty values were
less correlated to the alkyl chain length; the o300k exhibited over
600-fold variation. Although the origin of this variation is
unclear at present, the doping process and/or the crystallinity
of nanofiber might be involved because the P3DT nanofiber
shows the highest crystallinity and the highest doping ratio (see
Supporting Information).

VRH transport results from the carrier localization in nanofi-
ber networks due to a random potential. Nanofiber networks
are involved in two carrier-transport processes: carrier transport
in a single nanofiber and that between nanofibers. One might
expect the possibility that the bridges between the nanofibers
disturb the periodicity of the electron density in the nanofiber
network, which results in a potential barrier for the carrier
transport. In order to examine this possibility by investigating
the carrier transport in single nanofibers, we measured the four-
probe conductivity of nanofibers using the electrodes whose
spacing (250 nm) is much smaller than the length of the
nanofibers. Figure 12a shows an AFM image of P3DT nanofi-
bers bridging four-probe platinum electrodes; the number of the
nanofibers is about 100. Clear Ohmic behaviors were observed
in the Iy—Vj, characteristics of all the P3AT nanofibers and
gave the respective o3k values as follows: P3BT, 0.56 S/cm;
P3HT, 0.81; P30T, 0.19; and P3DT, 32.6. As compared with
the nanofiber networks, the o300k values of the single nanofibers
were slightly smaller. As shown in Figure 12b the temperature
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Table 5. Summary of Electrical Characterization of P3AT Nanofiber Networks
leo (S) “ Gfour (S)b GlWG/Gfour RC (Qcm)(. O300K (S/Cm)d TO (K)e
P3BT (Aldrich) 1.14 x 107 295 x 1073 0.39 9.4 x 10? 10.7 6.6 x 10°
P3HT (Aldrich) 2.09 x 1073 3.15 x 1073 0.66 3.2 x 107 9.0 9.4 x 10
P30T (Aldrich) 3.34 x 1077 5.79 x 1077 0.58 2.5 x 10* 0.14 4.6 x 10*
P3DT (Aldrich) 3.54 x 1073 4.09 x 1074 0.09 5.2 x 10% 89.0 34 x 10

“ Giwo 1s the two-probe conductance of a nanofiber netwrok determined from the /—V characteristic at 300K. ? Giour is the four-probe conductance of a
nanofiber network determined from the Io— V), characteristic at 300K. R is the contact resistance calculated by eq 3. < o300k is the four-probe conductivity
calculated by eq 2. “ Ty is an estimate of the effective energy barrier between localized states described by eq 5.
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Figure 12. (a) AFM image of P3DT nanofibers bridging four-probe
electrodes. The nanofibers were deposited by spin coating of a 0.010
wt % solution. White scale bar is 1 um. (b) Temperature dependence
of four-probe conductivity o of single nanofibers plotted as a function
of T-'2. Open symbols show data points: P3BT, circles; P3HT, squares;
P30T, triangles; P3DT, diamonds. Solid lines show the fitting lines of
a quasi-one-dimensional VRH model given by eq 4.

dependence of the conductivity of single nanofibers showed a
linear dependence on the logarithmic plot of o as a function of
T2, indicating that the carrier transport in single nanofibers
could be explained by a quasi-one-dimensional VRH model.
The fitting curves in Figure 12b yielded the following Tj values:
P3BT, 1.4 x 10* K; P3HT, 1.8 x 10% P30T, 4.2 x 10% and
P3DT, 4.5 x 103. Surprisingly, the VRH carrier transport in
the single nanofibers was not only qualitatively but also
quantitatively consistent with that in nanofiber networks; the
Ty values were within 2-fold variation. Since the VRH transport
described the carrier transport both in single nanofibers and
nanofiber networks, the origin of the random potential that
localizes the carriers should be attributed not to the bridges
between nanofibers but to some factor involved in a single
nanofiber. Unfortunately, there could still be some possibility
of the random potential. The localization may occur by the
heterogeneous doping of the nanofibers due to a heterogeneous
counterion distribution in their vicinity. Randomly distributed
defects in the nanofiber can be involved in the random potential
because the XRD measurement has revealed that each nanofiber
contains many domains of polymer stacking structure. Further,

although the carrier transport along polymer backbones is
considered to be high due to their regular one-dimensionality
of the polymer chains,' the carriers migrating along the long
axis of the nanofiber results in another possibility of the VRH
transport because the long axis of the nanofiber corresponds to
the direction of the 7—s* stacks of polymer backbones.

Conclusion

Effective production of P3AT nanofibers was achieved by
means of whisker method using anisole solvent. Attentive AFM
characterization using a CW-tip cantilever revealed that the
nanofibers had an anisotropic cross section of 3—4 nm height
and 24—27 nm width, which slightly increase with the alkyl
chain length. UV—vis absorption spectra showed a close
correlation between absorbance increase at 500—620 nm and
nanofiber formation in a solution, which strongly indicates the
extended polymer backbones in the nanofiber. XRD measure-
ments showed that the nanofiber has a microcrystalline structure
similar to a thin film of P3AT. The nanofiber structure consists
of more than 10* parallel stacks of the extended polymer
backbones along the nanofiber long axis and of 2—3 laminated
layers of the polymer backbones separated by alkyl side chains.
Each nanofiber contains many domains of polymer stacking.
Nanofiber formation originates from quasi-one-dimensional
crystallization of P3ATs, which was induced by both strong
m—r* interaction between polymer backbones and the crystal-
lization of alkyl side chains. Four-probe conductivities of a
nanofiber network and single nanofibers doped with AuCls were
respectively measured using 36-um-spacing and 250-nm-spacing
electrodes. The temperature dependence of the conductivity
showed that the carrier transport of both of the nanofiber
networks and the single nanofibers could be explained by a
quasi-one-dimensional VRH model. This indicates that the origin
of the random potential that localizes the carriers should be
attributed not to the bridges between nanofibers but to some
factor involved in a single nanofiber.
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