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ABSTRACT: We report the synthesis, characterization, solution-phase assembly of nanowires, field-effect
charge transport, and photovoltaic properties of regioregular poly(3-pentylthiophene) (P3PT), the first
regioregular poly(3-alkylthiophene) with an odd-numbered alkyl side chain length to be so investigated. Two
samples of P3PT with weight-average molecular weights of 61 800 and 77 000 and 1.4—1.5 polydispersity
index have comparable solubility and processability in organic solvents as regioregular poly(3-
hexylthiophene) (P3HT) but have a higher melting transition at 259 °C. X-ray diffraction of P3PT films
revealed a lamellar structure with an interlayer d,oq spacing of 1.51 nm and a z-stacking dy1o spacing of
0.374 nm, both smaller than in P3HT. Crystalline nanowires of 16—17 nm width and aspect ratios as high as
465 were assembled from P3PT solution. Field-effect transistors fabricated from P3PT thin films showed a
mobility of holes of up to 0.10 cm?/(V s), and the carrier mobility increased with molecular weight. Bulk
heterojunction solar cells based on P3PT/fullerene (PC;;BM) blend thin films had a power conversion
efficiency of 3.70% under 100 mW/cm? AM 1.5 solar illumination in air and a maximum external quantum
efficiency of 69%. Similarly illuminated solar cells based on nanocomposites of P3PT nanowires/PC7,BM
had a 3.33% power conversion efficiency. These results demonstrate that P3PT is an attractive polymer
semiconductor suitable for applications in thin-film and nanowire-based field-effect transistors and bulk

heterojunction solar cells.

Introduction

Regioregular poly(3-alkylthiophene)s (P3ATs), exemplified by
poly(3-hexylthiophene) (P3HT),'* have been widely studied as
p-type semiconductors in organic electronics.>”? Virtually all of
the P3ATs studied to date have been those with even-numbered
alkyl side chains. P3ATs bearing odd-numbered alkyl side chains,
C,Hs, 1 (nis odd), should also be of fundamental and practical
interest because the structural and physical properties of poly-
mers can depend not only on size but also whether 7 is even
or odd.* "' The solid-state morphology and charge transport
properties of P3ATs are known to be strongly affected by their
alkyl side chains.'*""

Since the initial reports of improved electronic and optical
properties due to their facile self-or%anization into layered crystal-
line structures, regioregular P3ATs*~® and related derivatives'>'
have emerged as the most studied, high-mobility p-type polymer
semiconductors for device applications in electronics and opto-
electronics. In particular, P3HT has been extensively studied as
the semiconductor in p-channel organic field-effect transistors
(OFETs),>* organic light-emitting diodes,'” and organic photo-
voltaic cells (OPV).>~® Charge carrier mobilities on the order of
0.1 cm?/(V s) have been reported for P3HT.* Bulk heterojunction
photovoltaic cells based on blends of P3HT and fullerene,
fabricated and processed by various methods, have tygical maxi-
mum power conversion efficiency (PCE) of 3—5%.>%

The thermal properties and solid-state structures of regiore-
gular P3ATs have been studied and correlated with the alkyl
chain lengths."'*'? The alkyl chain length (1) of the P3ATs is
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known to play an important role in the crystalline properties and
solid-state morphology.”!'®!? The thermal properties (Ty, Thn)
and optical properties of some polymers not only are known to
depend on the alkyl chain length but also can exhibit the
odd—even effect.'® In the lamellar crystalline structure commonly
found in the P3ATs, the interlayer distance (d}0) is determined by
the alkyl chain (C,H»,) length n. For example, the interlayer
distance is found to increase from 12.8 to 26 A when n is even and
increases from 4 to 12.2*!! The role of the alkyl side chain length
in even-numbered P3ATs (» = 4—12) in OFETs has been
systematically examined.”'" It was found that the alkyl side
chains in P3AT films act as insulators that interfere with inter-
chain hopping of charge carriers, and thus the longer the alkyl
side chain, the lower the hole mobility.”' The effect of the alkyl
chain length (n = 4, 6, 8, 10, 12) of P3ATSs on the photovoltaic
properties of P3AT/fullerene solar cells has also been investi-
gated.” P3HT, with hexyl side chains, was found to have the
highest efficiency, which was superior by an order of magnitude.”
We note that the electronic and optical properties, including the
field-effect charge transport and photovoltaic properties of a
regioregular P3AT with any odd-numbered alkyl side chain
length (C,Hy,,, 1, n is odd), have not been reported. Although a
large selection of P3ATs including poly(3-pentylthiophene)
(P3PT) are commercially available from Rieke Metals Inc., the
synthesis and electronic/optoelectronic properties of P3PT have
not been reported.

We report herein the synthesis, characterization, solution-phase
self-assembly, photophysics, field-effect charge transport, and
photovoltaic properties of regioregular poly(3-pentylthiophene)
(P3PT), the first regioregular poly(3-alkylthiophene) having
odd-numbered alkyl side chains (C,H,,,;, » = 5) to be so
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Scheme 1. Synthesis of Regioregular Poly(3-pentylthiophene)
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investigated. By using different catalysts and ligands in the
polymerization of 2,5-dibromo-3-pentylthiophene, two P3PT
samples with significantly different molecular weights were
synthesized for our investigation. A commercially available
P3PT sample was also acquired from Rieke Metals Inc. and
used to study the molecular weight dependence of field-effect
carrier mobility. The commonly observed lamellar crystalline
structure in regioregular poly(3-alkylthiophene)s was analyzed
by X-ray diffraction of P3PT films and self-assembled nano-
wires. Bottom-contact field-effect transistors were fabricated
and used to evaluate the carrier mobility of holes in P3PT thin
films, P3PT nanowires, and P3PT/fullerene blends. Bulk
heterojunction solar cells based on P3PT/fullerene blends or
P3PT nanowire/fullerene nanocomposites were fabricated and
used to study the photovoltaic properties of P3PT. Availability
of the results for P3PT, the first regioregular P3AT with an
odd-numbered alkyl side chain, allowed evaluation of any
odd—even effect on the melting temperature (7,,) and inter-
layer d,qo spacing of homologous P3AT series.

Results and Discussion

Synthesis of Regioregular Poly(3-pentylthiophene). Sur-
prisingly, the synthesis of P3PT has not been reported.
Therefore, we have adapted a literature method (Grignard
metathesis polymerization)'d for the synthesis of P3HT to
prepare two samples of regioregular poly(3-pentylthiophene)
(P3PT-1 and P3PT-2) for our investigation (Scheme 1).
A difference in the synthesis of P3PT-1 and P3PT-2 is the use
of different Ni catalysts and different ligands. By using bis-
(1,5-cyclooctadiene)nickel(0) [Ni(COD),] as catalyst and
1,2-bis(diphenylphosphine)ethane (dppe) as ligand in the
polymerization of 2,5-dibromo-3-pentylthiophene,'® we ob-
tained a higher molecular weight polymer, P3PT-1. In con-
trast, [l1,2-bis(diphenylphosphine)ethane]dichloronickel
[Ni(dppe)>Cl,] as catalyst gave a slightly lower molecular
weight polymer, P3PT-2. To eliminate any bromine end
groups from P3PT, we carried out an end-capping reaction
by treating the purified P3PT sample in tetrahydrofuran with
methylmagnesium bromide, followed by coupling with CH;I
in the presence of Ni(dppe),Cl, as catalyst.” About half of
each sample of P3PT was end-capped with a methyl group,
resulting in two related samples we labeled as P3PT-le and
P2PT-2e. All the P3PT samples were soluble in organic
solvents such as chloroform, chlorobenzene, and 1,2-dichloro-
benzene.

The number-average (M) and weight-average (M,,) mole-
cular weights, determined by gel permeation chromatogra-
phy (GPC) relative to polystyrene standards, were 54 000
and 77 000 g/mol, respectively, for P3PT-1. Similarly, P3PT-
2 had a M, of 40600 g/mol and a M,, of 61800 g/mol. A
commercial poly(3-pentylthiophene) sample (P3PT™™), pur-
chased from Rieke Metals Inc., was similarly determined by
GPC analysis to have a M, of 50 400 g/mol with a PDI of 1.6.
The head-to-tail regioregularity of the P3PT samples, deter-
mined from the '"H NMR spectra (Figure S1), was 94.3% for
P3PT-1 and 94.0% for P3PT-2. The observed 1.4—1.5 poly-
dispersity in the molecular weight of these P3PT samples is
comparable to those reported for the even-numbered P3ATs
such as P3HT.'
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Differential scanning calorimetry (DSC) scans (Figure S2)
of the P3PT samples showed a melting transition with a peak
at 259.1 °C for P3PT-1 and 258.5 °C for P3PT-2. In contrast,
P3HT and P3BT have reported melting transition tempera-
tures (T,,) at 240—245 and 272 °C, respectively.'” The
observed melting transition temperatures in the family of
regioregular poly(3-alkylthiophene)s follow a linear trend,
with Ty, decreasing with increasing alkyl side chain length as
shown in Figure 1. The melting temperature of P3PT is seen
to fit the linear dependence of 7, with alkyl chain length #.
Thus, our results suggest that the often observed odd—even
effect in the melt transition of homologous polymers'®
appears to be absent in the P3ATs. The glass transition
temperature (7,) of P3PT was determined from second
DSC scan to be 37 °C, which is to be compared to a higher
T, 0f 66.9 °C reported for P3BT''*and a lower T,of12.1°C
reported for P3HT.?

We performed X-ray diffraction (XRD) analysis to inves-
tigate the packing structure in P3PT films. Figure 2A shows
the XRD spectrum of a solution cast P3PT-1 film on a Si
substrate. Strong diffraction peaks at 260 = 5.9° (100), 11.7°
(200), and 17.5° (300) are seen in the XRD spectrum. The
(100) reflection corresponds to an interlayer d,oy spacing of
15.1 A. The XRD results reveal a high degree of crystallinity
in P3PT films and suggest a lamellar packing structure on the
Si substrate, similar to P3HT films.>>®’ The interlayer
stacking of P3PT chains in the solid state is illustrated in
Scheme 2, defining d)o. The observed interlayer distance
(dioo) of 15.1 A 'in P3PT falls between the dy(, values of P3BT
(12.6 A)*® and P3HT (16.4 A)*® as expected. The interlayer
dyoo spacing is determined by the side-chain length, and it
increases with increasing alkyl chain length in P3ATs as seen
in Figure 2B.?>*!"® The weak fourth diffraction peak at
20 = 23.9° can be assigned to both (010) and (400). The (010)
reflection corresponds to the 7— stacking distance (dy ;o) of
3.74 A in the P3PT films. The observed m—m stacking
distance (dpig), in P3PT is very close to that observed
in P3HT (3.8 A),''® which is in line with expectation since
the linear alkyl side chain length does not have a significant
effect on s-stacking of P3ATs.! ™12

Photophysical Properties. The optical absorption spectra
of a dilute solution (1.0 x 10~° M) of P3PT-1 in chloroform
and a spin-coated thin film are shown in Figure 3A. In
solution, a broad featureless absorption band with a maxi-
mum (A,,,5) at 457 nm is seen, which is characteristic of the
polythiophene main chain."> The absorption spectrum of
P3PT-1 thin film has a vibronic structure with a 1,,,,, at 562
nm and two shoulders at 532 and 612 nm. The 562 nm peak is
assigned to the 0—1 transition while the 612 nm shoulder
peak is the 0—0 transition whose intensity is indicative of an
interchain-delocalized excitation resulting from strong
st-stacking of the polymer chains.?! The much red-shifted
thin-film absorption of regioregular P3PT compared to the
corresponding absorption in solution is known to originate
from an extended conjugated length and self-organized
semicrystalline morphology. The optical band gap (E,°™)
of P3PT estimated from the thin-film absorption edge is
1.9 eV, which is identical with that of P3HT.? A structured
absorption band with A4, at 556 nm and two shoulders at
526 and 610 nm has also been reported for P3HT thin films.?
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The intensity of the shoulder at 610 nm becomes more
prominent after thermal annealing of P3HT films.’

Figure 3B shows the photoluminescence (PL) spectra of a
dilute solution and a spin-coated thin film of P3PT-1. The
observed bright orange PL emission with a maximum at
578 nm in chloroform solutlon is to be compared with 570 nm
for P3HT in chloroform.” The intensity of the red emission
from the P3PT-1 thin film is weak, but the broad PL emission
spectrum is significantly red-shifted from the solution spec-
trum. Such a red shift of the thin film PL spectrum from the
solution is a well-known consequence of the improved
electron delocalization in the solid state or good intermolecular
ordering in a semicrystalline conjugated polymer.*>

Self-Assembly of P3PT Nanowires. Ordered/crystalline
nanostructures of s-conjugated polymer semiconductors
are currently of broad mterest in studies of conﬁnement
effects on charge transport 3 and electronic properties™ as
well as for apphcatlons in electronlcs nanoelectronics, and
solar energy conversion devices.>> The solution-phase self-
assembly of s-conjugated polymers, such as regioregular
poly(3-alkylthiophene)s,''®-*3 poly(benzobl31m1dazobenzo-
phenanthroline) (BBL),>” and poly(4-alkylquinoline)s,?®
into crystalline nanostructures is known to greatly depend
on the solvent and solubility and thus the alkyl side-chain
length. Assemblies of P3PT were prepared in 1,2-dichloro-
benzene (ODCB) solutions of various concentrations
(6—20 mg/mL) and characterized by transmission electron
microscopy (TEM) and wide-angle X-ray diffraction (XRD).

The TEM images of the morphology of P3PT nanowires
(NWs) self-assembled at different concentrations in ODCB
are shown in Figure 4A—C. The NWs grown at low con-
centration (6 mg/mL) have an average widthof 17.2 £ 1.3 nm
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Figure 1. Alkyl chain length dependence of the melting temperatures of
regioregular poly(3-alkylthiophene)s for n = 4—12.
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and lengths of 3—8 um, giving aspect ratios of 174—465.
Those grown at an intermediate concentration (15 mg/mL)
had an average width of 17.0 £ 1.4 nm and aspect ratios
of 90—200 (Figure 4B). At the highest concentration
(20 mg/mL), the P3PT-1 NWs had an average width of
16.4 £ 1.1 nm, lengths of 1.15—4.0 um, and thus aspect
ratios of 70—244. The P3PT-1 NWs assembled at the lowest
concentration clearly have the largest aspect ratios and
appear to be more flexible compared to those grown at
higher concentrations. Similar solution-phase self-assembly
of NWs from P3PT-1e gave very similar results. For exam-
ple, at 10 and 20 mg/mL P3PT-1e NWs with average widths
of 17.0 £ 1.4 and 15.7 £ 1.3 nm, respectively, were obtained
with aspect ratios of 70—312 (Figure S3).

XRD scans of P3PT NWs drop-casted on Si substrates
confirmed their highly crystalline nature. Figure 4D shows a
typical XRD spectrum of a film of P3PT-1 NWs. The
observed three reflections can be assigned to the (100),
(200), and (300) planes; thus, an interlayer lamellar d;qo
spacing of 15.0 A can be inferred for the molecular packing
of P3PT chains within the NWs. This d;¢, value, which is
identical for the molecular packing of P3PT chains in solu-
tion-cast films (Flgure 2A) and the NWs, is significantly
smaller than that i in P3HT films (16.4 A)2b and larger than
that in P3BT NWs.2

The observed dimensions (16—17 nm width and 70—465
aspect ratios) of the P3PT NWs are in a range of fundamental
and technological interests. The width in particular is within
the exciton diffusion lengths of polymer semiconductors
(10—20 nm) and thus of interest for the development of more
efficient bulk heterojunction solar cells.>> The average width
(16—17 nm) of the present P3PT NWs is larger than the §—
15 nm average widths of reported poly(3- butylthlophene)
(P3BT) NWs,>® probably because of the differences in

Scheme 2. Schematic Interlayer Distance (d;g9) in P3PT
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Figure 2. (A) XRD spectrum of a solution cast P3PT-1 film on Si substrate. The interlayer distance, d}qo, is calculated to be 15.1 A. (B) Alkyl chain
length dependence of the interlayer distance (d)q) of regioregular poly(3-alkylthiophene)s for n = 4—12.
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Figure 3. Optical absorption (A) and photoluminescence (B) spectra of P3PT-1 in chloroform solution and as a thin film on glass substrate.
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Figure 4. Morphology of P3PT-1 NWs characterized by TEM and
XRD. (A) TEM image of P3PT-1 NWs grown at 6 mg/mL. (B) TEM
image of P3PT-1 NWs grown at 15 mg/mL. (C) TEM image of P3PT-1
NWs grown at 20 mg/mL. (D) XRD spectrum of P3PT-1 NWs (6 mg/
mL) drop-casted on Si substrate.

side-chain length and molecular weight. The molecular
weight of our P3PT is much higher than the reported
molecular weight of P3BT.* Similarly, the reported dimen-
sions of P3HT nanowires (width of 25—50 nm), which are
much larger, are to be understood in terms of the different
solvents and different molecular weights.''>?* In our la-
boratory, an attempt to prepare well-defined P3HT nano-
wires by self-assembly of ODCB solution was made;
however, well-defined P3HT nanowires could not be isolated
in ODCB solution. On the basis of the width of the NWs, the
present P3PT NWs are advantageous for photovoltaic
applications since they perfectly match the exciton diffusion
length (10—20 nm) of polymer semiconductors.
Field-Effect Transistors. Field-effect charge transport in
P3PT was investigated by fabricating and evaluating thin
film transistors with gold bottom contacts, n-doped Si gate,
and SiO, dielectric. Typical OFET output and transfer
characteristics are exemplified in Figure 5 for a P3PT-1e thin
film device. All the devices showed p-channel transistor
characteristics and good current modulation with on/off
current ratios of greater than 10°. The saturation region

charge carrier mobility was calculated with the standard
equation:®’ Iy, = (UnWCo/2L)(Vy — )?. The square root
of the drain current was plotted as a function of gate voltage
as shown in Figure 5B, allowing the extraction of the
saturation region mobility through the linear fit.*

The field-effect transistor parameters are collected in
Table 1, including the maximum (u,""*) and average
(un™"®) hole mobilities based on 12—18 devices for each
sample. The results of OFETs based on a P3PT sample
obtained commercially (Riecke Metals) are also shown
in Table 1. It is clear that the average mobility of 4.1 x
1072 em?/(V s) and maximum mobility of 0.10 cm?/(V s)
observed for P3PT-1e mean that charge transport in P3PT is
comparable to that in P3HT.? The carrier mobility in the
end-capped samples is observed to be about 1 order of
magnitude higher than those not end-capped (Table 1). A
possible explanation for such a dependence is that the
bromine end-groups in P3PT-1 and P3PT-2 act as charge
traps, limiting charge transport, whereas the end-capped
samples (P3PT-1e and P3PT-2¢) are free from such traps.

Figure 6 shows the number-average molecular weight
(M) dependence of the average field-effect carrier mobility
in P3PT. Even in the narrow molecular weight range con-
sidered here, the average carrier mobility is increased by
more than 1 order of magnitude in going from P3PTRM
(3.1 x 1073 cm?/(V s)) to P3PT-1e (4.1 x 10 *>cm?/(V s)). We
note that the polydispersity (PDI) in molecular weight is
comparable (1.4—1.6) among the three samples in Figure 6,
ruling out the PDI as a factor in the observed carrier mobility
trend with M. A similar increase of hole mobility (u;,) with
molecular weight of P3HT has been reported and explained
in terms of morphological difference in domain boundary
structure.'® The observed increase of uy, with increasing
M, of P3PT can be understood as a consequence of enhanced
interconnectivity between crystalline domains'**™¢ or
the presence of tie-crystallites'® in thin films of high-
molecular-weight polymers. We note that OFETs based
on P3PT exhibit a large positive threshold voltage of 52—67 V
asshownin Table 1, suggesting oxidative doping of P3PT in
ambient air owing to its low ionization potential.

We also estimated field-effect charge transport in the
P3PT NWs by spin-coating of a suspension of P3PT-1
NWs onto the channel of the same bottom-contact and
bottom-gate OFETs used above to investigate P3PT thin
films. Here, the complications include the fact that the
coverage of the OFETs channel area is less than 100% and
the large number of grain boundary-like interfaces between
the network of crystalline NWs. Nevertheless, good output
and transfer characteristics can be obtained from the OFETs
based on P3PT-1 NWs as shown in Figure 7. On/off current
ratios greater than 10° were obtained, indicating good
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Figure 5. Output (A) and transfer (B) characteristics of a P3PT-1e OFET exhibiting a hole mobility (u,) of 0.10 cm?/(V s).

Table 1. Molecular Weight and Field-Effect Hole Mobility of Poly(3-pentylthiophene)

P3PT samples M, M, PDI

luhmux (sz/(V S)) ﬂhqu (sz/(v S))

P3PT-1 77000
P3PT-le

P3PT-2

P3PT-2¢

P3PT™M (Ricke Metals)

54000 1.4
61800 40 600 1.5

50400 31800 1.6

P3PT-1e
P3PT-2e

RM

P3PT

30 40 50 60
Molecular weight (kDa)

Figure 6. Molecular-weight dependence of field-effect mobility of holes
in thin films of P3PT; the sample P3PT™M is from Rieke Metals. The
error bar is one standard deviation based on 12—18 devices.

current modulation. Similarly obtained saturation region
average and maximum carrier mobilities, without correction
for the smaller effective channel are:a,23b were 8.5 x 10 3 and
1.1 x 1072 em?/(V s), respectively, for the self-assembled
P3PT-1 NWs. Compared to the P3PT thin film OFETs
discussed above, the P3PT-1 NW transistors had a much
larger V', of 75 V. Charge trapping at nanowire/nanowire
interfaces can explain the larger 7, value.

Photovoltaic Cells. We have fabricated and evaluated a
series of bulk heterojunction (BHJ) solar cells based on P3PT
by using the highest molecular weight sample, P3PT-1,
including binary blends with PC7;BM or PC¢;BM as well
as nanocomposites of P3PT-1 NWs with PC;BM or
PCsBM. All of the devices were of the basic structure
ITO/PEDOT:PSS/blend/LiF/Al and were characterized un-
der AMIL.5 solar irradiation in ambient air. The current
density—voltage (J— V) characteristics of P3PT-1:PC;BM,
P3PT-1:PC¢BM, and P3PT-1 NW/PC,,BM BHI solar cells
under dark and under 100 mW/cm? solar irradiation are
shown in Figure 8A. All the devices also showed very good
diode properties with rectification ratios higher than 10* at
42 V (not shown). The photovoltaic parameters derived
from Figure 8A and similar J—V curves, including the
short-circuit current density (Js.), the open-circuit voltage

3.3%x 1072 9.1x1073 10° 63
0.10 4.1x1072 10° 57
8.8x 1073 7.8%x 1073 10° 67
4.8 %1072 1.9 x 1072 10° 52
7.2x 1072 3.1x1073 10° 57

(Vo) the fill factor (FF), and power conversion efficiency
(PCE), are collected in Table 2.

The 0.54—0.59 V open-circuit voltages (V,.) observed in
the series of P3PT BHJ solar cells are very similar to the
0.5—0.6 V typically seen in solar cells based on P3HT> or
P3BT.? The observed similarity in the V,. of P3PT BHJ
solar cells to those of P3HT and P3BT is to be expected since
the HOMO energy levels of the regioregular P3ATs are
similar.>’ The fill factor (FF) of the various P3PT solar
cells is in a small range of 0.63—0.69, which is higher than
0.59 seen in P3BT-NW/PC;;BM devices® and comparable
to 0.67 typically observed in the best PSHT:PCBM® BHJ
devices.

The performance of P3PT BHJ devices based on blends
with PC;;BM was found to be significantly better compared
to PC4;BM. A power conversion efficiency (PCE) of 3.70%
and a photocurrent density of 9.63 mA /cm?” were achieved in
P3PT-1:PC,,BM blend devices, whereas 3.05% PCE and J.
of 8.57 mA /cm? were obtained in the corresponding PC¢; BM
solar cells. The efficiency (3.33% PCE) and photocurrent of
P3PT-1 NW/PC7BM devices were similarly much higher
compared to the related PCqBM solar cells (Table 2).
A similar enhancement in the performance of PC,; BM-
based BHJ solar cells relative to the PCqBM devices has
been observed in other regiore%ular poly(3-alkylthiophene)s
including P3BT?** and P3HT.?* The improved absorption
in P3PT-1:PC5,BM blends in the 360—560 nm region com-
pared to the PC¢;BM blends, as shown in Figure 8B, largely
accounts for this enhancement. The absorption spectra of
the P3PT-1:fullerene blends show a vibronic structure
(Figure 8B) similar to that seen in the pristine P3PT thin
films (Figure 3A). In addition to the 4, at 512—520 nm and
two shoulders at 557 and 605 nm that are characteristic of
P3PT, a distinct peak at 338 nm due to PCg;BM or 380 nm
due to PC7BM is also observed (Figure 8B). The well-
defined shoulder at 605 nm in the absorption spectra of the
P3PT/fullerene blends indicates strong m-stacking of the
P3PT chains in the blends.

The 1:1 (w/w) P3PT-1:PC,;;BM blend appears to be the
best composition at which the highest efficiency (3.70%
PCE) was achieved in the P3PT/fullerene BHJ devices
(Table 2). At this composition the P3PT-1:PC;,BM BHJ
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Figure 8. (A).J—V curves of P3PT-1:PC¢;BM (1:1), P3PT-1:PC5,BM (1:1), and P3PT-1 NW/PC-,BM (1/1) BHIJ solar cells under 100 mW/cm> AM1.5
solar irradiation in air. (B) Optical absorption spectra of the same blend thin films in (A).

solar cells combine a high photocurrent (Ji. = 9.63 mA /cm?)
with the highest fill factor (FF = 0.69) to achieve the highest
efficiency. The efficiency drop to 3.40% PCE along with the
photocurrent and the fill factor when the blend composition
was 1:0.5 P3PT-1:PC7,BM (Table 2). Additional studies of
the photovoltaic properties of the P3PT-1/fullerene blends
were thus focused primarily on the 1:1 composition. The
photoaction or external quantum efficiency (EQE) spectrum
of the P3PT-1:PC7;BM (1:1) blend solar cell is shown in
Figure 9. The photoresponse of the P3PT-1:PC;;BM BHIJ
diode turns on at about 730 nm, and a rather broad peak that
centers at ~530 nm is obtained, yielding a maximum EQE of
69% electrons/photon. This EQE value is very similar to
those reported for P3HT/fullerene BHJ solar cells.’

The light intensity (P) dependence of the photovoltaic
properties of P3PT/fullerene BHI solar cells was investigated
to gain some understanding of the loss of charge carriers. The
Js—V characteristics of a P3PT-1:PC;;BM (1:1) solar cell
under AM1.5 solar irradiation at various light intensities are
shown in Figure 10A. The dependence of Jy. on irradiation
intensity P is shown in Figure 10B, from which a relation-
ship J. = 0.22P% o = 0.80, is found. The nearly linear
dependence of the photocurrent on intensity while the open-
circuit voltage is nearly constant indicates that no space
charge is formed in the active layer,?” in good agreement with
the high fill factor (0.69) observed in the diode at 100 mW/cm?.
The near unity value of the exponent o means that the
mechanism of loss of charge carriers in the BHJ device is
dominated by monomolecular recombination.> We note that
an exponent oo = 0.86—0.90 has been reported for the light
intensity dependence of photocurrent density in PSHT:PCBM
BHJ devices.*™*
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Figure 9. External quantum efficiency (EQE) spectrum of the P3PT-1:
PC7BM (1:1) solar cell.

The self-assembled P3PT NWs described above were used
to prepare BHJ nanocomposite solar cells. In the case of
P3PT-1 NW/PC;;BM (1/1) nanocomposite devices, an effi-
ciency of 3.33% PCE with a high photocurrent (J;. = 9.81
mA /cm?) was achieved even though the film thickness (180
nm) was too high (Table 2). On the other hand, the efficiency
(2.62% PCE) of the P3PT-1 NW/PC¢BM nanocomposite
devices was significantly lower for an active layer thickness
of 70 nm. The much larger viscosity of the P3PT-1 NW/
fullerene suspensions made controlling and matching the
film thickness of the nanocomposite active layers to those of
the blends (90 nm) difficult. Nevertheless, the photovoltaic
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Table 2. Photovoltaic Parameters of P3PT Thin Film and P3PT Nanowire-Based Solar Cells

polymer system” uy? (cm?/(V s)) thickness (nm) Jye (mA/cm?) Voe (V) FF PCE (%)
P3PT-1:PC¢;BM (1:1) 28x% 107% 90 8.57 0.54 0.66 3.05
P3PT-1:PC5,BM (1:1) 6.7x 107 90 9.63 0.56 0.69 3.70
P3PT-1:PC;;BM (1:0.5) 90 8.88 0.59 0.65 3.40
P3PT-1 NW/PC4,BM (1/1) 23%x107° 70 7.19 0.56 0.65 2.62
P3PT-1 NW/PC5;BM (1/1) 44x107* 180 9.81 0.54 0.63 3.33

“P3PT-1 was used in the fabrication and evaluation of all solar cells. The P3PT-1:fullerene blend devices were spin-coated from solutions
(or suspension in the case of P3PT-1 NWs) in 1,2-dichlorobenzene. All spin-coated films were annealed at 160 °C for 10 min. All the solar cells were
characterized in ambient air under 100 mW/cm® AM1.5 sunlight illumination. ® Hole mobility was obtained from OFETs based on P3PT-1:fullerene

blends or P3PT-1 NW/fullerene nanocomposites.
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Figure 11. (A) TEM image of the morphology of P3PT-1 NW/PC;;BM (1/1) nanocomposite. (B) XRD spectrum of P3PT-1 NW/PC;;BM (1/1)
nanocomposite drop-casted on Si substrate and annealed at 160 °C for 10 min.

properties of the P3PT nanowire-based BHJ solar cells are
very comparable to the blend thin film devices in the case of
PC7BM (Table 2). The morphology of the same P3PT-1
NW/PC-7,BM (1/1) nanocomposites used in solar cells was
investigated by TEM imaging and XRD, as shown in
Figure 11. The average width of the P3PT-1 NWs in the
1/1 nanocomposites with PC7;BM was found to be 15.8 £+
1.4 nm and the aspect ratio was 100—253, which are essentially
the same as the dimensions of the pristine P3PT-1 NWs. The
XRD spectrum of the P3PT-1 NW/PC5;BM (1/1) nanocom-
posite showed strong (100), (200), and (300) reflections, from
which a doo spacing of 15.0 A is obtained. These results mean
that dimensions and crystallinity of the assembled P3PT
nanowires are preserved in the BHJ solar cells.

The charge transport in the P3PT-1:fullerene (1:1) BHJ
blends and P3PT-1 NW/fullerene (1/1) BHJ nanocomposites
were investigated by using the previously described field-
effect transistor platform. The average field-effect mobility
of holes (up) in films of P3PT-1:PCs;BM and P3PT-1:

PC;BM blends was 2.8 x 10~*and 6.7 x 10~ ecm?/(V s),
respectively (Table 2). In the case of P3PT-1 NW/PCqBM
and P3PT-1 NW/PC;;BM nanocomposites, u, was 2.3 x
10> and 4.4 x 10~ *cm?/(V s), respectively. The values of the
field-effect mobility of holes are the same order of magnitude
for all blends and nanocomposites, except that it is about a
factor of 3 higher in P3PT-1 NW/PC¢;BM nanocomposite
films. However, the higher mobility observed in P3PT-1
NW/PC¢BM (1/1) nanocompostie films does not translate
to improved performance in photovoltaic devices. In fact,
there appears to be no correlation between u;, values and the
efficiency of the BHJ solar cells (Table 2). The field-effect
mobility of electrons in P3PT:fullerene blends was not ob-
served because our measurements were all done in air.

We have also used the space-charge limited current
(SCLC) method to evaluate the charge carrier mobility of
holes in the P3PT-1:PC7;BM (1:1) blends that showed the
best photovoltaic efficiency. The dark-current density
(/)—voltage (V) curve for the P3PT-1:PC7BM is shown in
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Figure 12. Dark-current density—voltage characteristics of ITO/PED-
OT:PSS/P3PT-1:PC7,BM (1:1) blend/Au for SCLC measurement of
hole mobility. The thickness of the active layer is 86 nm. The black curve
is the experimental data, and the red curve represents the fit using a
model of single carrier SCL current with field-dependent mobility.

Figure 12 and was analyzed by using the modified
Mott—Gurney equation.’* A zero-field hole mobility of
2.5 x 107* cm?/(V s) was obtained. Thus, for the P3PT-1:
PC;;BM (1:1) blends, hole mobilities obtained from OFET
(6.7 x 10~*cm?/(V s)) and SCLC (2.5 x 10~*cm?/(V s)) are
the same order of magnitude, confirming good hole trans-
port in the P3PT solar cells. The observed OFET and SCLC
mobilities of holes in the present P3PT/fullerene blends are
comparable to values reported for P3HT/fullerene BHJ
blends that exhibit efficiencies of 4—5% PCE in inert atmo-
sphere measurement.®

Conclusions

We have synthesized high molecular weight (M,, = 61800—
77000 g/mol, PDI=1.4—1.5) regioregular poly(3-pentylthiophene)
(P3PT) and investigated its electronic and optoelectronic proper-
ties as well as its self-assembly in solution. P3PT combines good
solubility in organic solvents with facile solution-phase self-
assembly into crystalline nanowires. P3PT films were found to be
highly crystalline, exhibiting a lamellar structure and molecular
packing that are characterized by 15.1 A interlayer djo spacing
and 3.74 A dyo m-stacking distance. The P3PT nanowires
(NWs) assembled from dichlorobenzene solution had a width of
16—17 nm and aspect ratios of 70—465, depending on the solution
concentration. P3PT had an optical band gap of 1.9 ¢V and thin
film absorption spectrum that are almost identical to those of the
well-known P3HT.

To demonstrate the potential of P3PT as a p-type semicon-
ductor in organic electronics, we have fabricated and evaluated
bottom-contact thin film field-effect transistors and found aver-
age and maximum mobility of holes to be 0.04 and 0.10 cm?/(V s),
respectively, for the highest molecular weight sample. Bulk
heterojunction solar cells based on either P3PT/PC;;BM blend
thin films or P3PT nanowire/PC;;BM thin films were found to
have a maximum 3.33—3.70% power conversion efficiency under
100 mW/cm® AM1.5 sunlight illumination in ambient air. The
similarity of the electronic, optical, and photovoltaic properties
of P3PT to those of P3HT when combined with the higher
melting temperature and shorter interchain distances of P3PT
make regioregular poly(3-pentylthiophene) a promising p-type
semiconductor for organic electronics.

Experimental Section

Materials. 3-Pentylthiophene was purchased from TCI
Organic, and all other starting materials, reagents, and solvents
were purchased from Aldrich; they were used without further
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purification. For the fabrication of photovoltaic devices, [6,6]-
phenyl Cg;-butyric acid methyl ester (PCgBM, 99.5%) and
[6,6]-phenyl C5;-butyric acid methyl ester (PC;BM, >99.0%)
were purchased from American Dye Source Inc. and used as
received. A commercial poly(3-pentylthiophene) sample
(P3PTRM) was purchased from Rieke Metals Inc. and used as
received.

Preparation of 2,5-Dibromo-3-pentylthiophene. N-Bromosuc-
cinimide (NBS) (25.5 g, 143 mmol) was added into the solution
of 3-pentylthiophene (10 g, 65 mmol) in DMF/CHCI; at 0 °C
and stirred overnight in the dark. The mixture was poured into
water and extracted into ether. The organic layer was evapo-
rated and then purified by silica gel column chromatography
with hexane. After purification, a colorless liquid of 2,5-dibro-
mo-3-pentylthiophene was obtained (yield: 19.2 g, 72%.) 'H
NMR (CDCly): 6 (ppm): 6.8 (s, 1H), 2.52 (t, 2H), 1.53 (m, 2H),
1.33 (m, 4H), 0.97 (t, 3H). GC-MS: 312.

Synthesis of Head-to-Tail Regioregular Poly(3-pentyl-
thiophene). Method 1. Butylmagnesium chloride (7.49 mL of
a 2 M solution in THF, 15 mmol) was added into a solution of
2,5-dibromo-3-pentylthiophene (4.77 g, 15.3 mmol) in anhy-
drous THF (60 mL) at 10—15 °C and purged with N,. The
solution was degassed and purged upon stirring for 30 min at
10—15 °C and then heated at mild reflux for 1 h. Reflux was
stopped before the addition of 1,2-bis(diphenylphosphine)-
ethane (103.6 mg, 0.26 mmol) and bis(1,5-cyclooctadiene)-
nickel(0) (30.4 mg, 0.1 mmol), and then the mixture was refluxed
for at least 24 h. The mixture was cooled to room temperature
and poured into methanol to form a precipitate. The precipitate
was filtered and washed with methanol and hexane and further
purified by Soxhlet extraction in hexane for 2 days. The product
was dried in vacuo to give a black solid (yield: 2.07 g, 89%). 'H
NMR (CDCly), 6 (ppm): 6.98 (s, 1H), 2.82 (t, 2H), 1.42 (m, 4H),
0.95 (t, 3H). Regioregularity of this sample (P3PT-1) was
estimated to be 94.3%; a weight-average molecular weight
(M) of 77000 g/mol with a polydispersity index of 1.4 was
determined by gel permeation chromatography (GPC). Estima-
tion of regioregularity was done by integration of the o-methy-
lene protons: A/(A + B), the integral A (range: 2.95—2.65 ppm)
and the integral B (range: 2.6625—2.50 ppm).

Method 2. Butylmagnesium chloride (7.45 mL of a 2 M
solution in THF, 14.9 mmol) was added into a solution of 2,5-
dibromo-3-pentylthiophene (4.65 g, 14.9 mmol) in anhydrous
THF (60mL) at 10—15 °C and purged with N,. The solution was
degassed and purged upon stirring for 30 min at 10—15 °C and
then heated at mild reflux for 1 h. Reflux is stopped before the
addition of [1,2-bis(diphenylphosphine)ethane]dichloronickel
(55 mg, 0.1 mmol), and then the mixture was refluxed for at
least 24 h. The mixture was cooled to room temperature and
poured into methanol to form a precipitate. The precipitate was
filtered and washed with methanol and hexane and further
purified by Soxhlet extraction in hexane for 2 days. The product
was dried in vacuo to give a black solid (yield: 2.04 g, 90%). 'H
NMR (CDCl3), 6 (ppm): 6.98 (s, 1H), 2.82 (t, 2H), 1.42 (m, 4H),
0.95 (t, 3H). Regioregularity of this P3PT-2 sample was esti-
mated to be 94%, and its weight-average molecular weight (M)
was determined by GPC to be 61 800 g/mol with a polydispersity
index of 1.5.

End-Capping Reaction of Poly(3-pentylthiophene). The end-
capping of our poly(3-pentylthiophene) samples (P3PT-1 and
P3PT-2) was carried out after the purification of the polymers. '’
A P3PT sample (P3PT-1 or P3PT-2) was dissolved into anhy-
drous THF. An excess amount of methylmagnesium bromide (1
M solution in THF) was added into the mixture to activate and
convert the residual bromine end-groups (P3PT-Br) of the
polymer into Grignard groups (P3PT-MgBr) and brought to
mild reflux for 1 h. The reflux was stopped, and then a catalytic
amount of Ni(dppe)Cl, was added into the solution. At last, an
excess amount of iodomethane was added and refluxed for 2 h.
The reaction was quenched with H,O and precipitated into
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methanol. The precipitate was subjected to Soxhlet extraction in
hexane and then dried in vacuo to give a black solid. The end-
capped polymer samples are termed P3PT-1e and P3PT-2¢ in
relation to their non-end-capped versions.

Solution-Phase Self-Assembly of P3PT Nanowires. All of the
self-assembled nanowires in this study were prepared from the
high-molecular-weight sample, P3PT-1. A suspension of P3PT-
1 in nitrogen-degassed ODCB (6, 15, or 20 mg/mL) was stirred
for 24 h at 90—100 °C until P3PT-1 was completely dissolved.
The hot solution was filtered through a 0.45 um filter, and the
filtrate was put in a dark environment for 24 h to allow the
polymer chains in solution to self-assemble into nanowires. The
original orange-brown color of the solution changed to dark
violet after P3PT-1 NWs were formed as a dispersion. The
P3PT-1 NWs did not dissolve in ODCB by dilution at room
temperature, but the nanowires redissolved upon heating to
90—100 °C.

Characterization. '"H NMR spectra were recorded on a
Bruker-AF300 spectrometer at 300 MHz. UV—vis absorption
spectra were recorded on a Perkin-Elmer model Lambda 900
UV/vis/near-IR spectrophotometer. Spin-coated polymer thin
films were prepared from 2 wt % solutions in chloroform. The
photoluminescence (PL) emission spectra were obtained with a
Photon Technology International (PTI) Inc. model QM-2001-4
spectrofluorimeter. The molecular weights of all polymers were
determined by using a Polymer Lab model 220 gel permeation
chromatograph (DRI, PL-BV400HT viscometer and PD2040
light scattering) against polystyrene standards in chlorobenzene
at 60 °C.

X-ray diffraction spectra were collected on a Bruker D-8
diffractometer with a 4.8 kW TXS Cu rotating anode X-ray
source. The incident beam passed through a single Gobel mirror
and a 0.5 mm pinhole collimator, creating a focused parallel
beam of Cu Ka radiation. The incident angle between the beam
and sample was approximately half of the detector angle, and
the beam was rastered across a sample area (1 mm x 1 mm) to
improve counting statistics. Diffracted radiation was captured
with a multiwire area detector, and the collected signal was
integrated to give the final plots of intensity vs 26. Absolute
precision of this diffractometer is within 40.045° of 26. The
d spacing was calculated from the equation nd = 2d sin 6.

Transmission Electron Microscopy. The morphology of
P3PT-1 NWs and P3PT-1 NW/PC5,BM (1/1) nanocomposites
was observed by transmission electron microscopy (TEM).
TEM images were acquired on a Phillips EM420 microscope
operating at 100 kV. The P3PT-1 NW and P3PT-1 NW/
PC7BM (1/1) suspension for TEM imaging was diluted 10
times with ODCB (solvent) from the suspension used to fabri-
cate devices. The TEM samples were prepared by dropping a
small amount of the diluted P3PT-1 NW/PC;;BM nanocompo-
site suspension onto a TEM grid (400 mesh carbon-coated
copper grids, Electron Microscopy Sciences) and allowed to
dry in a glovebox overnight.

Fabrication and Characterization of Field-Effect Transistors.
Field-effect transistors were fabricated on heavily doped silicon
substrates with thermally grown silicon dioxide gate insulator
(300 nm). Gold elecrodes (60 nm) with chromium adhesive layer
(2 nm) acted as the source and drain electrodes in the bottom-
contact/bottom-gate transistors, forming the channel width ()
of 800 um and length (L) of 20 um. The substrates were cleaned
by ultrasonication with acetone and isopropyl alcohol and
purged with argon. Octyltriethoxysilane (OTS-8) monolayer
was formed by vapor deposition under vacuum. P3PT solutions
in 1,2-dichlorobenzene (ODCB) were deposited on the sub-
strates by spin-coating (2000 rpm, 60 s). The devices were
dried in a vacuum at room temperature overnight. Electrical
characteristics of the devices were measured on a Keithley
4200 semiconductor characterization system (Keithley Instru-
ments Inc., Cleveland, OH). The field-effect mobility was
calculated using the saturation region equation unless otherwise
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specified. All the measurements were done under dark condition
in air.

Fabrication and Characterization of Polymer Photovoltaic
Devices. Fullerene solutions (60 mg/mL) were made by dissol-
ving PC¢BM or PC7;BM in ODCB at 40 °C under stirring and
then passing the solution through a 0.2 um filter. P3PT-1:full-
erene (PCs;BM or PC;;BM) blends (1:1, wt/wt) were prepared
by mixing 1 mL of P3PT-1 solution (15 mg/mL) with 0.25 mL of
fullerene solution (60 mg/mL), whereas the P3PT-1 NW/full-
erene (PC¢;BM or PC,;BM) nanocomposites were made by
mixing a P3PT-1 NW suspension (15 or 6 mg/mL) with the
fullerene solution (60 mg/mL) at a weight ratio of 1:1. The
P3PT-1 suspensions had a concentration of 24 and 11 mg/mL,
respectively. At a spin-coating speed of 1000 rpm, the thickness
of a film spin-coated from a 24 mg/mL P3PT-1:fullerene solu-
tion was 90 nm. The film thickness of P3PT-1 NW/fullerene
nanocomposite films spin-coated from 24 and 11 mg/mL
suspensions was 180 and 70 nm, respectively. The P3PT-1
NW/fullerene nanocomposites can be prepared in two ways as
described in detail elsewhere for P3BT NWs:*® (1) mix a
suspension of pre-assembled P3PT-1 NWs with the fullerene
solution before spin-coating into thin films; (2) the assembly of
the P3PT-1 NWs takes place in situ in the presence of the
fullerene in solution. The photovoltaic cells had an area of
3.57 mm? and a structure of ITO/PEDOT/P3PT-1:fullerene/
LiF/Al. PEDOT was spin-coated and annealed at 150 °C for
10 min in air, whereas P3PT-1:fullerene active layers were spin-
coated at 1000 rpm and annealed at 160 °C for 10 min in a
glovebox. Current—voltage characteristics of the solar cells were
measured using a HP4155A semiconductor parameter analyzer
(Yokogawa Hewlett-Packard, Tokyo). The light intensity of
simulated AM1.5 sunlight (100 mW/cm?) from a filtered Xe
lamp was controlled by using a set of neutral density filters. All
the characterization steps were carried out under ambient
laboratory air. The film thickness was measured by an Alpha-
Step 500 profilometer (KLA-Tencor, San Jose, CA).
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