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Abstract: To develop new conjugated polymers (CPs) baseckterdepines, a soluble azepine

moiety of benzaf]-dithieno[3,2b;2',3'-flazepine was copolymerized with different buildinlgcks

to obtain a series of CPs. A broad absorption rafi@90-850 nm and the desired optical bandgaps
(1.54-2.42 eV) are easily accessible by varyintedgiht copolymerization unit$he HOMO levels

of polymers are observed as an almost identicalevaf -5.21 eV and the LUMO levels range from
-2.82 to -3.52 eV. Polymer solar cells (PSCs) witliese polymers as donor materials were
fabricated to explore application potentials inamg photovoltaics. Preliminary study exhibits the
best power conversion efficiency of 1.28% for P®a@sed on these polymers with a relatively high
Voc Of 0.84 V. Although photovoltaic performance otsle new polymers is not as high as our
expected, the first daring attempt provides somedgeferences to expand application fields of

azepine-based polymers.
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1. Introduction

Over the past two decades, conjugated polymers)(G&s received continually increasing

attention and been widely applied in polymer omogbnic devices, such as polymer solar cells



(PSCs) [1-4], polymer light-emitting diodes (PLEDS)7], polymer field effect transistors (PFETS)
[8-10] and photodetectors [11,12], due to theirimsic semiconducting characteristics. For CPs
used in PSCs, strong and broad absorption ahilggrow bandgap, suitable molecular energy level,
high and balanced charge carrier mobility are &lcrcial importance for achieving excellent
photovoltaic performance [13]. Additionally, anothegfundamental issue for designing
high-performance PSCs is the control of the addyer morphology at the nanometer length scale,
which also is of critical importance to the devefficiency [14-16]. The backbone of CPs is the
most important component because it dominates ofaste PSC-related optoelectronic properties
mentioned abovelhe mainly reported conjugated backbones for PSCbeagenerally classified
into two kinds based on the constitution of theeamg unit: homopolymer and copolymer.
Hundreds of different backbones have been repostedar. Typical conjugated backbone is
constructed by electron-rich and electron-deficlegteroarene units independently or together. The
electron-rich benzo[1,B:4,5b']dithiophene (BDT) unit emerges as a most sparkiiegclic fused
arene and has been widely used to build high-padace donor-donor (D-D) or donor-acceptor
(D-A) type copolymers due to its symmetric, rigiddacoplanar structure [1]. In 2008, Yang and
Hou et al. reported a series of BDT-based D-D ar#l Eppolymers for the application of PSCs
[17]. The results revealed that the optoelectrgmaperties, like absorbance, bandgap, molecular
energy level, and charge carrier mobility, can bagoted effectively by copolymerizing with
different electron-rich or electron-deficient unit&dditionally, our group reported a series of
photovoltaic copolymers based on 6,12-dihydro-diima[1,2b;10,20€]pyrazine (IPY) group,
which is a multifused pentacyclic systems [18]. THamdgaps and molecular energy levels of the
resulting IPY based CPs have also been controlledessfully by using the similar strategy.
Expect for BDT and IPY, the other electron-rich tifuted arenes, such as cyclopentadithiophene,
indacenodithiopheneljthieno[2,3d:2',3'-d]benzo[1,2b:4,50'|dithiophene units, are good building
block for preparing efficiently photovoltaic polymse[19]. At present, it is very urgent to develop
new multifused heteroarene unit because they coaodentially yield novel photovoltaic polymers,
and as a result that could contribute the furtltaace of power conversion efficiency (PCE) of
PSCs.

In the past decades, conjugated seven-memberedystgms that have a heteroatom with a lone

pair of electrons, denoted as heteroepines, hasavierl a long-term interest due to their great



potential in molecular actuators and other meclalyiagesponsive applications [20,21]. Among
those heteroepines, nitrogen-containing azephie Chart 1) skeleton has attracted much attention
because it is a peculiar structural motif in mangldgically active and medicinally valuable
molecules [22,23]. To improve thermal and electemoital stability as well as drug activity,
azepine usually is modified by the addition of datian and steric effects. For example,
benzene-annulated azepines (e.g. dibgfjagepine) and their derivatives have been variously
proven as antiallergic activity, specifically amsifaminic activity, spansmolytic, serotonin
antagonistic, fungicidal action, et al. [23]. Ind&tbn, T. M. Swager and co-workers reported the
synthesis of thiophene-annulated azepine framewandkits related conducting polymers [21]. The
results demonstrated that the azepine-based patywene thermally and electrochemically stable
andretained their redox properties in the solid statieich could be applied in actuating materials
research due to their redox stability and condigtivThough annulated azepine-containing
materials have shown great potential applicationsolecular actuators and medicinally valuable
molecules, there are a few limited examples abdustkind of materials for applications in organic
optoelectronic devices. For example, Ding [24] &wh [25] groups reported on syntheses and
photovoltaic applications of CPs containing an @eef2,7-dione moiety. In addition, Su et al.
synthesized a diberzflazepine-containing sentistizer for dye-sensitigeldr cell application [26].
Based on the above considerations, in this paperpresent the design, synthesis, and
characterization of a series of CPs based on a blsoluand stable
benzofl]-dithieno[3,2h;2',3-flazepine BTAP) unit (Chart 1), in which azepine unit is annuthte
with one benzene ring and two thiophenes to imprstability and structural modification of
azepine building block. This paper is aimed at ardly exploiting new azepine-based copolymers
but also extending their application fields. Hereimee electron-rich donor units of thiophene (Th)
dithiophene (DTh) and BDT and two electron-defitieacceptor building blocks of
2,1,3-benzothiadiazole (BT) and 3,6-dithiophen-2-y-dihydropyrrolo[3,4e]pyrrole-1,4-dione
(DPP) were selected and copolymerized with anndilateepine motif BTAP) to construct D-D
(PBTAPTh, PBTAPDTh, andPBTAPBDT) or D-A (PBTAPBT and PBTAPDPP) copolymers
as shown in Scheme 1. The thermal, optical, elelstmical, and charge carrier properties of these
new copolymers were investigated systematicallysuRe indicated that the bandgap, molecular

energy levels, and charge carrier mobility of ameghased CPs can be fine manipulated by



selecting different copolymerizing units. Moreovty,tap the potential of optoelectronic devices,
the initial photovoltaic performance of the new ypoérs were also investigated by preparing the
PSC devices. Though photovoltaic performance asehgew polymers is still poor so far, to the
best of our knowledge, this is the first report dasign, synthesis and characterization of
benzofl]-dithieno[3,2b;2',3-flazepine-based conjugated polymers for application organic

electronic devices. Our daring attempt provideses@uood references to expand application fields
of azepine-based polymers and should also be ukefuholecular structure design of other kinds

of heteroepine-containing conjugated polymers sgrin various optoelectronic devices.
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Azepine Benzo[d]-dithieno[3,2-b;2’,3'-flazepine
(AP) (BTAP)

Chart 1. Molecular structures of azepindK) and benzal]]-dithieno[3,2b;2',3-flazepine BTAP)

with relevant position numbered.
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PBTAPTh PBTAPDTh PBTAPBDT

Scheme 1Chemical structures &TAP-based copolymers.

2. Experimental section

2.1. Analytical instruments

Nuclear magnetic resonance (NMR) spectra were measwith Bruker AVANCE 400

spectrometer. Ultraviolet-visible (UV-Vis) absoupii spectra were measured on PerkinElmer



Lamada 25 spectrometer. Molecular mass was detedniby flight mass spectrometry
(MALDITOF MS) using a Bruker Aupoflex-1ll mass sgeameter. Thermal gravimetric analysis
(TGA) was performed under nitrogen at a heating cdt20 °C mif with TGA Q50 analyzer. The
molecular weight and polydispersity index (PDI)tbé polymers were determined using Waters
1515 gel permeation chromatoraphy (GPC) analysith wetrahydrofuran as the eluent and
polystyrene as standard. The electrochemical cyebtammetry (CV) was recorded on a
electrochemistry work station (CHI830B, Chenhuarfgjhai) with a Pt slice electrode (coated with
a polymer film), a Pt ring, and an Ag/AgCl electeods the working electrode, the auxiliary
electrode and the reference electrode respectivielya 0.1 mol [* tetrabutylammonium
hexafluorophosphate (BNPF;) acetonitrile solution. Atomic force microscopy KM)
measurement was carried out on a Digital Instrumé@tuker, Santa Barbara, CA, USA) using a
tapping mode. Transmission electron microscopy (JEMre performed on a JEM-2100 electron
microscope operating at an acceleration voltage)ofkV.
2.2. PSC device preparation and characterization

The solar cell devices were prepared with a archite of ITO/PEDOT:PSS (30 nm)/active
layer/Ca(20 nm)/Al(100 nm), where the active layj@s comprised of the synthesized conjugated
polymer as a donor and B8M or PG;BM as an acceptor. The indium tin oxide (ITO) partésl
glass was cleaned with ultrasonic treatment inrdetd, deionized water, acetone, ethanol, and
isopropyl alcohol sequentially, and dried in arrasiolet—ozone chamber for 15 min. A thin layer
of PEDOT:PSS (~30 nm) was spin-coated on the maneld ITO glass at 5000 rpm and dried in an
oven at 150 °C for 15 min subsequently. The polydogror and the acceptor (R8M or PGBM)
were dissolved in 1,2-dichlorobenzene (DCB) inatiéint weight ratios and the total concentration
of the donor/acceptor blending solution was 20 nig/ihe solution was stirred at 100 °C for 6 h in
a glovebox prior to use. The device was transfetweal glove box, where the above prepared blend
solution was then spin-coated on PEDOT:PSS sudacthe active layer. Subsequently, Ca (~20
nm) and Al (~100 nm) were successively evaporatethe top of the active layer under a vacuum
of 5 x 10* Pa. The accurate device area was about 4 asndefined by shadow mask. The
thicknesses of the active layer were controlled vlayying the spin-coating speed and were
measured on an Ambios Technology XP-2 surface Iproéter. Photovoltaic performance of

devices was tested under illumination conditiorhvéih AM 1.5G (100 mW cif), and the current



density-voltage J-V) characteristics were measuredabgomputer controlled Keithley 2602 Source
Meter. The incident light intensity was calibratesing a standard Si solar cell. The hole mobility
was measured by the space charge-limited curreBLQP method with a hole-only device
configuration (ITO/PEDOT:PSS/polymers:RBM/MoO3/Al) for hole mobility. Hole mobilities
were extracted by fitting measuré¢/ curves using the empirical Mott—Gurney formulasingle
carrier SCLC device with the equationliof JL3/V? ) = 0.89(1/k )*° (V /L ) + In(Seoe,u/8).

2.3. Materials and synthesis

1,2-Benzenediol, 1-bromooctanep-toluidine, thiophene, N-bromosuccinimide (NBS),
tris(dibenzylideneacetone)dipalladium-chloroformdact (Pd(dba)- CHCE), (t-BusPH)BF, and
tris(o-tolyl)phosphine (Rt-tol)s), Pd(PPB)4, t-BuONa andn-BuLi were purchasedrom J&K
Chemical or Energy Chemical and used without furtheification. Monomerd2 and M3 were
purchased from Derthon (Shenzhen China) Optoel@ctidaterials Science Technology Co., Ltd.
MonomersM4-M6 and 2-(tributylstannyl)thiophene were synthesizedoading to the published
procedure [27,28]. The synthetic routedBBdGtAP-based monomevil and the related polymers are
outlined in Scheme 2 and Scheme 3, respectivelg.sinthetic procedure of other compounds are
as follows.

2.3.1. Synthesis of 1,2-dioctyloxybenzdne (

Under Ar protection, 1,2-benzenediol (5.5 g, 50 fymOH (6.16 g, 110 mmol), and DMF (100
mL) were added into a 250 mL round bottom flaske Thixture was warmed up to 110 °C, then
1-bromooctane (21.2, 110 mmol) was added and thetiom mixture was continued to stir at this
temperature for overnight. The mixture was cooledaom temperature, quenched with water 50
mL) and extracted with Ci€l, three times. The combined organic phase was washtd
saturated sodium bicarbonate solution and waten thwas dried over anhydrous Mg&SQhe
most of organic solvent was removed under reducesspre and the residue was purified by silica
gel column chromatography eluted with petroleunee@®H,Cl, (4:1, by volume) to obtain a white
crystal as compound (11.5 g, yield 68.9%)'H NMR (CDCk, 400 MHz,5/ppm): 6.88 (s, 4H),
3.98 (t, 4HJ = 6.04 Hz), 1.81 (m, 4H), 1.57-1.28 (m, 20H), O(B8 6H).

2.3.2. Synthesis of 1,2-bibromo-4,5-dioctyloxybee#®)
Under Ar protection, to the mixture of compouh(¢d.5 g, 28.5 mmol), C¥€OOH (30 mL) and
CH.Cl, (100 mL) was slowly added B(3.3 mL, 62.5 mmol) diluted with 20 mL GBl,. After



being stirring at room temperature for 4 h, thectiea mixture was quenched with water (50 mL)
and extracted with CiI, three times. The combined organic phase was wasfithdsodium
thiosulfate solution and brine, dried over anhydraigSQ. The organic layer was evaporated
under reduced pressure and the crude product sedjexrsilica gel column chromatography eluted
with petroleum ether:C}Cl, (8:1, by volume) to obtain a white solid as commbg (10.3 g, yield
73.6%)."H NMR (CDCk, 400 MHz,8/ppm): 7.05 (s, 2H), 3.93 (t, 4H,= 6.04 Hz), 1.80 (m, 4H),
1.56-1.28 (m, 20H), 0.88 (m, 6H).

2.3.3. Synthesis of 2,2'-(4,5-dioctyloxy-1,2-pheng)dithiophene3)

To a degassed toluene (100 mL) solution of compon@.92 g, 10 mmol) was added
2-(tributylstannyl)thiophene (20.5 g, 50 mmol) dnd(PPh)4(0.231 g, 0.2 mmol). The mixture was
subjected to three freeze-pump-thaw cycles andthaasstirred at 120 °C for 24 h. After cooling to
room temperature, toluene was removed by evapor&tiget black solid. The solid was dissolved
into a little CHCI, and then added into methanol (150 mL) to formazklsolid. The crude product
subjected to silica gel column chromatography eluégth petroleum ether:Ci€l, (10:1, by
volume) to obtain a light green solid as compo8r@.17 g, vield 43.6%)*H NMR (CDCk, 400
MHz, s/ppm): 7.23 (dJ = 7.60 Hz, 2H), 6.99 (s, 2H), 6.94 Jt= 3.72 Hz, 2H), 6.83 (d] = 2.50 Hz,
2H), 4.05 (t,J = 6.40 Hz, 4H), 1.85 (m, 4H), 1.59-1.28 (m, 20888 (d,J = 7.70 Hz, 6H); MS
(MALDI-TOF, m/2 calcd for GoH420,S;: 498.263; found 498.328.

2.3.4. Synthesis of 5,5'-(4,5-dioctyloxy-1,2-pheng)bis(2,4-dibromothiophene)) (

Under Ar protection, compourl(1.99 g, 4.0 mmol), CHG{20 mL) and CHCOOH (20 mL)
was added into a 100 mL round bottom flask. TherSNB.2 g, 18 mmol) was added into the
mixture in portions at the darkness. After beingedl at room temperature for 12 h, the reaction
mixture was quenched with water (50 mL) and exédatith CHC! three times. The combined
organic phase was washed with sodium bicarbondtdi@o and brine, dried over anhydrous
MgSQ,, and evaporated under reduced pressure. The crodeqgirsubjected to silica gel column
chromatography eluted with petroleum ether;CH (6:1, by volume) to obtain a white solid as
compound4 (2.96 g, yield 91.4%)*H NMR (CDCk, 400 MHz,6/ppm): 7.28 (s, 2H), 6.94 (s, 2H),
4.04 (t,J = 4.32 Hz, 4H), 1.84 (m, 4H), 1.57-1.30 (m, 20€)89 (d,J = 4.36 Hz, 6H); MS
(MALDI-TOF, m/2 calcd for GoH3gBr40,S;: 813.901; found 814.016.

2.3.5. Synthesis of 2,2'-(4,5-dioctyloxy-1,2-pheng)bis(3-dibromothiophenej)(



Under Ar protection, compoundi(1.22 g, 1.5 mmol) and THF (20 mL) was added intt0@
mL round bottom flask. Then-BuLi (1.2 mL, 3 mmol) was added into the mixtur®mwvise at
-78 °C. After being stirring for 0.5 h, methanol§0nL) was added to quench and the reaction
mixture was warmed to room temperature for stiraamgther 2 h. Water (20 mL) was added into
the reaction mixture and then diethyl ether (50 mvap added. The organic phase was washed with
brine and water, dried over anhydrous Mg3(Dd evaporated under reduced pressure. The crude
product subjected to silica gel column chromatolgyapluted with petroleum ether to obtain a
white solid as compourtsl (818.9 mg, vield 83.3%}H NMR (CDCk, 400 MHz,8/ppm): 7.20 (d,)
= 5.29 Hz, 2H), 7.02 (s, 2H), 6.92 (#= 5.20 Hz, 2H), 4.07 (] = 6.52 Hz, 4H), 1.89-1.82 (m, 4H),
1.48-1.17 (m, 16H), 0.88 (d,= 6.60 Hz, 6H); MS (MALDI-TOFm/3 calcd for GoHaoBr0,S:
656.082; found 656.068.
2.3.6. Synthesis of 2,3-dioctyloxy-8-(p-tolyl)-8ehbo[d]dithieno[3,2-b:2'3'-flazepines]

Under Ar protection, compounfl (4.10 g, 6.25 mmol)p-toluidine (0.668 g, 6.25 mmol),
Pd,(dbaksCHCIs, (312 mg, 5 mol%),t{BusPH)BF; (187.5 mg, 12 mol%)-BuOK (1.75 g, 15.6
mmol) and toluene (60 mL) was added into a 100 mind bottom flask. After mixing together,
the mixture was stirred at 100 °C for 24 h. Thes baction mixture was allowed to cool to room
temperature, and it was filtered through a padetitecand water (50 mL) was added. The filtrate
was extracted with ethyl acetate three times. Tdmbined organic phase was concentrated under
reduced pressure and purified by column chromaptyraluted with petroleum ether:GEl, (12:1,
by volume) to obtain a light yellow solid as compdi6 (1.75 g, yield 46.5%)*H NMR (CDCk,

400 MHz,6/ppm): 7.40 (d,) = 4.8 Hz, 2H), 7.10 (d] = 4.80 Hz, 2H), 7.09 (s, 2H), 6.9¢seuded,
J = 8.40 Hz, 2H), 6.74pseuded, J = 8.40 Hz, 2H), 4.08 (1] = 6.60 Hz, 4H), 2.24 (s, 3H), 1.87 1t,
= 7.20 Hz, 4H), 1.49-1.30 (m, 20H), 0.93Jt 5.60 Hz, 6H)**C NMR (100 MHz, CD, é/ppm):
148.85, 145.47, 141.73, 135.87, 129.39, 127.91,7027124.93, 123.93, 113.49, 112.34, 69.37,
31.88, 29.40, 29.34, 29.21, 26.06, 22.74, 20.341814MS (MALDI-TOF, m/2 calcd for
Cs7/H47NO,S,: 601.305; found 601.333.
2.3.7. Synthesis of 8-(p-tolyl)-2,3-dioctyloxy-6diiddo-8H-benzo[d]dithieno[3,2-b:2'3'-flazepine
(M1)

Under Ar protection, compour&i(1.20 g, 2.0 mmol) and THF (20 mL) was added inf®@ mL
round bottom flask. Then-BuLi (1.83 mL, 4.4 mmol) was added into the mietwdropwise at



-40 °C. After addition oh-BulLi, the mixture was allowed to warm up room tergiure and stirred
for 1 h. Then the reaction mixture was cooling46 ¢C again and iodine (1.11 g, 4.4 mmol) was
added. After being allowed to stir at room tempanefor 12 h, the mixture was diluted with water
(50 mL), exacted with diethyl ether and washed veitturated N&,0; and brine. The organic
phase was dried over MggOevaporated under reduced pressure, and subjéctemblumn
chromatography eluted with petroleum ether;CH (10:1, by volume) to obtain a light yellow
solid as compount1 (900.8 mg, yield 52.8%}H NMR (400 MHz, CDC}, 6/ppm): 7.19 (s, 2H),
6.93 (s, 2H), 6.92pseuded, J = 8.00 Hz, 2H), 6.67pseuded, J = 8.00 Hz, 2H), 4.01 (] = 6.00
Hz, 4H), 2.21 (s, 3H), 1.82 {,= 6.00 Hz, 4H), 1.47-1.29 (m, 20H), 0.89J% 6.00 Hz, 6H)}*C
NMR (100 MHz, CDC4, o/ppm): 149.22, 144.64, 141.69, 141.46, 136.85,329128.54, 123.01,
112.95, 112.53, 72.93, 69.32, 31.91, 29.41, 292A¥.15, 26.05, 22.79, 20.43, 14.26. MS
(MALDI-TOF, m/2 calcd for G7/H4s1,NO,S,: 853.098; found 852.961.

2.3.8. General synthetic procedure of D-A copolsr{tar PBTAPDPP andPBTAPBT)

These D-A copolymers were synthesized by Suzukiquoidensation. In a 25 mL two-neck flask,
the dibromo BTAP monomer M1 (0.2 mmol, 1 equivhg bis(pinacolato)diboron comonomer (0.2
mmol, 1 equiv.), Pgdba) (9 mg), P(o-tyl} (15 mg), KPO, (848 mg, 4 mmol) and two drop of
Aliquat 336 were subjected to three cycles of eafion/argon purging, and then dissolved with 6
mL of degassed toluene after which 2 mL degassddrweas added. The reaction mixture was
stirred at 115 °C for 48 h under argon, and theslezbdown to room temperature. The mixture was
precipitated in 100 mL of methanol. The dark solere filtered and Soxhlet extracted with
methanol, acetone, hexane, and chloroform, suaedgsi The chloroform extracts were
concentrated and then subjected to column chromegibyg eluted with chloroform. The target
polymer was afforded after completely drying in wac

PBTAPDPP: The general Suzuki polymerization procedure wakwed using 155.3 mg of
monomerM2 and 170 mg of monomévi1 to afford a blue solid. (140.4 mg, yield: 62.6%H.
NMR (400 MHz, CDC}4, /ppm): 9.01 (br, 2H), 7.36 (br, 3H), 7.06 (br, 48)79 (br, 3H), 4.06 (br,
8H), 2.21 (s, 3H), 1.84-1.28 (br, 42H), 0.92-0.B1, (8H). GPCM,: 67.2 kDa; PDI: 1.76.

PBTAPBT: The general Suzuki polymerization procedure wakowed using 77 mg of
monomerM2 and 170 mg of monomél to afford a dark brown solid. (87.4 mg, yield: ).

'H NMR (400 MHz, CDC}, s/ppm): 8.25-8.23 (br, 2H), 7.89-7.86 (br, 2H), 7437 (br, 2H),



7.02-6.85 (br, 4H), 4.07-4.05 (br, 4H), 2.21 (s)3H84 (br, 4H), 1.48-1.29 (br, 20H), 0.88 (br,)6H
GPC:My: 7.7 kDa; PDI: 1.25.

2.3.9. General synthetic procedure of D-D copolynéfor PBTAPTh, PBTAPDTh, and
PBTAPBDT)

Three D-D copolymers were synthesized by Stilleypmhdensation. In a 25 mL two-neck flask,
the dibromo BTAP monomévil (0.2 mmol, 1 equiv.), the bis(trimethylstannyl) comomer (0.2
mmol, 1 equiv.), Pgdba} (9 mg) and Ri-tyl)s (15 mg) were subjected to three cycles of
evacuation/argon purging, and then dissolved withL6of degassed toluene. The reaction mixture
was stirred at 115 °C for 48 h under argon, and to®led down to room temperature. The mixture
was precipitated in 100 mL of methanol. The dadidsowere filtered and Soxhlet extracted with
methanol, acetone, hexane, and chloroform, suaedgsi The chloroform extracts were
concentrated and then subjected to column chromegiby eluted with chloroform. The target
polymer was afforded after completely drying in wac

PBTAPTh: The general Stille polymerization procedure wakwed using 82 mg of monomer
M4 and 170 mg of monom@f1 to afford a red solid. (97.3 mg, yield: 68.4%).NMR (400 MHz,
CDCls, 6/ppm): 7.22-8.15 (br, 4H), 7.03-7.00 (br, 2H), 6&@64 (br, 2H), 6.80-6.78 (br, 2H), 4.05
(br, 4H), 2.21 (s, 3H), 1.84 (br, 4H), 1.68-1.25, (B0H), 0.88 (br, 6H). GPQVI,;: 18.8 kDa; PDI:
1.33.

PBTAPDTh: The general Stille polymerization procedure wa#owved using 98.4 mg of
monomerM5 and 170 mg of monoméd1 to afford a red solid. (93.5 mg, vyield: 58.8%). NMR
(400 MHz, CDCY, d/ppm): 7.18-7.12 (br, 6H), 7.03-7.00 (br, 2H), 6&64 (br, 2H), 6.80-6.78 (br,
2H), 4.05 (br, 4H), 2.21 (s, 3H), 1.83 (br, 4HB&-1.29 (br, 20H), 0.89 (br, 6H). GPHI;: 6.4 kDa;
PDI: 1.42.

PBTAPBDT: The general Stille polymerization procedure wabloived using 154.4 mg of
monomerM6 and 170 mg of monoméf1 to afford a red solid. (135.6 mg, yield: 63.2%).NMR
(400 MHz, CDC4, 6/ppm): 7.22-8.15 (br, 4H), 7.03-7.00 (br, 2H), 6864 (br, 2H), 6.80-6.78 (br,
2H), 4.22 (br, 4H), 4.08 (br, 4H), 2.23 (s, 3HB2-1.86 (br, 6H), 1.45-1.30 (br, 36H), 1.08-0.89 (m
18H). GPCM,: 17.4 kDa; PDI: 1.38.
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3. Results and discussion

3.1. Design, synthesis and characterization ofcthy@olymers

The addition of annulation and steric effect hasnbproved as effective strategies to increase
thermal and redox stability of heteroepines [20,FEHr nitrogen-containing azepindK, Chart 1),
steric repulsion isinfavourable the norcaradiene intermediate. Theeoutd is thermally stable
when bulky groups are introduced at the 2- andogitjpns. If aromatic rings are annulatedii®, a
substantial resonance energy loss accompaniesceaigomerization. Therefore, our design of the
stableAP building scaffold, named as bendpflithieno[3,2h;2',3-flazepine BTAP), incorporates
two thiophenes and one benzene ring (Chart 1).phgoe ring is chosen as an annulation because
of its intrinsically electrochemical stability andase of synthetic modification through the
a-position of the two annulated thiophenes (C6 ad@)CIin addition, two alkoxy groups can also
be easily attached to the annulated benzene mtmetyprove the solubility ana-n stacking of

polymers based oBTAP, which is very important for efficient optoeleatio materials. Moreover,



N-alkylation of BTAP block can further control the solubility and thegdee of planarity of
molecules. Three electron-rich donor units and ékeatron-deficient acceptor building blocks were
copolymerized witlBBTAP to construct D-D and D-A type copolymers with #im to develop new
AP-containing polymers and tailor the optoelectrgmaperties of the resulting materials.

MonomersM2 and M3 were directly purchased via commercial approachndmnersM4-M6
were synthesized according to the previously regpbprocedure [27BTAP-based monomevil
was prepared according to Swager’s procedure witiesmodifications [21] and the corresponding
synthetic route is depicted in Scheme 2. 1,2-Besdi@hwas used as the starting material, that was
easily converted into compouridthrough simpleO-alkylation reaction. Compound involving
thiophene and benzene moieties was synthesizedigihra Stille coupling reaction between
bromide 2 and 2-(tributylstannyl)thiophene with a moderateld/ of 43.6%. Next, in order to
introduce bromines into the 3- and 3'-positiongnpound3 was first subjected to bromination with
NBS to form tetrabrominated compour] and then debromination to achieve dibrominated
compound5. This process has been proved to be necessarydgetasomination occurs at the
5-positions first, and moreover, lithium-brominecbange also favors the less sterically hindered
5-positions. Then, the key intermediate of anndladeepine6 was successfully synthesized via
coupling dibromides with p-toluidine using Pgdbak*CHCIs/(t-BusPH)BF, catalyst system in an
acceptable yield of 46.5%. Finally, the annulatedpgthe monomeM1 was obtained as a light
solid using a lithiation-iodine quenching sequeridee molecular structure of all newly synthesized
compounds was characterized'byNMR, *C NMR, and MS (MALDI-TOF) spectroscopies.

Five BTAP-based conjugated polymers were prepared by thdadpah-catalyzed
polycondensations of 6,10-diiodide monont with functionalized electron-deficient (BT and
DPP) or electron-rich (Th, DTh, and BDT) moietieas described in Scheme 3Jhe
polycondensations were carried out under Still&Sozuki coupling conditions depending on the
nature of comonomers, using Jibay as a catalyst and ®&{yl); as the corresponding ligand.
Crude copolymers were first purified by extractising methanol, acetone, hexane and chloroform,
successively. The chloroform extracts were coneéedr and then subjected to column
chromatography eluted with chloroform to afford #iesulting copolymers. The separated yields
vary depending on the solubility of the polymersueDto the lack of alkyl chains on the

benzothiadiazole (BT) and dithiophene (DTRBTAPBT andPBTAPDTh exhibit relatively low



solubility and yields after Soxhlet extraction acmlumn chromatography. The remainder of this
study was carried out on materials out of the aftom fractions, which have the higher molecular
weights and not been further characterized. Mo&owkights and polydispersity indices (PDIs) of
polymers were determined througkl permeation chromatography (GPC) with THF asriu
against polystyrene standard@BTAPDPP, PBTAPTh, and PBTAPBDT show relatively high
number-average molecular weighMy) within 17.4-67.1 kDa, while the recordell, for
PBTAPBT and PBTAPDTh suffers from poor solubility in THF for GPC analjsleading to
obvious lowemM,, of 7.7 and 6.4 kDa, respectively. Notably, becahsecrude polymers subjected
not only successive Soxhlet extraction but alsamol chromatography, all the polymers exhibit
rather small PDIs varied from 1.33 to 1.76. Theypwrization results and detailed GPC data are

summarized in Table 1.

Table 1 Polymerization results and thermal propertiehesée polymers.

Polymer  vyield (%) M, (kDaf M, (kDa} PDPF Tg4(°C)°

PBTAPDPP 62.6 67.1 118.7 1.76 286
PBTAPBT 57.3 7.7 9.6 1.25 402
PBTAPTh 68.4 18.8 25.2 1.33 306
PBTAPDTh 58.8 6.4 9.1 1.42 392
PBTAPBDT 63.2 17.4 24.0 1.38 344

2 Determined by GPC using polystyrene standardsHf.T The 5% weight loss temperatures

under an inert atmosphere.

3.2. Thermal stability
Thermogravimetric analysis (TGA) was performed twestigate thermal stability of the

copolymers, as shown in Fig. 1. All polymers dentiais good thermal stability with the onset
temperatures with 5% weight losg;( above 300 °C except B BTAPDPP with aT4 only 286 °C

(see Table 1). The relatively lowé&g for PBTAPDPP should be ascribed to the slightly lower
stability of DPP unit, which also has been obseruedther previously reported DPP-based
copolymers [29]. Obviously, the thermal stability the copolymers is good enough for the

applications in optoelectronic devices.
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Fig. 1. TGA plots of the five copolymers at a heating @it€0 °C min* under nitrogen.

3.3. Absorption spectra and optical bandgaps

The photophysical properties of the new polymergehideen evaluated by UV-vis absorption
both in dilute chloroform solution and as thin fdn{Fig. 2). The optical data including the
absorption peak wavelengttingy), both in solution and films and optical bandg4gs™) are
summarized in Table 2.

As shown in Fig. 2a, two D-A copolymeRBTAPDPP and PBTAPBT exhibit obviously
broader absorption spectra than those of three &@polymersPBTAPTh, PBTAPDTh, and
PBTAPBDT in chloroform solution. This ascribes to the emxigte of intramolecular charge
transfer (ICT) effect between the donor uBTAP) and acceptor unit (BT or DPP) in D-A type
copolymer, resulting a low-energy absorption bahdha range of 500-850 nm. In particular,
PBTAPDPP shows a rather wide absorption extended to néeared region (> 800 nm) due to a
stronger electron-deficient character of DPP uvibreover, one can see that the intensity of ICT
for PBTAPDPP is higher than ther-z* transition of polymeric backbones located in the
high-energy band (300-500 nm). However, RBTAPBT the result is quite opposite (Fig. 2a).
This difference should be due to the different eteewithdrawing strength of the two acceptors of
BT and DPP. It is well known that the electron-wiitawing ability of DPP is stronger than BT,
leading to an increase of the intensity of ICT apson band and a remarkably red-shiftgdy for
PBTAPDPP as compared wit’PBTAPBT. Generally, the three D-D copolymers possess aimil
absorption profiles with narrow absorption bandsged from 300-500 nm. Thig,ax in solution of

the copolymerPBTAPTh locates at about 435 nm. Compared WRBTAPTh, absorption



spectrum ofPBTAPDTh displays a red shift by 13 nmi fax = 448 nm), and the absorption
spectrum oPBTAPBDT further shifts to the red direction by about 20 @k = 454 nm), which

is probably due to the relatively lomgconjugation length of the BDT-based polymer mdiains.
The absorption spectra of these copolymers in famnesdisplayed in Fig. 2b. The shape of the peaks
and the trend of the absorption wavelength arergéipesimilar to those of the polymer solutions.
The Amax Of all the polymer films are red-shifted compaxeith those in solutions, which owes to
the aggregation of the conjugated polymer main rchan the solid films. Furthermore,
PBTAPDPP delivers a broad platform from 600 to 670 nm, negrthat there is a strong

interchain interactions and goaek stacking in polymer films.
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Fig. 2. Normalized UV-vis absorption spectra of the fiv@ymers: (a) in chloroform solution; (b)

as thin films.

The absorption onsetggqg9 Of the polymer film spectra are estimated to B&,8&25, 520, 534,
and 513 nm for PBTAPDPP, PBTAPBT, PBTAPTh, PBTAPDTh, and PBTAPBDT,
respectively, deducing an optical bandgagg®() of these polymers in the range of 1.54-2.42 eV
(Table 2). Some conclusions can be deduced frometlodservations: (i) two D-A copolymers

opt (i) due to the sto

shows obviously smallerEg™ than those of D-D copolymers;
electron-withdrawing character of DPP urBTAPDPP has a rather low bandgap of 1.54 eV,
agreeing well with many of the reported D-A copogm based on DPP unit [9]; (iii) the small
difference between the three D-D copolymers inéisdhe three electron-donating building blocks,
Th, DTh, and BDT, affect the bandgaps slightly) tive large bandgap variations BT AP-based
polymers (1.54-2.42 eV) demonstrates that the aptandgaps can be easily tailored to obtain

different desired bandgaps, such as low-band§®TAPDPP), medium-bangdapPBTAPBT)



and wide-bandgap PBTAPTh, PBTAPDTh, and PBTAPBDT), by changing the

electron-donating or electron-withdrawing charaaiéra comonomer unit. More importantly, in
view of easily tuned absorption region (300-900 nBNAP-based conjugated polymers could be
used as efficient electron donor materials in felhe or non-fullerene organic solar cells [30,31],
especially their large bandgaps are supposed tsuitable for tandem heterojunction solar cells

[32].

Table 2 Optical and electrochemical properties of the Gepolymers.

Amax Amax

Polymer Jedge Eg™ Eo/HOMO EedLUMO Eg
(mp (mP  (hmf (V)  (VieV)® (VieV)  (eV)

PBTAPDPP 659 629 805 1.54 0.75-5.21 -0.94/-351.69
PBTAPBT 537 556 625 198 0.77/-523 -0.99/-34%.86
PBTAPTh 435 450 520 2.39 0.75/-5.21 none/-2.890ne

PBTAPDTh 448 461 534 232 0.74/-5.20 none/-Z.8&one

PBTAPBDT 454 463 513 242 0.91/-5.37 none/-2.9%10N€

3 Measured in dilute chloroform solutioRMeasured on a quartz plate by polymers cast from
chloroform solution.® The onset wavelength of the thin film&.Estimated from the onset
wavelength of the absorption spectB’™ = 12404.qqe © Calculated according to the equation:
HOMO/LUMO = -eEoxred + 4.46) (eV).! Calculated according to the equation: LUMCE;" +
HOMO (eV).? Calculated according to the equati&”" = eEox— Ered (eV).

3.4. Redox properties and molecular energy levels

Electrochemical cyclic voltammetry (CV) experimewas performed on thin films (spin-coated
on indium tin oxide (ITO) substrates) of each podynto study their redox properties. The CV
curve was measured on a Pt electrode in a 0.1 MNBk—acetonitrile solution and Ag/AgCl
electrode as a reference that calibrated by thexr@dtential of a ferrocene/ferrocenium couple
(Fc/F¢ measured as 0.34 W5 Ag/AgCl). Thus, the molecular energy levels (HONMIOMO) can
be calculated from the following equation: HOMO/LUM= eEoxired + 4.46) (eV), Wher&oyieq IS
the oxidation/reduction onset potential of the pudys.Representative CVs of the five polymers
including Fc/F¢ are displayed in Fig. 3 and the correspondingtelelsemical properties are also

recorded in Table 2.



As shown in Fig. 3a, two D-A copolymers give quesgarsible oxidation waves and irreversible
reduction waves. Th&,y and Eeq values are observed to be 0.75/-0.94 and 0.7%/-0.%or
PBTAPDPP andPBTAPBT, respectively. Then, the HOMO/LUMO energy levels aalculated
as -5.21/-3.52 eV foPBTAPDPP and -5.23/-3.47 eV foPBTAPBT. Whereas the three D-D
copolymers just display quasireversible oxidatiod ao apparent reduction processes are observed
from CV curves. Therefore, the resulted HOMO endeypels are deduced as -5.21, -5.20, and
-5.37 eV forPBTAPTh, PBTAPDTh, andPBTAPBDT respectively, according to their relevant
EoxVvalues (see Fig. 3b). Because the reduction patemisets of the three D-D copolymers could
not clearly be determined from the CVs (Fig. 3bhg LUMO energy levels of these polymers are
estimated from th&,”* values and HOMO energy levels (LUMOEZ™'+ HOMO) as measured by
CV [18,29]. The electrochemical bandga@c() are calculated to be 1.69 and 1.86 eV for
PBTAPDPP and PBTAPBT, respectively, which are coincident with thosetled corresponding
E,” (Table 2) of the polymer films within the reasorebinge of deviation (0.2-0.5 eV) [33-36].
The electrochemical results reveal that all of ¢heopolymers, except foPBTAPBDT,
substantially have an almost identical HOMO enelgyel of about -5.21 eV, which is not
surprising in view of the san&TAP donor moiety among all the copolymers [18]. Moreg\this
series 0BTAP-based polymers deliver the relatively low-lying MO energy levels (< -5.20 eV),
implying good stability against oxidization in ajB7], that would enhance device stability.
Additionally, among these polymePBTAPBDT has the lowest HOMO energy level of -5.39 eV,
which would lead to a higher open-circuit volta§:( value for the solar cell with respect to the
other four polymers sinc¥,. of the PSCs is presumed to proportionate to tfferdnce between
the HOMO level of the electron donor material ahé tUMO level of the electron acceptor
material [37]. On the other hand, the LUMO energyels (see Table 2) of these polymers are
found over a wide range: the LUMO level fBBTAPDPP is the deepest at -3.52 eV, while
PBTAPTh has the highest at -2.82 eV. This implies thatiatimn of the electron-related
characteristic of comonomers has a great impadcherL,UMOs of thes8TAP-based polymers.
Since these polymers will be intended to use asdttreor material matching with a fullerene
acceptor (i.e., P&BM or PG:BM), they should have LUMO and HOMO energy levdsefs at
least of 0.3 eV relative to RBM or PG1BM for the effective exciton dissociation and chearg

transfer [37-39]. To make a more clear comparisocomplete diagram of the HOMO/LUMO



energy levels of these polymers and;fB® is presented in Fig. 4. From Fig. 4, one cauul fihat
the LUMO offsets and HOMO offsets between theseipelts and PGBM are large enough to

meet the above mentioned requirements.
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Fig. 3. Cyclic voltammograms of the polymer thin films BrO glass electrode, recorded at a 100
mV s' scan rate in 0.1 M BMPR acetonitrile solution: (aPBTAPDPP, PBTAPBT and
Ferrocene; (bPBTAPTh, PBTAPDTh andPBTAPBDT.
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3.5. Photovoltaic properties

In consideration of the aforementioned featurethefvariable absorption and suitable molecular
energy levels of thBTAP-based polymers, we assume that these polymersdsheable to use as
the effective electron donor materials in PSCs.oddingly, BHJ type PSCs with the conventional
device structure of ITO/PEDOT:PSS/polymer:PCBM {BM or PG1BM)/Ca/Al were fabricated
to investigate the photovoltaic properties of thelymers. The photovoltaic data, such as

open-circuit voltage\(,c), short-circuit current density{), fill factor (FF), and power conversion



efficiency (PCE) are summarized in Tables 3 and'ie typical current density-voltaggd-Y)
curves of the photovoltaic performance based osetipelymers are described in Fig. 5.

First, we used P&BM as the acceptor material combined with these/mets to prepare the
photovoltaic device. When the blend ratio of polyrdenor to PGBM is determined to be 1:2 (by
weight), the highest PCE of 0.51%, 0.34%, 0.25%8%, and 0.37% is obtained fBBTAPDPP,
PBTAPBT, PBTAPTh, PBTAPDTh, and PBTAPBDT, respectively (see Table 3). Then, the
acceptor is changed as RBM, the photovoltaic performance is improved appdye
corresponding the best PCE up to 0.87% RBTAPDPP, 0.93% forPBTAPBT, 0.58% for
PBTAPTh, 0.82% forPBTAPDTh, and 1.00% forPBTAPBDT. The greatly enhanced PCEs
mainly attribute to the substantial increaseJgf values, as shown in Table 4. This is easily
understood because RBM has the broader absorption spectrum comparedGeBM, which
benefits the improvements af. [40,41]. According to the data in Tables 3 and®e can find that
no matter P&BM or PG1BM as the acceptor, PSCs basedP®&TAPDPP exhibit the highesi,
which accords with the relatively broader absomptigFig. 2). On the other hand,
PBTAPBDT-based PSCs deliver high€g. as compared with the other polymers, and moreover
the highes¥/,. of 0.84 V can be achieved after optimization obfooltaic performance discussed
in follow. This is because thé,. of PSCs is tightly correlated with the energy eliince between
the HOMO level of a polymer donor and the LUMO lewé an acceptor (P&BM or PG1BM)
[37]. The polymerPBTAPBDT has the lowest HOMO energy level (see Table 2) tand the
PSCs containing this polymer displays the highést Among thesepolymers PBTAPBDT
possesses the best PCE, thus, we choose this pohgreerepresentative to further investigate the
photovoltaic properties of the€TAP-based polymers. Previous studies have demonstth&td
post-solvent treatment with a polar solvent canrowp the photovoltaic performance of PSCs
[42-49]. Here, methanol was chosen as a polar sblt@ further optimize the photovoltaic
performance ofPBTAPBDT. As shown in Table 4, after the methanol treatméme better
photovoltaic performance is achieved with the hgghBCE up to 1.28%, corresponding the
significantly improved both o¥y (0.84 V) andJs (5.20 mA cnf). Overall, the primary results
indicate thaBTAP-based polymer solar cells just can exhibit the enatk performance as a result
of low Jsc and FF, which might be related to the charge ntgbof the polymers and the

morphology of the active layer.



Table 3Photovoltaic properties of the PSCs based on tB&#d>-based polymers with REBM as
the acceptor.

polymer  Voc(V) Jsc(MA cmi®)  FF (%) PCE (%}

PBTAPDPP 0.78 2.37 27.7 0.50.50+0.01)
PBTAPBT 0.75 1.70 27.0 0.3®.31+0.03)
PBTAPTh 0.62 1.35 29.4 0.28).24+0.01)

PBTAPDTh 0.75 1.78 28,5 0.3®.35:0.03)

PBTAPBDT 0.79 1.65 28.8  0.3[0.36£0.01)

& Average PCEs were obtained from more than 6 dewhewn in parentheses.

Table 4 Photovoltaic properties and hole mobility of thed3%ased on the&T AP-based
polymers with P&BM as the acceptor.

polymer  Voc(V) Jsc(MA cm®)  FF (%) PCE (%}  un(cnfV?is?h

PBTAPDPP  0.66 4.57 29.0 0.810.86:0.01) 2.07 x 10°
PBTAPBT  0.72 4.30 29.8  0.99.92:0.03) 2.33x 10
PBTAPTh  0.69 2.96 285 0.5@.57£0.01) 3.97 x 10°
PBTAPDTh  0.68 4.00 30.1 0.89.80+0.02) 1.14 x 10°

PBTAPBDT  0.74 4.39 30.7 1.00.98:0.02) 2.96 x 10°

PBTAPBDT® 0.84 5.20 29.4  1.261.26£0.02) -

2 Average PCEs were obtained from more than 6 dsshewn in parenthes@shotovoltaic
property treated with methanol.
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Fig. 5. Typical J-V curves of PSCs based on the five polymers: (&) Ri:BM as the acceptor; (b)
with PG;;BM as the acceptor.

3.6. Hole mobility

To search the possible reason resulted low perfocemafBTAP-based polymer solar cells, hole
mobility (un) of these polymers was measured because it ihv@nohportant parameter for CPs
using as donor materials in PSCs. To evaluate thege mobility of thesBTAP-based polymers,
herein hole mobilities of these polymer:;28M blend film were measured by using the
space-charge-limited current (SCLC) method with tihele-only device structure of
ITO/PEDOT:PSS/polymer:RPBM/MoO3/Al and estimated through the Mott—Gurney equation
[50]. Fig. 6 displays the relationship between entrand voltage in the hole-only devices of
polymer:PG3:BM blend films. The calculated hole mobilities @&®7 x 10, 2.33 x 1F, 3.97 x
10° 1.14 x 10, and 2.96 x 10 cnt V' s' for PBTAPDPP, PBTAPBT, PBTAPTh,
PBTAPDTh, and PBTAPBDT blend film, respectively (see Table 4). Generalllge hole
mobilities of all theseBTAP-based polymers are relatively low as compared vather
high-performance conjugated polymers [51-58]. Meszptheuy, value is much lower than electron
mobilities of PCBMs €102 cn? V* s1). The low and mismatch of charge mobilities sholodd
partly responsible for the lod. and FF, and as a result that limits the perforraaighotovoltaic

devices [59].
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the SCLC method.

3.7. Morphology analyses of blend films

As we all know, the photovoltaic performance of BfeCs strongly depends on its morphological
features. To seek the other reasons of the Jowand FF of these polymers, atomic force
microscopy (AFM) is employed to study the morphgiogf the blend film. Among the five
BTAP-based polymersPBTAPTh andPBTAPBDT give the worst and best PCEs respectively,
hence we have studied the morphology of the twgmet blend films. The AFM height and phase
images of the blend films are described in Figl'ie height images &?#FBTAPTh:PC;:BM (1:3 by
weight, Fig. 7a) an®BTAPBDT:PC;1BM (1:2 by weight, Fig. 7b) blend films reveal tHaith of
these have rather smooth surfaces with a very swatimean square roughness)(Bf 0.470 and
0.881 nm, respectively. This observation indicatest the active layer has unobvious phase
separation (see Figs. 7c and 7d), which is not gfmdthe effective transport of charge
carriers/collection and unfavorable to the productiof high Jsc and FF. Additionally,
PBTAPBDT:PC;:BM blend film possesses a relatively rougher s@fameaning a relatively
efficient exciton dissociation and transport of iIfeacarriers and led to a high&e Furthermore,
transmission electron microscopy (TEM) was perfatrteefurther investigate the composition and
morphology of the polymer:P4BM blends, as shown in Fig. 8. The blend films wprepared
with a same condition to the optimized PSC devitrethe TEM images, the light and dark regions
are assigned to polymer-rich andA®M-rich domains, respectively. From Fig. 8, one @iad that
there is an unobvious polymer aggregation or,;BM aggregation both inlPBTAPTh and

PBTAPBDT blends, implying a relatively excessive donor/@toe compatibility for these two



blend films. Furthermore, this result shows thahbaf blends did not form regular interpenetrating
network structure and desired nanoscaled phaseasigpa leading to a worse charge separation on

the donor/acceptor interfaces. Overall, this naaigphase separation should be also responsible for

the lowJs: to some extent.

Rqs0.470nm %

1.7 nm

-1.86 nm < -1.7 nm

PBTAPTh |
60 egn

11.6mV 124 mV

-9.8 mV -10.5 mV

0.0 Phase 2.0um

|

0.0 Phase 2.0um

Fig. 7. AFM height (top) and phase (bottom) images ofg@a) (c):PBTAPTh:PC;:BM (1:3, by
weight); (b) and (d)PBTAPBDT:PC;:BM (1:2, by weight).
(@) g (b) g

'PBTAPTh

PBTAPBDT

Fig. 8. TEM images of polymer:PGBM blended films: (aPBTAPTh:PC;:BM (1:3, by weight);
(b) PBTAPBDT:PG;1BM (1:2, by weight). The scale bar in the TEM imggg200 nm.

4. Conclusions

In summary, a series of new conjugated polymers edas on
benzofl]-dithieno[3,2h;2',3-flazepine BTAP) were designed and synthesized by Stille or Suzuki
cross-coupling reaction. Two electron-withdrawimgraatic copolymerization units (DPP and BT)

and three electron-donating units (Th, DTh, and BWEre employed to finely manipulate the



bandgaps and molecular energy levels of the reguttolymers. These polymers have good thermal
and electrochemical stabilities. The polymers’ apgson spectra can be effectively tuned
throughout a wide range of 300-850 nm and the e@%ptical bandgaps between 1.54 and 2.42 eV
are easily accessible depending on the electréner@lectron-deficient character of comonomers.
These polymers have nearly identical HOMO energglte(~-5.21 eV) and various LUMO levels
in the range of -2.82 ~ -3.52 eV. To expand theliegion fields of azepine-based conjugated
polymers and tap the applied possibility in variouganic electronic devices, BHJ type PSCs with
these polymers as donors and PCBMs as acceptorfalaieated and characterized. Preliminary
studies on PSCs based on these polymers delivétighest PCE of 1.28% f&#BTAPBDT-based
solar cells with a relatively highl,c of 0.84 V. The moderate performanceB¥fAP-based PSCs
might attribute to low and unbalanced charge camebility and non-ideal phase separation in
polymer:PCBM blend films. Although photovoltaic flmmance of the solar cells based on these
new polymers is still rather lower than the statehe art for fullerene-based PSCs (PCE > 10%
[51,60-64]), to the best of our knowledge, thishis first report on synthesis and characterizadion
azepine-based conjugated polymers for applicatoorganic electronic devices. Optimizations on
molecular structures of polymers and morphologieblend films for the further improvement of
the photovoltaic performance are in progress. @Qudysopen a new window for azepine containing
polymers used as polymeric optoelectronic matergalsh as PLEDs, PFETSs, and photodetectors,

which our future work is focusing on.
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Highlights

» A series of conjugated polymers based on benzodithienoazepine were devel oped.

» Optoelectronic properties can be easily tailored by varying the copolymerizing
units.

» These polymers were characterized and firstly applied in organic photovoltaic
field.

» PSCs based on the polymers showed an initial PCE of 1.28% with a high V. of

0.84 V.



