1' frontiers
in Chemistry

ORIGINAL RESEARCH
published: 29 May 2019
doi: 10.3389/fchem.2019.00362

OPEN ACCESS

Edited by:
Bin Wu,
Institute of Chemistry (CAS), China

Reviewed by:
Zhengxu Cai,
Beijing Institute of Technology, China
Zhuping Fei,
Tianjin University, China

*Correspondence:
Yuanyuan Hu
yhu@hnu.edu.cn
Yan Zhao
zhaoy@fudan.edu.cn
Huajie Chen
chenhjoe@163.com

Specialty section:
This article was submitted to
Supramolecular Chemistry,
a section of the journal
Frontiers in Chemistry

Received: 25 March 2019
Accepted: 02 May 2019
Published: 29 May 2019

Citation:

Li X, Guo J, Yang L, Chao M, Zheng L,
Ma Z, Hu Y, Zhao Y, Chen H and Liu Y
(2019) Low Bandgap Donor-Acceptor
p-Conjugated Polymers From
Diarylcyclopentadienone-Fused
Naphthalimides. Front. Chem. 7:362.

doi: 10.3389/fchem.2019.00362

Check for
updates

Low Bandgap Donor-Acceptor
p-Conjugated Polymers From
Diarylcyclopentadienone-Fused
Naphthalimides

Xiaolin Li *, Jing Guo 2, Longfei Yang 2, Minghao Chao 3, Liping Zheng *, Zhongyun Ma *,
Yuanyuan Hu #, Yan Zhao *, Huajie Chen ** and Yungi Liu ®

1 Key Laboratory for Green Organic Synthesis and Applicatioof Hunan Province, and Key Laboratory of Environmentally
Friendly Chemistry and Applications of Ministry of Educatn, College of Chemistry, Xiangtan University, Xiangtan,htha,
2Key Laboratory for Micro/Nano Optoelectronic Devices of Mistry of Education & Hunan Provincial Key Laboratory of

Low-Dimensional Structural Physics and Devices, School d?hysics and Electronics, Hunan University, Changsha, Chan
3 Department of Materials Science, Institute of Molecular Matials and Devices, Fudan University, Shanghai, China

Two novel aromatic imides, diarylcyclopentadienone-fusgénaphthalimides (BCPONI-2Br
and TCPONI-2Br), are designed and synthesized by condens@in coupling

cyclopentadienone derivatives at the lateral position of aphthalimide skeleton. It
has been found that BCPONI-2Br and TCPONI-2Br are highly edtron-withdrawing

acceptor moieties, which possess broad absorption bands ad very low-lying LUMO
energy levels, as low as 4.02 eV. On the basis of both building blocks, six low bandgap
D-A copolymers (P1-P6) are prepared via Suzuki or Stille cpling reactions. The
optical and electrochemical properties of the polymers arene-tuned by the variations

of donors (carbazole, benzodithiophene, and dithienopyote) and p-conjugation linkers
(thiophene and benzene). All polymers exhibit several attive photophysical and
electrochemical properties, i.e., broad near-infrared (fR) absorption, deep-lying LUMO
levels (between 3.88 and 3.76eV), and a very small optical bandgapE(gpt) as low

as 0.81 eV, which represents the rst aromatic diimide-baseé polymer with an Egpt of

<1.0eV. An investigation of charge carrier transport propgies shows that P5 exhibits a
moderately high hole mobility of 0.02crdV 1s 1in bottom-gate eld-effect transistors

(FETSs) and a typical ambipolar transport behavior in top-g@a FETs. The ndings suggest
that BCPONI-2Br, TCPONI-2Br, and the other similar acceptounits are promising
building blocks for novel organic semiconductors with outeanding NIR activity, high
electron af nity, and low bandgap, which can be extended to \arious next-generation
optoelectronic devices.

Keywords: diarylcyclopentadienone-fused naphthalimides, D-A conjugated polymers, optical band gap, electron-

transporting materials, charge carrier transport

INTRODUCTION

Soluble donor—acceptor (D—A) conjugated polymers can o er aibde and tunable electronic
structure and optoelectronic propertieS (o et al., 2014; Dou et al., 2Q1@hich encourage the
incessant exploration of multiple potential applications in igeneration optoelectronic devices,
including organic light-emitting diodes (OLEDs}5(imsdale et al., 2009organic photovoltaics
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(OPVs) (Cheng et al.,, 2009 organic eld-e ect transistors from 1.7 to 1.1eV Guo and Watson, 2008 Later, Facchetti
(OFETs) Hu et al.,, 2018; Yang et al., 20Q;l&nd organic and co-workers reported the synthesis and OFETs properties
photodetectors (OPDs)@ong et al., 2009 By independently of an NDI-bithiophene polymer (N2200), which exhibited an
selecting or modifying D/A segments, one can readily regulatimpressive electron mobility up to 0.85 énV 1 s 1 under
optical properties, electronic structures (bandgap and HOMOAmbient conditions {an et al., 2009 Thanks to structural
LUMO energy levels), and charge carrier transport of the targeoptimization and device engineering, copolymers-based NDI
D-A polymers Hwang et al., 2012; Cui and Wudl, 2013; Zhaounits have also very recently provided near state-of-thie-ar
etal., 2015; Chenetal., 2016; Feietal., 2016; Li et a6). Biich  electron mobilities>7.0 cnf V s 1 (Zhao et al., 2017; Wang
a D-A strategy has led to the rapid development of numeroust al., 2012 An all-polymer OPV device, reported by Huang
D-A conjugated polymers and makes a great contribution tcand co-workers has been further developed to a benchmark
promote device performance in organic electroni€sif et al., PCE value of 11%L{ et al.,, 201} which fabricated from
2014; Dou et al., 2015; Yang et al., 2018 recent years, some an N2200 acceptor and polymer donor (PTzBI-Si). Recently,
classical organic dyes, such as diketopyrrolopyrrole (DEB)( a core-extended strategy has been successfully utilized to
et al., 2009; Li et al., 2011, 20)and isoindigo (IDG) Gtalder prepare various heteroaromatic-fused NDI derivatives, sich a
et al., 2010; Lei et al., 2011; Mei et al., 2011; Gao et al.),201thiophene-fused NDI (NDTI5) (Fukutomi et al., 201)3thiazole-
have been successfully used as the acceptor building blocksftsed NDI (NDTZ, 6) (Chen et al., 2003 and pyrazine-fused
construct low bandgap D-A conjugated polymers for various\NDI (BFI, 7) (Figure 1) (Li et al., 2013} These core-extended
optoelectronic devices, especially in OPVs and OFETs. Hole &DI units can aord a rigid p-conjugation backbone with
electron mobilities higher than 5.0 & 1s 1 (Chen et al., distinct electronic structures as relative-to-simple cbni&ed
2012; Gao et al., 20).and a power conversion e ciency (PCE) NDIs, which has been developed as the promising building tdock
of above 8.0%Hendriks et al., 201)have been reported for the for polymer electron-transporting material€gen et al., 2013;
DPP-containing D-A polymers. Fukutomi et al., 2013; Li et al., 20)3A typical example of the

In view of the urgent need for electron-transporting matésja core-extended NDI is tetraazabenzodi uoranthene diim{eé-,
aromatic imides like rylene diimides have been widely stddi 7) reported by Jenekhe and co-workers; moreover, it was found
(Zhan et al., 2001 Moreover, they have also become attractivahat a BFI-containing copolymer has a large lateral extansio
acceptor building blocks fon-type conjugated polymers due (2.0nm) of p-conjugation and perfect lamellar ordering,
to the strong electron-de cient feature, high electron nilip,  thereby achieving high electron mobilities of 0.3%<k s 1
tunable solubility supported byN-alkylation, and excellent (Lietal., 2013p
chemical and photochemical stability’lfan et al., 2011 So Diarylcyclopentadienone-fused naphthalimide (CPONI,
far, the most studied rylene diimides are perylene diimideFigure 2) is a novel family of aromatic imide building blocks that
(PDI, 1) and naphthalene diimide (NDI4) (Figure 1). Zhan originally derived from naphthalimide and cyclopentadienone
and co-workers reported the synthesis of the rst soluble PDI units and is similar in structure to cyclopentadieneones.dNu
dithienothiophene copolymergZfan et al., 2007 which yielded and co-workers reported the synthesis and OFET properties
a moderately high electron mobility of 0.013 €M 1s Yand of cyclopentadieneones-containing oligomeid/glker et al.,
a PCE value of 1.5% when used as the active layers in topo08; Yang et al., 20)8which demonstrated very small
gate OFETs and all-polymer OPVs, respectively. Since theat, grdbandgaps as low as 0.9eV and a moderate hole mobility of
e orts have been made to structurally modify PDI acceptor2.26 102 cm? V 1 s 1 (yang et al., 2008 Compared
units, thereby generating a sets of core-extended PDI asalogith cyclopentadieneone analogs, the combined advantages
(Choi et al., 2011; Usta et al., 2012; Cai et al., 2017)26d¢h of both NDI and cyclopentadienone units endow CPONI
as dithienocoronene diimides (DTCDR) (Choi et al., 2011; acceptors with extendeg-conjugation backbone, enhanced
Zhou et al., 201pand naphthodiperylenetetraimide (NTDP3)  electron-withdrawing capacity, as well as tunable solyhbihat
(Guo et al., 200)/(Figure 1). Compared with PDls, both DTCDI supported byN-alkylation. The imide nitrogens in the CPONI
and NTDPI acceptor building blocks possess larger conjugatiounits allow attachment of solublizing side chains in the pody
backbones than PDI, which could facilitate strong interewllar  backbone in order to tune solubility and self-organization
interactions and charge carriers transport of the polyméitsou ~ without disrupting backbone's coplanarity. Thus, CPONI
et al., 201p. Facchetti and co-workers reported the synthesis oflerivatives are of great interest to construct low band-gap
soluble D-A polymers containing DTCDI and thiophene units D-A conjugated polymers with promising electronic structure
(Usta et al., 2002 which exhibited good hole and electron and optoelectronic properties. Nevertheless, literature ntspo
mobilities of 0.04 and 0.3 civ s 1, respectively. Zhao and on the synthesis, reactivity, and optoelectronic propertiés o
co-workers synthesized the NTDPI and vinylene-linketype  diarylcyclopentadienone-fused naphthalimide derivative®
polymer and a orded an excellent PCE value of 8.59% in thearely seen Ding et al., 2015; Ishikawa et al., 201&o0 our

inverted all-polymer OPVsGuo et al., 201)7 knowledge, the CPONI-based polymers have not been reported.
Naphthalene diimide (NDI, 4, Figurel) is the other In this article, two novel CPONI-derived acceptor building-

strongly electron-de cient building block for the develogmt  blocks, diphenylcyclopentadienone- fused naphthalimide

of polymer electron-transporting materials. Watson and co{(BCPONI-2Br) and dithienylcyclopentadienone-fused

workers. pioneered the use of NDI as an acceptor building blockaphthalimide (TCPONI-2Br) Figure 2, were designed
in D-A copolymers with a tunable optical bandgag() ranging and synthesized for low bandgap D-A polymers. Herein,
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FIGURE 2 | Molecular design and chemical structures of the two monomes (BCPONI-2Br and TCPONI-2Br) and their D-A copolymers (P1-P6The optimized
structures, molecular orbitals, and HOMO/LUMO energy levelof the two monomers as obtained from density functional thery (DFT) calculations.

thiophene and benzene rings were selected agthieker units  units (carbazole, benzodithiophene, and dithienopyrrol&rev

of TCPONI-2Br and BCPONI-2Br, respectively, in order toprepared by Suzuki or Stille coupling reactions. The polymers
manipulate backbone coplanarity, energy levels, and absorpti exhibit very attractive photophysical and electrochemical
of the target polymers. As revealed by theoretical calanati properties, i.e., broad near-infrared (NIR) absorption extetd
the dihedral angles of thiophene- anked TCPONI-2Br (ca.to 1,600 nm and adjustabIESpt values from 0.81 to 1.55eV,
10.6 and 10.7 are smaller than those of benzene- ankedwhich was realized by employing dierent donor units and
BCPONI-2Br (ca. 31.7, indicating better backbone coplanarity p_conjugation linkers. To our satisfaction, an ultrald#™ of

for TCPONI-2Br. Interestingly, the attachment of electrdoh (.81 eV was achieved for TCPONI-containing polymer (P6),

thiophene units endows TCPONI-2Br with a slightly reducedyhich represents the rst aromatic diimide-based polymertwit
LUMO value (ca. 3.47eV) but sharply improved the HOMO theEgpt <1.0eV.

value (ca. 5.52eV) relative to BCPONI-2Br. Such deep-lying

LUMO values indicate that TCPONI-2Br (ca.3.47 eV) and EXPERIMENTAL SECTION

BCPONI-2Br (ca. 3.42eV) are promising strong acceptor

units for electron-transporting polymers. By using both bilg ~ General Measurements

blocks as the electron acceptors, six novel D-A conjugateNuclear magnetic resonance specttel NMR and 13C NMR)
polymers with dierent electron-donating capability donor were collected on a Bruker AVANCE 400 spectrometer. Mass
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spectrometry (MALDI-TOF-MS) was performed on a Bruker (d,JD 3.7 Hz, 2H), 6.65—6.64 (dD 3.7 Hz, 2H), 3.91 (s, 4H}3C
Auto exTM 1l instrument. Molecular weight was determined NMR (100 MHz, CDC4), (ppm):201.47,135.94,129.78,127.53,
by high temperature gel permeation chromatography (I5th ~ 111.81, 42.74. FT-IR spectra datgpo: 1,698 and 1,663 cri.
1,2,4-trichlorobenzene) on a Polymer Labs PL 220 system. UV—

vis—NIR absorption spectroscopy was measured using a PerkiBynthesis of BCPONI-2Br

Elmer Lamada 750 UV/vis spectrometer. ThermogravimetridJnder nitrogen, to a mixture of compound 4 (500mg,
analysis (TGA) was recorded on a Perkin-Elmer TGA-7 Analyze0.85 mmol), 1,3-bis(4-bromophenyl)-2-propanone (313 mg50.8
with a heating rate of 1@ min 1. Dierential scanning mmol), and ethanol (25mL), 24mg of KOH (0.42 mmol) in
calorimetry (DSC) was measured on a DSC Q10 instrument withb mL of ethanol were added slowly. The solution changed to
the heating/cooling rates of 1@ min 1. Cyclic voltammetry red immediately and then precipitates formed gradually. The
(CV) was performed on an electrochemistry workstationmixture was re uxed for 30 min and then cooled down to room
(CHI660E, Chenhua Shanghai) using a three-electrodefesl. temperature. The organic layer was extracted by,ChHl and

the characterization of small molecules, three-electialewith  dried with anhydrous MgS@ After removal of the solvent, the

a Pt wire counter electrode, a Ag/AgCl (KCI, Sat'd) referencerude product was puri ed by column chromatography on silica
electrode, and a glassy carbon working electrode wasadiliz gel using a mixed eluent of petroleum ether and £&Hp (1:2,
For the measurement of polymers, a Pt wire, a Ag/AgCI (KCly/v) to yield a brown solid (470 mg, 60%3H NMR (400 MHz,
Sat'd) electrode and a Pt disk drop-coated with polymer ImCDClz), (ppm): 8.60-8.58 (dJ D 7.6 Hz, 2H), 8.22—-8.20 (d,
were used as the counter, reference electrode, and workidgD 7.6 Hz, 2H), 7.73 (br, 8H), 4.13-4.12 @pP 4.0Hz, 2H),
electrode, respectively. The electrolytes were anhydmodidNa- ~ 1.98 (br, 1H), 1.21 (m, 40H), 0.86 (m, 6H)C NMR (100
saturated tetrabutylammonium hexa uorophosphate (TBAPF6MHz, CDCk), (ppm): 199.52, 163.35, 151.73, 142.55, 135.34,
0.1 M) solutions in dichloromethane or acetonitrile. A Fourie 132.61, 132.23, 130.53, 128.95, 126.73, 124.58, 1220%, 12
transform infrared spectroscopy (FT-IR) was carried out on dl21.34,44.76, 36.67, 31.95, 31.77, 30.07, 29.69, 2%3822671,
Nicolet 6700 FT-IR spectrometer in a scan range from 4,0004.14. FT-IR spectra datazpo: 1,698 and 1,663 cm. HRMS

to 600 cm 1. The Im surface morphology was characterized(MALDI-TOF): m/z [M]€ calcd for (G3Hg2BraNO3): 918.3090;
by atomic force microscopy (AFM, Bruker Multi-Mode 8 found: 918.3090.

microscope) using a tapping mode. Grazing incidence X-ray

di raction (GIXRD) experiments were performed to characterizeSynthesis of TCPONI-2Br

Im organization. The polymer Im samples were illuminated at Under nitrogen, to a mixture of compound 4 (500 mg, 0.85

a constant incidence angle of 0.2 mmol), 1,3-bis(5-bromothiophenyl)-2-propanone (324 mg,5.8
) _ mmol), and ethanol (25mL), 24 mg of KOH (0.42 mmol) in
Materials and Synthesis 5mL of ethanol were added slowly. The red mixture was then

Tetrahydrofuran (THF) and chlorobenzene were dried andre uxed for 30 min. The organic layer was extracted by £CHp
distilled prior to use. All the reagents and chemicals wereand dried with anhydrous MgSp After Itration and removal
purchased from Chem Greatwall, Derthon, and Alfa Aesarof the solvent, the crude product was puried by column
Some important intermediates, including 1,3-dithiopheyl- chromatography on silica gel using a mixed eluent of petroleum
propanone (1) (Valker et al., 2008 1,3-bis(4-bromophenyl)-2- ether and CHCI, (1:2, v/v) to yield a brown solid (476 mg, 60%).
propanone (3) (Valker et al., 2008 2-(2-decyltetradecyl)d-  H NMR (400 MHz, CDC}), (ppm): 8.43-8.41 (d]D 7.6 Hz,
indeno[6,7,1deflisoquinoline-1,3,6,7(d)-tetraone (4) Lietal.,, 2H), 8.05-8.03 (dJ D 7.7Hz, 2H), 7.37-7.36 (d D 4.0Hz,
2013, N-(2-decyltetradecyl)-2,7-bis-(4,4,5,5-tetramethyl-2H), 6.99-6.98 (d]1D 4.0 Hz, 2H), 4.10-4.08 (dD 7.1 Hz, 2H),
1,3,2-dioxaborolane-2-yl)carbazole Kifn et al.,, 201}, 1.98 (br, 1H), 1.38-1.20 (m, 40H), 0.86 (m, 6F—Pp NMR (100
2,6-bis(trimethyltin)-4,8-di(2-hexyl)decyloxybende-b;3,4- MHz, CDCkL), (ppm): 197.23, 163.02, 146.76, 141.29, 133.36,
b(]dithiophene (Mei et al., 2018 and 2,6-bis(trimethylstannyl)- 133.24, 131.87, 130.60, 130.04, 125.93, 122.08, 121888, 11
N-(2-decyltetradecyl)dithieno[3,8:2° 32 d]pyrrole (Zhang 117.01, 36.93, 31.98, 31.74, 30.25, 29.76, 29.73, 293@, 26
et al., 201)) were synthesized according to literature22.73, 14.16. FT-IR spectra datapo: 1,698 and 1,660 cm.
procedures, respectively. HRMS (MALDI-TOF): m/z [M]° calcd for (GgH58BroNO3S):
930.2219; found: 930.2226.
Synthesis of Compound 2
Under nitrogen, a mixture of 1,3-dithiophenyl-2-propanone Synthesis of P1
(1.2g, 5.40 mmol) and CHgK25 mL) was stirred at @C. Next, Under nitrogen, a mixture of BCPONI-2Br (147mg, 0.16
2.11 g ofN-bromobutanimide (NBS) (11.88 mmol) was slowly mmol), N-(2-decyltetradecyl)-2,7-bis-(4,4,5,5-tetramethyl-
added to the reaction mixture. After stirring for 5h at room 1,3,2-dioxaborolane-2-yl)carbazole (124mg, 0.16 mmol),
temperature, the reaction was quenched with water. The acganPd(PPR),Cl,> (15 mg), chlorobenzene (5 mL), 2 mL of H&03
layer was extracted by Gl, and dried over anhydrous MgSO aqueous solution (2M), and a drop of aliquat 336 was added
After removal of the solvent, the crude product was puri ed byinto a 25 mL Schlenk tube. The tube was charged with nitrogen
column chromatography on silica gel using a mixed eluent othrough a freeze-pump-thaw cycle for three times. The mixture
petroleum ether and CbLCl> (3:1, v/v) to a ord a yellow solid was stirred at 10QC for 5 h in the absence of light. After cooling
(1.059, 51%)H NMR (400 MHz, CDC}), (ppm): 6.93-6.92 to room temperature, the mixture was dropped into a mixed
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solution of methanol (200mL) and concentrated hydrochtori atmosphere. After cooling to room temperature, the mixture
acid (5mL) and stirred for another 0.5h. The dark solid wasvas dropped into a mixed solution of methanol (200 mL) and
collected and Soxhlet-extracted with ethanol, acetongahe, concentrated hydrochloric acid (5mL) and stirred for aneth
and chlorobenzene. After removal of chlorobenzene, a bladk5h. The crude product was collected and Soxhlet-extracted
solid was obtained (170 mg, 84%# NMR (500 MHz, GD»Cls,  with ethanol, acetone, hexane, and chlorobenzene. Afteovel
373K), (ppm): 8.70-7.31 (br, 18H), 4.50-4.00 (br, 4H), 2.3Df chlorobenzene, P4 was obtained as a black solid (171 mg,
(br, 1H), 2.12 (br, 1H), 1.60-0.70 (m, 92H). FT-IR spectraadat 84%).H NMR (500 MHz, GD»Cls, 373K), (ppm): 9.00-6.50
Ucpo: 1,699 and 1,664 cmd. GPC:Mp, D 7.47 kDaM,, D 24.12  (br, 14H), 4.50-3.80 (br, 4H), 2.00-0.60 (m, 94H). FT-IR spec
kDa, PDID 3.23. data:ucpo: 1,697 and 1,660 cmt. GPC:M,, D 20.10 kDaM,,

D 40.41 kDa, PDD 2.01.
Synthesis of P2
Under nitrogen, a mixture of BCPONI-2Br (147mg, 0.16Synthesis of P5
mmol), 2,6-bis(trimethyltin)-4,8-di(2-hexyl)decylokgnzo[1,2- A mixture of TCPONI-2Br (149mg, 0.16 mmol), 2,6-
b;3,40%dithiophene (177 mg, 0.16 mmol), Baba) (9mg), bis(trimethyltin)-4,8-di(2-hexyl)decyloxybenzo[1k23,4-
P(o-tol)z (15mg), and anhydrous chlorobenzene (5mL) wa$dithiophene (177 mg, 0.16 mmol), R@lba)s (9 mg), P(o-tol}
added into a 25 mL Schlenk tube. The tube was subsequen{¥5 mg), and anhydrous chlorobenzene (5mL) was added to a
charged with nitrogen through a freeze-pump-thaw cycle fo25mL Schlenk tube. The mixture was charged with nitrogen
three times. The mixture was heated to 1€@&nd stirred for 60 h  through a freeze-pump-thaw cycle for three times and then
in the absence of light. After cooling to room temperatureg th stirred at 110C for 3h in the absence of light. After cooling
mixture was dropped into a mixed solution of methanol (200 mL)to room temperature, the mixture was dropped into a mixed
and concentrated hydrochloric acid (5mL) and stirred forsolution of methanol (200 mL) and concentrated hydrochtori
another 0.5 h. The black solid was collected and further &txh acid (5mL) and stirred for another 0.5h. The solid product
extracted with ethanol, acetone, hexane, and chlorobenzenwas collected and Soxhlet-extracted with ethanol, acetone
After removal of chlorobenzene, P2 was obtained as a bldick sohexane, and chlorobenzene. After removal of chlorobenzane
(227 mg, 92%)*H NMR (500 MHz, GD,Cls, 373K), (ppm): black solid was obtained (239 mg, 96%H NMR (500 MHz,
8.70-7.50 (br, 14H), 4.50-4.00 (br, 6H), 2.20-2.00 (m, 38— CyD,Cls, 373K), (ppm): 9.00-6.50 (br, 10H), 4.60-3.80
0.70 (m, 122H). FT-IR spectra datespo: 1,700 and 1,666 cnd.  (br, 6H), 2.50-0.60 (m, 125H). FT-IR spectra datipo:
GPC:M D 55.31 kDaM, D 75.67 kDa, PDD 1.37. 1,698 and 1,662 cmt. GPC:M,, D 32.21 kDaM,, D 77.10

kDa, PDID 2.40.
Synthesis of P3
A mixture of BCPONI-2Br (147mg, 0.16 mmol), 2,6- Synthesis of P6
bis(trimethylstannyl)N-(2-decyltetradecyl)-dithieno[3,2- A mixture of TCPONI-2Br (149mg, 0.16 mmol), 2,6-
b: X3 dlpyrrole (135mg, 0.16 mmol), B¢dbak (9mg), bis(trimethylstannyl)N-(2-decyltetradecyl)-dithieno[3,2-
P(o-tol)s (15mg), and anhydrous chlorobenzene (5mL) wa$:2X3 d]pyrrole (135mg, 0.16 mmol), Rédbay (9 mg),
added to a 25 mL Schlenk tube. The tube was then charged wito-tol)z (15mg), and anhydrous chlorobenzene (5mL) was
nitrogen through a freeze-pump-thaw cycle for three timese Th added to a 25 mL Schlenk tube. The mixture was charged with
mixture was heated to 116 and stirred for 72 h under nitrogen nitrogen through a freeze-pump-thaw cycle for three times and
atmosphere. After cooling to room temperature, the mixturethen stirred at 115C for 24 hin the absence of light. After cooling
was dropped into a mixed solution of methanol (200 mL) andto room temperature, the mixture was dropped into a mixed
concentrated hydrochloric acid (5 mL) and stirred for aneth solution of methanol (200 mL) and concentrated hydrochtori
0.5h. The solid product was collected and Soxhlet-extrastdd acid (5mL) and stirred for another 0.5h. The solid product
ethanol, acetone, hexane, and chlorobenzene. After rehudva was collected and Soxhlet-extracted with ethanol, acetone
chlorobenzene, a black solid was obtained (188 mg, 9286). hexane, and chlorobenzene. After removal of chlorobenzane
NMR (500 MHz, GD,Cls, 373K), (ppm): 8.70—7.00 (br, 14H), black solid was obtained (196 mg, 95%) NMR (500 MHz,
4.50-3.70 (br, 4H), 2.18-2.04 (br, 2H), 1.70-0.70 (m, 92HJR  C,D2Cls, 373K), (ppm): 8.00-6.40 (br, 10H), 4.50-3.60 (br,
spectra dataucpo: 1,697 and 1,662 cmt. GPC:M, D 23.50 4H), 2.40-0.50 (m, 94H). FT-IR spectra datapo: 1,696 and

kDa,M, D 45.82 kDa, PDD 1.95. 1,660 cm®. GPC:M, D 7.06 kDaM, D 16.49 kDa, PDD 2.34.
Synthesis of P4 RESULTS AND DISCUSSION

A  mixture of TCPONI-2Br (149mg, 0.16 mmol), _
N-(2-decyltetradecyl)-2,7-bis-(4,4,5,5-tetramethys;2- Synthesis

dioxaborolane-2-yl)carbazole (124 mg, 0.16 mmol)Figure 3 describes the synthetic routes of the two CPONI-

Pd(PPR)>Cl> (15 mg), chlorobenzene (5mL), 2mL of M&O3  containing monomers and their D—A copolymers. Two
agueous solution (2 M), and a drop of aliquat 336 was addeomportant intermediates, 1,3-dithiophenyl-2-propanone (1)
to a 25mL Schlenk tube. The tube was then charged witfiWalker et al., 2008and 1,3-bis(4-bromophenyl)-2-propanone
nitrogen through a freeze-pump-thaw cycle for three times(3) (Walker et al., 2008 were synthesized according to the
The mixture was stirred at 10C for 5h under nitrogen reported procedures, respectively. The synthesis of both
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FIGURE 3 | Synthetic route for the CPONI-based monomers and their copgimers.

monomers started from the self-condensation reactions oliterature procedures, and thefiH NMR data are provided in
thiopheneacetic acid or 4-bromobenzeneacetic acid to giveigures S17-S19

compounds 1 and 3, respectively. Then, bromination of The target copolymers were synthesized via the standard
compound 1 with NBS a orded 1,3-bis(5-bromothiophenyl)- palladium-catalyzed Suzuki or Stille coupling reaction
2-propanone (2) in 51% yields. Finally, double Knoevenagdletween the dibrominated monomers (BCPONI-2Br and
condensation reactions were readily performed betweeMCPONI-2Br) and electron-donated monomers (carbazole,
diketone-containing 5 and compounds 1 or 3 to produce twobenzodithiophene, and dithienopyrrole). For benzodithiopke
black solids, BCPONI-2Br and TCPONI-2Br, respectively. Thand dithienopyrrole-containing polymers (P2, P3, P5, and
chemical structures of all the intermediates and dibronbéth  P6), Stille polymerization was conducted using @itha)/P(o-
monomers were conrmed by!H NMR and 13C NMR tol)z as the catalyst, while P1 and P4 was synthesized by
(Figures S11-S16 In addition, the diboronicester reagent of Pd(PPh)Cly-catalyzed Suzuki polymerization. In fact, when
carbazole Kim et al., 201), as well as distannyl derivatives we chose Pgdba)/P(o-tol); as the catalyst, all the resulted P1
of benzodithiophene Nlei et al., 201B and dithienopyrrole and P4 samples were insoluble due to “over-polymerization.”
(Zhang et al., 2000 were prepared according to similar Fortunately, we obtained all the solution-processable pelym
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TABLE 1 | Molecular weight, yield, and decomposition temperature of

the polymers. 100
Polymer Yield Mn Mu PDI T4 90l -
) (0a)  (kDa) (0 __ 8ol — P2
X f  — P3
P1 84 7.47 24.12 3.23 405 S 70 P4
P2 92 55.31 75.67 1.37 344 e 6ol B
P3 92 23.50 45.82 1.95 412 .% I
P4 84 20.10 40.41 2.01 429 ; 50} P6
P5 9 32.21 77.10 2.40 351 40 [
P6 95 7.06 16.49 2.34 413
30
20

100 200 300 400 500
samples (P1-P6) that can be dissolved in warm organic savent Temperature (°C)
(chloroform, chlorobenzene, and xylene).
Molecular weight of the polymers was measured by high- FIGURE 4 | TGA curves of the CPONI-based polymers.
temperature (150C) GPC and calibrated by monodisperse
polystyrene. The observed number-average molecular weeight
(Mp) are 7.06-55.31 kDa, and the polydispersity indices are 1.37—
3.23 {Table 1 and Figures S1-Sp The thermal properties of acceptor unit endows BCPONI-2Br and TCPONI-2Br with
the polymers were investigated by TGA and DSC instrumentgemarkably extended absorption onsets when compared with
under nitrogen. As seen fronFigure 4, all the polymers the well-known acceptor building blocks, such as DPPT-2Br
display excellent thermal stability. For the carbazole- angGao et al., 20)5and NDIT-2Br (Senkovskyy et al., 20)1
dithienopyrrole-containing polymers (P1, P3, P4, and P6§ th(Figures 5A,B. In comparison with solution spectra, both
thermal decomposition temperaturd §) at 5% weight loss are BCPONI-2Br and TCPONI-2Br thin Ims exhibit much broader
above 398C, while the benzodithiophene-containing P2 and PSabsorption bands, with the maximum absorption onsets of
exhibit much lowerTy (ca. 350C). Additionally, no obvious ca. 750 and 950nm, respectively. All these results indicate
phase transition was detected from the DSC measuremenés strong solid-state aggregation or interchain organaati
during the heating/cooling scan between room temperaturé angenerally associated with high-mobility charge carriensgort
280 C (Figure S7. FT-IR spectroscopy of the polymers displays(zhu et al., 201).
typical characteristic bands ¢po) at ca. 1,697 and 1,660 crh Due to the strong D-A intramolecular interactiongl(u et al.,
thereby providing direct evidence for the carbonyl groups in2017, all polymers achieve ultra-broadband absorption from
the polymers Figures S8, SP Although *H NMR spectroscopy UV to NIR (Figures 5C,0). Moreover, three typical absorption
of the polymers were collected at a high temperature obands, corresponding tg-p transition (ca. 350-500nm)
373K, only broad and featureless signals were detected atd charge transfer (ca. 500-1,600 nm), were clearly olaberve
aromatic ( D 7.0-9.0 ppm) and alkyl bands (D 3.5-4.5 in both solution and thin-Im spectra. For TCPONI-based
and 0.5-2.5 ppm)Kigures S20-S25 The results suggest that polymers, the maximum absorption peaks were 408 nm for P4,
a common phenomenon, i.e., strong interchain aggregationa40nm for P5, and 475nm for P6lgble 2. Compared with
(Guo and Watson, 20)] also exists in the newly-developed TCPONI-containing analogs, three BCPONI-based polymers
CPONI-containing polymers and cannot be broken even at highexhibit relatively narrower light-capturing bands and spigr

temperature of 373 K. blue-shiftedp-p transition peaks, which could be explained
by the strong backbone twisting and weak electron-donating
Optical Properties ability of benzene moieties. In thin Im, the-p transition

UV-vis-NIR absorption spectra of the CPONI-containing pegks for all Po'ymers disp!ay a slight (ca. 2-6 nm_) red-shift,
monomers and their D-A polymers were recorded in chloroform'/Nilé the maximum absorption edges were blue-shifted by ca.
(ca. 105 M) and in spin-coated thin Ims {able 2 and 4—56 nm (l'gble 2, indicative of a more planar conformatlon
Table S). As seen fronFigure 5A, the absorption spectrum of " their solid-state Ims ¢hu et al., 201y AC_Cord'”g'X’ all

the BCPONI-2Br solution covers the whole UV-vis band, whilehese observations reveal that the absorption aff of

the one of TCPONI-2Br is further extended to the NIR band, aghe BCPONI- and TCPONI-containing polymers can be ne-
far as 850 nm. The maximum absorption peak of the TCPON{uned by choosing di erent donors ang-conjugation linkers.

2Br solution is 532nm, which exhibits a 46nm red-shiftMoreover, the absorption wavelength can be extended easily by
compared with BCPONI-2BrRigures 5A and Table S). This increasing the electron-donating ability of the donor wiOn
bathochromic shift can be ascribed to the enhanced coplanarithe basis of the absorption onsets of polymer Ims, B§8 values

and stronger D-A intramolecular interaction between rich- were determined to be 1.55eV for P1, 1.44 eV for P2, 1.20 eV for
electron thipohene and CPONI moieties. Interestingly, theP3,1.07 eV for P4, 1.06 eV for P5, and 0.81 for P6. Notabli, suc
overwhelmingly electron-de cient feature of the centrdPGNI  ultralow Egp‘ 0.81 observed here suggests that P6 has a highly
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TABLE 2 | Photophysical and electrochemical properties of the Polyers.

t

Polymer Ridx P ax onset 1E"%  EBhomo  EX ELumo Eed b 1EG

(nm) (nm) (nm) (nm) (eV) (eV) V) (eV) V) (eV)
P1 330 762 338 798 1.55 5.78 1.36 3.79 0.63 1.99
P2 389 863 390 860 1.44 5.34 0.92 3.77 0.65 1.57
P3 408 1,088 410 1,032 1.20 5.12 0.70 3.76 0.66 1.36
P4 408 1,174 414 1,152 1.07 5.43 1.01 3.88 0.54 1.55
P5 440 1,196 444 1,164 1.06 5.40 0.98 3.88 0.54 1.52
P6 475 1,534 481 1,530 0.81 4.96 0.54 3.86 0.56 1.10

20ptical bandgaps estimated from the onset of Im absorption and calculatedrom 1 Eg”(eV) D 1,240= ™ - PEX  and Ed,, determined from the rst onset of oxidation and
reduction potentials, respectively.
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FIGURE 5 | Absorption spectra of the monomers (BCPONI-2Br and TCPONI-28, their analogs (DPPT-2Br and NDIT-2Br), and as-synthesid polymers that
measured in chloroform solution(A,C) and in thin Im (B,D).

delocalization of thep-electrons, which can be associated with(0.38V vs. Ag/AgCl) Chen et al., 20%2Zhu et al., 201}
good backbone coplanarity, largeconjugation, and strong D-A  During positive and negative scans, reversible oxidatiom an
interaction between donor and CPONI acceptor moieties¢n  reduction processes were observed for TCPONI-2Br, while only

etal., 2012Zhu et al., 201y reduction processes show a reversible feature for BCPONI-2B
. . (Figure 6A). The calculated LUMO and HOMO energy levels
Electrochemical Properties of BCPONI-2Br are 3.87 and 5.79eV, respectively. In

To evaluate the electrochemical properties of the CPONIcomparison with benzene- anked BCPONI-2Br, thiophene-
containing monomers and their D-A polymers, CV anked TCPONI-2Br exhibits a reduced LUMO energy level
measurements were performed in both dichloromethang 4.02eV) but an elevated HOMO energy level5(63eV),
solution and thin Im. Detailed CV data are provided ifable 2 owing to enhanced molecular coplanarity as well as improved
Table S1 and Figure 6. The Eqomo and Eumo levels are  electron-donating ability of thiophene unitsC@i and Wudl,
calculated from the onset oxidationEfi.) and reduction 2013. Surprisingly, much deeper LUMO energy levels for
(E4,) potentials using the following equation€omo D  both monomers are observed than that of the previously
—(E%.e C 4.42) (eV) andELymo D —( %dsetc 4.42) (eV), reported acceptor unit DPPT-2Br (LUM®@ 3.34eV) (Gao
which is calibrated by ferrocene/ferrocenium (F&fFacouple et al., 201} and are even comparable to the classitdype
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FIGURE 6 | (A) CV curves of the monomers (BCPONI-2Br and TCPONI-2Br), theinalogs (DPPT-2Br and NDIT-2Br)(B) CV curves of the polymers.(C)
Comparative diagram for the HOMO and LUMO energy levels.

building block NDIT-2Br (LUMO D 3.94eV) Genkovskyy OFET Performance and Film Organization
et al.,, 201). These results suggest that BCPONI-2Br andlo demonstrate the application potential of the CPONI-based
TCPONI-2Br are very strong acceptor units, which exhibitspolymers in OFETs, P5 was chosen as an example to fabricate
great potential in construction of various organic/polymeric polymer FET devices due to its good backbone coplanarity,
electron-transporting materials. proper HOMO/LUMO energy levels, good solubility, and
All the polymers P1-P6 exhibit strong and reversiblehigh molecular weight. For the optimization of charge carrie
oxidation and reduction processesigure 6B). The LUMO transport performance, both bottom-gate/bottom-contact
energy levels of P1-P6, estimated frd#{l,, are 3.79eV (BG/BC) and top-gate/bottom-contact (TG/BC) device
for P1, 3.77eV for P2, 3.76eV for P3, 3.88eV for P4, con gurations were used to fabricate polymeric FETs. The
3.88eV for P5, and 3.86eV for P6. As to two type of detailed device fabrication procedures can be found in the
polymers, their LUMO energy levels show a negligible changsupporting information. Under ambient conditions, P5-based
with the enhancement of the electron-donating capability oBG/BC OFETs exhibited a typicpitype transport characteristic
the donor units, while they can be directly in uenced by thewith a moderately high hole mobility of 0.02 &w s 1 and
p-conjugation linkers of both BCPONI-2Br and TCPONI-2Br cyrrent on/o ratio > 10, while only weak electron transport can
monomers; therefore, the thiophene- anked P4-P6 show 8iygh pe observed in both transfer and output curvésglres 7A,B.
reduced LUMO energy levels relative to the benzene- ankedonsidering that the LUMO value (3.88eV) of P5 is far from
analogs (P1-P3). It was found that the HOMO energy levels anghe requirement of thermodynamic stabile electron trangpor
band gaps of the polymers can be readily tuned by the selectifectrons can be readily captured by®O, in air (Zhan
of di erent donors. With increasing donor strength, the HOMO ¢t ). 2011and Chen et al., 2013 Therefore, only strong hole
energy levels of the polymers will be upshifted, which causedtgansport were observed in the P5-based BG/BC OFETs. Due
reduced band gap. Additionally, the electrochemical bangsga to an e ective encapsulation e ect of the dielectric layer in
(Eg") determined here are ca. 0.13-0.48 eV higher than those §iG/BC OFET devices, P5 exhibited an obvious ambipolar
their Eg”". Such a small di erence betwe&" andEJ" has been  transport behavior with botip- and n-type operation modes for
reported in many studiesqui and Wudl, 2013and Chen et al., negative and positive gate voltages, respectively. Theasiatur
2016 and can be explained by the exciton binding energy of thenobilities were determined to be 4.110 3cn? vV 1 s 1 for
p-conjugated polymersSariciftci, 199Y. holes and 5.1510 #cnm?V 1s 1for electrons Figures 7C—F.
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FIGURE 7 | (A) Transfer and(B) output curves of the BGBC OFET devices(C,E) Transfer and(D,F) output curves of the TGBC OFET devices.

The observed hole and electron mobilities are su cient fora ord six novel D-A polymers (P1-P6). It was found that
charge carrier transport in potential OPV devices, especiallgptical and electrochemical properties of the polymers are ne-
in all-polymer OPVs Cui and Wudl, 201R The ndings tuned by the variations of donors ang-conjugation linkers.
presented above suggest that BCPONI-2Br and TCPONI-2Bzompared with the BCPONI-containing analogs (P1-P3), the
are promising building blocks for the construction of polymer TCPONI-containing P4—P6 exhibit extended absorption bands
electron-transporting materials with attractive electton and deeper LUMO energy levels due to more electron-rich
properties. To further characterize Im organization and fage thiophene and more planap-conjugation skeleton. With an
morphology, AFM and GIXRD measurements were conductedncreasing electron-donating ability of the donor units, an
As seen fronfigure S10A thep-p stacking re ection (010) are extended NIR absorption and an upshifted HOMO levels were
clearly observed in thgy direction, indicative of a primarily face- observed clearly, while LUMO levels were almost una ected. The
on model packing for the P5 Im. This type of stacking model isestimated LUMO levels were as low a3.88 eV, indicating very
consistent with the classical NDI-based polymers such a®8l22 strong electron a nities for these polymers. Preliminary BFs
(Yan et al., 2009 The calculated lamellar stacking distanceresults show that P5 exhibits a moderately high hole mapbilit
andp-p stacking distance are around 29.11 and 3.79 A, whicbf 0.02 cd V 1s 1 in BGBC OFETs and a typical ambipolar
were determined from the (100) and (010) peaks, respectiveliransport behavior in TGBC OFETs. All these observed results
Furthermore, P5 Im shows a smooth surface microscopy andguggest that BCPONI-2Br and TCPONI-2Br units are very
a very small root-mean-square surface roughness of 0.82 nstrong and interesting acceptor building blocks for the tiea
(Figure S10B, which is helpful for good interface contact of various low bandgapp-conjugated materials, especially
between polymer Im and dielectric layer(u et al., 201) for electron-transporting polymers. These polymers could be
functioned as the electron acceptor materials in all-polyswar
cells or other optoelectronic devices.

CONCLUSIONS

We have designed and synthesized two novel aromati@ATA AVAILABILITY

I(E?SEN|_2§:a;ﬁlgy$gggn&?gg?; nii f\?vi'isgh a \?ea_ ?:;‘T?S(Trf; SAII data;ets generated for this stuFiy are included in the
cyclopentadienone unit is fused at the lateral position of thdnanuscript and/or theSupplementary Files

naphthalimide skeleton. Compared with both well-known

DPPT-2Br and NDIT-2Br building blocks, BCPONI-2Br and AUTHOR CONTRIBUTIONS

TCPONI-2Br exhibit extended absorption bands, narrowerdban

gaps, and even lower LUMO levels, as low as02eV. Such HC and XL designed, synthesized, and characterized polgmeri
deep-lying LUMO values enable them to function as the strongemiconductors. JG, LY, YH, and YZ measured OFET devices. LZ
acceptors. Furthermore, Stille and Suzuki polycondensatioconducted the CV experiments. ZM performed DFT calculations.
between both novel acceptors and di erent donors (carbazolé)ll authors were responsible for discussing the results. HC
benzodithiophene, and dithienopyrrole) was performed todesigned experiments and wrote the manuscript.
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