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We synthesized four n-type conjugated polymers comprising a bithiophene imide (BTI) unit and
3,3',4,4'-tetrafluoro-2,2'-bithiophene (4FBT) or (E)-1,2-bis(3,4-difluorothien-2-yllethene (4FTVT) via
direct arylation polycondensation, and comprehensively studied the optical, electrochemical and charge
transport properties of the polymers. Increasing the BTl acceptor unit from one to two in the repeating
unit slightly decreased the frontier molecular orbital levels of the polymers and blue-shifted
their absorption spectra. Moreover, this change altered the molecular packing from an edge-on

Received 22nd February 2022, backbone orientation to bimodal packing with mixed edge-on and face-on orientations. When used as

Accepted 3rd June 2022 semiconductor layers in organic thin-film transistors, all four polymers exhibited unipolar n-type transport
behavior with the highest saturation and a linear electron mobility of 0.72 and 0.67 cm? V=1 s~ respectively.

Our findings suggest that direct arylation polycondensation can serve as an ecofriendly protocol for the
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synthesis of high-performance n-type conjugated polymers based on BTI through careful molecular design.

Introduction

Conjugated polymers (CPs) have attracted much attention
owing to their potential utility for the fabrication of low-cost,
lightweight organic electronics, such as organic thin-film tran-
sistors (OTFTs)."” In the last two decades, remarkable progress
has been achieved in the development of high-performance
CPs. However, most of the polymers reported to date exhibit
p-type behavior, and the development of n-type CPs has lagged
behind.*™* Since p-type and n-type materials are essential for
organic devices, it is imperative to develop high-performance
n-type Cps.7812:13

Constructing donor-acceptor (D-A) type CPs is an effective
and widely used approach to develop high-performance
CPs."*2° However, the incorporation of an electron-rich D
unit can increase the energy of the highest occupied molecular
orbital (Exomo), resulting in D-A CPs that tend to exhibit p-type
or ambipolar transport characteristics."®?* To address this
issue, a strategy of constructing CPs with a strong A unit and
a weak D unit (SA-WD) has been developed.'***> Weak D units
are generally obtained by incorporating electron-withdrawing
groups, such as fluorine atoms (F) or cyano groups (CN), into
the electron-rich moieties. The extra electron-withdrawing
groups on the D unit can simultaneously lower both Eyomo
and the energy of the lowest unoccupied molecular orbital
(Erumo) of the CPs, thus facilitating electron injection and
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suppressing hole accumulation. Various n-type CPs have been
reported by means of the SA-WD approach.?"**"*! For example,
Guo and coworkers synthesized a bithiophene imide (BTI)-
based SA-WD-type polymer by using difluorothiophene as a
weak D unit; the resulting polymer showed unipolar n-type
transport characteristics with an electron mobility (g.) of
1.13 em”® V' s7'.*° Hwang and coworkers copolymerized a
thiophene-flanked diketopyrrolopyrrole unit with a CN-
substituted thiophene-vinylene-thiophene unit to obtain a
SA-WD-type polymer with a u. value of >1.0 cm®> v ' s '.*
However, most of these polymers were synthesized by Stille
polycondensation, which requires an additional step to synthe-
size an organotin monomer and produces stoichiometric quan-
tities of highly toxic waste.*>™*

Direct arylation polymerization (DArP) has emerged as a
promising protocol for synthesizing CPs.**° This method
allows the formation of carbon-carbon bonds between (hetero)-
arenes and (hetero)aryl halides, thus avoiding the need for
organotin reagents and the generation of toxic side products.
To date, most of the high-performance CPs are derived from
thiophene-based monomers. Because of the low selectivity
between o-C-H and B-C-H bonds in thiophene, side reactions
such as branching and cross-linking may occur during DArP,
especially when the polymerization is performed in a polar
aprotic solvent.**?7*°"** These side reactions will lead to struc-
tural defects that severely erode the performance of CPs. In
view of this challenge, it is not surprising that only a limited
number of high-performance CPs have been synthesized by
DArp.>'#>%75% Recently, we developed two weak D units,
3,3',4,4-tetrafluoro-2,2’-bithiophene  (4FBT) and (E)-1,2-
bis(3,4-difluorothien-2-yl)ethene (4FTVT), by installing F atoms
at the B-positions of the thiophene rings. Both 4FBT and 4FTVT
show high reactivity and selectivity in DArP. In addition, the
weak intramolecular F---S interactions endow the resulting
polymer backbones with good planarity. As a consequence,
high-performance CPs can be synthesized via DArP with these
two units.>'****?% In the current study, we synthesized four SA-
WD-type polymers, designated P(BTI-4FBT), P(BTI-4FTVT),
P(BTI2-4FBT), and P(BTI2-4FTVT), via DArP with dibrominated
BTI (BTI-2Br) or its dimer (BTI2-2Br) as the C-Br monomer and
4FBT or 4FTVT as the C-H monomer (Fig. 1). By comparing the
properties of BTI- and BTI2-based polymers, the effect of
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Fig. 1 Chemical structures of the polymers.
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adding a second BTI acceptor unit was studied. We found that
increasing the number of acceptors in the polymer repeat unit
decreased the frontier molecular orbital levels and increased
the electron mobility of the polymers. All four polymers showed
n-type transport characteristics in OTFT devices, with a max-
imum g of 0.72 em® V™' s7'. Notably, the p. values extracted
from the saturation and linear regimes were almost the same,
indicating that the reported mobilities are highly reliable.

Results and discussion
Design and synthesis

BTI was selected as the A unit because of its strongly electron-
withdrawing character, easy access, and the solubilizing cap-
ability of the imide moiety. Additionally, differing from
naphthalene diimide, the BTI unit can mitigate backbone
torsion, which was expected to result in a more planar polymer
backbone and thus in enhanced charge transport.”>”® It was
reasonable to suppose that incorporating a BTI2 unit into the
polymer backbone would increase the density of the A unit,
allowing us to further tune the frontier molecular orbital levels
of the CPs.”™®* To increase the solubility of the polymers, while
retaining close n-m stacking, we used long and distantly
branched 4-octadecyldocosyl groups as the side chains.

The syntheses of the monomers and polymers are shown in
Scheme 1. Compound 4, 4FBT, and 4FTVT were prepared according
to previously reported procedures.>*** N-Substituted phthalimide
2 was prepared from alcohol 1 using a Mitsunobu reaction and was
then converted to alkyl amine 3 by hydrazinolysis (68% yield for two
steps). BTI was synthesized by the reaction of compounds 3 and 4 in
ayield of 96%, which can be readily brominated with Br, to give the
dibrominated monomer BTI-2Br (75%) or monobrominated BTI
(BTI-Br, 20%) in the presence of a catalytic amount of ferric chloride
(FeCl,). BTI2 was obtained in an 80% yield from BTI-Br by a
Pd(PPh;),-catalysed one-pot Stille homocoupling reaction with

o) 18Ha7
NH 18H37
Ho\/v%éHs’ NHHO L et
16He7 PPhy, DIAD, EGO, 1t Ho el et
2 (90%) g 3 (75%)
Q Oy N O NgO
FeCI \ 7
| | 1)DMAP 1, 4-dioxane CHZCIZ |
S S 2)Ac,0 Br Br
BTI (96%) BTI-2Br (75%)

R
O N.
BuzSn-SnBu.
\ ¢ P Br,, FeCly
{ |B Pd(PPhg)s, Tol. CH,Cl,
,
BTI-Br (20%) BTI2-2Br (88%)

P(BTI-4FBT)
F By Pd(OAc),, PIVOH, K,CO3
BTI-2Br or BTI2-2Br + To/DMAG=5/1, 100°C _  P(BTI4FTVT)
E
S P(BTI2-4FBT)
W P(BTI2-4FTVT)
R

Scheme 1 Syntheses of the monomers and polymers.
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hexamethyldistannane and was subsequently brominated with Br,/
FeCl; to afford dibrominated monomer BTI2-2Br in an 88% yield.

We initially attempted the DArP reaction by using Herr-
mann’s catalyst with P(0-OMePh); as a ligand in the presence of
pivalic acid and Cs,COj3; this combination has been used for
the synthesis of high-molecular-weight CPs with isoindigo and
diketopyrrolopyrrole derivatives as C-Br monomers.>>?%3%36
However, this condition only caused oligomer formation
(Table S1, ESIt). A combination of Pd,(dba);-CHCI; and P(o-
MeOPh); gave a similar result. Alternatively, CPs with high
molecular weights could be obtained under phosphine-free
conditions with Pd(OAc), as the catalyst and K,COj as the base
in a mixture of toluene and dimethylacetamide (DMAc). Con-
sidering that DMAc is not a good solvent for the polymer, the
DMACc content was then optimized. It was found that the best
result was achieved with 20 vol% DMAc in toluene. Under the
optimal conditions, P(BTI-4FBT), P(BTI-4FTVT), P(BIT2-4FBT),
and P(BTI2-4FTVT) were obtained in yields of >90% with
number-average molecular weights (M,s) of 20.5, 19.0, 37.4,
and 47.7 kDa, respectively. The molecular weights of the poly-
mers were measured by high-temperature gel permeation chro-
matography at 150 °C after purification by successive Soxhlet
extractions (Fig. S1, ESIt). The much lower M,s of P(BTI-4FBT)
and P(BIT-4FTVT) relative to those of P(BTI2-4FBT) and P(BTI2-
4FTVT) may be attributable to their low solubility induced by
the low density of solubilizing alkyl chains. In fact, the solu-
tions of P(BTI-4FBT) and P(BTI-4FTVT) jelled during the poly-
merization reactions. All the polymers showed good solubility
in warm chlorobenzene and o-dichlorobenzene (0-DCB). We
believe that the optimal DArP conditions developed in this
work may also be applicable to other BTI derivatives. Thermo-
gravimetric analysis (TGA) revealed that all the polymers show
good thermal stability with decomposition temperatures
exceeding 380 °C (Fig. S2, ESIf). A thermal transition due to
melting of the long alkyl chains was observed in the differential
scanning calorimetry (DSC) profiles of the polymers (Fig. S3,
ESI1).>®%" Interestingly, the transition temperatures and
enthalpy changes of BTI2-based polymers are higher than those
of BTI-based polymers. This phenomenon may be attributed to
their different alkyl chain densities, which could affect the
interdigitation of the alkyl chains and their lamellar stacking.
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Density functional theory calculations

To understand the effects of F introduction and dual A units on
the properties of the polymers, DFT calculations were per-
formed on the trimeric models at the B3LYP/6-31G(d,p) level
using the Gaussian 09 program. For comparison, calculations
were also performed for polymers without F atoms, that is,
P(BTI-BT) and P(BTI-TVT). The optimized trimer conformations
for the 4FBT- and 4FTVT-based polymers are shown in Fig. 2
and Fig. S4 (ESIT), respectively. As expected, the calculated
Epomo and Epymo of P(BTI-4FBT) were lower than those of
the parent polymer P(BTI-BT). Increasing the density of the BTI
unit lowered Eyomo and Epymo even further. In addition, the
introduction of F atoms also increased the planarity of the
polymer backbone. The dihedral angle between BTI and
the bithiophene moiety in P(BTI-BT) was 9.2°, which gave
P(BTI-BT) a slightly twisted geometry. In contrast, the corres-
ponding dihedral angles for P(BTI-4FBT) and P(BTI2-4FBT)
were only 0.7° and 0.1°, respectively, owing to the presence of
noncovalent intramolecular F---S interactions. As shown in
Fig. 2, the calculated F---S distance (2.95 A) was shorter than
the sum of the van der Waals radii of F and S (3.27 A),
suggesting an F---S interaction.®® Similar trends were found
for the 4FTVT-based polymers (Fig. S4, ESIt).

Optical and electrochemical properties

Solution and thin-film UV-vis-NIR absorption spectra of the
four polymers are shown in Fig. 3, and the corresponding data
are summarized in Table 1. In dilute o-DCB solution, each
polymer showed an absorption peak with a pronounced
shoulder. Compared with the 4FBT-based polymers, the
4FTVT-based polymers showed solution absorption maxima
(7301,) that were bathochromically shifted by ca. 20 nm because
the 4FTVT unit is more electron rich than the 4FBT unit.
Increasing the BTI loading resulted in a blue shift of the s
particularly for the 4FTVT-based polymers, which showed a
blue shift of 7 nm. The profiles of the thin-film absorption
spectra were similar to those of the solution spectra and there
was little difference between the A, values for the solution
and thin-film spectra, suggesting that some preaggregation of
these polymers occurred in solution.®®®” This statement can be
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Fig. 2 Optimized molecular geometries and energy levels for (a) P(BTI-BT), (b) P(BTI-4FBT), and (c) P(BTI2-4FBT) trimers. Calculations were performed
at the B3LYP/6-31G(d,p) level; the alkyl chains were replaced with methyl groups to simplify the calculations.
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Fig. 3 (a) Solution and (b) thin-film UV-vis-NIR absorption spectra and (c) energy level diagrams of the polymers. Solution spectra were measured in o-
DCB with a concentration of 107> mol L™ of the repeating units. Thin films were prepared by spin-coating the o-DCB solutions on quartz substrates.
Enomo and E ymo Vvalues were estimated from the redox onsets in the thin-film cyclic voltammetry curves.

Table 1 Molecular weights, optical properties, and energy levels of the polymers

Polymer M, [kDa] b T4 [°C] 259l [nm] Jfim [nm)] EPP [eV] Enomo’ [€V] Erumo’ [eV]
P(BTI-4FBT) 20.5 2.1 381 592 592 1.97 —5.99 —3.35
P(BTI-4FTVT) 19.0 3.2 403 615 615 1.86 —5.84 ~3.34
P(BT12-4FBT) 37.4 2.1 407 590 590 1.99 —6.09 —3.40
P(BT12-4F TV I) 47.7 2.4 428 608 607 1.90 —5.97 —3.40

5% weight loss temperature. ? Optical band gaps were calculated from the thin-film absorption onsets: Efg’l’t = 1240/Aonser © Eromo and Epymo
were calculated as follows: Exonmo = —(4.40 + Eopser) €V and Epypo = —(4.40 + Egper) €V, Where Egpge and Egy e are the oxidation and reduction onset

potentials of the polymers versus SCE.

further supported by the variable-temperature UV-vis-NIR spec-
tra (Fig. S5, ESIT), in which /.« was gradually blue-shifted as
the temperature was increased from 20 to 90 °C. The optical
band gaps (Eg™) calculated from the thin-film absorption
onsets for P(BTI-4FBT), P(BTI-4FTVT), P(BTI2-4FBT), and
P(BTI2-4FTVT) were 1.97, 1.86, 1.99, and 1.90 eV, respectively.

Film cyclic voltammetry (CV) measurements were performed
to characterize the electrochemical properties of the four poly-
mers. The Egomo and Eppmo of the polymers were estimated
from the onsets of the oxidation and reduction peaks, respec-
tively. All the polymers displayed obvious redox peaks (Fig. S6,
ESIT). The Epymos and Exyomos of P(BTI-4FBT), P(BTI-4FTVT),
P(BTIZ-4FBT), and P(BTI2-4FTVT) were —3.35 and —5.99, —3.34
and —5.84, —3.40 and —6.09, and —3.40 and —5.97 eV, respec-
tively. In comparison, previously reported BTI-based polymer
analogues without F atoms showed Epymo and Exomo of —3.22
and —5.45 eV;®® P(BTI-4FBT) exhibited lower Eyomo and Erumo
and the difference between the Eyomo was particularly pro-
nounced. A lower Eyomo is highly desirable for realizing uni-
polar n-type transport because it is beneficial for blocking hole
injection."® Switching from 4FBT to 4FTVT almost had no effect
on the E;ymos but increased the EyomoS. In contrast, increas-
ing the number of BTI units in the repeating unit decreased
both Eyomo and Epgmo-

Charge transport properties of the polymers

The charge-transport properties of the four polymers were
investigated by fabricating OTFT devices with a top-gate
bottom-contact (TGBC) device configuration. All the polymers
showed n-type transport properties, but the threshold voltage
(Vp) is very high (>50 V) (Fig. S7, ESIf). The large V; is

13908 | J. Mater. Chem. C, 2022, 10, 13905-13912

attributed to the high electron injection barrier between the
polymer LUMO energy level and electrode Fermi level.*® In
order to facilitate electron injection, an ultrathin polyethyleni-
mine ethoxylate (PEIE) was inserted between the source/drain
electrodes and polymer thin film.”®”* The PEIE-modified
device performance parameters, electron mobility (te s, and
MUeiin), current on/off ratio (Ion/Iog), and Vr are summarized in
Table 2. Representative transfer characteristics, output charac-
teristics, and the gate-source-voltage (Vgs)-dependence of the
mobility of the OTFT devices are shown in Fig. 4. Almost no
hysteresis was observed in the transfer and output curves. The
relatively high off current was probably due to the weak contact
doping of the polymers by PEIE treatment.””> Previous studies
have shown that BTI-bithiophene copolymers exhibit p-type or
ambipolar transport characteristics.®*®® In contrast, P(BTI-
4FBT), P(BTI-4FTVT), P(BTI2-4FBT), and P(BTI2-4FTVT) showed
unipolar n-channel transistor behaviour. This behavior can be
ascribed to the low Eyomos of the polymers, which efficiently
blocked hole injection from the gold electrode. P(BTI-4FBT)

Table 2 Performance of the polymer-based OTFT devices?

Polymer fesa” [em® V7 s pregin” [em® V1 s Vi [V] Ton/logr
P(BTI-4FBT)  0.19 (0.17) 0.16 (0.14) 13 +2 ~10°
P(BTI-4FTVT) 0.30 (0.28) 0.27 (0.24) 15 £ 3 ~10°
P(BTI2-4FBT) 0.40 (0.35) 0.35 (0.32) 114+2 ~10°
P(BTI2-4FTVT) 0.72 (0.65) 0.67 (0.60) 10 +2 ~10°

“ The source-drain electrodes were modified with 0.04 wt% PEIE before
deposition of the polymer semiconductor, and the polymer thin films
were annealed at 150 °C for 30 min in an argon atmosphere. ” Mobi-
lities were measured under ambient conditions; average values are in
parentheses.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Typical (a—d) transfer curves, (e-h) output curves, and (i-1) saturation mobility versus Vs curves of the PEIE modified TGBC OTFT devices based

on (a, e and i) P(BTI-4FBT), (b, f and j) P(BTI-4FTVT), (c, g and k) P(BTI2-4FBT), and (d, h and |) P(BTI2-4FTVT). Thin films of the polymers were prepared
from o0-DCB solutions and were annealed at 150 °C for 30 min in an argon atmosphere.

showed a e g Of 0.19 cm® V™' s TVT has a more rigid and
planar skeleton than BT,*"*® and therefore P(BTI-4FTVT) dis-
played a higher p.g (0.30 cm® V' s7'). Insertion of an
additional BTI unit into the repeating unit further increased
the fte sae: P(BTI2-4FBT) and P(BTI2-4FTVT) showed e sa¢ Of 0.40
and 0.72 cm® V' 57, respectively. Note that the u s, were
obtained from the well linear (Ipg)"/* versus Vg curves, and
comparable u. were extracted from the saturation and linear
regimes, unambiguously demonstrating the reliability of the
device performance.”*’* The reliability was also supported by
the weak dependence of mobility on gate voltage (Fig. 4i-1).

Film microstructures and morphology

Grazing incidence X-ray diffraction (XRD) and tapping-mode
atomic force microscopy (AFM) were employed to study the
microstructures and morphology of the polymer thin films.
P(BTI-4FBT) and P(BTI-4FTVT) featured pronounced lamellar
diffractions progressing up to (300) in the out-of-plane direc-
tion. Meanwhile, a (010) peak corresponding to m-rn stacking
was observed in the in-plane direction (Fig. 5). These results
indicate that P(BTI-4FBT) and P(BTI-4FTVT) adopted an edge-
on orientation. Intriguingly, BTI2-based polymers showed a
different packing texture. Except for the out-of-plane reflections
of up to the third order (300), additional out-of-plane (010) and
in-plane (100) and (200) peaks appeared (Fig. 5), indicating that
these two polymers adopted a bimodal packing with mixed
edge-on and face-on orientations of the polymer chains. This
packing model is beneficial for charge carrier transport because

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Out-of-plane and (b) in-plane X-ray diffraction profiles of the

polymer thin films. The films were annealed at 150 °C for 30 min in an
argon atmosphere.

the parallel and perpendicular orientations of the n-stacking
planes can form three-dimensional conduction channels. A
detailed investigation of bimodal orientation leading to
enhanced charge transport in other CPs is reported.”>”’® In
comparison to P(BTI2-4FBT), P(BTI2-4FTVT) showed an
obvious in-plane (010) peak, implying that it had higher-order
packing. The lamellar d-spacings calculated from the out-of-
plane (100) diffraction peaks were 28.4 and 26.0 A for P(BTI-
4FBT) and P(BTI-4FTVT), respectively. Increasing the number of
BTI units enlarged the lamellar d-spacings to 35.1 and 32.7 A
for P(BTI2-4FBT) and P(BTI2-4FTVT), respectively. All four
polymers showed a n-n stacking distance of ca. 3.52 A, as
calculated from the (010) diffraction peak. Collectively, the
bimodal backbone orientation and high-order packing in the
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Fig. 6 Atomic force microscopy height images (2 um x 2 um) of polymer thin films. The films were annealed at 150 °C for 30 min in an argon

atmosphere.

thin film synergistically contributed to the high mobility of
P(BTI2-4FTVT).

AFM height images of the polymer thin films after thermal
annealing at 150 °C for 30 min are shown in Fig. 6. All the films
were continuous and smooth with root-mean-square (rms) rough-
ness values of 0.81-2.25 nm and the films were characterized by a
fibre-like morphology. However, the fibre-like nanostructures of
P(BTI2-4FBT) and P(BTI2-4FTVT) were more obvious, which is
consistent with the fact that P(BTI2-4FBT) and P(BTI2-4FTVT)
showed higher mobilities than P(BTI-4FBT) and P(BTI-4FTVT).

Conclusions

In summary, we synthesized four n-type CPs, i.e. P(BTI-4FBT), P(BTI-
4FTVT), P(BTI2-4FBT), and P(BTI2-4FTVT), via DArP using BTI or
BTI2 as the C-Br monomer and 4FBT or 4FIVT as the C-H
monomer. All four polymers showed planar backbones owing to
the presence of F---S intramolecular noncovalent interactions.
Increasing the number of BTI units in the repeating unit decreased
both the E;ymo and Eyomo of the polymers. This change also had a
pronounced effect on the thin-film microstructures and morphology
and consequently on the charge-carrier transport performance.
Unipolar n-channel OTFTs were fabricated with these four polymers
as the semiconductor layers. Of the polymers, P(BTI2-4FTVT) deliv-
ered the best device performance, with maximum saturation and
linear . of 0.72 and 0.67 cm> V' ' s respectively. The high
mobility of P(BTI2-4FTVT) can be attributed to its bimodal back-
bone orientation, high-order packing in the thin film, and favorable
thin-film morphology. This work demonstrates that high-mobility
ntype CPs can be synthesized by means of DArP, an atom-
economical and ecofriendly protocol, through careful selection of
the co-monomer.
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