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Diketopyrrolopyrrole-based conjugated polymers
synthesized by direct arylation polycondensation
for anisole-processed high mobility organic
thin-film transistorsy

Ying Sui,?® Zhongli Wang,? Junhua Bai,? Yibo Shi,® Xuwen Zhang,?
Yunfeng Deng, {2 *® Yang Han® and Yanhou Geng (2 *¢

Two conjugated polymers (CPs) Fu-F and Fu-Cl that are soluble in a green solvent anisole were
successfully synthesized via direct arylation polycondensation (DArP) using a furan-flanked
diketopyrrolopyrrole (DPP) derivative (FDPP-Br) as the C—-Br monomer and (E)-1,2-bis(3,4-difluorothien-
2-ylethene (4FTVT) or (E)-1,2-bis(3,4-dichlorothien-2-yllethene (4CITVT) as the C—H monomer. With
anisole as the processing solvent and polyethylenimine ethoxylated (PEIE) as the electrode modification
layer, n-type organic thin-film transistors (OTFTs) of the polymers were fabricated via bar-coating. The
electron mobility (ue) of the devices based on Fu-Cl was only in the magnitude of 1072 cm? V1 s7%,
owing to the unfavoured fine granular film morphology. In contrast, Fu-F films showed fibre-like
morphology with the polymer chains aligned along the bar-coating direction, which is favourable for the
charge transport in OTFTs. Therefore, Fu-F delivered much better device performance with the u. of up
to 2.79 cm? V™! s71 Our study demonstrates that green solvent processed high mobility CPs can be
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1. Introduction

Conjugated polymer (CP)-based organic thin-film transistors
(OTFTs) have received a lot of attention due to their intrinsic
advantages of solution processability and mechanical
flexibility."™® Significant progress in material exploration and
device engineering has pushed the performance of OTFTs of up
to the commercialization threshold.”™'® To date, halogenated
solvents, such as chlorobenzene, o-dichlorobenzene (0-DCB),
chloroform and so on, have usually been used for the fabrica-
tion of high performance OTFTs. These solvents suffer from
serious health and environmental issues.'” ! Therefore, the
quest for high mobility CPs processible with green solvents is a
matter of intense research.'”'®?>2?

Diketopyrrolopyrrole (DPP)-based CPs represent one class of
high mobility CPs that have been investigated the most in the
past years.>*?® In the above context, some DPP-based high
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synthesized by DArP, an emerging eco-friendly protocol for the synthesis of CPs.

mobility CPs processible with non-halogenated solvents, such as
toluene, xylene, tetralin and tetrahydrofuran (THF), were also
reported.”’® Lowering the regularity is generally adopted as an
effective method to enhance the solubility of CPs.>**° For
instance, Li et al. reported toluene-processed DPP-based high mobi-
lity CPs with decreased regioregularity.”® Kwon et al. also demon-
strated a DPP-based random copolymer for tetralin-processed OTFTs
with a hole mobility (1,) of up to 6.05 cm> V' s~ ~.** DPP-based CPs
soluble in non-chlorinated solvents such as toluene, THF and
hexane have also been demonstrated by incorporating furan into
conjugated backbones.***' Recently, we found that the solubility of
DPP-based CPs could be remarkably enhanced by enriching the
density of alkyl side chains, and accordingly poly(diketopyrro-
lopyrrole-ait-terchalcogenophene)s were soluble in non-chlorinated
solvent oxylene.*** As a result, OTFTs with the uy, of around
10 em® V! s~ ' were fabricated via bar-coating with o-xylene as the
processing solvent.* In addition, the poly(diketopyrrolopyrrole-ait-
terchalcogenophene)s based on furan-flanked DPP (FDPP) are even
soluble in anisole, which is a green solvent according to the
CHEM21 and Sanofi’s solvent selection guides**** and is used as
the fragrance for cosmetics and as the additive for foods. OTFTs with
a uy, of up to 3.5 ecm® V' s were prepared with this solvent.”®
Note that the O---H non-covalent intramolecular interactions also
occur in FDPP,*® which is beneficial for the synthesis of high
mobility CPs.

This journal is © The Royal Society of Chemistry 2022
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Besides high mobility CPs processed using eco-friendly
solvents, other aspects, such as material synthesis/purification
and all steps of device fabrication, are expected to be green in
the future applications of OTFTs. In this regard, environmen-
tally benign and atom-economical protocols for the synthesis of
high mobility CPs are also highly desired. At present, high
mobility CPs are mainly prepared by Pd-catalysed Stille or
Suzuki polycondensation, which need high-purity organome-
tallic reagents prepared using tedious steps. Moreover, the
organotin wastes produced in Stille polycondensation are
highly toxic.*”~*° By contrast, direct arylation polycondensation
(DArP) invokes C-H bond activation in the selected monomer
through concerted metalation-deprotonation (CMD) instead of
transmetalation, which reduces the synthetic steps of mono-
mers and the production of toxic byproducts.’®* Therefore,
DArP is recognized as an emerging protocol for the environ-
mentally benign and atom-economical synthesis of CPs.>*™’

Based on the above discussion, it is desirable to synthesize green
solvent processible high mobility CPs via DArP. In the current paper,
we selected a FDPP derivative as the C-Br monomer to conduct DArP
with two highly reactive C-H monomers, ie., (E)}-1,2-bis(3,4-difluoro-
thien-2-yl)ethene (4FTVT)***° and (E)-1,2-bis(3,4-dichlorothien-2-yl)-
ethene (4CITVT).”" Two CPs, named Fu-F and Fu-Cl, that are soluble
in oxylene and anisole were successfully synthesized (Scheme 1).
Top-gate/bottom-contact (TGBC) OTFTs with a reliable electron
mobility (1) of up to 2.79 em”* V' s have been fabricated with
anisole as the solvent. To the best of our knowledge, this has been
the highest electron mobility reported so far for the real green
solvent processed n-type OTFTs. Our study, for the first time, offers
high mobility CPs that are synthesized via an environmentally
benign protocol DArP and meanwhile can be processed using a
green solvent.

2. Results and discussion
2.1. Synthesis and characterization

The synthetic route to the polymers Fu-F and Fu-Cl is depicted in
Scheme 1 and the details of synthesis are summarized in the (ESIT).
4FTVT, 4CITVT and 3,6-bis(5-bromofuran-2-yl)-2,5-bis(4-tetradecylo-
ctadecyl)-pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (FDPP-Br) were pre-
pared according to previous studies.*>*®*" DArP was conducted
following our previously reported procedure by using toluene as the

1 . .
solvent.’®®’ The resulting Fu-F and Fu-Cl were purified by
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Scheme 1 Synthetic routes for the polymers. Reaction conditions:
(i) Herrmann's cat., P(o-MeOPh)s, PivOH, Cs,COs3, toluene, 120 °C.
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precipitation in methanol and Soxhlet extraction with ethanol,
acetone and hexane in succession. The molecular weights of the
polymers were determined by high-temperature gel permeation
chromatography (HT-GPC) at 150 °C using 1,2,4-trichlorobenzene
(TCB) as the eluent and polystyrene (PS) as the standard. The
number-average molecular weights (M,s) of Fu-F and Fu-Cl are
37.2 and 63.0 kDa, respectively, with the corresponding polydisper-
sity indices (D) of 2.1 and 2.3. The thermal properties of the two
polymers were characterized by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) under a nitrogen atmo-
sphere. Both Fu-F and Fu-Cl exhibited excellent thermal stability
with decomposition temperatures (T4, 5% weight loss) of 415 and
407 °C, respectively (Fig. Sla, ESIt). As indicated by DSC scans
(Fig. S1b, ESIY), there is no obvious thermal transition in the range
of 25 to 300 °C for both polymers.

The solubilities of Fu-F and Fu-Cl in 0-DCB, o-xylene, and anisole
that are ranked as hazardous, problematic, and recom-
mended,*****% respectively, were investigated. As shown in
Table S1 (ESIf), both polymers could be easily dissolved in
o-xylene and 0-DCB. They were also soluble in warm anisole with
solubilities reaching 5 mg mL ™" at 70 °C, allowing the fabrication of
OTFTs with anisole as the solvent. In contrast, analogous polymers
based on thiophene-flanked DPP (TDPP), ie., Th-F and Th-CL*"*
are almost insoluble in anisole (Table S1, ESIt). This observation is
consistent with our previous study on poly(diketopyrrolopyrrole-ait-
terchalcogenophene)s: introducing furan units at 3,6-positions of
DPP can dramatically improve the solubilities of the DPP-based
Cps.*

2.2. Optical and electrochemical properties

The solution absorption spectra of Fu-F and Fu-Cl in anisole,
oxylene and 0-DCB and the absorption spectra of their thin
films prepared using these three solvents were recorded (Fig. 1
and Fig. S2, ESIt), and the related data are summarized in
Table 1 and Table S2 (ESIt). Both polymers show similar
absorption features with two absorption bands, which is com-
mon to DPP-based CPs.*>#3:°8:61.64 golyent effect on the absorp-
tion spectra in both solution and film states is rather small. As
shown in Table 1, the low energy absorption maxima (AaxS) of
Fu-F in three solvents are slightly different, which are at 797,
790 and 792 nm in anisole, o-xylene and 0-DCB, respectively. A
slightly red-shifted A,.x in anisole may be attributed to the
stronger aggregation tendency of the polymer in this
solvent.®>®® The absorption spectra of the Fu-F pristine films
prepared from these three solvents are almost overlapped
(Fig. S2, ESIt), with 2-7 nm red-shifted A, compared with
those measured in solutions. The absorption spectra of the
films before and after thermal annealing (200 °C for 10 min) are
similar. Fu-Cl shows similar behaviour, but its A,.cS were red-
shifted ca. 20 nm in solution and ca. 10 nm in film when
compared with Fu-F. This phenomenon can be attributed to the
stronger intramolecular charge transfer (ICT) of Fu-Cl originat-
ing from the larger dipole moment of the C-Cl bond.®”*® The
absorption spectra of Fu-F and Fu-Cl display ca. 30 nm blue-
shifts compared with those of TDPP-based analogous polymers
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Fig. 1 Solution UV-vis-NIR absorption spectra of Fu-F (a) and Fu-Cl (b) and film cyclic voltammograms (CVs) (c) of the polymers. Solution spectra were
measured in anisole, o-xylene and o-DCB with a concentration of 10~ mol L™* of the repeating units. Films for CV measurements were prepared by

spin-coating the o-DCB solutions on working electrodes.

Table 1 Optical properties and energy levels of the polymers

Anisole o-Xylene 0-DCB
Polymer 259l (nm) Jfima (nm) 750l (nm) Jfima (nm) 289 (nm) Ama (nm) E% e ELomo’ (V/EV) ESset/Eriomo” (V/eV)
Fu-F 724, 797 719, 799 721, 790 713, 797 725, 792 713, 799 —0.84/-3.56 1.04/—-5.44
Fu-Cl 741, 813 735, 810 736, 811 737, 811 744, 813 733, 814 —0.82/—3.58 1.05/—5.45

“ The absorption maxima of pristine films without thermal annealing. b

Erumo and Exomo calculated according to Epuyavo = —(4.40 + Egnser) €V and

Enomo = —(4.40 + Egnger) €V, in which Egj g and Egnge represent reduction and oxidation onset potentials of the polymers versus SCE, respectively.

Th-F and Th-CL°“®* ascribed to the effect of the size and
electronegativity of the heteroatoms.

Film cyclic voltammograms (CVs) of the polymers (Fig. 1c)
were recorded to estimate their highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels. The redox onset potentials (Egnse: and
Eonser) and calculated HOMO and LUMO energy levels (Egomo
and Epymo) are summarized in Table 1. Both Fu-F and Fu-Cl
exhibited quasi-reversible reduction and oxidation processes.
The Eyomo/Erumo values are —5.44/—3.56 eV for Fu-F and
—5.45/—3.58 eV for Fu-Cl. Fu-F and Fu-Cl display deeper HOMO
levels than Th-F and Th-Cl, which had the Eyomo values of
—5.34 and —5.41 eV, respectively, owing to the high ionization
potential of furan.®

2.3. Charge transport properties

TGBC OTFTs were fabricated to evaluate the charge transport
properties of the polymers. The semiconducting layer was
deposited either by spin-coating or bar-coating followed by
thermal annealing. The device performance was measured
under ambient conditions, and the mobility values were
extracted from the transfer characteristics in the saturation
regime. The performance data of spin-coated and bar-coated
OTFTs are summarized in Table S3 (ESIf) and Table 2,
respectively.

First, OTFTs of Fu-F and Fu-Cl were prepared by spin-
coating with anisole as the solvent and bare gold (Au) as source
and drain electrodes. All devices exhibited electron-dominant
ambipolar charge transport properties (Fig. S3 and S4, ESIY),

2618 | J Mater. Chem. C, 2022,10, 2616-2622

consistent with the HOMO and LUMO energy levels of the
polymers. The devices based on the semiconducting layers
thermally annealed at 200 °C demonstrated the highest mobi-
lities, with the maximum electron and hole mobilities (e max
and i max) 0f 1.30 and 0.36 cm® V' s ' for Fu-Fand 1.1 x 102
and 2.7 x 10 em® V' 57 for Fu-Cl (Table S3, ESIt).
Bar-coating is a printing technique suitable for the prepara-
tion of large area semiconducting layer in laboratory. Then, we
fabricated OTFTs via bar-coating with anisole as the solvent.
Fig. 2 shows the representative transfer and output curves of
the bar-coated devices based on Fu-F and Fu-Cl, which are
typical for ambipolar OTFTs. As shown in Table 2, bar-coated
OTFTs of Fu-F with thermal annealing under optimized condi-
tions (200 °C for 10 min) exhibited remarkably improved
performance compared with spin-coated OTFTs, with fie max
and Up may Of 2.76 and 0.53 cm”® V' s, respectively. However,
the e max and pih max 0f OTFTs based on Fu-Cl were only slightly
enhanced to 1.3 x 10 2 and 3.5 x 10 * em?® V' * s~ %, respec-
tively. Bar-coated OTFTs of Fu-F were also fabricated with
0-DCB and o-xylene as the solvents. The pe max/ih,max Of the
Fu-F-based devices processed with o-DCB and o-xylene were
2.23/0.73 and 1.07/0.43 cm® V' s, respectively. This indicates
that green solvent can also deliver OTFTs with device perfor-
mance superior to conventional chlorinated solvents. The
above solvent dependence of device performance will be dis-
cussed thereinafter. Note that although a high p. was obtained,
the threshold voltage (Vi) was rather high (Fig. 2 and Fig. S2-S6,
ESIt) probably due to the parasitic resistance caused by the
mismatch between the LUMO energy levels of the polymers and

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1tc04207f

Published on 08 Ekim 2021. Downloaded on 28.06.2024 21:06:06.

View Article Online

Paper Journal of Materials Chemistry C

Table 2 The performance of bar-coated OTFT devices of the polymers?

Without modification With PEIE modification
n-Channel p-Channel n-Channel
TAb lue,maxc (,ue,av%d) VTE Ion/ ,“h,maxg (,uh,avigh) VTe Ion/ ,ue,maxc (,ue,av%d)_ VTE Ion/
Polymer Solvent (°C) (em®*V 's™ ) v) Iog (em*v's™) V) Id (em®* Vv 's O (%) (V) I
Fu-F Anisole 150 8.6 x 107 49- 10°-  29x10° —30- 10%-
(7.5 x 107%) 54 10* (2.1 x 107%) —35 10°
200  2.76 (2.42) 42- 10>~ 0.53 (0.41) —48- 10>~ 2.79 (2.48)78% 7- 10°-
46 10° —53 10° 10 107
250  1.03 (0.88) 50-  10°-  0.34 (0.26) —58- 10°-
55 10* —61 10*
Fu-F o- 200 1.07 (0.90) 51-  10°-  0.43 (0.35) —59- 10*~  0.70 (0.58)75% 7- 10%-
Xylene 55 10* —63 10° 11 107
Fu-F 0-DCB 200  2.23 (1.97) 48- 10>~ 0.73 (0.62) —56- 10°%-  2.21 (2.01)82% 8- 10°-
54 10* —60 10* 13 10*
Fu-Cl Anisole 150 6.3 x 10°° 40-  10°- 15 x 1077 —30- 10°-
(5.1 x 1079%) 45 10* (1.0 x 107%) —35 10*
200 1.3 x 1072 44- 10>~  3.5x10° —45- 10>~ 1.5 x 1072 (1.1 x 10-  10°-
(9.9 x 107%) 48 10° (2.5 x 1077) —50 10° 107%)77% 20 10*
250  3.6x10°(2.9x 45- 10>~  29x10°(1.8x  —45- 10°-
1079) 50 10* 1077%) —49 10*

“ The devices were measured under ambient conditions. ” Thermal annealing temperature. © Maximum electron mobility calculated from the
saturation regime. ¢ Average electron mobility calculated from at least 15 devices. ¢ Threshold voltage./ Current on/off ratio. £ Maximum hole
mobility calculated from the saturation regime. ” Average hole mobility calculated from at least 15 devices. ' Reliability factor.
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Fig. 2 Typical transfer (a—d) and output (e—h) curves of the OTFTs of Fu-F (a, b, e and f) and Fu-Cl (c, d, g and h) prepared by bar-coating. Thin films were
prepared from anisole solutions on bare Si/SiO, substrates and annealed at 200 °C for 10 min in an inert atmosphere.

the work function of Au electrodes, resulting in non-ideal pure electron transport characteristics with much lower Vi
transistor behaviour. (Fig. 3 and Fig. S8, S9, ESIt). As shown in Fig. 3c and d, obvious

To address the above issue, an ultrathin polyethylenimine linear and saturation regions present in the output curves, and
ethoxylated (PEIE) layer was inserted between the Au electrodes almost no hysteresis can be observed at different gate voltages
and the polymer layer. The corresponding energy level dia- (Vgg). Moreover, (IDS)”2 versus Vgs curves are linear with the
grams are depicted in Fig. S7 (ESIT). It has been demonstrated absence of kinks. All these indicate that the devices operated in
that PEIE modification can effectively lower the work function a near-ideal field-effect transistor mode. As shown in Table 2,
of Au, and then facilitate efficient electron injection and block bar-coated OTFTs of Fu-F with PEIE modification exhibited the
the hole injection from electrodes to the semiconducting pemax Of 2.79, 0.70 and 2.21 em® V' s, respectively, when
layer.”®”" Accordingly, all OTFTs with PEIE interlayer exhibited anisole, o-xylene and 0-DCB were used as processing solvents.

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. C, 2022, 10, 2616-2622 | 2619
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Fig. 3 Typical transfer (a and b), output (c and d) curves and saturation
mobility versus Vs (e and f) of OTFT devices based on Fu-F (a, c and e) and
Fu-Cl (b, d and f) prepared via bar-coating. Thin films were prepared from
anisole solution on 0.08 wt% PEIE-modified substrates and annealed at
200 °C for 10 min in an inert atmosphere.

Bar-coated OTFTs of Fu-Cl with PEIE modification still showed
inferior performance with a fie max of 1.5 x 1072 cm* V- ' s,
similar to the results observed in the OTFTs without the PEIE
interlayer (Table 2). As shown in Fig. 3e and f, the electron
mobility (u.) of the devices was almost independent of Vg,

indicating that the . values are highly reliable.

2.4. Film morphology and microstructures

Fig. 4 shows the atomic force microscopy (AFM) height images
of the spin- and bar-coated films of the polymers on bare
Si/SiO, substrates. The bar-coated films of Fu-F from all three
solvents exhibited a fibre-like morphology (Fig. 4b-d), while the
short grains were observed in the film spin-cast from anisole
(Fig. 4a). The fibre-like nanostructures were oriented along the
bar-coating direction for the films processed with anisole and
0-DCB, while the nanostructures distributed almost isotropi-
cally in the film prepared with o-xylene. The films of Fu-Cl,
prepared by either spin-coating or bar-coating, featured a fine
granular morphology. A similar film morphology was observed
for both polymers on PEIE-modified substrates (Fig. S10, ESIT).
All these observations are consistent with the OTFT perfor-
mance of the polymers discussed above. Fu-F is characterized

2620 | J Mater. Chem. C, 2022,10, 2616-2622
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Fig. 4 AFM height images (2 pm x 2 pm) of the spin-coated (a and e) and
bar-coated (b, ¢, d and f) polymer films from anisole, o-xylene and o-DCB
solutions. Thin films were prepared on bare Si/SiO, substrates and
annealed at 200 °C for 10 min under an inert atmosphere. The arrows in
the images denote the bar-coating direction.

by a favourable film morphology and can form aligned films via
bar-coating with both anisole and o-DCB as the solvents, giving
rise to high mobility. In contrast, the fine granular morphology
of Fu-Cl films is not beneficial to charge transport, and the
OTFTs based on Fu-Cl thus exhibited low charge carrier mobi-
lity. The bar-coated polymer films were also characterized by
X-ray diffraction (XRD) with the incident light parallel to the
coating direction. As shown in Fig. S11 (ESIt), only a weak (100)
peak was observed in the out-of-plane diffraction patterns for
the films of Fu-F and Fu-Cl. This phenomenon indicates the
almost amorphous nature of these two polymers and is con-
sistent with their better solubility compared to TDPP counter-
parts Th-F and Th-Cl.

To further confirm the formation of aligned films of Fu-F
with bar-coating, film absorption spectra under linearly polar-
ized light were measured and the corresponding dichroic ratio
(R) values were calculated (Fig. S12, ESIT). As expected, the R
values of the Fu-F films bar-coated with anisole and 0-DCB were
2.89 and 2.38, respectively. This implies that the polymer
chains of Fu-F were aligned along the bar-coating direction.
In contrast, all the Fu-Cl films and the film of Fu-F bar-coated

This journal is © The Royal Society of Chemistry 2022
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with o-xylene showed the R values close to 1, indicative of the
isotropic nature of the films.

3. Conclusions

In summary, two FDPP-based CPs have been synthesized by
DArP. The resulting CPs Fu-F and Fu-Cl can also be dissolved in
a green solvent anisole, besides being soluble in o-xylene and
0-DCB. Fu-F displayed a much higher mobility compared to
Fu-Cl, mainly ascribed to the favourable film morphology of
Fu-F. OTFTs of Fu-F processed with anisole exhibited a perfor-
mance comparable to and better than that of the devices
fabricated with 0-DCB and o-xylene, respectively. With source/
drain electrodes modified via a PEIE interlayer, n-type OTFTs of
Fu-F with reliable . values of up to 2.79 em® V™' s™*, have been
fabricated. This study demonstrates a high mobility CP that can
be synthesized via an environmentally benign protocol (i.e.,
DArP) and processed using the green solvent anisole, which is
of significance for future commercialization of OTFTs. To
further improve the device performance of green solvent pro-
cessed CPs, the comprehensive design of side chains and
conjugated backbones based on the deep understanding on
the solution aggregation behaviour of CPs in different organic
solvents is highly desired.
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