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ABSTRACT: Over the past few years, one of the most
remarkable advances in the field of polymer solar cells (PSCs)
has been the development of fluorinated 2,1,3-benzothiadia-
zole (BT)-based polymers that lack the solid working
principles of previous designs, but boost the power conversion
efficiency. To assess a rich data set for the influence of the
fluorinated BT units on the charge-transport characteristics in
organic field-effect transistors (OFETs), we synthesized two
new polymers (PDPP-FBT and PDPP-2FBT) incorporating
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diketopyrrolopyrrole (DPP) and either single- or double-fluorinated BT and thoroughly investigated them via a range of
techniques. Unlike the small differences in the absorption properties of PDPP-FBT and its nonfluorinated analogue (PDPP-
BT), the introduction of doubly fluorinated BT into the polymer backbone induces a noticeable change in its optical profiles and
energy levels, which results in a slightly wider bandgap and deeper HOMO for PDPP-2FBT, relative to the others. Grazing
incidence X-ray diffraction (GIXD) analysis reveals that both fluorinated polymer films have long-range orders along the out-of-
plane direction, and 7—7 stacking in the in-plane direction, implying semicrystalline lamellar structures with edge-on orientations
in the solid state. Thanks to the strong intermolecular interactions and highly electron-deficient -systems driven by the inclusion
of F atoms, the polymers exhibit electron mobilities of up to 0.42 and 0.30 cm* V™! s™! for PDPP-FBT and PDPP-2FBT,
respectively, while maintaining hole mobilities higher than 0.1 cm® V™' s™!. Our results highlight that the use of fluorinated BT
blocks in the polymers is a promising molecular design strategy for improving electron transporting performance without

sacrificing their original hole mobility values.
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B INTRODUCTION

The use of solution-processable semiconducting polymers for
organic field-effect transistors (OFETSs) continues to attract
considerable interest, because polymeric systems can offer the
possibility of cheap raw materials, low processing costs,
excellent film formation, and mechanical properties such as
flexibility and large-area uniformity.'~'* Recently, diketopyrro-
lopyrrole (DPP)-based donor—acceptor (D—A) polymers have
been widely developed, and have proven themselves to be one
of the most promising semiconductors for high-performance
unipolar p-channels and p-channel-dominant ambipolar OFETs
(with hole mobilities exceeding 3 cm® V™' s71)."*~'® None-
theless, the development of DPP-based polymers with high-
performance n-channel charge transport has lagged behind that
of the aforementioned p-channel dominant polymers, primarily
due to the inherent instability of the electron charge carriers in
the presence of ambient oxidants such as O,, H,0, or O,.”
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The research efforts of our groups have recently focused on
developing high electron-affinity polymers based on DPP, using
a structural modification of the conventionally used 2,1,3-
benzothiadiazole (BT) acceptor moiety. For example, by
copolymerizing with a stronger acceptor bis-benzothiadiazole
(BBT) unit relative to BT, the resulting polymer (PDPP-BBT)
showed even n-channel dominant characteristics, yet yielded
unsatisfactory electron mobility results (~1 X 107> cm* V™!
s7)."”” In the meantime, many other groups have often
highlighted the use of fluorinated BT units into the polymer
backbone, and demonstrated improved photovoltaic perform-
ance.”®™*” Although the cause of the efficiency improvement
varies noticeably depending upon the specific systems, it is
generally recognized that the inclusion of fluorine (F) atoms
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Scheme 1. Synthetic Routes to PDPP-FBT and PDPP-2FBT“
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“Suzuki polycondensation conditions (i): Pd,(dba);, P(o-tolyl);, K;PO, toluene/H,O, 95 °C; Stille polycondensation conditions (ii): Pd,(dba);,

P(o-tolyl),, toluene, 120 °C, microwave.

can not only fine-tune the energy levels of polymers, but also
promote noncovalent interactions through C—F---H, F--S on
mesoscopic solid-state structures.”*™® In addition, it is well-
known that the strong electron-withdrawing nature of F atoms
allows for eflicient electron injection into the LUMO and
increases hydrophobicity, which can increase the electron
affinity and environmental stability of semiconductors in OFET
operations, relative to their fluorine-free analogues.””~>*

These early results motivated us to design DPP-based
polymers containing the ubiquitous fluorinated BT blocks
(FBT (1F) and 2FBT (2F)), with a view to assessing
semiconductors with high electron mobility and high environ-
mental stability. Herein, as an attempt to investigate the effects
of fluorinated BT blocks on the charge-carrier transport
properties in OFETs, we report on the synthesis and
characterization of poly(3,6-dithien-2-yl-2,5-di(2-octyldodec-
yl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5’,5”-diyl-alt-fluorobenzo
2,1,3-thiadiazol-4,7-diyl] and poly(3,6-dithien-2-yl-2,5-di(2-oc-
tyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5',5"-diyl-alt-di-
fluorobenzo 2,1,3-thiadiazol-4,7-diyl] (PDPP-FBT and PDPP-
2FBT, see Scheme 1), and show the differences in their
optophysical and redox properties, molecular packings, and
OFET performances. Furthermore, we elucidate how the
degree of the substitution of F atoms on a BT unit affects
the charge-carrier mobilities and the dynamics of dominant
polarity by comparison with a nonfluorinated analogue (PDPP-
BT), and finally discuss the overall structure-property relation-
ship.

B RESULT AND DISCUSSION

Synthetic Strategies, Synthesis, and Characterization.
The fluorinated BT (FBT and 2FBT) and diboronic ester DPP
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derivatives were easily synthesized according to the established
methods.”*** Polymerization of the FBT and 2FBT monomers
using standard palladium(0)-catalyzed Suzuki polycondensation
with the diboronic ester comonomer produced the correspond-
ing polymers (PDPP-FBT and PDPP-2FBT). However, the
number-average molecular weight (M, ) was below 10 kDa with
a polydispersity index (PDI) of approximately 2.5 for both the
polymers, as determined by gel permeation chromatography
(GPC) in THF after Soxhlet purification. It has been reported
that a high molecular weight can play an important role in
achieving nanometer-sized interconnected morphologies, hence
resulting in efficient channels for charge-carrier transport via a
hopping mechanism.'*® Thereby, the observed relatively low
molecular weights prompted us to screen various Suzuki
coupling conditions, such as the utilization of a microwave-
assisted heating protocol, the use of tiny amounts of catalyst,
varying the solution concentration, the replacement of
Pd(PPh;), with Pd,(dba); as a catalyst, and different ligand/
palladium ratios, in order to improve the molecular weights.
Nevertheless, the attempted synthesis of the polymers by
Suzuki polymerization only afforded undesired low molecular
weight materials, possibly due to either the competing base-
and/or metal-catalyzed protodeborylation of the electron-rich
thiophenes adjacent to the DPP monomer under our reaction
conditions.””~*° In addition, we found no appreciable differ-
ence in the molecular weight, even if the monomer was diiodo
BT. Therefore, we decided to apply a Stille polycondensation
instead of the Suzuki one, because the Stille-coupling reaction is
generally recognized as a better alternative to the Suzuki
protocol, when electron-rich species (thiophenes or pyrroles)
are coupled.*"** Thus, the key DPP monomer, distannyl DPP
was prepared by lithiation using diisopropylamide (LDA) and
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Figure 1. UV—vis—NIR absorption spectra of PDPP-FBT and PDPP-2FBT in dilute chloroform (a) solution and (b) thin film on glass plate. (c)
Cyclic voltammograms of PDPP-FBT and PDPP-2FBT. (d) UPS spectra of PDPP-FBT and PDPP-2FBT.

subsequent quenching with trimethyltin chloride. Stille
polymerization under microwave heating conditions was
employed to form the PDPP-FBT and PDPP-2FBT
respectively, which indeed proceeded in good yields (75—
80%), with sufficiently high molecular weights (M, of 24.0 kDa
and 25.0 kDa with PDIs of 2.01 and 2.34 for PDPP-FBT and
PDPP-2FBT, respectively, as determined by GPC and THF
eluent). Both polymers were soluble in common organic
solvents such as tetrahydrofuran, chloroform, toluene, and
chlorobenzene.

The UV—vis—NIR absorption spectra of the polymers in
chloroform solution and in a solid state are shown in panels a
and b in Figure 1. The absorption data are listed in Table 1.

Table 1. Optical and Electrochemical Properties of PDPP-
FBT and PDPP-2FBT

uv Ccv UPS
sol film opt cv UPS
max Do E®  Euomo  Erum E Ep
polymer (nm)®  (nm)® (ei/)c (eVv) (eV)9 (ei’)e (evy
PDPP- 798 816 1.20 —-5.22 —-3.49 1.73 5.38
FBT
PDPP- 750 772 1.26 -5.37 —3.53 1.84 5.48
2FBT

“Chloroform solution. bSpin-coated from chloroform solution.
“Determined from the onset of the electronic absorption spectra.
dCyclic voltammetry determined with (Eyopo = -(E (ox)*"™ + 4.4 eV)
and (Epymo = -(E (Red)011SEt + 44 eV); eEgcv = Erumo - Enomos "B’
= hv - (Equort - Eromo), incident photon energy (hv = 21.2 eV) for He
L

Upon changing from solutions to films, the absorption peaks
for both polymers are not only red-shifted (~20 nm) and
broadened to some extent, but also their low-energy shoulder
bands at the range of 870—910 nm are intensified, presumably
because of the occurrence of the aggregation or 7— stacking in
solid state. This is a common phenomenon for rigid conjugated
polymers.**** Very interestingly, although the spectral profile
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of PDPP-FBT is nearly identical to that of the nonfluorinated
PDPP-BT (See Figure S1 in Supporting Information),*** the
increment in the number of F atoms from 1 to 2 on the
repeating unit leads to a blue shift in the absorption onset
(Aonset) and maximum (A,,,.) of the polymer. This results in a
larger optical band gap of PDPP-2FBT (Eg(’Pt = 1.26 eV),
which is 0.06 eV larger than that of PDPP-FBT (E,*" = 1.20
V). Therefore, one can conclude that the inclusion of one F
atom on the BT unit of PDPP-BT hardly affects the absorption
characteristics, but the incorporation of two F atoms can alter
the intrinsic optical properties, compared to the nonfluorinated
PDPP-BT.

Cyclic voltammetry (CV) reveals reversible oxidation/
reduction behaviors for both polymers, with the PDPP-2FBT
being oxidized at a voltage that is 0.15 eV higher, relative to the
PDPP-FBT (Figure 1c). In addition, the ionization potential
(IP) values of each polymer measured by ultraviolet photo-
electron spectroscopy (UPS) (Figure 1d and Table 1) show
similar trends with slight differences in their energy levels. On
the other hand, the LUMO of PDPP-2FBT is —3.53 eV, which
is 0.04 eV lower than that of PDPP-FBT (—3.49 eV), implying
that doubly fluorinated BT effectively lowers the HOMO level
with only a minor effect on the LUMO.

The computational calculations were carried out on the
trimer systems of each polymer using density functional theory
(DFT) with the B3LYP hybrid functional and the 6-311G(d)
basis set, as implemented in Gaussian 09. Figure 2 presents the
adopted planar conformation with extremely small torsional
angles for both cases, showing excellent coplanarity. In
addition, both the HOMO and LUMO isosurfaces for the
two model oligomers show delocalized characteristics, indicat-
ing the high possibility of ambipolar charge transport. Notably,
upon taking a closer look at these structures, their HOMO
isosurfaces were relatively more localized on the lateral axis 7-
systems, when compared to that observed for the non-
fluorinated PDPP-BT (see Figure S2 in the Supporting
Information). Thereby, both fluorinated polymers would
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Figure 2. Calculated side view of model trimers for (a) DPP-FBT and (b) DPP-2FBT; DFT-optimized geometries and charge-density isosurfaces for

(c) DPP-FBT and (d) DPP-2FBT HOMO and LUMO levels.

Figure 3. AFM height images (S ygm X S um) of drop-cast (a, b) PDPP-FBT and (c, d) PDPP-2FBT films (a, c) before and (b, d) after the thermal
annealing at 250 °C, on OTS-modified SiO,/Si substrates. RMS roughness: (a) = 7.67 nm, (b) = 6.90 nm, (c) = 11.80 nm, (d) = 8.57 nm.
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Figure 4. 2D-GIXD images of drop-cast films of fluorinated DPP-BT polymers annealed at 250 °C: (a) PDPP-FBT and (b) PDPP-2FBT. The
corresponding GIXD diffractogram profiles: (c) in-plane and (d) out-of-plane GIXD patterns.

strengthen their electron charge-carrier transport and be
expected to afford n-channel dominant ambipolar OFETs, in
line with our aforementioned hypothesis. After the optimization
of the geometrical structures, time-dependent DFT (TD-DFT)
calculations for the polymer repeating unit were also performed
for the analysis of the backbone chain dipole dependence (see
Table S1 in the Supporting Information). The single unit of
PDPP-FBT shows a larger change in dipole on transition from
the ground to excited states (Aﬂge) than that of PDPP-2FBT,
most likely due to the asymmetry-induced odd-numbered F-
substitute on BT motif (see Figure S3 and Table SI in the
Supporting Information). Even though the current level of the
theory above can only provide general trends, this database
would be a useful benchmark for predicting the effect of more
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subtle structural modifications with fluorination for conjugated
polymers.

Thin-Film Microstructure Analysis. The film morpholo-
gies of fluorine-substituted conjugated polymers were examined
using tapping-mode atomic force microscopy (AFM). The
polymer films were drop-casted onto n-octadecyltrimethox-
ysilane (OTS)-modified SiO,/Si substrate from the polymer
solution (~S mg mL™") using 1,2,4-trichlorobenzene (bp = 214
°C) as the solvent. The drop-casting method typically provides
a longer drying time than a spin-coating technique and enables
the formation of films with a higher degree of crystallinity. The
use of solvents with high-boiling points is known to be
beneficial for forming higher crystallinity structures and larger
crystal sizes, typically leading to enhanced performance in

dx.doi.org/10.1021/am505925w | ACS Appl. Mater. Interfaces 2014, 6, 20390—20399
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Figure S. Current—voltage (IV) characteristics of OFETSs based on ambipolar (a—d) PDPP-FBT and (e—h) PDPP-2FBT films of annealed at 250
°C. Transfer characteristics for polymer films in (a, e) p-channel operation (Vg = —100 V) and (¢, g) n-channel operation (Vpg = +100 V) mode. (b,
d, f, and h) Output characteristics for PDPP-FBT and PDPP-2FBT films.

Table 2. Summary of OFETs Performance Data Based on PDPP-FBT and PDPP-2FBT Films

sample” p-channel n-channel
c d
polymer condition (crnlzl}{?aT ) (cmél}{%g1 ) I./Lg (‘<7T) (cm#vlaf‘ s7h) (cmzﬂ\e’;{g ) I./Lg (‘<7T)
PDPP-FBT  without annealing 0.087 0.060 (+0.020)¢  >1 x 10* —6.4 0.061 0.044 (+0.013)  >1 X 10 36.6
thermal 021 0.15 (+0.03) >1x 100 -17.5 0.42 0.33 (+£0.05) >1x 10° 309
annealing

PDPP-2FBT  without annealing 0.033 0.023 (+0.004) >1 x 10* -7.1 0.029 0.016 (+0.001)  >1 x 10> 328
thermal annealing 0.10 0.077 (£0.021) >1 x 102 —19.1 0.30 0.19 (+0.07) >1 X 10> 286

“The p-channel and n-channel characteristics of ambipolar OFETs were measured in a nitrogen atmosphere. bThermal annealing was applied at 250
°C. “The maximum mobility of the OFET devices (L = S0 yum and W = 1000 xm). “The average mobility of the OFET devices (L = SO ym and W =
1000 ym). “The standard deviation was carried out by using more than 10 devices.

OFETs.**™* The drop-cast PDPP-FBT and PDPP-2FBT
films exhibited granular structures (Figure 3). Remarkably, the
as-cast polymer films showed relatively larger void areas and
more distinct grain boundaries between crystalline domains,
whereas the polymer films that were annealed at 250 °C for 30
min exhibited interconnected granular domains with more
smooth surfaces. The PDPP-2FBT film had smaller granular
domains with a larger root-mean-square (RMS) roughness
value of 8.6 nm, compared with that (6.9 nm) of the PDPP-
FBT film. In addition, the optimized drying time for the
preparation of PDPP-FBT films was significantly longer (about
1.5 times) than that of the PDPP-2FBT films. A longer drying
time typically leads to the formation of polymer films with
enhanced crystallinity.*’~*

Two-dimensional grazing incidence X-ray diffraction (2D
GIXD) analyses of the drop-cast films were also performed to
investigate the effects of the F-containing benzothiadiazole
moieties of the DPP-based polymers on the crystallinity and
molecular packing further. Figure 4 shows 2D GIXD images
and the corresponding diffractogram profiles of the annealed
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PDPP-FBT and PDPP-2FBT films. The calculated crystallo-
graphic parameters are summarized in Table S2 in the
Supporting Information. PDPP-FBT and PDPP-2FBT both
exhibited well-defined diffraction peaks up to (300) diffraction
in the out-of-plane directions, indicating that fluorinated
polymers have a long-range ordered lamellar packing. Both
polymer films displayed strong (100) diffractions at g, values of
0.28 and 0.27 A", corresponding to d-spacings of 22.8 and 23.4
A, respectively. It is known that fluorine—sulfur interactions can
facilitate the planarization of the polymer backbone, leading to
a reduction in the intermolecular packing distances.”***°
However, the d(100)-spacing of the PDPP-2FBT film was
larger than that of the PDPP-FBT film. This is presumably due
to the increase in the number of bulky F atoms and the
electrostatic repulsion between F atoms.”’ PDPP-FBT and
PDPP-2FBT showed discernible (010) diffraction peaks in the
in-plane direction, which corresponded to 7—x stacking (7-
stack distance ~3.8 A). These results indicate that both
polymers have a strong preference for edge-on molecular
orientations that are effective for charge transport between

dx.doi.org/10.1021/am505925w | ACS Appl. Mater. Interfaces 2014, 6, 20390—20399
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Figure 6. Inverter characteristic based on (a) ambipolar PDPP-FBT and (b) PDPP-2FBT OFETs (Vp, = 100 V).

source and drain electrodes.’” The annealed polymer films
exhibited decreased d(100)-spacings and increased coherence
lengths, when compared to those of the as-cast films (see
Figure S4 in the Supporting Information for the 2D GIXD
images and the corresponding diffractogram profiles of the as-
cast films). This indicates that the polymer films exhibit denser
molecular packing after the thermal annealing.

OFET Performance. To investigate the electrical perform-
ance of F-substituted DPP-BT polymers, top-contact bottom-
gate OFET devices were constructed with PDPP-FBT and
PDPP-2FBT films as the semiconducting layer. The details
about OFET fabrication are included in the Experimental
Section. Figure S exhibits the typical V-shaped ambipolar
characteristics of OFETs based on PDPP-FBT and PDPP-
2FBT films after thermal annealing. I—V characteristics of the
as-prepared films are also presented in Figure S6 in the
Supporting Information. The electrical performance character-
istics such as charge carrier mobilities, on/off ratios, and
threshold voltages are listed in Table 2. The electrical
performance of the F-substituted DPP-BT polymers was
enhanced after thermal annealing. This is mainly due to the
denser molecular packing characteristic after thermal annealing,
as described in the Thin-Film Microstructure Analysis section.
The enhancement in electron mobility was relatively larger than
that of the hole mobility after the thermal annealing. It has been
reported that the trap density of electrons by ambient oxidants
commonly tends to decrease after proper thermal annealing,
leading to enhanced electron mobility in ambipolar semi-
conductors.”>® As a control experiment, we also tested the
electrical performance of PDPP-BT OFETs with gold contacts.
The thermally annealed PDPP-BT OFETs exhibited hole-
dominant ambipolar transport behaviors, with the optimized
hole and electron mobilities of up to 0.11 and 0.076 cm® V'
s~!, respectively (see Table S3 in the Supporting Information).
In general, the injection barriers of electrons from the gold
electrode (work function ~5.1 €V) to the LUMO were usually
much larger than to the HOMO, because of the high-lying
LUMO of the common polymer semiconductors, and the
current flow is typically dominated by hole transport. In our
experiment, the introduction of fluorine atoms into the main
backbone of the BT unit effectively lowered the energy levels of
the resulting polymers. The respective HOMO levels of the
PDPP-BT, PDPP-FBT, and PDPP-2FBT are —5.10, —5.38,
and —5.48 eV, whereas their respective LUMO levels are —3.90,
—4.18, and —4.22 €V, because of the increase in the number of
electron-withdrawing fluorine substituents. Consequently, the
hole injection barriers from gold to F-substituted polymers
would increase, while the electron injection barriers would
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decrease. Therefore, both F-substituted polymers exhibited
electron-dominant ambipolar transport behavior after optimi-
zation (Table 2). However, the PDPP-FBT films showed a
better electrical performance than PDPP-2FBT films, despite
their higher LUMO and HOMO energy levels that are less
favorable for the electron charge-carrier transport. The OFET's
based on annealed PDPP-FBT films exhibited the maximum
electron and hole mobilities of 0.42 and 021 cm® V' s7},
whereas the average electron and hole mobilities were 0.33 +
0.05 and 0.15 + 0.03 cm® V! 57, respectively. On the other
hand, the OFETs constructed with the annealed PDPP-2FBT
films showed the maximum electron and hole mobilities of 0.30
and 0.10 cm® V™' s7, with the average electron and hole
mobilities of 0.19 + 0.07 and 0.077 + 0.021 cm® V' 57,
respectively. These results can be attributed to the morpho-
logical factors, rather than to the energy levels. As shown by
AFM and GIXD results, the PDPP-FBT films exhibited denser
molecular packing with much larger grains. These findings
indicate that the charge transport in these fluorinated polymers
is significantly affected by the morphological features, in
addition to energetic factors.

Two ambipolar transistors based on fluorinated DPP-BT
polymers were integrated into the complementary metal-oxide-
semiconductor (CMOS)-like inverters. Figure 6 shows the
output voltage (Vour) as a function of the input voltage (Vi)
at a constant supply voltage (Vpp) of 100 V. The gate voltage is
the circuit input voltage, which varies from 0 V to Vpp. At a
small input voltage (Vyy), the p-channel transistor was on, and
the n-channel transistor was off. The inverter of PDPP-FBT
with high charge carrier mobilities of both holes and electrons
exhibited a gain of 12. However, a higher gain value of 25 was
recorded from the PDPP-2FBT inverters. Furthermore, the
sharp switching of the circuits was shifted to nearly Vpp/2 in
PDPP-2FBT. This result is most likely due to the higher
symmetry of the threshold voltages of PDPP-2FBT transistors
in p- and n-channel operation modes. >+

B CONCLUSION

Two conceptually identical polymers apart from having a
different number of F atoms on their repeating unit (PDPP-
FBT (one F) and PDPP-2FBT (two F)) were synthesized and
carefully investigated in a comparative manner, in order to
understand the effects of introducing fluorinated BT moieties
into DPP polymers. Although PDPP-FBT shows very similar
optical properties to those of its nonfluorinated analogue
(PDPP-BT); interestingly, a noticeable change in the optical
profiles and energy levels is observed by increasing the number
of F atoms on the BT unit atom from 1 to 2, thereby resulting
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in a wider bandgap and deeper HOMO for PDPP-2FBT,
relative to the others. In GIXD analysis, the films of both
polymers appear to have strong lamellar textures with three
out-of-plane peaks and a 7m—r stacking peak in the in-plane
diffraction, indicating that the polymers adopt a preferential
edge-on orientation relative to the substrates. To our delight,
the fluorinated polymers FETs exhibited high electron
mobilities of up to 042 cm® V7' s7!, together with hole
mobilities as high as 0.21 cm® V™' s7". These results are
rationalized through a combination of the stronger intermo-
lecular noncovalent interactions and higher electron-affinity 7-
systems, both of which can be induced from the F substituents.
Not only does this study therefore provide new insights into
charge-transport characteristics and our understanding of
semiconducting polymers with incorporated fluorinated BT
units, but also offers a powerful strategy for the molecular
design of high-performance n-channel OFETs.

B EXPERIMENTAL SECTION

General Procedures and Methods. All starting materials were
purchased either from Aldrich or Acros and used without further
purification. All solvents are ACS grade unless otherwise noted.
Anhydrous THF was obtained by distillation from sodium/
benzophenone prior to use. Anhydrous toluene was used as received.
3,6-Bis(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-thiophene-2-yl)-2,5-
bis(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (DPP) was pre-
pared according to established literature procedures.®> 'H NMR and
BBC NMR spectra were recorded on a VNMRS 600 (Varian, USA)
spectrophotometer and 400-MR DD2 (Agilent) using CDCl; and
C,D,Cl, as solvent and tetramethylsilane (TMS) as the internal
standard and MALDI MS spectra were obtained from Ultraflex III
(Bruker, Germany). UV—vis—NIR spectra were taken on Cary 5000
(Varian USA) spectrophotometer. Microwave reactions were
performed by Microwave Synthesis Reactor (Microwave, Anton
Paar). DFT calculations were performed using the Gaussian 09
package with the nonlocal hybrid Becke three-parameter Lee—Yang—
Parr (B3LYP) function and the 6-311G basis set to elucidate the
HOMO and LUMO levels after optimizing the geometry of DPP-BT,
DPP-FBT, and DPP-2FBT trimer using the same method and time-
dependent self-consistent field (TD-SCF) approximation was used for
excited state dipole moment. Number-average (M,) and weight-
average (M,,) molecular weights, and polydispersity index (PDI) of the
polymer products were determined by gel permeation chromatography
(GPC) with Waters 150C GPC using a series of mono disperse
polystyrene as standards in THF (HPLC grade). Cyclic voltammetry
(CV) measurements were performed on Solartron electrochemical
station (METEK, Versa STAT3) with a three-electrode cell in a 0.1 M
tetra-n-butylammonium hexafluorophosphate (n-Bu,NPF) solution in
acetonitrile at a scan rate of 100 mV/s at room temperature under
argon. Ag/Ag" electrode, a platinum wire and a glass carbon disk were
used as the reference electrode, counter electrode, and working
electrode, respectively. The HOMO energy levels were obtained from
the equation HOMO (eV) = —(E(,,)°™* + 4.4). The LUMO levels of
polymers were obtained from the equation LUMO (eV) = —(E ™"
+ 4.4). Ultraviolet photoelectron spectroscopy (UPS) was examined
by AXIS-NOVA CJ109, Kratos. The polymer solution was prepared in
chloroform with S mg mL™" for PDPP-BT, PDPP-FBT, and PDPP-
2FBT. The PDPP-BT, PDPP-FBT, and PDPP-2FBT solution was
spin-coated on indium tin oxide (ITO) glass films, respectively. Film
fabrication was done in a N,-atmosphere glovebox. The UPS analysis
chamber was equipped with a hemispherical electron-energy analyzer
(Kratos Ultra Spectrometer), and was maintained at 1.0 X 10~ Torr.
The UPS measurements were carried out using the He I (hv = 21.2
eV) source. Thermogravimetric analysis (TGA) was performed by
Simutaneous DSC/TGA instrument (TA Instruments, USA) at the
heating rate of 10 °C min™". Differential scanning calorimetry (DSC)

curves were recorded by differential scanning calorimeter (TA
Instruments, USA) at the heating rate of 10 °C min™".

OFET Device Fabrication and Characterization. OFETs were
fabricated in the top-contact bottom-gate configuration using a SiO,/
Si wafer. A 300 nm-thick SiO, layer (capacitance per unit area, C; = 10
nF cm™?) and the underlying highly n-doped Si (<0.004 Q-cm) were
utilized as the gate dielectric and the gate electrode, respectively. The
SiO, surface was modified with n-octadecyltrimethoxysilane (OTS)
based self-assembled monolayer (SAM). Prior to the treatment of
OTS SAM, the SiO, surface contamination was removed using Piranha
(H,S0, + H,0,) solution. The SiO,/Si substrates were washed
sequentially with deionized water and then used the UV-ozone
treatment. The OTS solution (3 mM in trichloroethylene) was spin-
coated on the cleaned substrate at 3000 rpm then, the substrates
placed in a vacuum desiccator with NH,OH vapor for overnight. The
OTS solution treatment was used to remove OH groups from the
SiO, surface, and to optimize dielectric/semiconductor interface. The
SiO,/Si substrates were washed with toluene, acetone, and isopropyl
alcohol and dried by blowing nitrogen gas. The polymeric semi-
conducting layer was deposited on the cleaned substrates by drop
casting. The polymer solution (~5 mg mL™") was prepared in 1,2,4-
trichlorobenzene and filtered through a 0.22 pm syringe filter. The
films were dried in vacuum oven at 100 °C to remove solvent residue.
Then the PDPP-FBT and PDPP-2FBT thin films were annealed at
250 °C for 30 min on a hot plate. All the samples were fabricated
inside a nitrogen-filled glovebox. A 40 nm thick gold layer was
thermally deposited through a shadow mask to form the source and
drain electrodes. OFETs have a channel length (L) of S0 ym and a
channel width (W) of 1000 ym with W/L = 1000 gm/S0 um = 20.
The transfer and output characteristics of ambipolar PDPP-FBT and
PDPP-2FBT OFETs were measured by using a Keithley 4200
semiconductor parametric analyzer under nitrogen atmosphere. The
carrier mobility was calculated in the saturated regime according to the
equation:

Ing = (W/2L)uC(Vg = V)*

where Iy is the drain current, W and L are the semiconductor channel
width and length, respectively, u is the mobility, C, is the capacitance
per unit area of the gate dielectric layer, and Vg and Vi are,
respectively, the gate voltage and threshold voltage.

2,5-Bis(2-octhyldodecyl)-3,6-bis(5-(trimethylstannyl)thio-
phen-2-yl) pyrrolo[3,4-c]pyrrole-1,4-dione (2). Compound 2 was
prepared according to established literature procedures.56 Isolated
yield = 420 mg (87%). '"H NMR (400 MHz, CDCl,, §): 8.99 (d, ] =
3.66 Hz, 2H), 7.32 (d, ] = 3.66 Hz, 2H), 4.05 (d, ] = 7.66 Hz, 4H),
1.97-1.92 (m, 2H), 1.21-1.30 (m, 64H), 0.83—0.88 (m, 12H), 0.43
(s, 18H); *C NMR (100 MHz, CDCl,, §): 161.77, 145.68, 139.79,
136.10, 135.94, 135.32, 107.22, 46.14, 37.89, 3191, 31.39, 30.06,
29.64, 29.62, 29.59, 29.53, 29.34, 29.29, 26.40, 22.68, 22.65, 14.11,
—8.10. Anal. Calcd for C¢H,(4N,0,S,Sn,: C 60.71, H 8.83 N, 2.36, S,
5.40. Found: C 61.04, H 9.53, N 2.69.

Typical Procedure for Suzuki coupling Polymerization and
Polymer Purification. Boronic ester DPP (0.20 mmol), dibromo
FBT or 2FBT (0.20 mmol), tris(dibenzylidenacetone) dipalladium (0)
(1.7 mg, 2.0 gmmol), anhydrous toluene (4 mL) were mixed in a
Schlenk flask which was purged with argon for 30 min. To this
solution, tri(o-tolyl)phosphine (1.2 mg, 4.0 umol) and K;PO, in
demineralized water (2 mL) were added and the reaction mixture was
heated at 95 °C under vigorous stirring for 48 h. The crude product
was poured into a mixture of methanol (300 mL). The resulting solid
was filtered off and subjected to sequential Soxhlet extraction with
methanol (1 d), acetone (1 d) to remove the low molecular weight
fraction of the materials. The residue was extracted with chloroform in
order to produce a dark purple product after precipitating again from
methanol and drying in vacuo.

Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]-
pyrrole-1,4-dione-5’,5"-diyl-alt-fluorobenzo 2,1,3-thiadiazol-
4,7-diyl] (PDPP-FBT). Isolated yield of polymer PDPP-FBT = 100
mg (50%). GPC analysis M, = 6.1 kg/mol, M,, = 12.4 kg/mol, and
PDI = 2.02 (against PS standard).
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Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]-
pyrrole-1,4-dione-5',5"-diyl-alt-difluorobenzo 2,1,3-thiadia-
zol-4,7-diyl] (PDPP-2FBT). Isolated yield of polymer PDPP-2FBT
=100 mg (50%). GPC analysis M,, = 6.6 kg/mol, M,, = 10.9 kg/mol,
and PDI = 1.66 (against PS standard).

Typical Procedure for Stille Coupling Polymerization and
Polymer Purification. Stannylated DPP (0.20 mmol), dibromo FBT
or 2FBT (0.20 mmol), tris(dibenzylidenacetone)dipalladium (0) (1.7
mg, 2.0 yummol), anhydrous toluene (4 mL) were mixed in a 10 mL of
microwave vessel which was purged with argon for 30 min. To this
solution, tri(o-tolyl)phosphine (1.2 mg, 4.0 ymol) was added and the
reaction mixture was heated at 120 °C under vigorous stirring for 6 h
using microwave machine. The crude product was poured into a
mixture of methanol (300 mL). The resulting solid was filtered off and
subjected to sequential Soxhlet extraction with methanol (1 day),
acetone (1 day), and hexane (1 day) to remove the low molecular
weight fraction of the materials. The residue was extracted with
chloroform in order to produce a dark purple product after
precipitating again from methanol and drying in vacuo.

Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]-
pyrrole-1,4-dione-5’,5"-diyl-alt-fluorobenzo 2,1,3-thiadiazol-
4,7-diyl] (PDPP-FBT). Isolated yield of polymer PDPP-FBT = 150
mg (75%). GPC analysis M, = 24.0 kg/mol, M,, = 48.2 kg/mol, and
PDI = 2.01 (against PS standard).

Poly(3,6-dithien-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]-
pyrrole-1,4-dione-5’,5"-diyl-alt-difluorobenzo 2,1,3-thiadia-
zol-4,7-diyl] (PDPP-2FBT). Isolated yield of polymer PDPP-2FBT
=150 mg (75%). GPC analysis M, = 25.0 kg/mol, M,, = 58.6 kg/mol,
and PDI = 2.34 (against PS standard). Note that the peak assignments
and integral values in '"H NMR (C,D,Cl,, 600 MHz) spectra of both
polymers (PDDP-FBT and PDPP-2FBT) became very complicated,
because of the peak broadening and poor resolution in the aromatic
region even at the high temperature (348 K) (see Figure SS in the
Supporting Information).

The thermal properties of PDPP-FBT and PDPP-2FBT were
investigated by thermogravimetric analyses (TGA) and differential
scanning calorimetry (DSC). The combination of TGA and DSC data
for the both polymers confirmed their good thermal stability without
any phase transition processes (see Figure S7 in the Supporting
Information).
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