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ABSTRACT: Planar backbone conformation is essential for enabling polymer semiconductors with high charge carrier
mobility in organic thin-film transistors (OTFTs). Benefiting from the smaller van der Waals radius of O atom in furan
(versus S atom in thiophene), alkylated furan exerts a reduced steric hindrance on neighboring arene, and it was found
that the head-to-head (HH) linked 3,3’-dialkyl-2,2’-bifuran (BFR) can attain a high degree of backbone planarity. Hence
BFR should be a promising building block for constructing polymer semiconductors with planar backbone
conformation and hold distinctive advantages over dialkylbithiophene-based analogue, which is typically highly
twisted. The alkyl chains on the 3 and 3’ positions offer good solubility for the resulting polymers, which in combination
with its planar backbone yields an improved molecular design window for developing high-performance polymer
semiconductors, particularly those with simple molecular structure and based on the acceptor co-unit without any
solubilizing chains. When incorporated into polymer semiconductors, remarkably high hole and electron mobilities of
1.50 and 0.31 cm? V-! s are obtained from BFR-based polymers FBFR-BO and CNBFR-C18 containing fluorinated and
cyano-functionalized benzothiadiazole as the acceptor co-unit, respectively. Such mobilities are the highest values for
HH linked polymers and also among the best for furan-containing polymers. The results demonstrate that HH linked
dialkylbifuran is a highly promising building block for constructing organic and polymeric semiconductors, and this
new approach by incorporating HH BFR offers several distinctive advantages for developing high-performance polymer
semiconductors, including effective optoelectronic property tuning using minimal number of aromatic ring, reduced
structural complexity, facile materials synthesis, good materials solubility, and enriching materials library. In addition,
the study offers important guidelines for future development of furan-based polymers and head-to-head linkage

containing organic semiconductors.

semiconducting materials for the development of

INTRODUCTION
next-generation light-weight, flexible, stretchable

n-Conjugated polymers are promising optoelectronic devices.'S A great amount of research
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efforts have been devoted to understanding their
chemical structure-materials property-charge transport
property correlations, offering important guidelines for
new materials design.®!? It has been well established
that planar backbone conformation with low torsional
disorder is highly desirable for polymer semiconductors
to facilitate charge transport in both intrachain and
interchain regimes.’3'> Large dihedral angles along
polymer backbones not only reduce the m-conjugation
and decrease the electronic coupling between adjacent
building blocks, but also hinder the three-dimensional
packing of polymer chains and the formation of ordered
polymer aggregates, thus limiting intermolecular charge
hopping.’®” In order to achieve a high degree of
backbone planarity, various materials design strategies
have been developed and utilized with great successes,
including conformation lock via non-covalent
intramolecular interactions,'®-?! incorporation of bridged
or fused rings,'*+?2-2% developing regioregular polymeric
backbones,?® insertion of unsubstituted w-spacers,?627
and heteroatom substitution.?8

In spite of several promising features demonstrated
already, furan, as a thiophene analogue, gained much less
attention in the community.?*-3? a-Oligofuran is shown to
have intrinsically a high backbone planarity with internal
dihedral angles close to 0° while featuring other
advantages such as good solubility and reduced
environmental impact of being biodegradable and
obtainable from renewable resources.3*3% More
importantly, the high degree of backbone planarity in
oligofuran and polyfuran appears to persist even with
the presence of head-to-head (HH) linkages, benefiting
from the small van der Waals radius of the O atom.3637
This is in sharp contrast to the scenario associated with
3,3’-dialkyl-2,2’-bithiophene (BTR) in which the HH
linkage results in a substantial dihedral angle between
two thiophene moieties. Therefore, HH linked BTR is
typically avoided in molecular and polymer
semiconductors, and the above mentioned strategies are
employed to gain backbone planarity.2%27:38-42 However,
polymer semiconductors built on these strategies often
suffer from their own disadvantages, such as elevated
energy levels of frontier molecular orbitals (FMOs),2%3°
reduced solubility,®® or unsatisfactory charge transport
properties.**41 Since HH linked 3,3’-dialkyl-2,2’-bifuran

(BFR) can attain planar backbone conformation and the
solubilizing chains on the 3 and 3’ positions afford the
polymer semiconductors with essential solubility,?43
therefore BFR should be excellent building blocks for
constructing polymer semiconductors. The solubilizing
alkyl chains on bifuran enable developing polymer
semiconductors based on comonomers without any side
chains, such as benzothiadiazoles. In addition, the
incorporation of BFR can yield the resulting polymer
with simple structure, featuring minimized number of
aromatic ring and reducing synthesis complexity. Such
polymers with minimal number of aromatic ring can also
result in effectively tuning of the FMO energy levels and
enrich the materials library.

In this work, we synthesized a novel HH linked
building block BFR via a facile synthetic route and
performed studies in-depth on the BFR-based
donor-acceptor (D-A) polymer semiconductors (Figure
1) for the first time. Through comprehensive theoretical
studies and experimental characterizations, we
systematically investigated the effects of alkyl chains on
BFR moiety and substituents on the acceptor co-unit on
polymer backbone conformation. It was discovered that
a planar backbone conformation of BFR could be
attained in polymers unless both the branched alkyl
chain 2-butyloctyl on BFR and the bulky cyano
substituent on benzothiadiazole are present. When
applied in organic thin-film transistors (OTFTs), a
remarkable hole mobility (u,) of 1.50 cm? V-1 s7! was
achieved from polymer FBFR-BO, which is the highest
value reported for all HH linked polymers to date, 394244
and also among the best results for furan-containing
polymer semiconductors.?83%45 By simply changing the
acceptor comonomer, the cyano-functionalized polymer
CNBFR-C18 exhibited an electron mobility (g.) of 0.31
cm? V-1 s71, while polymer CNBFR-BO with a branched
2-butyloctyl chain on BFR showed a much more twisted
backbone and less ordered morphology, leading to a
substantially lower p, of 9.5 x 103 cm? V-1 s71, The results
demonstrate the versatility of BFR for enabling polymer
semiconductors to have distinct charge carrier polarity,
and the studies show the intrinsic advantages and great
potentials of HH linked dialkylbifuran for constructing
planar polymer semiconductors with simple structure

and facile synthesis, at mean time achieving substantial
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charge carrier mobilities in OTFTs.

RESULTS AND DISCUSSION

Synthesis of Monomers and Polymer Semiconductors.
The synthetic route to the distannylated BFR monomer 3
is straightforward as depicted in Figure 1a. Starting from
3-bromofuran, compound 1 was readily synthesized by
lithiation using lithium diisopropylamide (LDA) followed
by the treatment of CuCl,, which was then subjected to
Kumada coupling with Grignard reagent alkylmagnesium
bromide to afford the HH linked 3,3’-dialkyl-2,2’-bifuran
(2). In order to achieve sufficient solubility and at the
mean time to optimize and study the polymer backbone
conformation, chain packing, film morphology, and
charge transport property upon side chain variation,
both linear n-octadecyl (C18) and branched 2-butyloctyl
(BO) side chains were attached to the 3 and 3’ positions
of BFR. Next, the distannylated monomers 3a and 3b
were prepared by conventional lithiation followed by
quenching with trimethyltin chloride. The NMR spectra
and elemental analysis results indicated a high purity of
the distannylated monomers  without further
purification. The monomers 3a and 3b were then
copolymerized with brominated
difluorobenzothiadiazole (ffBT) or
dicyanobenzothiadiazole (DCNBT)*® comonomer using
Stille coupling based polycondensation under microwave
irradiation to afford the polymer semiconductors. The
NMR spectra of the monomers and polymers were
shown in the Supporting Information (Figure S1-S12).
The attachment of bifuran to the strong acceptor
comonomers is beneficial for the stability of the resulting
BFR-based polymers, greatly attenuating their

decomposition against light and oxygen over time, which

Chemistry of Materials

is typically observed in 7z-conjugated furans.3247 After
polymerization, the polymers were purified through
sequential Soxhlet extraction to remove impurities and
low molecular weight fractions. Their number average
molecular weights (M,;s) were measured by
high-temperature gel permeation chromatography (GPC)
at 150 °C used 1,2,4-trichlorobenzene as the eluent,
showing a moderate M, between 11.8-19.1 kDa with a
polydispersity index (PDI) in the range of 1.2-2.4 (Table
1). The polymers exhibited good solubilities in common
organic solvents, such as toluene, chlorobenzene (CB),
and 1,2-dichlorobenzene (0-DCB). From synthetic points,
the solubilizing ability of BFR enables the synthesis of
polymers containing acceptor co-unit without any side
chain, which can enrich materials library. In addition, the
polymers feature simple molecular structure without
n-space and fused m-system, which can largely reduce
synthetic complexity.

It is instructive to compare the solubilities of
polymer FBFR-C18 with its
3,3’-dioctadecyloxy-2,2’-bithiophene based analogue
polymer. Using the same n-octadecyl chain, the
dialkoxybithiophene-based polymer is intractable, while
FBFR-C18 shows sufficient solubility for materials
characterization and device fabrication. Such solubility
variation reflects the advantages of achieving planar
backbone based on the strategy of decreasing steric
hindrance by incorporating furan ring versus the
non-covalent ~ S-0

strategy of  incorporating

interaction.?9324348 In addition,
dialkoxybithiophene-based polymers typically show
high-lying energy levels of the highest occupied
molecular orbital levels (HOMOs), which are detrimental
to material/device stability, current on/off ratios
(Ion/Is), and realization of unipolar n-type performance

in OTFT devices.
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Figure 1. Synthetic route to (a) the distannylated head-to-

the BFR-based polymer semiconductors.
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head linked 3,3’-dialkyl-2,2’-bifuran (BFR) monomers and (b)

Table 1. Molecular weights, thermal characteristics, optical absorption, and electrochemical properties of BFR-based

polymer semiconductors.

Mn 2 Td b) )Lmax (SOll’l) 9 Amax (ﬁlm) 9 EHOMO © ELUMO 0 EgOpt 8
Polymer PDI
[kDa] [°C] [nm] [nm] [eV] [eV] [eV]
FBFR-C18 19.1 2.42 401 737 739 -5.42 -3.88 1.54
FBFR-BO 13.8 1.74 394 610 717 -5.49 -3.89 1.60
CNBFR-C18 18.9 2.04 376 774 906 -5.65 -4.41 1.24
CNBFR-BO 11.8 1.26 364 756 794 -5.75 -4.32 1.43

3 measured by GPC at 150 °C versus polystyrene standards; » decomposition temperature defined as the temperature
with a 5% weight loss; 9 from polymer solution (10> M in 0-DCB); 9 from thin film on quartz glass; @ Eyomo = —(Ee°"t +

4.80) eV, and E,,°t determined electrochemically using Fc/Fc* internal standard; 9 Ejymo = Enomo + EgP5 & E°Pt =

1240 /Agnser €V.

Thermal and Electrochemical Properties of Polymer
Semiconductors. Thermogravimetric analysis (TGA)
showed that these BFR-based polymers have good
thermal stability with the decomposition temperature
(Tq) > 360 °C (Figure S13), defined as the temperature
with a 5% weight loss, which allows device optimization
over a wide temperature range. Differential scanning
calorimetry (DSC) characterization revealed that all
these BFR-based polymers have distinctive thermal

transition (Figure S14), indicative of their high degree of

ordering. However, the thermal transition characters are
strongly side chain dependent for these polymers.
FBFR-C18 and CNBFR-C18 showed pronounced melting
peaks of side chains centered around 70-80 °C, a
phenomenon commonly observed for polymer
semiconductors with long linear alkyl chains.**° In
contrast, FBFR-BO and CNBFR-BO with branched
2-butyloctyl chain exhibited primary thermal transition
peaks at much higher temperatures of 200 and 176 °C,

respectively, as extracted from the cooling processes,
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which were likely associated with polymer backbone
relaxation.** The electrochemical properties of these
BFR-based polymers are investigated as thin films using
cyclic voltammetry (CV, Figure S15) referencing to a
ferrocene/ferrocium (Fc/Fc*) internal standard. All
polymers show obvious oxidation peaks, and the HOMO
energy levels (Eyomos) are derived from oxidation onset,
and the data are listed in Table 1. Except CNBFR-C18, all
other BFR-based polymers show weak reduction peaks,
hence the lowest unoccupied molecular orbital energy
levels (ELymos) are calculated from the Eyomos and optical
band gaps (E;°*'s) of polymers (Table 1). The Eyomos and
Eiymos are found to be -5.42/-3.88, -5.49/-3.89,
-5.65/-4.41, and -5.75/-4.32 eV for FBFR-C18,
FBFR-BO, CNBFR-C18, and CNBFR-BO, respectively.
The branched side chain containing polymers appeared
to have slightly deeper Eyomos, associated with their
reduced backbone planarity and larger E,°'s seen clearly
from the UV-Vis absorption and theoretical study (vide
infra). By simply changing the substituent from F to CN
group on benzothiadiazole, both the HOMO and LUMO
energy levels of polymers CNBFR-C18 and CNBFR-BO
(versus polymers FBFR-C18 and FBFR-BO) were
suppressed by a big margin, particularly the LUMO
levels, demonstrating the effective tuning of FMO energy
levels. Please note that the FMOs of these BFR-based
polymers are considerably lower-lying compared to
those of their polymers based on alkoxy chain
substituted HH  bithiophene.?®5!  Although the
non-covalent sulfur-oxygen interactions lock the
polymer backbone to achieve planar conformation,
however the strong electron donating alkoxy chains lead
to elevated HOMO levels.34651 Therefore, our strategy of
using dialkylated bifuran shows a distinctive advantage,
avoiding high-lying HOMO levels, which should yield
improved materials and device stability in OTFTs.5253
The narrower E,°P's of the CNBFR-based polymers than
the FBFR-based polymers are mainly attributed to their
highly suppressed Eiymos as a result of the strong
electron-withdrawing cyano groups.*6 Such
deep-positioned Epymos should facilitate electron
injection and promote n-type performance in OTFTs for
these CNBFR-based polymers (vide infra).>35*

Optical Properties of Polymer Semiconductors. Optical

Chemistry of Materials

absorption spectra of these polymers (Figure 2a, 2b)
allowed us to gain insights regarding their aggregating
properties and conformation changes upon side chain
variation on BFR and substituent modification on
benzothiadiazole moiety. The linear chain substituted
FBFR-C18 exhibited very similar absorption spectra in
solution and at film state with an absorption maximum
(Amax) at 737 and 739 nm, respectively, which is
attributed to its strong aggregating characteristics with
ordered structure in solution (Figure S16). In contrast,
the branched 2-butyloctyl substituted FBFR-BO is
completely disaggregated in solution and undergoes a
disorder-order transition when casted into thin-film,
yielding a large red-shift of A, from 610 to 717 nm. In
comparison to that of FBFR-BO, FBFR-C18 film shows a
bathochromic shift of ca. 20 nm, which is attributed to
the fact that the linear alkyl chain reduces the steric
hindrance between two furan rings and hence increases
the planarity of polymer backbone. Such structural
characters yield strong intermolecular interactions and
ordered polymer chains as revealed by X-ray diffraction
study (vide infra).3%5% The scenario, in contrast, became
quite different  for  the
CNBFR-based polymers. Both polymers CNBFR-C18 and
CNBFR-BO show similar A, at 774 and 756 nm in
solution, respectively, implying that the two polymers

cyano-functionalized

possess comparable backbone conformation. However,
CNBFR-C18 shows a large bathochromic shift of
absorption onset (Ajpsee = 961 nm) compared to
CNBFR-BO (A, = 818 nm). Based on the
temperature-dependent absorption spectra of the
CNBFR-based polymer solutions in o-DCB (Figure S16),
the Agusec of CNBFR-C18 is greatly blue-shifted by 124 nm
at 100 °C, indicating that CNBFR-C18 has a high degree
of aggregation in solution at room temperature.
However, the temperature increase shows minimal
impacts on Ap.x and Agysee for polymer CNBFR-BO, which
indicates that the branched 2-butyloctyl chains on BFR
greatly suppress the aggregation of polymer CNBFR-BO
in solution. Such phenomenon is also observed for
FBFR-BO as the temperature of polymer solution
increases. In comparison to polymer solution, the
CNBFR-C18 film displays a large red-shift of A, (132
nm), while the CNBFR-BO film shows a much smaller
red-shift of A, (38 nm). The results indicate a
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substantially different intermolecular aggregation of
CNBFR-C18 and CNBFR-BO in solid states.3955-57 In fact,
CNBFR-BO film shows nearly amorphous morphology
and lack of diffraction peaks in the X-ray diffraction
study (vide infra), attributed to a high degree of
backbone distortion of polymer CNBFR-BO (as revealed
by theoretical calculation, vide infra), which likely results

from steric hindrance between the cyano group on the
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benzothiadiazole and the neighboring
2-butyloctyl-functionalzied furan. Therefore, both the
substituent on benzothiadiazole unit and the side chain
on furan moiety are important for polymer backbone
conformation, and these BFR-based polymers can attain
a high degree of backbone planarity unless both the
branched alkyl chain on BFR and the bulky substituent,

i.e. cyano (versus F), on benzothiadiazole, are present.
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Figure 2. UV-vis absorption spectra of the BFR-based polymers (a) in diluted 0-DCB solutions (10-> M) and (b) as thin
film spin-casted from o-DCB solutions (5 mg mL-1). DFT optimized geometries and FMO energy levels of the trimers of
the repeat units of (c) FBFR-C18, (d) FBFR-BO, (¢) CNBFR-C18, and (f) CNBFR-BO. Calculations were carried out at the
DFT//B3LYP/6-31G (d, p) level. Dihedral angles between the neighboring arenes are indicated by the red dot circles.
The n-octadecyl and 2-butyloctyl substituents are replaced by propyl and isobutyl groups, respectively, to simplify the

calculations.

Theoretical Computation of Polymer Semiconductors. Theoretical computation provides
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insights for understanding the backbone conformation of
these BFR-based polymer semiconductors. Density
functional theory (DFT) calculations on the monomer
BFR only (Figure S17) revealed that linear alkyl chains
on the 3 and 3’ positions of bifuran do not negatively
affect the backbone planarity of HH-linked BFR with a
dihedral angle of ~0.13°, which was consistent with the
earlier report.3> However, branched alkyl chains show
negative effects on backbone planarity, yielding a small
dihedral angle of ~8.7° between two furans. Additionally,
the torsion potential profiles of both linear and branched
alkyl BFR were calculated to analyze their
thermodynamic stability against torsional disorder. As
plotted in Figure S18, the energy minima were located at
0° for BFR containing linear alkyl chain and 10° for BFR
containing branched one, respectively. Metastable state
existed at 125° and 130° for BFR containing linear and
branched alkyl chain, respectively. However, an energy
barrier of 3.91 and 3.77 kcal mol! is needed for the
conversion of conformers from their energy minima to
the metastable states for BFR containing linear and
branched alkyl chain, respectively. These results
unambiguously suggest that BFR containing linear chain
favored a more planar conformation and was more

stable against torsional disorder compared to BFR
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10° V= -80V
0.010 0.02
2 ~-~
2 Zyg0
— - V,=-10V
0.005 = 0.01
2 10t
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-20 -40 -60 -80 0 -20 -40 -60 -80
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containing branched one. These findings for the BFR
units were used as foundation to understand the
backbone conformations for the trimers of these polymer
repeating units (Figure 2c-2f and Table S1). Polymer
FBFR-C18 exhibited very small dihedral angles not only
within the BFR units but also between the donor bifuran
and acceptor difluorobenzothiadiazole (ffBT) moieties.
The high degree of FBFR-C18 backbone planarity might
be assisted by the non-covalent F-+H or CH-N
interaction between ffBT and BFR.1842 A high degree of
backbone planarity was also found for FBFR-BO showing
a small dihedral angle of 7.53° within the BFR unit, in
good accordance with the theoretical computation of
single BFR (Figure S17). However, polymer CNBFR-C18
exhibited a large dihedral angle of ~22° between DCNBT
and BFR, indicating that the bulkier DCNBT acceptor led
to an increased steric hindrance compare to ffBT
analogue.*® The backbone of BFR in CNBFR-C18
remained planarity, while it became considerably more
twisted with a large dihedral angle of ~16° in CNBFR-BO
compare to FBFR-BO, which hence led to the backbone
of polymer CNBFR-BO having a high degree of
conformation distortion, resulting in the lowest mobility

among these BFR-based polymers in OTFTs (vide infra).

(c) (d)
0.02 107 0.006
4 &
107 v,=8ov 10° V, =80V

_ 2 0.004 &
<10° A, a
- V, =10V, " = oo 10 Vy= 10V =
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Figure 3. Transfer and output characteristics of (a, e) FBFR-C18, (b, f) FBFR-BO, (c, gJ CNBFR-C18, and (d, h)
CNBFR-BO-based OTFT devices fabricated under the optimal conditions. L = 50 pm for FBFR-based devices (a, b, ¢, f)
and L = 10 um for CNBFR-based devices (c, d, g, h); W =5 mm for all transistors.
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Table 2. TG/BC OTFT device performance parameters using BFR-based polymer active layers annealed under the

optimal thermal conditions.

Hn® He®
Polymer Solvent  Tanpea [em? V1 51] [em? V4 51] Vr [V] Lon/Iogs
FBFR-C18 0-DCB  160°C 0.66 (0.43) NA p: -39 10°
FBFR-BO 0o-DCB  200°C 1.50 (1.10) NA p:-26 10%-105
CNBFR-C18 CF 200°C NA 0.31(0.22) n: 27 104
CNBFR-BO CF 200°C NA 9.5 x 103 (7.5 x 10-3) n: 31 10%-105

3) Maximum mobility with an average value shown in parentheses (from at least 5 devices).

Device Performance of Organic Thin-Film
Transistors. OTFTs with a top-gate/bottom-contact
(TG/BC) configuration were subsequently fabricated to
investigate the charge transport properties of these
BFR-based polymers. Figure 3 shows the transfer and
output characteristics of the best-performing devices
with their performance parameters summarized in Table
2, and the complete set of results under various device
fabrication conditions are included in the Supporting
Information (Table S2 and S3). It was found that the
OTFT performance of these BFR-based polymers was
sensitive to thermal annealing (Tapea), Which was
generally improved after annealing. FBFR-C18 and
FBFR-BO exhibited a maximum yj, of only 0.11 and 0.07
cm? V! s7! in OTFTs fabricated using the off-center
spin-coating (OCSC) technique without thermal
treatment, which was significantly enhanced to 0.66 and
1.50 cm? V! s' after annealing at the optimal
temperatures of 160 and 200 °C, respectively. The use of
0OCSC method>®> can successfully induce polymer chain
alignment across the transistor channel and lead to
improved device performance (Table S2), compared to
the on-center spin-coated OTFTs fabricated at the same
Tannea- TO the best of our knowledge, this remarkable puj,
of FBFR-BO is the highest reported value for all HH
linked polymers,3-4244 also among the best results for
furan-containing Moreover, the
off-currents (I,gs) of 10-1°-10-8 A and I,,/I,gs of 105 are
HH-linked

bithiophene-containing analogous polymers with alkoxy

polymers.283045
much better than those of
side chains, which typically show high I,s of 10-7-107° A

and small I,,/l,gs of 10?-103 in transistors due to the

high-positioned FMO energy levels.*5516° The results

reflect the advantages of the strategy of reducing steric
hindrance by incorporating furan versus the strategy of
employing non-covalent S--0 interaction by introducing
strong electron-donating alkoxy chain. Switching the
acceptor monomer to cyano-functionalized
benzothiadiazole DCNBT changed the charge carrier
polarity to n-type for polymers CNBFR-C18 and
CNBFR-BO, as a result of their deep-positioned
LUMOs.*¢¢! During the device optimization, it was found
that the OCSC method unfortunately was ineffective for
the CNBFR-based polymers because of the chloroform
solvent used here. Due to the low boiling point, the film
formation time would be too short for the polymer
chains to be well aligned in the OCSC films, in view of the
much higher spin-casting speed compared to the
on-center method. The CNBFR-C18 OTFTs using
on-center spin-casting technique displayed a maximum
electron mobility (u.) of 0.31 cm? V! s!, while it was
reduced by more than one order to 9.5 x 103 cm? V! st
for the CNBFR-BO OTFTs. The good device performance
of the HH linked FBFR-BO and CNBFR-C18-based OTFTs
is attributed to their appropriately positioned FMO
energy level, which should lead to facile charge injection
from electrode, as well as the high degree of backbone
planarity and good film morphology, including well
aligned and interconnected domains, and substantial film
crystallinity, which greatly facilitate charge transport.
The film morphology will be elaborated below.

It is interesting to note that the low degree of
backbone non-planarity is tolerable in polymer
semiconductors evidenced by the good OTFT
performance of FBFR-BO and CNBFR-C18. In fact, a

small backbone distortion and the presence of dihedral
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1

2 angle distribution is a general feature for polymer
3 semiconductors, which is the main cause for charge
4

5 carrier localization along the polymer chain.!562
6 Meanwhile, it is highly important that the disorder in the
7 polymer chain does not interfere with the formation of
g short-range intermolecular m-aggregates, that has been
10 recognized as an important factor for efficient charge
11 = b

12 FBFR-C18 as cast FBFR-BO as cast
13 -

14 <

15 3

16

17

18

19

20

21 b

22 =

23

24 N /

25 00 05 10 15 20 0.0 05 1.0
;? Gy (A7) Gy (A1)
28

29

30 , , .
31 Polymer Film Microstructure and Morphology. Film
32 morphology characterizations were carried out using the
33 tapping-mode atomic force microscopy (AFM) and two
gg dimensional grazing incidence wide angle X-ray
36 scattering (2D-GIWAXS) techniques. All BFR-based
37 polymer films displayed interconnected nanofibrillar
228) structures in as-cast films (Figure S19). Similar
40 morphological features and surface roughnesses (Table
41 S4) were retained before and after thermal annealing for
42 FBFR-C18 and CNBFR-C18, owing to their high
43

44 aggregation tendency even in neat film without thermal
45 treatments. With regard to CNBFR-BO, thermal
46 annealing induced a negligible change in the AFM surface
j; morphology, as a result of its quite amorphous nature.
49 On the other hand, the thermally treated FBFR-BO
50 showed clearly enhanced surface roughness compared to
g; the one without thermal annealing (Table S4), which
53 indicates an effective reorganization of polymer chains
54 by annealing above its thermal transition temperature
55 (see DSC thermograms). The noticeable crystallinity
56

57 improvement in the AFM morphology explains (in part)
58 the most significantly enhanced OTFT carrier mobility
59 for FBFR-BO with thermal annealing.

60
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transport in polymer semiconductors.”1® Among the
performance parameters achieved by these BFR-based
polymer semiconductors, the low performance of
CNBFR-BO was not surprising considering its
substantially twisted backbone conformation and
near-amorphous film microstructure and morphology
(vide infra)

C CNBFR-C18 as cast

[ A
1.5 2.0 00 05 10 15 2.0 00 05 10 15 20

Gy (A7) Gyy (A7)

Figure 4. 2D-GIWAXS images of the as-cast and thermally annealed films of the BFR-based polymers.

The detailed interchain packing and orientation of
the BFR-based polymer films was investigated by
2D-GIWAXS measurements with and without thermal
treatments. Figure 4 and S20 present the 2D-GIWAXS
images and the corresponding 1D out-of-plane (OOP)
and in-plane (IP) line-cut profiles. The resulting packing
parameters are summarized in Table S5. Based on the
GIWAXS data, the as-cast films of FBFR-C18 and
FBFR-BO showed distinctive differences in their packing
structures. In the as-cast film without annealing,
FBFR-C18 exhibits strong and well-resolved lamellar
scatterings progressing up to (400) with a d-spacing of
2.9 nm in the IP direction together with a strong OOP
(010) scattering at q, = 1.80 A-'with a d,_,-spacing of
0.35 nm, indicating a face-on dominant bimodal
orientation. Please note that in addition to the strong
OOP (010) scattering at q, = 1.80 A1, a much weaker
OOP (010) scattering at q, = 1.55 A-! was observed,
which likely suggest that FBFR-C18 may have two kinds
of m-m stacking spacing of tight (d-spacing of 0.35 nm)
and loose (d-spacing of 0.4 nm) cofacial packing. For the
polymer with branched chains on bifuran, FBFR-BO
shows the lamellar peaks progressing up to (300) in the
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OOP direction and the IP (100) peak with a d,g-spacing
of 1.8 nm where the smaller lamellar distance of
FBFR-BO (compared to that of FBFR-C18) is due to the
short side chain length of 2-butyloctyl. According to the
diffraction pattern, polymer FBFR-BO with branched side
chain on bifuran shows a dominant edge-on orientation,
while polymer FBFR-C18 with linear n-octadecyl chain
adopts a dominant face-on orientation. Frankly the exact
reasons for such different polymer chain orientation are
not very clear at this stage. We expect that such
orientation variation is related to polymer solubility
change by using different side chain, which can alter the
polymer aggregating character and hence affect the
interaction between the side chain and substrate and the
interaction between the polymer backbone and
substrate, as well as the competition between these two
interactions. The increased film crystallinity and edge-on
orientation of polymer chain of FBFR-BO (versus
BFR-C18) is in a good agreement with its higher carrier
mobility in OTFT devices.

The as-cast CNBFR-C18 film with linear n-octadecyl
side chains shows an edge-on dominant bimodal
crystalline ordering where the OOP lamellar scatterings
up to (300) are observed with a corresponding lamellar
interdigitation distance of ~2.7 nm. In the contrary, the
as-cast CNBFR-BO film shows an amorphous
morphology. This result corroborates the fact that the
branched 2-butyloctyl side chains on the BFR unit
together with the bulky cyano substituents on
benzothiadiazole result in a significantly large steric
CNBFR-BO polymer

inhibiting the crystalline interchain ordering. After

hindrance inthe backbone,
thermal annealing, all polymers show a clearly improved
film crystallinity confirmed by the sharper and stronger
diffraction patterns than the as-cast films, except for
CNBFR-BO (Figure 4), which still shows a highly
amorphous feature. The crystal coherence length (CCL)
values based on the IP (100) and OOP (100) peaks were
calculated according to the Scherrer equation,®® showing
sharply increased CCL values after thermal treatment
(Table S5), which should facilitate the charge carrier
transport through intermolecular hopping. Interestingly,
thermal treatments noticeably enhanced the edge-on

both FBFR-BO and CNBFR-C18

polymers, as revealed by the intensified lamellar and

orientation for

10

weakened (010) scattering in the OOP direction. After
thermal annealing at 200 °C, FBFR-BO shows the most
significantly increased CCL of the (100) peak in both IP
(105 > 292 A) and OOP (124 - 218 A) directions, which
together with the enhanced edge-on orientation yields
the increased charge carrier mobility measured in OTFT

devices.

CONCLUSIONS

In summary, a novel HH linkage containing building
block 3,3’-dialkyl-2,2’-bifuran (BFR) was designed and
synthesized via a facile synthetic route, and its
incorporation into polymers yielded a series of
semiconductors with simple molecular structure and
tunable charge carrier polarity depending on the
acceptor moiety, which reflects the effective polymer
optoelectronic property tuning using this BFR building
block. We systematically studied the effect of the side
chains (n-octadecyl or 2-butyloctyl) on bifuran unit and
the substituents (fluoro or cyano) on benzothiadiazole
moiety on the polymer backbone conformation and its
correlation with the absorption spectra, FMO energy
levels, film morphologies, and charge transport
properties. It was found that the backbone conformation
of these BFR-based polymers is dependent on the
periphery of main chain, and a planar conformation
could be attained for the polymer semiconductors unless
both the branched 2-butyloctyl chain on BFR and the
bulky cyano substituent on benzothiadiazole are present.
Appropriately positioned FMO energy level, high degree
of backbone planarity, ordered polymer chain packing,
and hence good OTFT charge transport characteristics
were obtained for polymers FBFR-C18, FBFR-BO, and
CNBFR-C18. The backbone conformation and chain
packing of these BFR-based polymers is comparable to
that of the alkoxy-functionalized bithiophene-based
analogous polymers, but with much lower-lying HOMO
energy levels. The results reflect the distinctive
advantages of achieving a planar backbone based on the
strategy of incorporating furan unit to reduce steric
hindrance versus the strategy of incorporating
non-covalent S~O interaction. When incorporated into
OTFTs, FBFR-BO achieved a remarkable y;, of 1.50 cm?
V-1 571, which is the highest value reported for HH linked
best results for

polymers and among the
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furan-containing polymers in OTFTs. The change of the
acceptor moiety to

benzothiadiazole led to polymer CNBFR-18 with

cyano-functionalized

promising n-type performance with a y. of 0.31 cm? V-!
s7L. The results demonstrate that BFR is a very promising
building block for constructing high mobility polymers
with planar backbone conformation. The new approach by
incorporating HH linked dialkylbifuran shows several
advantages for materials innovation, including effective
optoelectronic  property tuning, reducing structural
complexity using minimal aromatic ring number, facile
materials synthesis, and good solubility, which can largely
enrich the materials library. Moreover, this detailed study
presents a fundamental understanding of the
structure-property correlations of BFR-based polymers
by varying the alkyl chain on bifuran and the
substituents on benzothiadiazole, offering important
guidelines for future development of HH linked organic

semiconductors and furan-based polymers.
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