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Bis(2-oxoindolin-3-ylidene)-benzodifuran-dione
and bithiophene-based conjugated polymers for
high performance ambipolar organic thin-film
transistors: the impact of substitution positions
on bithiophene units†

Xiaohong Wang,ab Hyun Ho Choi,c Guobing Zhang,*ab Yunsheng Ding,*b

Hongbo Lu,ab Kilwon Choc and Longzhen Qiu*ab

Three donor–acceptor polymers based on (3E,7E)-3,7-bis(2-oxoindolin-3-ylidene)benzo-[1,2-b:4,5-b]-

difuran-2,6(3H,7H)-dione (BIBDF) and three kinds of dialkylated bithiophenes with head-to-head (HH),

head-to-tail (HT), and tail-to-tail (TT) connectivity were synthesized by the Stille coupling reaction. Their

photophysical and electrochemical properties, electronic device performance, and microstructure were

investigated. We found that the alkyl chains substituted near the thiophene–thiophene connection cause

less steric hindrance than those near the BIBDF–thiophene connection. Therefore PBIBDF-HH exhibited

the preferred planarity, crystallinity, and molecular orientation, yielding the highest field-effect mobility.

A maximum electron mobility of 1.23 cm2 V�1 s�1 and a maximum hole mobility of 0.37 cm2 V�1 s�1

were obtained for PBIBDF-HH-based devices. These results show that the substitution sites on the

bithiophene units play an important role in the determination of molecular organization and the

resulting device performance.

1. Introduction

A need for low-cost, large-area, and flexible electronics such as
displays and sensor tags has generated considerable interest in
organic thin-film transistors (OTFTs) over the last decade.1–3

Solution-processed conjugated polymers are particularly suitable
for these applications because they can be fabricated on flexible
substrates over a large area at low cost using roll-to-roll or ink-jet
printing techniques.4–6 However the carrier mobilities of
polymers were typically lower than those of inorganic semi-
conductors and insoluble organic small molecules such as
pentacene. The recent combined efforts in materials design
and device processing/fabrication optimization have improved

the performance of OTFTs based on solution-processed con-
jugated polymers with charge carrier mobilities reaching as
high as 23.7 cm2 V�1 s�1 in the past few years.7–11 Several
p-conjugated building blocks with rigid and coplanar structures
have been developed to design and synthesize high performance
polymer semiconductors, including electron-rich aromatic units,
such as thio(seleno)phene,12 fused thio(seleno)phene,13and
vinylene,10,14 and electron-deficient units such as benzothia-
diazole,7,15 naphthalene diimide,1,16–21 benzobisthiadiazole,22,23

diketopyrrolopyrrole,9,12,24–34 and isoindigo.8,35–38 Generally,
the use of these rigid building blocks in conjugated polymers
can induce strong intermolecular interactions and dense long-
range orientation of the polymer backbone, resulting in super-
ior charge carrier mobility. The rigid fused building blocks
however can reduce the solubility and solution processability
of the polymeric semiconductors. The general strategy to
address this problem is to incorporate alkyl side chains into
the conjugated backbones to tune their solubility. As insulating
moieties, these flexible side chains that primarily function as
solubilizing groups do not generally contribute directly to
charge transport in the conjugated polymers. Recently, more
and more studies have exploited the substantial impact of
the flexible side chains in organic semiconductors.13,30,39–43

The results showed that even subtle changes in the flexible side
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chains can significantly alter the intermolecular interactions,
thin-film packing and charge carrier transport. Although
numerous side chain substituents have been developed to date,
their potential functions have not been fully investigated because
of their complexity and strong dependence on the conjugated
backbone.

(3E,7E)-3,7-Bis(2-oxoindolin-3-ylidene)benzo-[1,2-b:4,5-b0]-difuran-
2,6(3H,7H)-dione (BIBDF), also named as benzodifurandione-based
oligo(p-phenylenevinylene) (BDOPV), is a derivative of isoindigo.44,45

The electron-deficient lactone groups and lactam groups in the
BIBDF unit significantly decrease the LUMO level to a value of
�4.24 eV. As a result, conjugated polymers based on BIBDF
always exhibit low LUMO and HOMO energy levels, making
them suitable for ambipolar or n-type OTFTs. Bithiophene is a
well-known building block for high-performance conjugated
polymers in polymer solar cells and OTFTs. Donor–acceptor
(D–A) polymers based on bithiophene (BT) and BIBDF units
were first reported by Li et al.46 The BIBDF–BT polymer however
exhibited such strong intermolecular interactions and was
essentially insoluble in any solvent. Pei et al.47reported the
first soluble BIBDF–BT polymer by increasing the length of
the BIBDF branched chains. They reported n-type transport
under ambient conditions with electron mobilities up to
1.74 cm2 V�1 s�1 and ambipolar charge transport under
oxygen exposure with the electron and hole mobilities of up
to 1.45 and 0.47 cm2 V�1 s�1, respectively. However, a great
challenge is faced in synthesizing and purifying such long,
branched alkyl chains.

Recently, we demonstrated that introducing solubilizing
alkyl chains into the bithiophene unit provides an alternative
method to obtain a soluble BIBDF–BT polymer.48 Previous studies
revealed that, for the isoindigo-(IID) and diketopyrrolopyrrole-
(DPP) based polymers, the alkyl chain substituted on the bithio-
phene units can cause steric hindrance and hinder the p–p stacking
of the chain segment, severely reducing the charge carrier mobility.49

However, our BIBDF–BT polymer with alkyl chains on the bithio-
phene unit showed hole mobilities of up to 0.30 cm2 V�1 s�1, and
electron mobilities of up to 1.08 cm2 V�1 s�1, comparable to those
reported by Pei et al.47 These observations indicate that the impact of
flexible side chains on conjugated polymers may correlate with their
backbone building blocks.

In this investigation, we designed and synthesized three
BIBDF–BT polymers substituted with dodecyl side chains in
different positions and investigated the effect of the side chain
position on the microstructure and field-effect properties. The
influence of the position on molecular packing, crystallization
and field-effect properties of the corresponding transistors was
also investigated.

2. Experimental section
2.1. Materials

The materials used in this experiment were purchased form Sigma-
Aldrich Chemical Company and Alfa Aesar Chemical Company.
Toluene and tetrahydrofuran were freshly distilled prior to use.

2.2. Fabrication and characterization of field-effect
transistors

Top-contact bottom-gate OTFT devices were fabricated on
300 nm SiO2. SiO2 was thermally grown on highly n-doped
silicon. A 20 nm CYTOP polymer layer was spin-coated on SiO2.
A 5 mg ml�1 chloroform solution of the semiconductor polymer
was spin-coated at 3500 rpm. The thickness of the obtained
film as measured by atomic force microscopy (AFM) is about
80 nm. The polymer films were subsequently annealed at 100,
150, 175, and 200 1C for 30 minutes under a nitrogen atmo-
sphere. Au source–drain electrodes (approximately 50 nm thick)
were then evaporated on the semiconductor layers.

The channel length of the OTFT is 100 mm and the channel
width is 1 mm. The electrical testing of the OTFT devices was
performed under vacuum using a Keithley 4200 Parameter
Analyzer. The electron (me) and hole (mh) mobilities were obtained
according to the following equation in the saturation regime:
Id = (W/2L)Cimh or e(Vg � Vth)2, where Id is the drain current in the
saturated regime, W is the channel length, L is the channel width,
Ci is the capacitance of the dielectrics, and Vth is the threshold
voltage. At least 12 transistors are fabricated to characterize the
field-effect performance of the polymers.

2.2. Instrumentation

Nuclear magnetic resonance (NMR) spectra were obtained from
a VNMRS600 MHz machine. Gel permeation chromatography
(GPC) was performed on a Waters Series 1525 gel chromato-
graphy system coupled with a UV-vis detector using 1,2,4-
trichlorobenzene as an eluent at 100 1C. UV-vis absorption
spectra were performed on a Perkin Elmer model l 20 UV-vis
spectrophotometer. Electrochemical measurements were con-
ducted on a CHI 660D electrochemical analyzer under nitrogen
in deoxygenated anhydrous acetonitrile solution of tetra-n-butyl-
ammoniumhexafluorophosphate (0.1 M). A platinum wire was
used as an auxiliary electrode, a platinum-disc electrode was
used as a working electrode, and an Ag/Ag+ electrode was used as
a reference electrode. Polymer thin films were coated onto the
platinum-disc electrode and ferrocene was used as a reference.
The grazing-incidence X-ray diffraction (GIXD) studies were
performed using 3C beamlines at the Pohang Accelerator
Laboratory (PLA) in Korea and BL16B beamlines at the Shanghai
Synchrotron Radiation Facility (SSRF) in China. Tapping AFM was
performed using a Veeco multimode instrument.

3. Results and discussion
3.1. Synthesis and characterization

Scheme 1 presents the synthesis route of the three polymers.
The dibromo-monomer BIBDF,48 head-to-head coupled
5,50-bis(trimethylstannyl)-3,30-bis(dodecyl)-2,20-bithiophene (M1),
head-to-tail coupled 5,50-bis(trimethylstannyl)-3,40-bis(dodecyl)-
2,20-bithiophene (M2), and tail-to-tail coupled 5,50-bis(trimethyl-
stannyl)-4,40-bis(dodecyl)-2,20-bithiophene (M3) were synthesized
according to previous literature.48,50,51 Three polymers with head-
to-head (PBIBDF-HH), head-to-tail (PBIBDF-HT), and tail-to-tail
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(PBIBDF-TT) coupling structures were synthesized via the Stille
coupling reaction of BIBDF with M1, M2, and M3, respectively, at
a monomer ratio of 1 : 1 using tris(dibenzylidene-acetone)-
dipalladium (Pd2(dba)3) and tri(o-tolyl)phosphine (P(o-tolyl)3) as
a catalytic system. After cooling to room temperature, the crude
polymer was precipitated in methanol and subjected to sequen-
tial Soxhlet extraction with methanol and petroleum ether for
24 h each to remove low molecular weight fractions. The residue
was then extracted with hot chloroform, distilled under reduced
pressure to remove chloroform and dried in vacuum. The GPC
plots are shown in Fig. S3–S5 (ESI†) and the corresponding data
are listed in Table 1. The number-average molecular weights were
17.4 kDa (PDI = 1.85) for PBIBDF-HH, 10.2 kDa (PDI = 1.48)
for PBIBDF-HT, and 19.4 kDa (PDI = 1.98) for PBIBDF-TT.
The branched 2-decyltetradecyl chains on the BIBDF units and
the decyl chains on the bithiophene units were beneficial to the
solubility of the final BIBDF-based polymer. It is interesting to
note that the solubilities of the three polymers differ. Although all

three polymers showed good solubility in chlorobenzene and
chloroform at room temperature, PBIBDF-HH exhibited poor
solubility in 1,2,4-trichlorobenzene at room temperature where
both PBIBDF-HT and PBIBDF-TT formed good solutions. Because
the three polymers are composed of the same conjugated backbone
and have similar molecular weights, their different solubilities
indicate that their molecular conformations in solution might
be different.

3.2. Optical properties

The molecular conformations of the three BIBDF-based polymers
were investigated by measuring their absorption spectra both
in dilute chloroform solution and in thin films cast from the
solution. Fig. 1 displays the normalized UV-vis-NIR absorption
spectra of the three polymers. The relevant values of absorption
maxima and edges are collected in Table 2. All three polymers
exhibit two main absorption bands—both in solution and in thin
film—as shown in Fig. 1: band I (300–600 nm) is attributed to
the p–p* transitions of the polymer main chains; band II (600–
1100 nm) arises from the strong intramolecular charge transfer
(ICT) between the electron donating units and the electron
withdrawing units.52 As shown in Fig. 1 and Table 2, there is
a significant overlap of band I between all three polymers in
solution, but band II diverges significantly. The PBIBDF-TT
solution shows a blue-shifted ICT peak at 786 nm compared to

Scheme 1 Synthetic route to the monomer and polymers.

Table 1 Molecular weight of polymers

Polymer Mn (kDa) Mw (kDa) Dispersity

PBIBDF-HH 17.4 32.2 1.85
PBIBDF-HT 10.2 15.2 1.48
PBIBDF-TT 19.4 38.4 1.98

Journal of Materials Chemistry C Paper

Pu
bl

is
he

d 
on

 0
7 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 P
O

ST
E

C
H

 L
ib

ra
ry

 o
n 

2/
13

/2
02

0 
6:

58
:1

4 
A

M
. 

View Article Online

https://doi.org/10.1039/c6tc01617k


6394 | J. Mater. Chem. C, 2016, 4, 6391--6400 This journal is©The Royal Society of Chemistry 2016

those of PBIBDF-HT (803 nm) and PBIBDF-HH (825 nm). Because
the conjugated backbones of the three polymers are the same,
the blue-shifted absorption implies a shorter conjugated length.
The solution absorption spectra indicate that the effective conju-
gation length and ICT decrease from PBIBDF-HH to PBIBDF-HT
to PBIBDF-TT. This change is associated with the position of
substituted dodecyl chains, from the sites near the thiophene–
thiophene bridge bond to the sites near the BIBDF–thiophene
bridge bond on the bithiophenes. This effect arises from the
backbone torsions (see DFT calculation below) between BIBDF
and bithiophene units caused by the alkyl chains substituted
near the BIBDF–thiophene.

As a thin film, the absorption spectrum of PBIBDF-HH had a
labs

max at 838 nm, approximately 13 nm red-shifted compared to
the solution-phase peak. From the perspective of steric hin-
drance, the incorporation of alkyl chains on the 3,30 sites of
bithiophene should produce a large torsion angle, breaking the
conjugation and leading to a blue-shift in solution.49 As the
interchain p–p stacking in the solid state suppresses this
torsion angle, a red shift over 100 nm was observed between
the film and the solution of the isoindigo and bithiophene
based polymer. By comparison, a red-shift of B13 nm observed
for the PBIBDF-HH film is small, indicating that PBIBDF-HH
adopts a similar geometry in both solution and the solid state.
The reason may be that the rigid and fused structures of the
BIBDF and bithiophene monomers reduce the angular torsion
in each repeating unit, which is quite different from IID- and
DPP-based polymers. PBIBDF-HT showed solidification behavior
similar to PBIBDF-HH with a red-shift of 11 nm between the
maximum absorption peak in solution (803 nm) and in the solid
state (814 nm). In contrast, the PBIBDF-TT film had a labs

max at
808 nm and a labs

onset at 998 nm. Compared to the solution phase,

the absorption spectrum of the PBIBDF-TT thin-film exhibited a
strong red-shift and an additional absorption shoulder. These
observations indicate an improvement in the molecular planarity
in the solid phase relative to solution. The optical bandgaps (Eopt

g )
are calculated from the absorption edges of the solid state
films, in other words, a large torsion angle may be present in
PBIBDF-TT. The Eopt

g of PBIBDF-HH, PBIBDF-HT, and PBIBDF-TT
are 1.19, 1.25, and 1.24 eV, respectively.

3.3. Electrochemical properties

The electrochemical properties of the polymers were character-
ized by cyclic voltammetry (CV). A ferrocene/ferrocenium (Fc/Fc+)
redox reaction was used to calibrate the relative potential. Fig. 2
illustrates the CV curves of all three polymers and Table 2
summarizes the corresponding electrochemical data. All these
PBIBDFs showed similar LUMO levels around �4.05 eV. But the
HOMO levels decreased from �5.63 eV for PBIBDF-HH to
�5.68 eV for PBIBDF-HT and to �5.73 eV for PBIBDF-TT. The
very low HOMO–LUMO energy levels can be attributed to the
electron-deficient lactone and lactam groups on the BIBDF unit.

To provide a deeper understanding of the structural and
electric parameters of these three polymers, molecular modeling
was performed using density functional theory (DFT) calculations.
To shorten the calculation time, we projected A–D–A structures to
model the p-systems in polymers and the methyl group to model
the branched alky side chains. Several local minima structures
can be obtained and they are dependent on the starting states.
The optimized molecular structures and orbitals of PBIBDF-HH,
PBIBDF-HT, and PBIBDF-TT are presented in Fig. 3a. For all three
polymers, the BIBDF component is composed of large fused
aromatic rings and shows a highly planar structure. The differ-
ences between the polymers are primarily in the three bridges:

Fig. 1 Normalized UV-vis-NIR absorption spectra of PBIBDF-HH, PBIBDF-HT, and PBIBDF-TT (a) solution in chloroform and (b) thin film.

Table 2 Optical and electrochemical properties of the three BIBDF-based polymers

Polymers

labs
max (nm) labs

onset (nm) Eopt
g

a (eV)

HOMOb (eV) LUMOb (eV) Eec
g

c (eV)Solution Film Solution Film Solution Film

PBIBDF-HH 825 838 997 1040 1.24 1.19 �5.63 �4.06 1.57
PBIBDF-HT 803 814 970 995 1.28 1.25 �5.68 �4.05 1.63
PBIBDF-TT 786 808 948 998 1.31 1.24 �5.73 �4.01 1.72

a Eopt
g = 1240/labs

onset (in film). b HOMO = �(4.75 + Eox
onset), LUMO = �(4.75 + Ered

onset).
c Eec

g = �(HOMO�LUMO).
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two bridges between the BIBDF component and thiophene and
one bridge between the two thiophenes. Although previous work
has demonstrated that the alkyl chains substituted at the 3,30 sites
of bithiophene cause steric hindrance and disrupt the planarity of
a conjugated system, we found that the calculated molecular
structures of PBIBDF-HH are highly dependent on the starting
structures. The most stable geometry of PBIBDF-HH is quite planar
with torsion angles of 0.005–0.31. Given that the UV-vis-NIR absorp-
tion spectra show that PBIBDF-HH adopts similar geometries

in solution and as a film, the planar geometry is more reason-
able than the geometry with a large torsion angle. Otherwise,
a large red-shift would be observed between the film and the
solution. As the side chain on thiophene moved closer to the
BIBDF component, the torsion angle between the thiophene
and the BIBDF component increases dramatically. The two
torsion angles between the BIBDF component and thiophene
are, respectively, 12.9 and 31.01 for PBIBDF-HT versus 31.8
and 31.81 for PBIBDF-TT. These results are consistent with
the UV-vis-NIR spectra, indicating that the alkyl chains sub-
stituted near the BIBDF–thiophene connection cause more
steric hindrance than in the case of substitution near the
thiophene–thiophene connection. Similar calculation results
were obtained by replacing the methyl group on thiophene
with a larger butyl group, whose details are given in the
ESI,† Fig. S2.

Fig. 3b shows the optimized charge density of the LUMO
and the HOMO energy level isosurfaces for PBIBDF-HH. The
electron clouds of the LUMO level are delocalized along the
polymer backbone, while the electron clouds of the HOMO level
are primarily localized on the BT units, indicating that charge
transfer is preferred. Fig. 3b also illustrates that the HOMO
levels of the three polymers decrease in sequence from PBIBDF-HH
to PBIBDF-HT to PBIBDF-TT. Their LUMO levels however show no
significant shift. Even though DFT calculations provide higher
energy-level values than the electrochemical results, both methods
present a similar changing tendency.

Fig. 2 Cyclic voltammograms of PBIBDF-HH, PBIBDF-HT, and PBIBDF-TT
thin films.

Fig. 3 Density functional theory (DFT) calculations for molecules using Gaussian 09 at the B3LYP/6-31g level.
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3.4. OTFT characterization

The charge transport properties of the polymers were inves-
tigated by the fabrication of organic thin-film transistors
(OTFTs). CYTOP treatment is expected to generate a defect-
free surface and obtain the near-intrinsic charge transport
properties of three polymers.53 The representative transfer
and output curves of the three PBIBDFs are displayed in Fig. 4.
The typical V-shaped transfer curves of all three polymers are
indicative of the ambipolar charge transport. The PBIBDF
polymers exhibited electron-dominant ambipolar transport
due to the highly delocalized LUMO levels and the lower
injection barriers for electrons. All polymer FETs exhibited
almost hysteresis-free output curves both in electron and hole
transport, indicating that traps in all three polymer films are
negligible.

Device performances after thermal annealing at different
temperatures from 100 1C to 200 1C are summarized in Tables S1
and S2 (ESI†) and Fig. 5. All three PBIBDF polymers showed
similar thermal annealing trends, with the device performance
improving with increased temperature. This result can be attri-
buted to the improved crystalline ordering and enlarged crystal-
line domains after annealing. The performances of PBIBDF-HH
and PBIBDF-HT are optimized by thermal annealing at 175 1C,
while the performance of PBIBDF-TT is optimized at 200 1C. The
PBIBDF-HH FETs exhibit the best field-effect performance with a
maximum electron mobility (me,max) of 1.23 cm2 V�1 s�1, an
average electron mobility (me,average) of 0.86 � 0.23 cm2 V�1 s�1,
a maximum hole mobility (mh,max) of 0.37 cm2 V�1 s�1, and an
average hole mobility (mh,average) of 0.32� 0.04 cm2 V�1 s�1. These
values are comparable to the highest mobilities observed for
other D–A polymers based on BIBDF and its derivatives.44–48,54–59

Fig. 4 Emblematic transfer (a, c and e) and output (b, d and f) characteristics of OTFT devices with the polymers PBIBDF-HH, PBIBDF-HT, and PBIBDF-TT
annealed at 175 1C.
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PBIBDF-TT exhibited a slightly inferior performance with maxi-
mum electron and hole mobilities of 0.70 and 0.17 cm2 V�1 s�1,
respectively. Unexpectedly, PBIBDF-HT films showed a signifi-
cantly decreased device performance compared with PBIBDF-HH
and PBIBDF-TT. The me,max and mh,max of PBIBDF-HT were only
0.175 and 0.0018 cm2 V�1 s�1, respectively, 10–200 times lower
than those of PBIBDF-HH.

3.4. Microstructure

The morphologies, crystal structures, and molecular orienta-
tions of the semiconductor films critically influence their
carrier mobility. The structural features of polymer films were
investigated by atomic force microscopy (AFM) (Fig. 6). Nano-
fibrillar structures were observed in the phase images of all
three PBIBDF polymer films, which can act as efficient pathways
for charge-carrier transport. A comparison of the films shows
that the fibrillar domains of PBIBDF-HH were more obvious and
more densely packed than those of PBIBDF-HT and PBIBDF-TT.

This difference is closely related to the corresponding differences
in field-effect mobility. The PBIBDF-HT film, moreover, formed
crater-like voids, resulting in the lowest charge transport ability of
the three films.

To further investigate the molecular ordering and crystalline
characteristics of the film microstructures, two-dimensional
grazing-incidence X-ray diffraction (GIXD) was performed (see
Fig. 7). The films of PBIBDF-HH and PBIBDF-HT showed
well-defined 5-ordered diffraction peaks of (h00) along the qz

(out-of-plane) axis and the (010) diffraction peak along the qxy

(in-plane) axis suggesting the formation of a highly ordered
edge-on lamellar structure (Fig. 8). In contrast, the out-of-plane
and in-plane patterns of PBIBDF-TT exhibited both (h00) and
(010) diffraction peaks, indicating that PBIBDF-TT has mixed
face-on and edge-on packing. The lamellar spacings were 24.53 Å
for PBIBDF-HH, 23.61 Å for PBIBDF-HT, and 24.72 Å for
PBIBDF-TT, as calculated from their (100) peaks at qz = 0.256,
0.266, and 0.254 Å�1. It can be found that the alkyl chain length

Fig. 5 Mobilities of PBIBDF-HH, PBIBDF-HT, and PBIBDF-TT annealed at 100, 150, 175, and 200 1C.

Fig. 6 AFM images of the PBIBDF-HH, PBIBDF-HT, and PBIBDF-TT films annealed at 175 1C.
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in the molecular model is greatly longer than the interlayer
distances, indicating that the alkyl chains are folded or tilted in
the film state. Among all three PBIBDF polymers, PBIBDF-HT
has the shortest interlayer distance. We ascribe this result to
the relatively homogeneous distribution of alkyl chains along
the conjugated backbone. The (010) diffraction peaks at qxy =
1.77, 1.77, and 1.74 Å�1 for PBIBDF-HH, PBIBDF-TT, and
PBIBDF-HT, yield the p–p stacking distances of 3.55 Å, 3.55 Å,
and 3.61 Å, respectively. These values are quite small and can
only be achieved when the co-planarity of the conjugated
backbone is preserved; the high crystallinity and large-scale
chain-stacking of films can be contributed to the coefficient of
p–p stacking and D–A interaction. It is interesting to note that
the p–p stacking distance of 3.61 Å for the PBIBDF-HT film is
slightly larger than the value of 3.55 Å for the PBIBDF-HT and
PBIBDF-TT films, implying a smaller lamellar spacing. This
result is similar to the type I and type II crystal structures of
poly(3-alkylthiophene) (P3AT), where the type II crystal structure
with fully interdigitated side chains has a larger p–p stacking
distance and a smaller lamellar spacing distance than the type I

crystal structure with non-interdigitated side chains. Similar to
the type II crystal structure of P3AT, the larger p–p stacking
distance of the PBIBDF-HT film is detrimental to charge transport,
resulting in lower field-effect mobility. It should be noted that the
relatively lower molecular weight of PBIBDF-HT compared with
PBIBDF-HH and PBIBDF-TT may be another unfavorable factor
leading to lower mobility.

4. Conclusions

Three BIBDF and BT based polymers, PBIBDF-HH, PBIBDF-HT,
and PBIBDF-TT, were synthesized to investigate the effect of
the side chain position on the microstructure and field-effect
properties of BIBDF–BT polymers. All three polymers have
similar LUMO levels around �4.05 eV, while their HOMO levels
exhibit a decreasing trend from �5.63 eV in PBIBDF-HH to
�5.68 eV in PBIBDF-HT to �5.73 eV for PBIBDF-TT. DFT
calculations suggest that this trend is due to higher steric hin-
drance from alkyl chains substituted near the BIBDF–thiophene

Fig. 7 GIXD patterns of the PBIBDF-HH, PBIBDF-HT, and PBIBDF-TT films annealed at 175 1C.

Fig. 8 Recommended polymer packing model in the thin films of three BIBDF-based polymers.
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connection than those near the thiophene–thiophene connection.
A preliminary investigation of OTFT devices with the three
polymers was also performed. PBIBDF-HH-based devices pro-
duced the highest electron mobility, 1.23 cm2 V�1 s�1, and the
highest hole mobility, 0.37 cm2 V�1 s�1. Polymer-packing
structures investigated using GIXD and AFM were correlated
with the substitution position dependent carrier mobility of the
three polymers. PBIBDF-HH and PBIBDF-HT adopted edge-on
packing models and PBIBDF-TT displayed a mixture of face-on
and edge-on packing. The p–p stacking distance of 3.61 Å for
the PBIBDF-HT film however is slightly larger than the value of
3.55 Å for the PBIBDF-HT and PBIBDF-TT films, implying a
smaller lamellar spacing detrimental to charge transport,
resulting in a lower field-effect mobility.
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