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Abstract Introduction of asymmetric units into conjugated polymers is an important strategy to regulate the photophysical and electronic
properties of polymers, as asymmetric units can not only regulate solubility and energy levels, but also molecular stacking and orientation, thus
giving much higher optoelectronic properties. However, very few studies have been reported in this field. The semiconducting properties of
conjugated polymers could be regulated through regioregularity adjustment. Here, we took the asymmetric thiophene/pyridine side group DPP
as core and developed the regioregular monomer T-Py-DPP through three steps: alkyl chain introduction, tin monomer coupling and NBS double
bromination. The T-Py-DPP monomer was polymerized into reg-PPyTDPP-2FBT with a head-to-head structure. The regioregularity of T-Py-DPP
unit endowed reg-PPyTDPP-2FBT with backbone planarity, self-assembly orientation, network-like morphology and high crystallinity in films,
thus the superior bipolar transport properties. The highest hole and electron mobilities of reg-PPyTDPP-2FBT were 0.93 and 0.57 cmV~1.s7',
respectively, with 40% improvement relative to the regiorandom polymer.
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INTRODUCTION

Conjugated polymers have attracted tremendous interest in the
fabrication of printable, mechanical and portable electronic
devices with high performance.l'"® One of the advantages of
conjugated polymers is that their unique physical properties
can be easily tuned through structure modification to suit
different application situations,”~' such as organic field-effect
transistors (OFETs), organic light-emitting diodes (OLEDs),
organic solar cells (OSCs) and organic light-emitting transistors
(OLETs).l""=131 Much attention has been paid on developing
advanced topological and rational chemical building blocks for
both the core unit and substituents, in pursuit of novel
conjugated polymers with superior device performances.'6'?
The introduction of asymmetric units into polymers is an
important strategy for the control of photoelectric properties of
polymers because the asymmetric building blocks could finely
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tune the solubility, energy level, molecular stacking and
orientation of conjugated polymers.?°22 To produce
asymmetric conjugated polymers, three asymmetric factors are
often adopted: (1) asymmetric conjugated backbone, (2)
asymmetric alkyl chain, and (3) asymmetric halogen substituent,
such as thiophene/pyridine flanked diketopyrrolopyrrole (T-Py-
DPP),13 pF-thiophene,?!! and asymmetric Si—O side chain.!?*!
The first asymmetric DPP polymers PDPPTT-2T and PDPPMT-2T
were synthesized by substitution of thiophene and thieno[3,2-
blthiophene units (TT).2! The disruption of the symmetry of the
molecular mainchain resulted in a good solubility in toluene.
The films of two polymers exhibited preferentially edge-on
molecular packing with high crystallinity, which resulted in high
hole mobilities for in plane transport. In addition to substitute
the DPP unit with dual electron donors, researchers also tried to
replace one substituent with the electron-withdrawing groups,
in hoping of adjusting the electron deficiency of building blocks.
Pyridine is an effective electron deficient aromatic ring that can
be used as the flanker. The asymmetric T-Py-DPP units in
polymers PPyTDPP-TT and PPyTDPP-BT showed deep-lying
HOMO energy levels (-5.28 and —5.14 eV) and narrow bandgaps
(~1.5 eV) due to the electron-deficient pyridine units.?¥ It also
indicates that modifying conjugated polymers with asymmetric
substituents have advantages of chemical structure diversity
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and good adjustability in photoelectrical properties, and
stronger intermolecular binding energy and larger dipole
moment than symmetric conjugated polymers.12627]

However, the introduction of asymmetric units in polymers,
also brings the issue of regioregularity, which is mainly due to
the indeterminate structures in the mainchain of the polymer
may result in disordered electron distribution, unfavorable
backbone geometry, unanticipated intermolecular stacking,
and thus decreasing the optoelectronic performances of the
polymers.[28-301 Some asymmetric polymers with regioregular
structures were demonstrated to be superior in terms of mo-
bility and solar cell performance.3'32 For example, poly(3-
hexylthiophene) (P3HT) batches with a high degree of re-
gioregularity (head-to-tail) have shown higher levels of crys-
tallinity, edge-on orientation and higher mobility (0.1
cm2V-1.s71) when compared to batches with a lower degree
of backbone regularity (<10-5 cm2-V-1.s71),133341 Regioregular
asymmetric conjugated polymers exhibited better r-stacking
than their regiorandom counterparts. Bazan and co-workers
synthesized regioregular polymers CDTPT containing
pyridyl[2,1,3]thiadiazole (PT) units. Compared to their regior-
andom counterparts, the regioregular polymers exhibited a
hole mobility of 2 magnitude orders of increase.3530 The
high mobilities were realized when the polymer chains were
organized within crystalline fibers and the charge migration
predominately occurred along the direction of the fiber.
These results encourage us to further explore the influence of
regioregularity that has strictly confined monomeric units
along the polymer backbone.

Based on our previous research,l3738 the regioregular
asymmetric T-Py-DPP based copolymers are designed and
synthesized via direct arylation polycondensation (Fig. 1a). A
novel D-A type conjugated copolymer reg-PPyTDPP-2FBT
with regioregular backbone is more favourable for the forma-
tion of planar structures than regiorandom ran-PPyTDPP-
2FBT. This structural feature originates from the exclusive re-
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gioselectivity at the asymmetric thiophene/pyridine flanked
DPP, and the preferential chemoselectivity to form a “weak
donor-strong acceptor” segment during polymerization. Reg-
PPyTDPP-2FBT exhibits "head-to-head" configuration and dis-
plays a fibrous-network with an average fiber, while ran-PPyT-
DPP-2FBT presents a rather amorphous morphology without
evident texture. Reg-PPyTDPP-2FBT is demonstrated that re-
gioregular polymer with enhanced solid-state packing order,
which results in a significant increase in charge-transporting
than that of regiorandom polymers.[29.39]

EXPERIMENTAL

General Considerations

All chemicals are commercially available and are used without
further treatment unless otherwise specifically stated. The
synthesis and characterization of the nuclear magnetic
resonance (NMR), high-resolution MALDI Fourier transform ion
cyclotron resonance mass spectrometry (HR-MALDI-FT-ICR),
absorption spectra measurement, ultraviolet photoelectron
spectroscopy (UPS) spectra, thermogravimetric analysis (TGA),
gel permeation chromatography (GPC), the preparation and
characterization of monomers and polymers, OFET
characteristics, atomic force microscopy (AFM) measurement,
grazing incident X-ray diffraction (GIXRD) measurement are
provided in detail in the Supporting Information.

RESULTS AND DISCUSSION

Synthesis and Characterization of reg-PPyTDPP-2FBT

The synthesis of reg-PPyTDPP-2FBT is illustrated in Fig. 1(b). To
avoid the structural regiorandom arising from the discrepancy
in the reaction activity of the asymmetric compound T-Py-DPP
unit, a symmetric A-D-A type intermediate compound, 6,6-
((3,3'-difluoro-[2,2'-bithiophenel-5,5'-diyl)bis(pyridine-5,2-
diyl))bis(3-(5-bromothiophen-2-yl)-2,5-dialkyl-2,5-dihy-
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(a) lllustration of the design concept of regioregular asymmetric DPP polymers arranged head to head; (b) Synthetic route to reg-

PPyTDPP-2FBT; (c) High temperature "H-NMR spectra of reg-PPyTDPP-2FBT and ran-PPyTDPP-2FBT (90 °C in 1,1,2,2-tetrachloroethane-
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dropyrrolo[3,4-clpyrrole-1,4-dione) (M3), was synthesized as a
macromonomer. The synthesis was carried out using a 3-(5-
bromopyridin-2-yl)-2,5-dialkyl-6-(thiophen-2-yl)-2,5-dihy-
dropyrrolo[3,4-c]pyrrole-1,4-dione (M1) and (3,3"-difluoro-[2,2"-
bithiophene]-5,5'-diyl)bis(trimethylstannane) (Sn-2F-bithio-
phene) as the starting materials in a palladium-catalyst coupling
reaction and  subsequent  bromination  with  N-
bromosuccinimide. The target copolymer reg-PPyTDPP-2FBT
was synthesized by Stille coupling polymerization using the
dibromo-monomer M3 and Sn-2F-bithiophene as monomers.
ran-PPyTDPP-2FBT as reference polymer was prepared by one-
pot polymerization as comparison polymer based on our
previous work.P” The copolymers were purified by Soxhlet
extraction by successively using the eluent of methanol,
acetone, hexane and chloroform (the detailed synthetic routes
are shown in Fig. S1 in the electronic supplementary
information, ESI). The copolymers were precipitated in
methanol from trichloromethane solution. The number-average
molecular weight (M,,) of reg-PPyTDPP-2FBT and ran-PPyTDPP-
2FBT are estimated as 26.9 kDa (dispersity, PDI=2.71) and 60.1
kDa (dispersity, PDI=2.64), as evaluated by high-temperature gel
permeation chromatography measurement using 1,2,4-
trichlorobenzene as the eluent, and the linear polystyrene as the
standard (Fig. S2 in ESI and Table 1). The structure of conjugated
chain of the regioregular copolymer reg-PPyTDPP-2FBT is
determined (head-to-head), and its characteristic H atom peaks,
such as H,, H,, H,, Hy and H,, are enhanced by the superposition
of the characteristic peaks in the aromatic region, as shown in
Fig. 1(c). Due to the random orientation of asymmetric DPP
units within the single conjugated chain of ran-PPyTDPP-2FBT
(head-to-head, head-to-tail or tail-to-tail), the chemical
environment of H atoms in the aromatic region are different.
The H shift in the NMR spectra is different. Thus, peaks in the
aromatic region of the regiorandom copolymer ran-PPyTDPP-
2FBT are relatively weak. It indicates that the reg-PPyTDPP-2FBT
was regioregular within conjugated chains. Reg-PPyTDPP-2FBT
is thermally stable with decomposition temperatures of 390 °C
(T4, weight loss of 5%), as stable as ran-PPyTDPP-2FBT (Fig. S3 in
ESI). The UV-Vis absorption spectra of reg-PPyTDPP-2FBT and
ran-PPyTDPP-2FBT solution and thin film are shown in Fig. S4 (in
ESI). The short wavelength band around 440 nm is attributable
to localized 77" transitions, and the long wavelength band
around 750 nm is related to intramolecular charge-transfer
effect (ICT) between the weak donor moiety and the
asymmetric T-Py-DPP moiety. The absorption spectra of reg-
PPyTDPP-2FBT  and ran-PPyTDPP-2FBT in diluted
trichloromethane have similar absorption peaks, with no red
shift observed (Fig. S4a in ESI). While the absorption spectrum of
reg-PPyTDPP-2FBT film exhibits about 20 nm red-shift relative to
ran-PPyTDPP-2FBT, indicating an aggregation in reg-PPyTDPP-
2FBT film due to strong intermolecular interactions between
conjugated chains (Fig. S4b in ESI). The optical bandgaps of reg-

PPyTDPP-2FBT and ran-PPyTDPP-2FBT were obtained from the
onset absorptions of thin films, which are 1.43 and 1.51 eV,
respectively. UPS spectra measurement was utilized to probe
the electrochemical properties of the copolymers, with the
corresponding characteristics shown in Fig. S5 (in ESI). The
highest occupied molecular orbital (HOMO) energy levels of
spin-cast reg-PPyTDPP-2FBT and ran-PPyTDPP-2FBT thin films
determined by UPS are —5.17 and —5.34 eV, respectively. The
lowest unoccupied molecular orbital (LUMO) energy levels of
reg-PPyTDPP-2FBT and ran-PPyTDPP-2FBT are —3.74 and —3.88
eV indirectly obtained utilizing the HOMO level and optical
bandgap (Table 1). The slightly raised HOMO level for reg-
PPyTDPP-2FBT could be attributed to the more regioregular
asymmetric T-Py-DPP orientation, which would improve the
HOMO wave function delocalization along the polymer main
chain 1

Aggregation Behaviors and Morphologies

To further explore the various aggregation behaviors and
morphologies of reg-PPyTDPP-2FBT and ran-PPyTDPP-2FBT thin
films, UV-Vis absorption spectra and AFM images under series
temperature were carefully and simultaneously performed.
Temperature-dependent UV-Vis absorption spectra of reg-
PPyTDPP-2FBT and ran-PPyTDPP-2FBT show a remarkable blue-
shift when the solution temperature increased from 30 °C to
100 °C (Figs. 2a—2c). At elevated temperature, these two
polymers were well dissolved in 1,2-dichlorobenzene (o-DCB)
and disaggregated. Maximum absorption band A, and its
shoulder absorption band A; are corresponding to the
aggregation and well-dissolved states, respectively. Based on
the UV-Vis absorption features, the intensity ratio (Ay/A;) at low-
energy characteristic absorption bands was inferred to indicate
the dissolution features when the temperature changed. With
the temperature increasing, the Ay/A; ratios of reg-PPyTDPP-
2FBT decreases more quickly than ran-PPyTDPP-2FBT,
illustrating that regioregular polymer chain adopted the
extended conformation in solution (insert diagrams) and the
dissolution of reg-PPyTDPP-2FBT aggregates is much easier than
that of ran-PPyTDPP-2FBT (Fig. 2¢).*"! This indicates that the
regioregular polymer reg-PPyTDPP-2FBT has a higher degree of
aligned aggregation than the regiorandom ran-PPyTDPP-2FBT.
In addition, the surface morphologies of such films were
investigated by tapping mode atomic force microscopy (AFM).
As shown in Figs. 2(d)-2(f), with thermal annealing temperature
increasing, regioregular polymer reg-PPyTDPP-2FBT films
prefers to self-assemble into ordered aggregates and displays
fibrous-network, while ran-PPyTDPP-2FBT presents a rather
amorphous morphology without evident texture (Fig. S4 in ESI).
The AFM characterizations indicate that polymer ran-PPyTDPP-
2FBT film morphology did not exhibit distinct variation upon
thermal treatment at various temperatures. With the
temperature increasing, the roughness of reg-PPyTDPP-2FBT
film increased significantly relative to ran-PPyTDPP-2FBT, with a

Table1 Summarized optical and electrochemical data.

Polymer M, (kDa) PDI Amax sol (NM) Amax film (NM) ES%P'2 (eV) HOMOP (eV)  LUMO € (eV)
reg-PPyTDPP-2FBT 26.9 2.71 755 143 -5.17 -374
ran-PPyTDPP-2FBT 60.1 2.64 740 1.51 -5.39 —3.88

2 Calculated from the solid absorption onsets according to E;°P* = 1240/Agnser > HOMO levels were obtained by UPS; © Calculated energy levels of reg-PPyTDPP-

2FBT and ran-PPyTDPP-2FBT.
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Fig. 2 Temperature-dependent absorption spectra of reg-PPyTDPP-2FBT (a) and ran-PPyTDPP-2FBT (b) in 1,2-dichlorobenzene (0.02
mg-mL™"); (c) Ay/A, ratio of two polymers extracted from varied temperature UV-Vis spectra (the insert diagrams present the aggregation
structure and internal chain conformation in the aggregates in solution); (d—f) AFM height images of reg-PPyTDPP-2FBT thin films

annealed at different temperatures.

ry value of 178 nm, suggesting that the structural
regioregularity of reg-PPyTDPP-2FBT is conducive to obtain
significantly  aligned fibers for charge transport in
semiconductor films.

Crystallinity and Molecular Orientation Behaviors

The molecular microstructures in thin films of reg-PPyTDPP-2FBT
(Figs. 3a—3f) and ran-PPyTDPP-2FBT (Fig. S7 in ESI) at various
thermal annealing temperatures was investigated by GIXRD.
The coherence length (L() is a parameter to quantify the degree
of copolymer crystalline order range, which can be calculated
via Scherrer equation (Lo = k x 2m/fwhm, where fwhm
represents the full-width half-maximum of a diffraction peak).*?
Both copolymers (pristine films) exhibited a succession of (h00)
peaks and 7-7 stacking peaks in the out-of plane (g,) direction,
suggesting that a mixed texture of face-on and edge-on
orientation in thin films. With the increase of thermal annealing
temperature, the crystalline features of both copolymers
become sharper with increased L. Obvious diffraction peak
(010) along the out-of-plane (qg,,) direction was observed of reg-
PPyTDPP-2FBT annealed at 150 and 250 °C, indicating the edge-
on dominated orientation relative to the substrate (Fig. 3g).4'43!
A distinct strong in-plane diffraction peak (010) was observed at
q,=1.79 A~ (d-spacing of 0.35 nm), which was assigned to the
7-17 stacking distance (Table 2). The first-order lamellar stacking
peak of reg-PPyTDPP-2FBT and ran-PPyTDPP-2FBT were
observed at the almost same position (1.26 and 1.23 A™"), giving
the same alkyl stacking distance of ~2.0 nm. For (010) diffraction
peak, the maximum L of reg-PPyTDPP-2FBT was 6.0 nm, larger
than ran-PPyTDPP-2FBT (5.1 nm), implying a longer crystalline
order range. To conclude, regioregular copolymer reg-PPyTDPP-
2FBT displayed higher degree of lamellar packing, denser

interchain interactions and notably larger crystalline sizes to
contribute to a higher efficient charge transport than ran-
PPyTDPP-2FBT. Besides, the reg-PPyTDPP-2FBT can be
assembled into nanowires with sharp diffraction patterns (Fig.
S8in ESI).

The planarity of the conjugated copolymer backbone has a
great influence on charge transport properties. To under-
stand the backbone geometry and the distribution of mo-
lecular orbitals, we carried out the density functional theory
calculation at the B3LYP/6-31G(d,p) level. To simplify the cal-
culation, the alkyl chains in the modeling dimer compound of
reg-PPyTDPP-2FBT repeating unit were truncated as methyl
groups. The HOMO and LUMO of reg-PPyTDPP-2FBT copoly-
mer were delocalized along the molecular backbone on one
repeating unit (Fig. S9 in ESI). The optimized geometries of
the copolymer were nearly coplanar, as shown in Fig. 3(c). The
dihedral angle (1.99°) between two repeating units in iso-
mers and the twist angle (0.19°) between the F-thiophene
units were smaller than those of the regiorandom copolymer
ran-PPyTDPP-2FBT (4.24° and 0.9°, respectively).3”1 The re-
gioregular asymmetric T-Py-DPP moiety induced better
planarity and promoted m-mm stacking. It predicted better
charge mobility properties of the regioregular polymer. The
planar backbone of reg-PPyTDPP-2FBT resulted in a red-shift
of the absorption and a narrower bandgap. These findings
were in agreement with the absorption spectra and electro-
chemical studies discussed above.

Organic Field-Effect Transistors

To investigate the semiconducting properties of reg-PPyTDPP-
2FBT, solution-processable OFET devices with TGBC (top-gate
bottom-contact) configurations were fabricated using a
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Fig. 3 2D-GIXRD images (a—c) and 1D-GIXRD of out-of-plane and in-plane line-cut profiles (d—f) of reg-PPyTDPP-2FBT thin films annealed at
different temperatures; (g) Schematic illustration of reg-PPyTDPP-2FBT from mixed to a predominantly edge-on orientation with increasing
annealing temperature; (h) Theoretical calculations of backbone coplanarity of dimer reg-PPyTDPP-2FBT repeat units (alkyl chains were replaced

by methyl groups to simplify the calculation).

Table2 Relevant crystallographic parameters of two polymer films.

Polymer Temp. (°C) m-1r Spacing (nm) In-plane fwhm (A1) Lamellar spacing 2 (hm) In-plane L¢ (nm)
reg-PPyTDPP-2FBT RT 0.35 0.13 1.96 4.6
150 0.35 0.11 2.03 5.1
250 0.35 0.09 2.03 6.0
ran-PPyTDPP-2FBT RT 0.35 0.16 1.90 35
150 0.35 0.14 1.96 35
250 0.35 0.11 1.96 5.1

@ Interlamellar distance calculated from the (100) peaks in the in-plane direction.

glass/Au/polymer/PMMA/Au architecture and were measured
in glovebox (in ESI. We explored the charge transport
properties of the regioregular polymer reg-PPyTDPP-2FBT,
compared with regiorandom copolymer ran-PPyTDPP-2FBT at
different thermal annealing temperatures (150 and 250 °C).
Fig. 4 showed the transfer and output curves for the TGBC
devices with reg-PPyTDPP-2FBT films after thermal annealing at
250 °C. Reg-PPyTDPP-2FBT clearly exhibited ambipolar charge
transport behaviors. The charge mobilities (u. and ), on/off
current ratios (/,n/lof), and threshold voltages (V;) of OFETs are
listed in Table S1. The average/highest u, and . of reg-
PPyTDPP-2FBT were 0.73/093 and 0.45/0.57 cm?V's™,
respectively. Similarly, the average/highest uy, and . of ran-
PPyTDPP-2FBT were 0.45/0.57 and 0.32/037 cm?V's™,
respectively, after fitting the respective transfer curves (Fig. S10
in ESI). The OFETs with reg-PPyTDPP-2FBT thin films showed

higher mobility and lower threshold voltages than that of ran-
PPyTDPP-2FBT. In contrast, the mobility of reg-PPyTDPP-2FBT
and ran-PPyTDPP-2FBT thin films after thermal annealing at 150
°C decreased significantly (Fig. S11 and Table S1 in ESI). The
average/highest y;, and i, of reg-PPyTDPP-2FBT were 0.46/0.59
and 0.19/0.25 cm?V~"-s7', and that of ran-PPyTDPP-2FBT thin
films were 0.40/0.52 and 0.15/0.21 cm?V~"s7", respectively. The
charge transport characteristics of OFETs based on reg-
PPyTDPP-2FBT and ran-PPyTDPP-2FBT thin films exhibited
temperature dependence. The distribution of the mobility of
two copolymers thin films annealed at optimal thermal
annealing temperature 250 °C shown in Figs. 4(e) and 4(f), the
average hole and electron mobility of reg-PPyTDPP-2FBT was
30%—40% higher than that of ran-PPyTDPP-2FBT. The high
balanced and ambipolar mobilities of reg-PPyTDPP-2FBT might
be due to regioregular copolymer higher degree of lamellar

https://doi.org/10.1007/s10118-023-2918-2
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packing, denser interchain interactions and notably larger
crystalline sizes than regiorandom copolymer to contribute to a
higher efficient charge transport.

CONCLUSIONS

In conclusion, a new D-A type regioregular T-Py-DPP based
conjugated copolymer reg-PPyTDPP-2FBT was designed and
synthesized via direct arylation polycondensation, and fine
regioselectivity symmetric intermediate compound M3 core
was synthesized within two steps. With the introduction of
regioregular asymmetric T-Py-DPP unit, regioregular reg-
PPyTDPP-2FBT is more favorable for the formation of planar
molecular backbone than regiorandom backbone polymer. Reg-
PPyTDPP-2FBT films prefer to self-assemble into aggregates and
display fibrous-network, higher degree of lamellar packing,
denser interchain interactions and notably larger crystalline
sizes. OFET based on reg-PPyTDPP-2FBT thin film exhibits
remarkably enhanced hole and electron mobility with balanced
feature, up to 0.93 and 0.57 cm®V~"s™!, which are 30%-40%
higher than that of ran-PPyTDPP-2FBT. Integrating asymmetric
conjugated backbone framework with precisely defined T-Py-
DPP unit orientations offers an effective molecular design
strategy for the design of high-mobility conjugated polymers
with self-assemble aggregates.
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