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ABSTRACT: The research on p-type polymer semiconductors o R o R L pee— 0.8
has achieved significant progress in terms of material diversity and S 0 S O 10% 0.05
device performance, while the performance of n-type polymer Br—= S\Bf — 1§ O s\ " s 0.04 7,
semiconductors has lagged far behind. The design and synthesis of 0%y o 0w, sm , 003 o
electron-deficient building blocks are essential for the development R R E £10° / 002 2
of high-performance n-type polymer semiconductors. Herein, we - D /S\ s % 10° / . <
report a new electron-deficient unit, 3,4,7,8-benzo[1,2-b:4,5- S v F\ / 1 -

q g q q g q g o q 10" =——————>————0.00
b’]dithiophenedimides (BDTI), and its derivative dibromide + Completely Planar Backbones 0 20 40 60 80 100
BDTI, which are further employed to construct BDTI-based V' Hemax= 0-25 cm?V-1s-1 Vs (V)

donor—acceptor copolymers. These polymers show highly planar

backbones and deep lowest unoccupied molecular orbital (LUMO) levels (from —3.62 to —3.95 eV), which facilitate electron
injection and transport in their thin films. The highest electron mobility of 0.25 cm® V™' s™! was achieved in a field-effect transistor
(FET) using the copolymer containing a fluorinated bithiophene donor. This work demonstrates that BDTI is a promising building
block for constructing high-performance n-type polymer semiconductors.

B INTRODUCTION adjacent conjugated units.”>*° It is known that twisted
backbones may shorten the conjugation length, reduce
HOMO/LUMO delocalization, and inhibit polymer-chain
stacking, thus limiting charge carrier transporting proper-
ties.2™* Therefore, to further increase the charge transporting
performance, various chemical modifications of diimide-based
polymers were carried out to enhance backbone planarity
(Scheme 1). One of the straight ways is to introduce 7z-spacer
groups between the diimide unit and comonomer. For
instance, Briseno’® and Heeney’' independently reported
that vinylidene spacers between NDI (NDI-V) and bithio-
phene moieties could reduce backbone torsion (~18°), and
the electron mobility () of the resulting conjugated polymers
was boosted to 0.28 cm® V' s7'. Another strategy is to
optimize the structure of the diimide units to reduce steric
hindrance. Marks and Facchetti removed one or two carbonyl
groups in the NDI units (NBA), and the corresponding
polymers exhibited backbone torsion of ~10° with . of 0.39
em? V7' s71.7% Lj and Guo developed a ring-extended NDI
unit, anthracene diimide (ADI), affording polymers that
showed backbone torsion of ~11°3%** However, diimide-

Conjugated polymer semiconductors have received tremen-
dous attention due to their potential applications in flexible,
wearable, and implantable electronic devices.'® Both p-type
(hole-transporting) and n-type (electron-transporting) semi-
conductors are required in practical applications, such as
fabricating complementary metal oxide semiconductor
(CMOS)-like logic circuits and building bulk heterojunction
devices. Nowadays, hole mobilities (u,) of p-type polymer
semiconductors have exceeded 10 cm? V7! s7!, which is
superior to those of amorphous silicon-based thin film
transistors.” " In comparison, n-type polymer semiconductors
with high electron mobilities (y,) are still limited mainly
because of the lack of strong electron-deficient building
blocks.'°™"° Thus, the development of novel electron acceptor
units and rational polymer structural design is highly required
for boosting the performance of n-type polymer semi-
conductors.

Among the reported electron-deficient units, diimide units
such as naphthalene diimide (NDI) and Jgerylene diimide
(PDI) have been intensively investigated."®™>* On the one
hand, two highly electron-withdrawing imide units significantly
reduce the LUMO energy levels of diimide-based polymers, Received: May 10, 2024
promoting electron-transport properties. On the other hand, Revised:  June 23, 2024
introducing alkyl groups in the N-positions of imides enables Accepted: July 4, 2024
the regulation of the solution processability of diimide-based Published: July 11, 2024
polymers. However, diimide-based polymers usually exhibit
twisted backbones caused by steric crowding of the imide and
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Scheme 1. Molecular Design Strategies for Enhancing Backbone Planarity of the Diimide-Based Polymers in Previous Reports

and This Work

BDTI
NN . .-+ S
Scheme 2. Synthetic Routes to BDTI and BDTI-Br with Alkyl Chains
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based polymers with planar backbones were seldom benzo[1,2-b:4,5-b"]dithiophene-4,8-dicarboxylate 1 was treated
reported.*>° with KOH in dioxane/water to yield the corresponding
In this paper, we report a new electron-deficient building dicarboxylic acid 2, which was further reacted with thionyl
block, 3,4,7,8-benzo[1,2-b:4,5-b’]dithiophenedimides (BDT]I, chloride, producing dicarbonyl dichloride compound 3. Next,
Scheme 1), by decorating two imides functional group onto compound 3 was reacted with hexyl isocyanate through a
benzo[1,2-b:4,5-b]dithiophene (BDT).”” The molecular Lewis acid-mediated Friedel—Crafts cyclization to obtain the
design is based on the following considerations: (i) the desired compound C6-BDT], for which the possible reaction
benzo[1,2—b:4,5—b']dithiophene (BDT) possesses expanded mechanism is illustrated in Scheme S1. To serve as a building
conjugation compared to naphthalene, which is the main 7- block, dibrominated BDTI derivatives (BDTI-Br) are needed.
conjugated moiety of NDI, and therefore, the intermolecular However, direct bromination of C6-BDTI failed, probably due
m—n interactions in BDTI are expected to be enhanced; (ii) to the strong electron-withdrawing property of imide units,
the steric crowding is expected to be reduced by fusing reducing the reactivity of thiophene rings. Instead, a
thiophene rings instead of benzene rings, enhancing backbone prebromination route was selected. Bromination of starting
planarity in BDTI-based polymers; (iii) functional groups such compound 1 with liquid bromine yielded the dibrominated
as —Br are easily introduced into the a-position of the compound 4, followed by similar ester hydrolysis, acylation,
thiophene rings. Furthermore, three donor—acceptor (D—A) and Friedel—Crafts cyclization to afford C6-BDTI-Br and 4-
copolymers were synthesized, PBDTI-T, PBDTI-2T, and octyltetradecyl-substituted BDTI-Br (4-OT-BDTI-Br). The
PBDTI-2F2T, in which BDTI serves as the electron acceptor chemical structures of BDTI and BDTI-Br were characterized
unit, thiophene (T), 2,2'-bithiophene (2T), and 3,3’-difluoro- by NMR, high-resolution mass spectrometry (HRMS), and
2,2'-bithiophene (2F2T) as the respective electron donor elemental analysis.
units. All t}}ree polymers exh‘ﬂ.n.t nearly planar ba;.kborlms_?gd The crystal structure of C6-BDTI was successfully
relatively high electron mobilities up to 025 em® V™" 5™ in determined. As shown in Figure la, the conjugated skeleton
bottom-gate/bottom-contact FETs. of C6-BDTI is fully planar. The intramolecular S---O distance
in C6-BDTI is 3.03 A, shorter than the sum of van der Waals
B RESULTS AND DISCUSSION radii of S and O atoms (1.84 and 1.40 A). Such S--O
The synthesis of BDTI and its derivatives is shown in Scheme noncovalent interactions are expected to further enhance the
2, with details reported in the Supporting Information. Diethyl planarity of the BDTI core.”®* In the crystal lattice, molecules
6541 https://doi.org/10.1021/acs.macromol.4c01064
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Figure 1. (a) Crystal structure and (b) intermolecular packing of C6-
BDTIL (c) DFT-calculated frontier molecular orbital (FMO) energies
and FMO isosurface (the isosurface value is 0.02) of C6-BDTI, in
which the hexyl groups were replaced with methyl groups.

of C6-BDTI adopt a one-dimensional slipped stacked packing
motif with a short 7—z stacking distance of 3.44 A (Figure 1b).
The highly planar core and close 7—7 stacking distance are
beneficial for efficient charge transport properties.

The LUMO energy of C6-BDTI was estimated to be —3.55
eV, based on the onset of the first reduction wave obtained
from the cyclic voltammogram (Figure S2). The LUMO
energy of C6-BDTI is slightly higher than that of NDI* due to
the electron-donating nature of thiophene moieties. The
optical bandgap was estimated to be 2.79 eV, according to
the onset absorption in the UV—vis absorption spectrum of
C6-BDTI thin film (Figure S3). Therefore, the HOMO energy
of C6-BDTI was calculated to be —6.34 eV. To further
investigate the electronic properties of the BDTI core, density
functional theory (DFT) calculations were carried out at the
B3LYP-D3(BJ)/6-31G** level of theory, in which the N-alkyl
chains are replaced by N-methyl groups. The HOMO of BDTI
is mainly delocalized along the equatorial axis, while its LUMO
is mainly delocalized along the normal axis (Figure 1c). The
relatively low LUMO energy levels and orbital delocalization of
the BDTI core enable it to be a promising electron acceptor
unit for n-type polymer semiconductors.

The BDTI-based polymers PBDTI-T, PBDTI-2T, and
PBDTI-2F2T (Scheme 3) were synthesized via Stille cross-
coupling of branched alkyl-substituted 4-OT-BDTI-Br with

2,5-bis(trimethylstannyl)thiophene, 5,5’-bis(trimethylstannyl)-
2,2'bithiophene, and (3,3’-difluoro-[2,2’-bithiophene]-5,5’-
diyl)bis(trimethylstannane), respectively, in 64, 87, and 82%
yields. The utilization of the branched alkyl-substituted 4-OT-
BDTI-Br is to ensure the solubility of the resulting polymers.
These polymers show good solubility in common organic
solvents, such as chloroform, toluene, and chlorobenzene.
High-temperature (160 °C) gel permeating chromatography
(GPC) was used to measure the molecular weights of the
BDTI-based polymers. The resulting number-average molec-
ular weights (M,) of PBDTI-T, PBDTI-2T, and PBDTI-2F2T
were 12.3, 584, and 21.8 kDa, respectively, with the
polydispersity indexes (PDI) of 1.7, 3.3, and 2.6 (Figure S4
and Table 1). All these polymers exhibit excellent thermal
stability, with onset decomposition temperatures over 400 °C
as measured by thermogravimetric analysis (TGA, Figure SSa).
Their thermal behaviors were also characterized in the range
from 25 to 350 °C by differential scanning calorimetry (DSC,
Figure SSb). During the heating and cooling processes, no
obvious phase transition was observed for the three polymers,
which is a common phenomenon in rigid z-conjugated
polymers.*"**

Figure 2a,b shows the absorption spectra of BDTI-based
polymers in chloroform and their thin films. The solutions of
three BDTI-based polymers exhibit strong absorptions in the
range 500—800 nm and weak absorptions in the range 300—
500 nm (Figure 2a). Specifically, PBDTI-T, PBDTI-2T, and
PBDTI-2F2T in chloroform absorb strongly around 698/657,
745/687, and 731/679 nm, respectively. This is significantly
different from the absorption spectrum of N2200, the NDI-
based n-type polymer semiconductor, which displays a strong
absorption band in the range of 300—500 nm and a weak
absorption band in the range of 500—800 nm.””** This result
may be due to the reduced steric crowding eftects of the BDTI-
based polymers, which enhance the degree of conjugation of
the conjugated backbone. As shown in Figure 2b, thin films of
three BDTI-based polymers show similar absorption spectra
with strong absorptions in the range of 500—800 nm. In
comparison with those of BDTI-based polymers in solution,
the absorption spectra of their thin films are only slightly red-
shifted. This may be ascribed to the occurrence of the
preaggregation of BDTI-based polymers in their solutions.
Based on the onset absorptions of their thin films, the optical
energy bandgaps of PBDTI-T, PBDTI-2T, and PBDTI-2F2T
were estimated to be 1.56, 1.51, and 1.50 eV, respectively.

The electrochemical properties of BDTI-based polymer
films are measured with cyclic voltammetry and are
summarized in Table 1. Based on the onsets of the first

Scheme 3. Synthetic Routes to BDTI-Based Polymers
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Table 1. Molecular Weights, Maximum Absorption Peaks, and HOMO/LUMO Energies of BDTI-Based Polymers

polymer M, (kDa) PDI Amac™ (nm) Ana™ (nm) Eg, ™ (eV) Erumo (eV) Enomo (eV)
PBDTI-T 12.3 1.7 698/657 705/662 1.56 —3.95 -5.51
PBDTI-2T 58.4 33 745/687 736/685 1.50 -3.62 -5.12
PBDTI-2F2T 21.8 2.6 731/679 728/681 1.51 -3.76 527
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Figure 2. Absorption spectra of (a) solutions of PBDTI-T, PBDTI-2T, and PBDTI-2F2T in chloroform and (b) their thin films. (c) Cyclic
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Figure 3. Optimized molecular geometries, FMO energy levels, and FMO isosurface (the isosurface value is 0.02) of the respective repeat units of

the BDTI-based polymers computed at the B3LYP-D3(BJ)/6-31G** level

of theory; the alkyl chains were replaced with methyl groups.

reduction waves, the LUMO energies of PBDTI-T, PBDTI-2T,
and PBDTI-2F2T were estimated to be —3.95, —3.62, and
—3.76 eV, respectively. From their optical bandgaps and
LUMO energies, the HOMO energies of PBDTI-T, PBDTI-
2T, and PBDTI-2F2T were estimated to be —5.51, —5.12, and
—5.27 eV, respectively (Figure 2c,d). These data suggest that
these BDTI-based polymers exhibit low LUMO energies and

can potentially function as n-type polymer semiconductors.

6543

We also performed DFT calculations on the three repeat
units of PBDTI-T, PBDTI-2T, and PBDTI-2F2T to further
understand their backbone conformations and electronic
structures. As shown in Figure 3, all three BDTI-based
polymers show almost completely planar backbones, which
should have originated from the small steric hindrance of
BDTI, as well as the intramolecular noncovalent S---O
interactions of the BDTI and thiophene moieties. Moreover,
the HOMOs and LUMOs of three BDTI-based polymers are

https://doi.org/10.1021/acs.macromol.4c01064
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Figure 4. (a—c) Transfer and (d—f) output curves of BGBC FET devices using (a, d) PBDTI-T, (b, e) PBDTI-2T, and (c, f) PBDTI-2F2T as

active layers.

distributed almost over their backbones; thus, they present
delocalized orbital wave functions. The calculated HOMO/
LUMO energies of PBDTI-T, PBDTI-2T, and PBDI-2F2T are
consistent with the trend in experimental results. These new
polymers with planar backbones and delocalized orbital wave
functions will enable efficient intermolecular interactions and
uniform solid-state organizations, thereby facilitating electron
carrier transport.

The semiconducting properties of these BDTI-based
polymers were evaluated by fabricating bottom-gate/bottom-
contact (BGBC) FET devices under an inert atmosphere.
Figure 4 shows the representative transfer and output curves of
the devices with PBDTI-T, PBDTI-2T, and PBDTI-2F2T as
the respective semiconducting layers. Clearly, thin films of
PBDTI-2F2T show n-type semiconducting behavior, while a
thin film of PBDTI-2T behaves as an ambipolar semi-
conductor. The semiconducting performance parameters
were extracted and are listed in Table 2. As expected, the
device performance was also affected by the thermal annealing
of thin films of BDTI-based polymers (Figures S7 and S8,
Table S3). Among thin films of BDTI-based polymers, the thin
film of PBDTI-2F2T exhibits the best n-type transporting
property with the maximum/average electron mobility of 0.25/

Table 2. FET Performance Parameters of the BDTI-Based
Polymers

0.22 cm* V™! s7! after being annealed at 250 °C for 10 min
(Figure 4cf). The device with PBDTI-T also shows n-type
transporting characteristics, which agrees with the fact that
PBDTI-T possesses the lowest LUMO energy among the three
polymers. However, the device exhibits low electron mobility
with an average y, of 0.059 cm® V™' s7! (Figure 4a,d). This
may be attributed to its relatively poor film crystallinity as it
will be discussed below. In comparison, a thin film of PBDTI-
2T without fluorine substituents shows ambipolar character-
istics with an average y, of 0.15 cm® V™' s™" and an average ;,
of 0.17 cm® V™! 57! based on the transfer and output curves
(Figures 4b,e and S9). The difference between PBDTI-2F2T
and PBDTI-2T may be attributed to the stronger electron-
donating properties of bithiophene, which results in the
appearance of p-type performance and the suppression of n-
type characteristics for PBDTI-2T.

To understand the difference in the charge-transport
properties of the three polymers, the morphologies and
microstructures of the pristine and annealed films were
characterized with atomic force microscopy (AFM) and
grazing incidence wide-angle X-ray scattering (GIWAXS).
Compared with the pristine polymer films, the RMS values of
annealed polymer films increased, and the diffraction peaks
became more pronounced, demonstrating the positive effect of
thermal annealing on increasing polymer packing of polymer
chains (Figures 5 and S10). The AFM height images indicated

polymer Tomeat (°C)  Hon(em> VIS Vo (V) Ion/Iore that all annealed BDTI-based polymer films show smooth
PBDTLT 250 0.059 10-15  10°—10* surfaces with small root-mean-square (RMS) roughness values
PBDTL2T 250 015 36240 10'-10° of 071, 146, and 1.67 nm for PBDTIL-T, PBDTI-2T, and
PBDTI-2E2T 250 022 11-20  10°—10* PBDTI-2F2T, respectively (Figure Sa—c). The two-dimen-
sional (2D) GIWAXS plots and the corresponding in-plane and

“Average values from five devices. out-of-plane line cuts are shown in Figures 5d—f and S11,
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Figure S. AFM height images and GIWAXS patterns of the thermally annealed BDTI-based polymer films: (a, d) PBDTI-T, (b, ¢) PBDTI-2T, and

(¢, f) PBDTI-2F2T.

respectively. The three annealed BDTI-based polymer thin
films showed different diffraction characteristics. For PBDTI-T
thin film, the lamellar stacking (h00) signals are seen in the in-
plane direction, and the 7—x stacking peak (010) appears in
the out-of-plane direction, indicating that polymer chains adopt
the face-on packing model on the surface. For the PBDTI-2T
thin film, strong lamellar stacking signals are detected in the
out-of-plane direction. However, the (010) peak (albeit weak)
is observed in both in-plane and out-of-plane directions. Thus,
polymer chains of PBDTI-2T are orientated on the surface in
both face-on and edge-on models. For the PBDTI-2F2T thin
film, more pronounced (h00) diffraction peaks are observable
in the out-of-plane direction, and an obvious (010) peak is also
detected in the in-plane direction, indicating that polymer
chains of PBDTI-2F2T are edge-on packed on the surface. The
edge-on packing model has been proven to facilitate charge
transport in FET devices."* According to the (100) signals,
the three polymer thin films show similar layer stacking
distances of approximately 28.29 A, while from the (010)
diffraction peak, the 7—x stacking distance varies from 3.60 A
for PBDTI-T to 3.51 A for PBDTI-2T and to 3.49 A for
PBDTI-2F2T. Moreover, the coherence lengths of these three
polymer films were estimated based on the full width at half-
maximum (fwhm) of the respective (100) peaks using the
Scherrer equation.” The coherence lengths of PBDTI-T,
PBDTI-2T, and PBDTI-2F2T were calculated to be 165.26,
251.20, and 273.04 A (Table S4), respectively. Therefore, the
fact that the thin film of PBDTI-2F2T exhibits the best
electron-transport performance can be attributed to the high
thin film crystallinity with large coherence length and the
interchain edge-on packing with short 7—7 stacking distance.

B CONCLUSIONS

In summary, we report a new electron-deficient building block
(BDTTI) via Lewis-acid-mediated Friedel—Crafts cyclization of
acid chlorides and isocyanates. The BDTI unit shows a rigid
and highly planar skeleton with a short 7— stacking distance
of 3.44 A, as illustrated by a single-crystal structural analysis. By
copolymerizing BDTI acceptor units with three electron

6545

donors (thiophene, bithiophene, and difluorobithiophene)
separately, three D—A type polymers (PBDTI-T, PBDTI-2T,
and PBDTI-2F2T) were prepared with the lowest LUMO
energy of —3.95 eV. DFT calculations indicate that backbone
torsion of BDTI-based polymers is significantly suppressed
compared to the corresponding NDI-based polymer due to the
small steric hindrance of BDTL The low LUMO energy and
almost planar backbone of these polymers facilitate electron
injection and transport. Among them, the thin film of PBDTI-
2F2T shows the highest electron mobility of 0.25 cm®* V™' 57/,
attributed to the high thin film crystallinity and edge-on
orientation of polymer chains. These results demonstrate that
BDTI is a promising building block for constructing high-
performance n-type polymer semiconductors, and the
functionalization of arenes by incorporating diimide units is
a powerful strategy for developing strongly electron-deficient
units for high-performance organic optoelectronic materials.
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