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ABSTRACT: A series of donor—acceptor (D—A) conjugated
polymers (CPs) comprising dithieno[2,3-b;7,6-b]carbazole (C1) or
dithieno(3,2-b;6,7-b]carbazole (C2) as D unit and thienopyrrole-
dione (TPD), isoindigo (IID), or diketopyrrolopyrrole (DPP) as A
unit were synthesized, and their semiconducting properties were
investigated with organic field-effect transistors (OFETs). Because of
different bonding geometry of C1 and C2, the CPs based on these
isomeric D units have distinct backbone conformation. The CPs
based on C1 unit and all three A units show strong backbone
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curvature. In consequence, these polymers all formed amorphous films and exhibited low OFET mobility in the level of 107
cm?®/(V s). P(TPD-C2) and P(DPP-C2), which comprise C2 and TPD or DPP, both display pseudo-straight-shaped backbones
and formed ordered films with the polymer backbones adopting edge-on orientation respective to the substrates. Accordingly,
P(TPD-C2) and P(DPP-C2) exhibited the highest mobility of 0.31 and 1.36 cm?/(V s), respectively. However, P(IID-C2)
could only form amorphous films probably owing to its highly stiff backbone, leading to a moderate OFET mobility (2.96 X 107>
cm’/(V s)). This implies that large fused aromatics are promising building blocks for high-mobility D—A CPs when polymer
backbone conformation and rigidity are appropriately manipulated.

B INTRODUCTION

Organic field-effect transistors (OFETs) are receiving increas-
ing attention due to their potential applications in display
technologies, smart cards, and radio-frequency identification
(RFID) tags.'~® Developing high mobility organic/polymeric
semiconductors is crucial to improve the performance of
OFETs toward the requirements of aforementioned applica-
tions. In this regard, solution processable 7-conjugated
polymers (CPs) are of particularly interest compared to small
molecular counterparts because of their tunable solution
rheological properties, which enable proper ink formulations
for high-throughput printing JDrocesses on large-area, light-
weight, and flexible substrates. 69

To date, two molecular design concepts have been proposed
for designing high mobility CPs. One is incorporating
multifused heteroarenes into polythiophene backbone to
enhance the coplanarity and thus the intermolecular
interaction.'”™>* Based on this concept, various CPs have
been developed, and the OFET mobility as high as 0.77 cm?/
(V s) has been achieved.”’ Another protocol is alternatively
linking electron-rich and electron-deficient aromatic units to
form donor—acceptor (D—A) CPs.>*~> This type of CP is
characterized with strong intermolecular interactions induced
by the large dipole moment between D and A units and
therefore often exhibits high OFET mobility. For instance,
Miillen et al. found that high molecular weight poly-
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(cyclopentadithiophene-co-benzothiadiazole) exhibited OFET
mobility up to 5.5 cm?/(V s).**~* Li et al. and other groups
reported a series of D—A CPs based on diketopyrrolopyrrole
(DPP) which exhibited mobility up to 2.2 cm?/(V s).%7%
Recently, Liu et al. found that the mobility of DPP based D—A
CPs could be further enhanced to 8 cm?/(V s) upon optimizing
the structure of D-unit.>® Pei et al. first reported isoindigo
(1ID) based D—A CPs with mobility up to 1.06 cm?/(V s).>7>*
Later, Bao et al. optimized the structures of solubilizing groups
in IID unit for shortening 7— stacking distance. As a result,
OFET mobility up to 2.48 cm?/(V s) was realized.*’

According to the aforementioned achievements, D—A CPs
comprising large heteroacenes as D-units, which combine the
structural features of aforementioned two types of high mobility
CPs, should be attractive as high mobility semiconductors
because coplanar geometries and rigid structures of the
heteroacene units can suppress rotational disorder around
interannular single bonds and lower the reorganization energy,
leading to even stronger intermolecular interaction. However,
the incorporation of large heteroarenes into D—A CPs will also
cause the decrease of solubility due to the strong intermolecular
interaction.?° Recently, we have synthesized two novel
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heteroacenes containing five fused rings, i.e., dithieno[2,3-b;7,6-
b]carbazole (C1) and dithieno[3,2-b;6,7- b]carbazole (C2), 2324
which allow introducing an additional alkyl chain on N atom
for improving the solubility of CPs. Therefore, in the current
paper, we designed and synthesized six D—A CPs based on
these two heteroacene units and three A units, i.e.,
thienopyrroledione (TPD), IID, and DPP which have been
widely used in the design of D—A CPs, and their photophysical
and semiconducting properties were studied in detail to explore
the effect of the chemical structures on their properties.

B RESULTS AND DISCUSSION

Synthesis. D-A CPs P(TPD-C1), P(TPD-C2), P(IID-
C1), P(IID-C2), P(DPP-C1), and P(DPP-C2) as shown in
Scheme 1 were synthesized by typical Stille cross-coupling

Scheme 1. Chemical Structures and Synthetic Route to the
Polymers
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polycondensation in high yields.**** The resulting polymers
were purified by multiprecipitation and Sohxlet extraction with
acetone, hexane, and chloroform in succession. The molecular
weights of the polymers were measured by gel-permeation
chromatography (GPC) with polystyrene as standard, and the
results are listed in Table 1. All polymers showed good
solubility in common organic solvents, such as chloroform and
dichlorobenzene.

Table 1. Number-Average Molecular Weights (M,), Weight-
Average Molecular Weights (M,,), Polydispersity Indices
(PDI), and Thermal Decomposition Temperatures (T,) of

the Polymers

polymers M, (kDa)“ M,, (kDa)“ PDI* T, (°C)?
P(TPD-C1) 30.8 553 18 412
P(TPD-C2) 122 17.5 1.4 378
P(IID-C1) 20.1 543 27 403
P(IID-C2) 17.2 38.9 2.3 406
P(DPP-C1) 188 463 2.5 400
P(DPP-C2) 89.9 146.1 17 387

“Molecular weights and PDIs of P(TPD-C1) and P(TPD-C2) were

measured by GPC at 40 °C with tetrahydrofuran as eluent and

polystyrene as standard, while those of P(IID-C1), P(IID-C2),

P(DPP-C1), and P(DPP-C2) were measured by GPC at 150 °C with
1 2,4-trichlorobenzene as eluent and polystyrene as standard.
PReported as the temperature with 5% weight loss.
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Thermal Properties. Thermal stability was evaluated by
thermogravimetric analysis (TGA) in nitrogen with a heating
rate of 10 °C/min. As shown in Figure 1, all the polymers are
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Figure 1. TGA plots of the polymers with a heating rate of 10 °C/min
in a N, atmosphere.

thermally stable with decomposition temperatures (T;) above
380 °C (Table 1). Differential scanning calorimetry (DSC)
analysis was also performed in nitrogen with a heating/cooling
rate of +10 °C/min (shown in Figure Slof the Supporting
Information), and no obvious thermal transitions were
observed before decomposition for all polymers. This
phenomenon was also observed for other high mobility
CPs 5862

Photophysical and Electrochemical Properties. Figure
2 displays solution and film absorption spectra of polymers
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Figure 2. Solution (a) and film (b) UV—vis—NIR absorption spectra
of the polymers. Solution spectra were measured in chlorobenzene
with a concentration of 10~ mol/L of repeating units. Films with a
thickness of ~45 nm were prepared by spin-casting the dichlor-
obenzene solutions with a concentration of 6 mg/mL on quartz
substrates.

P(TPD-C1), P(TPD-C2), P(IID-C1), P(IID-C2), P(DPP-
C1), and P(DPP-C2), and the related data are summarized in
Table 2. In dilute solutions, P(TPD-C1) and P(TPD-C2)
showed one absorption band with maxima at 540 and 507 nm,
respectively. P(IID-C1), P(IID-C2), P(DPP-C1), and P(DPP-
C2) exhibited two major absorption bands in dilute solutions.

dx.doi.org/10.1021/ma301864f | Macromolecules 2012, 45, 8621-8627
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Table 2. Optical and Electrochemical Properties of the Polymers

Amax (nM)
polymer solution® film B (eV)” EZ.. (V) E<.. (V) HOMOFS (eV) LUMO (eV)* EY (eV)?
P(TPD-C1) 501, 540 499, 535 2.05 0.50 198 -5.30 -2.82 248
P(TPD-C2) 507, 543 516, 556 1.98 0.48 -1.93 -5.28 -2.87 241
P(IID-C1) 339, 637 349, 635 1.60 0.40 -126 —-5.20 —3.54 1.66
P(IID-C2) 408, 679 407, 675 1.61 0.42 —-1.26 522 —3.54 1.68
P(DPP-C1) 372, 648, 719 376, 647, 718 1.35 0.32 -139 -5.12 —3.41 1.71
P(DPP-C2) 434, 685, 748 434, 684, 745 131 0.33 —141 -5.13 -3.39 1.74

“Measured in chlorobenzene with a concentration of 107> mol/L of the repeating units. bOptical bandgap (EP") was calculated from the film
absorption onset. “The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital gLUMO) energies were calculated
according to HOMO = —(4.80 + EZ,,) eV and LUMO = —(4.80 + Eg...) €V, in which EJ%. and EJ, represent oxidation and reduction onset

potentials, respectively. 9Calculated according to E;' = LUMO — HOMO.

The shorter wavelength absorption bands at 339, 405, 372, and P(TPD-C1)
434 nm for P(IID-C1), P(IID-C2), P(DPP-C1), and P(DPP- b
C2), respectively, are originated from the z—z* transition, %
while the longer wavelength ones at 637, 649, 719, and 748 nm
for P(IID-C1), P(IID-C2), P(DPP-C1), and P(DPP-C2), p
] ' ) (TPD-C2)

respectively, are attributed to the intramolecular charge transfer
(ICT) between D and A units. Compared with C1-containing
polymers P(IID-C1) and P(DPP-C1), the absorption maxima
of the polymers P(IID-C2) and P(DPP-C2), which comprise P(IID-C1)
C2 as donor unit, exhibited a noticeable red-shift. This indicates
that the polymers based on C2 unit have more extended

PIID-C2)

conjugation. The film absorption spectra of the polymers as
shown in Figure 2b are identical to those in solutions, even
after annealing the film at 150 °C for 20 min (Figure S2). P(DPP-C1)

Optical bandgaps (Egpt) deduced from the absorption edges of
the film spectra are in the following order: P(TPD-C1) (2.05 P(DPP-C2)
eV) > P(TPD-C2) (1.98 eV) > P(IID-C1) (1.60 eV) ~ P(IID-
C2) (1.61 eV) > P(DPP-C1) (1.35 eV) ~ P(DPP-C2) (1.31
eV).

Thin film cyclic voltammentry (CV) was employed to
investigate the electrochemical property and determine the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels of the
polymers. As shown in Figure 3, all polymers showed both p-
and n-doping processes. Reversible or quasi-reversible n-doping

-2 -1 0
, +
Potential (V vs F¢/Fc )

—

Figure 3. Thin film cyclic voltammograms of the polymers. The
measurements were conducted in acetonitrile at a scan rate of 100

processes were observed for all polymers except P(TPD-C1). mV/s with Bu,NPF (0.1 mol/L) as electrolyte. The films of ~4S nm
The polymers based on Cl exhibited reversible or quasi- were prepared by spin-casting dichlorobenzene solutions on the
reversible p-doping processes while the polymers based on C2 working electrode.

showed irreversible p-doping processes. Asymmetric voltammo-

grams or irreversible redox processes are often observed for also calculated based on HOMO and LUMO energy levels,
conjugated polymer films, and the common explain is that the which showed a trend similar to Eg** deduced from absorption
dedoping reaction cannot be regarded as just the reverse onsets.

reaction of the doping process.”> For example, charge ejection OFET Properties. OFET devices were fabricated with a top
from the film, which is involved in the dedoping process, contact and bottom gate geometry to investigate the semi-
usually takes place in a broad potential interval, resulting in a conducting properties of the polymers. The device character-
delayed dedoping peak. The oxidation and reduction onset istics were measured in ambient atmosphere. All the devices
potentials (E2:.. and Ef..,, respectively) of the polymers versus showed typical p-channel characteristics, and mobility was
Fc/Fc" are listed in Table 2. The HOMO and LUMO energy calculated from saturation regime. Figure 4 shows typical
levels were calculated according to the equations HOMO = output and transfer curves of the devices based on P(TPD-C2)
—(4.80 + E2.) eV and LUMO = —(4.80 + E5.),** which and P(DPP-C2). Table 3 summarizes the performance data of
were estimated to be —5.30 and —2.82 eV for P(TPD-C1), the devices based on pristine films and the films after thermal

—5.28 and —2.87 eV for P(TPD-C2), —5.20 and —3.54 eV for annealing at optimized temperatures. Clearly, the structures of
P(IID-C1), —5.22 and —3.54 eV for P(IID-C2), —S5.12 and both D and A units significantly affect the semiconducting
—341 eV for P(DPP-C1), and —5.13 and —3.39 eV for properties of the polymers. Devices from the pristine films of
P(DPP-C2). Note that the polymers based on C1 and C2 with P(TPD-C2), P(IID-C2), and P(DPP-C2) exhibited mobilities
the same A unit have identical HOMO energy levels, indicating up to 020, 5.50 X 1073, and 0.45 cm?/(V s), respectively.
that these two isomeric units have similar electron-donating Thermal annealing of the films resulted in a significant
strength. Electrochemical bandgaps of the polymers (E') were improvement of device performance, although no phase
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Figure 4. Typical output (a, c) and transfer (b, d) characteristics of
OFET devices of P(TPD-C2) (a, b) and P(DPP-C2) (c, d). The films
were spin-casting from dichlorobenzene solutions and annealed for 20
min. The annealing temperatures of the films are 150 and 200 °C,
respectively.

transitions were observed in DSC measurements for all
polymers. Mobilities up to 0.31, 2.96 X 1072 and 1.36 cm?*/
(V's) for P(TPD-C2), P(IID-C2), and P(DPP-C2),
respectively, were achieved. A recent study by Pei et al
revealed that D—A CPs comprising axisymmetric D-units had
mobility <0.1 cm?/(V s), much lower than those based on
centrosymmetric D-units.>® They attributed this phenomenon
to the poorer “molecular docking” ability of the polymers based
on axisymmetric D-units. The C2 unit is a typical axisymmetric
unit, but mobilities of P(TPD-C2) and P(DPP-C2) (0.31 and
1.36 cm?/(V s), respectively) are higher than those of TPD-
and DPP-based D—A CPs containing a centrosymmetric
bithiophene D-unit (0.19 and 0.97 cm?/(V s), respec-
tively’™**). These results clearly indicate the positive effect of
large heteroacenes on semiconducting properties of D—A CPs
upon appropriate molecular design. Moreover, the mobility of

P(DPP-C2) is about triple that of the polymer based on C2
and bithiophene unit,?* further proving the advantages of D—A
CPs in terms of charge transport properties. In contrast, C1-
containing polymers P(TPD-C1), P(IID-C1), and P(DPP-
C1) all showed OFET mobilities in the magnitude of 107>
cm?/(V s), even after the films were thermally annealed. Their
mobilities are even lower than those of CPs comprising C1 and
bithiophene units.>® Note that the slopes of the (Ip)"* vs Vg
curves started to drop at high Vi for the devices based on
P(DPP-C1), P(DPP-C2), and P(IID-C1) (Figure 4d, Figures
S3d and Figure S3h). This phenomenon was also observed for
other DPP-based polymers*******¢ and may be attributed to
the contact resistance between the semiconductor and the
source/drain electrodes.

Ordering structures of the polymer films on octylsilyl
trichloride (OTS)-modified Si/SO, substrates were studied
by thin film X-ray diffraction (XRD) and selected area electron
diffraction (SAED). As shown in Figure S and Figure S4, no
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Figure S. Thin film XRD patterns of the polymer pristine films (a) and
those after thermally annealed for 20 min (b). The films with the
thickness of ~50 nm were prepared by spin-casting on OTS-treated
Si/SiO, substrates with o-DCB as the solvent. Annealing was
conducted at 150 °C for P(TPD-C1), P(TPD-C2), and P(DPP-
C1), 200 °C for P(DPP-C2), and 250 °C for P(IID-C1) and P(IID-
C2).

clear diffraction peaks were observed in both XRD and SAED
patterns of P(TPD-C1), P(IID-C1), P(IID-C2), and P(DPP-
C1) films even after thermal annealing. This implies amorphous
nature of the films and is consistent with the low device
mobility of these polymers. The pristine films of P(TPD-C2)
and P(DPP-C2) showed diffraction peaks up to the third and
second orders with the (100) peaks at 26 = 3.93° and 4.43°,
respectively, corresponding to the d-spacing values of 22.5 and

Table 3. OFET Device Performance of the Polymers®

polymer annealing temp Hinae (cm?/(V )¢

P(TPD-C1) pristine 7.0 X 107*

150 °C 29 x 1073
P(TPD-C2) pristine 0.20

150 °C 0.31
P(IID-C1) pristine 1.3 x 1073

250 °C 3.1 %1073
P(IID-C2) pristine 55 %1073

250 °C 2.96 X 1072
P(DPP-C1) pristine 3.8 %1073

150 °C 6.7 x 1073
P(DPP-C2) pristine 045

200 °C 1.36

“Mobility calculated from saturation region, and average mobility was calculated from more than five parallel devices. bThreshold voltage.

on/off ratio.

8624

Hase (em?/(V 5))* Ve (V)* Lo/ Log
6.1 x 107* —7.2 to —4.82 ~10°
2.6 %1073 —17.0 to —11.2 ~10*
0.12 —42 to 1.6 ~10°
0.24 —18.3 to —14.5 ~10°
9.7 x 1074 —8.65 to —3.23 ~10*
25 %1073 —11.7 to —8.7 ~10*
42 % 1073 —24.3 to —21.1 ~10*
24X 1072 —26.5 to —23.8 ~10°
3.6 x 1073 —3.6 to 0.16 ~10°
54 %1073 —2.4 to 0.64 ~10*
0.34 —17.1 to —14.4 ~10°
1.10 —22.4 to —13.7 ~10°

“Current

dx.doi.org/10.1021/ma301864f | Macromolecules 2012, 45, 8621-8627
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Figure 6. Optimized backbone conformation of the polymers. The side chains were replaced with methyl groups to simply the calculation. Arrows
indicate the directions of the alkyl chains respective the polymer backbones.

19.9 A. After thermal annealing, the diffraction peaks became
stronger and sharper. This indicates that the films are out-of-
plane ordered, and the polymer backbones adopt edge-on
orientation respective to the substrates. However, SAED
patterns of the films only showed diffraction rings at 7.6 and
9.0 A for P(TPD-C2) and 7.5 A for P(DPP-C2), and no
diffraction rings corresponding to s-stacking distance were
observed. Considering the in-plane low order of the films, the
field-effect mobilities of 0.31 and 1.36 cm?/(V s) for P(TPD-
C2) and P(DPP-C2), respectively, are pretty high, which can
be attributed to the enhanced coplanarity of polymer
backbones due to the introduction of large heteroacene unit
C2.

To further understand the insight of the distinct semi-
conducting properties and film ordering structures of the
polymers, the backbone conformation of the polymers was
computationally optimized and is depicted in Figure 6. The
polymers with C1 as D-unit all have large backbone curvature,
which may cause the difficult packing of the polymer chains,
leading to the low-ordered films and thereby low mobility of
their OFET devices. In contrast, the polymers with C2 as D-
unit display pseudo-straight-shaped backbones for P(DPP-C2)
and P(IID-C2) and a sine-wave-shaped backbone for P(TPD-
C2). These results are consistent with the fact that the
polymers based on C2 have higher mobility than their
counterparts based on C1 unit. It is well-known that CPs
with relatively straight backbones tends to form films with
higher order, leading to higher mobility.>"** Note that the
mobility of P(IID-C2) is much lower than that of P(TPD-C2),
P(DPP-C2), and IID-based polymers with bithiophene as D
unit (mobility is up to 2.48 cm?/(V s)),>’~*° although it also
has a relatively straight backbone. This may be attributed to the
rigid nature of both IID and C2 units, which results in highly
stiff polymer backbone, prohibiting self-assembly of polymer
chains even at high temperature. Moreover, alkyl chains on
alternatively arranged D- and A-units of polymers P(TPD-C2),
P(IID-C2), and P(DPP-C2) point to different directions (see
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arrows in Figure 6), which may also diminish the self-assembly
ability of the polymers driven by interaction of alkyl chains,
resulting in the low in-plane order of the films.

B CONCLUSION

A series of donor—acceptor (D—A) CPs, ie, P(TPD-C1),
P(TPD-C2), P(IID-C1), P(IID-C2), P(DPP-C1), and P-
(DDP-C2) which contain isomeric dithienocarbazole units C1
or C2 as D-unit and TPD, IID, or DPP as A-unit, were
synthesized, and their semiconducting properties were
characterized with OFET devices. All polymers based on C1
unit exhibited low mobility in the magnitude of 107 cm?/(V s)
due to the low film order caused by their strong backbone
curvature. In contrast, the polymers comprising C2 unit have
more straight backbones. However, P(DPP-C2) and P(TPD-
C2) exhibited the highest mobility up to 1.36 and 0.31 cm?/(V
s), respectively, while P(IID-C2) showed moderate mobility of
2.96 X 107> cm?/(V s). We attributed the low mobility of
P(IID-C2) to its very stiff backbone, which results in poor self-
assembly ability and therefore low-ordered film. Our results
indicate that, for designing high mobility D—A CPs, structural
units have to be appropriately selected to avoid the strong
backbone curvature and meanwhile balance the intermolecular
interaction and backbone stiffness.

B EXPERIMENTAL SECTION

Instrumentation. 'H and *C NMR spectra were recorded on a
Bruker 300, 400, or 600 MHz spectrometer in CDCl;. Chemical shift
was reported relative to an internal tetramethylsilane (TMS) standard
for the measurements with CDCI; as solvent. Elemental analysis was
performed on a VarioEL elemental analysis system. TGA was carried
out on a PerkinElmer TGA7 at a heating rate of 10 °C/min under
nitrogen flow. DSC was performed on a PerkinElmer DSC 7 with a
heating/cooling rate of +10 °C/min under nitrogen flow. UV—vis
absorption spectra were recorded on a Shimadzu UV-3600 UV—vis—
NIR spectrometer. GPC analysis was conducted on a PL-GPC 220
system with polystyrene as standard and 1,2,4-trichlorobenzene as
eluent at 150 °C or on a Waters 2414 system with polystyrene as
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standard and tetrahydrofuran as eluent at 40 °C. EgP* was calculated
according to the absorption onset of UV—vis—NIR absotption spectra
(B = 1240/Agpe; €V). Film CV was performed on a CHI660a
electrochemical analyzer with a three-electrode cell at a scan rate of
100 mV/s in anhydrous acetonitrile. Bu,NPF4 (0.1 mol/L) was used
as electrolyte. A glassy carbon electrode with a diameter of 10 mm, a
Pt wire, and a saturated calomel electrode were used as the working,
counter, and reference electrodes, respectively. HOMO and LUMO
energy levels were estimated by the equations HOMO = —(4.80 +
E%..) eV and LUMO = —(4.80 + EX,..) €V, in which E&,,, and EX,,
are oxidation and reduction onsets in CV curves, respectively. Thin-
film XRD was recorded on a Bruker D8 Discover thin-film
diffractometer with Cu Ka radiation (4 = 1.540 56 A) operated at
40 kV and 30 mA. Atomic force microscopy (AFM) measurements
were performed in tapping mode on a SPA400HYV instrument with a
SPI 3800 controller (Seiko Instruments). SAED were taken on a JEOL
JEM-1011 transmission electron microscope operated at an accel-
eration voltage of 100 kV with camera length of 160 cm and Au (111)
diffraction as the external standard. Geometries of the polymer
backbones were optimized based on semiempirical calculations using
the Gaussian 03 package program. All alkyl substituents were replaced
with methyl groups in order to simplify the calculations.

OFET Device Fabrication and Characterization. OFET devices
were fabricated on heavily doped n-type silicon wafers with 300 nm
thermally grown S$iO, (C; = 10 nF/cm?). The substrate was first
cleaned with acetone, methanol, and deionized water in an ultrasonic
bath and then dried under a nitrogen flow, followed by heating at 100
°C for 30 min and a UV-zone treatment for 20 min. Then the
substrate was modified by OTS-C8 according to ref 44. The polymer
layer was deposited by spin-coating 6 mg/mL dichlorobenzene
solution in ambient with 1200 rpm for 3 min. The resulting films
were annealed at selected temperatures under nitrogen for 20 min.
Finally, gold source and drain electrodes (40 nm) were evaporated on
top through a shadow mask with a channel width (W) of 3000 #m and
a channel length (L) of 100 ym. The electrical measurements were
performed with two Keithley 236 source/measure units at room
temperature in ambient. The mobility data were collected from more
than five different devices.

B ASSOCIATED CONTENT
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