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Abstract

A series of donor—acceptor (D—-A) polymdR1l-P3 based on benzodithiophene (BDT) and
electron-accepting benzotriazole (BTZ) units camtaj thiophene linkers with/without alkyl
side-chains were designed and synthesized viae Stdupling polymerization method. The
effects of polymers with multiple fluorinated BTZragips on their thermal, optical,
electrochemical, and photovoltaic properties werestigated. These polymers possessed the
highest occupied molecular orbital (HOMO) levelsigad -5.38 to -5.6 eV and the lowest
unoccupied molecular orbital (LUMO) levels rang&d55 to -3.57 eV, which covered broad
absorption ranges with low optical bandgaps. TH& baterojunction (BHJ) polymer solar cell
(PSC) devices containing an active layer of D-Aypwrs blended with different weight ratios
of electron-acceptor [6,6]-phenylEbutyric acid methyl ester (BEBM) were explored under
100 mW cnt of AM 1.5 white-light illumination, where the mawum power conversion
efficiency (PCE) value of 3% (withsc = 7.70 mA/cm, FF = 54.04, andVoc = 0.72 V) was

obtained in the PSC device consisting of poly@&r



1.Introduction

To generate unlimited energy directly from sunligbing photovoltaic (PV) technology has
become an essential factor in order to meet thbagjlenergy demand. Organic solar cells
consisting of conjugated polymers with promisingtetof-the-art photovoltaic technology
are due to several benefits, such as low-costi-Wiglight, and large-area devices by using
solution-processed roll-to-roll printing methddd. In the past decade, significant
progres&**¥in power conversion efficiencies (PCEs) over 1h&s been achieved in bulk
heterojunction (BHJ) solar cell devices containtogjugated polymers as electron-donating
materials along with [6,6]-phenyl-&butyric acid methyl ester (P@BM) (or
[6,6]-phenyl-Ga-butyric acid methyl ester, R®M) as electron-accepting materi&fs”
Nevertheless, intensive attentions to solve thélpros of polymer solar cells (PSCs) are
required, including poor fill factof=F), short-circuit current,y, open-circuit voltageMJy),
morphology, and balanced charge mobilittésTo meet the above challenges, it is necessary
to develop novel alternating donor-acceptor (D-8iiding blocks!!®*8!

Recently, several low bandgap (LBG) polymerenats are designed to harvest higher
amounts of light from the solar spectra and largandgaps in D-A polymers with a
lower-lying highest occupied molecular orbitals (MO) and the higher-lying lowest
unoccupied molecular orbital (LUMO), which providas opportunity to increase the open

circuit voltage®®?® A high V,. is readily achieved by tuning of HOMO energy lewél

donor, because thé, is directly proportional to HOMO level of donorcabhUMO levels of



acceptor i.e PGBM or PG;:BM.?B% Tg increase the values . in conjugated polymers
while maintaining the bandgap constant, both HOM@ &UMO energy levels must be
decreased simultaneously. Thus, the electron-wathichg groups need to be placed
alternatively on polymer backbon&Y. The fluorine atom has been recently gained
considerable attention as an electron-withdrawiray for high-performance polymer solar
cells, which with a very small size can be easilydduced onto polymer backbones without
any steric effects compared with the other eleewithdrawing group$33
Fluorine-substituted conjugated polymers exhibiegher thermal and oxidative stabilities,
resistance to degradation, and inverted charggliison in polymers. These unique features
of the fluorine atom are due to the highest eledgative element and smallest
electron-withdrawing group among all electron-withding groups (e.g., cyano, nitro, and
trifluoromethyl groups). Moreover, these fluorinbras showed great influences on inter-
and intra-molecular interactiof§>*® Furthermore, M. P. Felix and F. G. Michael et al.
reported that the introduction of fluorine atomsoopblymer backbones decreased HOMO
energy levels in the copolymers based on 2-alkjde2nzotriazole derivatives as acceptor
units and fluorine and carbzole as donor units WREGE values of 1.8 and 4.6%,
respectively*?44

The arrangements of alternating donor and docamits were highly effective to
design photovoltaic polymers with desired intringptoelectronic properties (such as

light-harvesting windows and energy levels) by mgati selections of electron-donating



(donor) and electron-withdrawing (acceptor) buidinlocks. The benzodithiophene (BDT)
unit has emerged as an attractive donor buildimgkbfor PSCs as well as small molecule
organic solar cells (SMOSCs) owing to its high-eority,n-n stacking, high-mobility and
enhanced solubility. Moreover, BDT-based polymershildting low HOMO levels
potentially provide high open circuit voltages adifferent LUMO levels, which can be
manipulated effectively through the use of varioasceptor$>>t Very recently,
Zhong-Sheng Xu and coworkers reported a series Dff-Based polymers featuring
mono-fluorinated benzothiadiazole unit as the etecticceptor that displayed a highest PCE
value of 6.294>%

In the spirit of further exploring structuregperty and manipulation acceptor groups,
herein we report the design, synthesis, and inyatstin of BDT and benzotriazole (BTZ) units
as donor and acceptor, respectively. Three polyn{Pids-P3) are developed to utilize
multiple-fluorine-substituted benzene ring units BTZ to fine tune the light absorption
capabilities,V,: values, and morphlogy due to favorable intramdbiecaharge transfer (ICT)

between BDT and BTZ units.

2. Experimental Section
2.1. Materials
All of the chemicals and solvents were reagent gradd were purchased from Aldrich,

ACROS, TCI, TEDIA, and Alfa-Aesar Chemical Co. Ttydrofuran (THF), toluene, and



diethyl ether were distilled over sodium/benzophendther reagents were used as received

without further purification.

2.2 Measurements and characterization

'H and ®C NMR spectra were recorded using a Varian VNMRS-5hd 700 MHz
spectrometer using CD£hs the solvent and the chemical shifts are repaass values
relative to a tetramethylsilane (TMS) internal stard. Elemental analyses were performed
on a HERAEUS CHN-O RAPID elemental analyzer. Thegragimetric analyses (TGA)
were conducted on a TA Instruments Q500 instruraeatheating rate of 2 min* under
nitrogen. Gel permeation chromatography (GPC) wasdacted using a Waters 1515
separation module, using polystyrene as a staratadd’ HF as the eluent. UV-vis absorption
spectra were recorded in dilute chloroform solwgiofi0° M) using an HP G1103A
spectrophotometer. The solid films for UV—vis measuents were spin-coated on glass
substrates from chlorobenzene solution with a comagon of 5 mg/mL. Cyclic
voltammetry (CV) was measured using a BAS 100 edlebemical analyzer with a standard
three-electrode electrochemical cell in anhydrousetanitrile containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAP&t a scanning rate of 100 mV* st
room temperature. The solutions were purged witlhogen for 30 s during the CV
measurements. In each case, a carbon rod coatea witn layer of polymers as the working
electrode, a platinum wire as the counter electrade a silver wire as the quasi-reference

electrode were used. An Ag/AgCl (3M of KCI in acatdle) electrode served as the



reference electrode for all of the potentials gddterein. The ferrocene/ferrocenium (FE&)Fc
redox couple was used as an external standard.higieest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LOMenergy levels were estimated by
the onset oxidation and reduction potentials fromreference energy level of ferrocene (4.8
eV below the vacuum level), according to the foilegvequation$?

Enomornumo = [~ (EonsetEonset(Fe/Fevs.Agiag ))-4.8] eV (1)

Bandgap =Eox onser Eredonset ~ (2)

4.8 eV is the energy level of ferrocene below thewum level an@onset(Fe/Fevs. Agiag) = 0.45
eV. For the CV experiments with solid films of tpelymers, which were performed by
drop-casting films with similar thicknesses from FHolutions (5 mg mt), the LUMO
level of PG:BM employed was in accordance with the literatuatad The onset potentials
were determined from the intersections of two tamgedrawn at the rising currents and
background currents of the CV measuremehig topologies of the films were investigated
using atomic force microscopy (AFM, Veeco dilnnogaanning rate: 3—4 Hz), performed in
the tapping mode in a dry environment at room teatpee over a sampling area of
5 x 5um®. The images had a resolution of 512 x 512 pixeld aere acquired at an
approximate scanning rate of 0.5 Hz. The imageaioéil were processed using diSPMLab
software (Veeco). Surface morphologies and partidé&ibutions were investigated using a

thermal field emission scanning electron microso@ieOL JSM-6500F).



2.3 Fabrication of polymer solar cells

The polymer solar cells (PSCs) in this study comdian active layer of polymemI-P3)
blended with P&BM in a solid film, which was sandwiched betweentransparent
indium/tin oxide (ITO) anode and a calcium catho@gee Fig. S1). Prior to device
fabrication, the ITO-coated glass substrates (1155xcnf) were subjected to cleaning with
ultrasonication in detergent, deionized water, @oet and isopropyl alcohol successively for
10 min each. After routine solvent cleaning, thbsttates were treated with UV ozone for 15
min. Then, a modified ITO surface was obtained hg spin-coating of a layer of
poly(ethylenedioxythiophene):poly(styrene sulfopgteEDOT:PSS) (40 nm). After baking
at 120 °C for 1 h, the substrates were transfeoednitrogen-filled glove box. Subsequently,
on the top of PEDOT:PSS layer, the active layer prapared by spin-coating from blended
solutions of polymerP1-P3.:PC;:BM (with 1:2 w/w) at a spin rate of 1500 rpm. The
thickness of the active layer was typically 200 rimitially, the blended solutions were
prepared by dissolving both polymers and,#8M in trichlorobenzene (TCB) (20 mg rit),
followed by continuous stirring for 12 h at 50°@. the slow-growth approach, the blended
polymers in solid films were kept in the liquid @eaafter spin-coating by using a solvent
with a high boiling point (e.g., in a glass Petislg and allowing the solvent to dry slowly.
Finally, a calcium layer (30 nm) and a subsequamhimum layer (60 nm) were thermally
evaporated through a shadow mask at a pressure ltebo 10° Torr, to obtain an active

device area of 0.12 dmThe solar-cell testing was done inside a glove tmader simulated



AM 1.5 G irradiation (100 mW/cf using a xenon-lamp-based solar simulator (Thermal
Oriel 1000 W). The light intensity was calibrateging a monosilicon photodiode with a
KG-5 color filter (Hamamatsu). The external quantefiiciency (EQE) action spectra were
obtained at short-circuit conditions. The light smuwas a 450 W xenon arc lamp (Oriel
Instrument, model 6266) equipped with a water-basedilter (Oriel Instruments, model
6123NS). The light output from the monochromatori€éDInstruments, model 74100) was
focused on the photovoltaic cell under test.

2.4 Synthesis

2.4.1General suzuki-coupling procedures fa3c:

A solution of dibromo compountia or 1b (1.0 equiv) and thiophene-2-boralone compound
2aor 2b (3.0 equiv) in a mixture anhydrous toluene (40 n.M aqueous sodium carbonate
(NaCQ) (10 mL) solution and a few drops of Aliquat 33@&svdegassed and purged with
nitrogen. Afterward, tetrakis(triphenylphosphindladium(0) (Pd(PP$)4) (0.05 equiv) was
added in one portion, and the reaction mixture mested to 90°C with vigorous stirring until
reaction completion by TLC analyses. After coolit@g room temperature, the reaction
mixture was poured into water and extracted witthihiromethane. The combined organic
layer was washed thrice with water, once with bramel dried over anhydrous magnesium
sulfate (MgS@Q). The solvent was evaporated and the residue wagiegd by column

chromatography on silica gel using hexanes/dich@thane (1/2, v/v) as eluent, and



recrystallized from dichloromethane/MeOH to obt#ie desired product. Their chemical
characterization analyses are shown as follows.
2.4.1.12-(3,5-Difluoro-4-(octyloxy)phenyl)-4,7-di(thioph&ayl)-2H-benzo[d][1,2,3]triazole
(3a)

3a was prepared according to the general Suzuki-aoyprocedurela (2.0 g, 3.9 mmol),
2a (2.5 g, 11.6 mmol), Pd(PBh (225 mg, 0.17 mmol) were used and stirred at d0rQ4

h. The resulting produ@a was obtained as a green solid with a yield of 884NMR (500
MHz, CDCk) & (ppm): 8.12 (d)) = 4.0 Hz, 2H), 8.06 (d] = 9.0 Hz, 2H), 7.65 (s, 2H), 7.41
(d,J=5.0 Hz, 2H), 7.21 () = 4.0 Hz, 2H), 4.22 () = 6.5 Hz, 2H), 1.83-1.77 (quid,= 6.5
Hz, 2H), 1.52-1.46 (m, 2H), 1.34-1.29 (m, 8H), 0@8J = 6.5 Hz, 3H).*C NMR (500
MHz, CDCk) 6 (ppm): 157.01, 155.02, 142.98, 139.36, 128.18, 127126.00, 123.88,
123.73, 105.32, 105.25, 105.09, 75.14, 31.79, 22926, 29.21, 25.63, 22.64, 14.10.
24.1.2
2-(3,5-Difluoro-4-(octyloxy)phenyl)-4,7-bis(4-hethybphen-2-yl)-2H-benzo[d][1,2,3]triazol
e (3b)

3b was prepared according to the general Suzuki-goyiprocedurela (2.0 g, 3.9 mmol),
2b (3.45 g, 11.6 mmol), Pd(PRPh (225 mg, 0.17 mmol) were used and stirred at 90°C
overnight. The resulting produB8b was obtained as a light green solid with a yidl@&496.
'H NMR (500 MHz, CDCY) 5 (ppm): 8.04 (dJ = 9.0 Hz, 2H), 7.90 (d] = 1.5 Hz, 2H), 7.60

(s, 2H), 6.99 (dJ = 1.5 Hz, 2H), 4.22 (i = 6.5 Hz, 2H), 2.70 () = 8.0 Hz, 4H), 1.83-1.77
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(quin, J = 6.5 Hz, 2H), 1.73-1.67 (quid,= 8.0 Hz, 4H), 1.52-1.46 (m, 2H), 1.44-1.38 (m,
4H), 1.35-1.29 (m, 16H), 0.91-0.87 (m, 9K5C NMR (500 MHz, CDGCJ) & (ppm): 157.05,
157.00, 155.08, 155.02, 144.42, 142.96, 138.93,41434128.34, 123.76, 123.65, 120.81,
105.34, 105.27, 105.18, 105.11, 75.15, 31.79,313D.64, 30.44, 29.96, 29.27, 29.21,
29.04, 25.63, 22.64, 14.11.
2.4.1.34,7-Bis(4-hexylthiophen-2-yl)-2-(3,4,5-trifluorophg)-2H-benzo[d][1,2,3]triazole

(30)

3c was prepared according to the general Suzuki-goypirocedurelb (2.0 g, 4.9 mmol),
2b (4.4 g, 14.8 mmol), Pd(PBbh (285 mg, 0.02 mmol) were used and stirred at g0rQ4

h. The resulting produ@c was obtained as a yellow solid with a yield of 70¢4 NMR
(500 MHz, CDC}) & (ppm): 8.14-8.11 (m, 2H), 7.87 (s, 2H), 7.60 (4),27.00 (s, 2H), 2.70
(t, J = 8.0 Hz, 4H), 1.73-1.67 (quid,= 6.5 Hz, 4H), 1.42-1.38 (m, 4H), 1.35-1.31 (m,)8H
0.89 (t,J = 7.5 Hz, 6H).2*C NMR (500 MHz, CDGJ) § (ppm): 152.42, 150.47, 150.42,
144.43, 143.14, 139.18, 138.75, 135.29, 128.33,9823123.80, 120.96, 105.57, 105.52,
105.42, 105.36, 31.72, 30.62, 30.44, 29.04, 2263,1.

2.4.2 General bromination procedures for mononiisM 3:

4,7-Di(2-thienyl)arene 3a, 3b or 3¢) (1.0 equiv) was dissolved in a mixture solutioh o
anhydrous chloroform (CHg)I (30 mL) and acetic acid (3 mL) under nitrogen andled to
0°C. N-bromosuccinimide (NBS) (2.0 equiv) was added paortvise over a period of 15 min

protection in the dark. Then reaction mixture whevweed to warm to room temperature and

11



stirred for until the reaction completion by TLCadyses. After, the reaction mixture was
poured into water and extracted with dichloromeéhafhe combined organic layer was
washed with water, once with brine and dried oualnyarous MgS@ The residue was
purified by column chromatography on silica gelhwitexanes/dichloromethane (1/2, v/v) to
give the desired products. Their chemical charazon analyses are shown as follows.
2421
4,7-Bis(5-bromothiophen-2-yl)-2-(3,5-difluoro-4-{gloxy)phenyl)-2H-benzo[d][1,2,3]triazolé1)
M1 was prepared according to the general bromingtiamtedure, wher8a (1.5 g, 2.9
mmol) and NBS (1.02 g, 5.7 mmol) were used. Thelteg productM1 was obtained as a
yellow solid with a yield of 76%'H NMR (500 MHz, CDCJ) & (ppm): 7.92 (d,) = 8.5 Hz,
2H), 7.71 (dJ = 3.9 Hz, 2H), 7.38 (s, 2H), 7.11 @= 3.9 Hz, 2H), 4.25 () = 6.4 Hz, 2H),
1.85-1.78 (quiny = 6.5 Hz, 2H), 1.53-1.49 (m, 2H), 1.34-1.31 (m,)86190 (t,J = 7.0 Hz,
3H). *C NMR (500 MHz, CDG)) § (ppm): 142.70, 140.94, 131.31, 127.39, 123.45,2%3
114.07, 105.66, 105.27, 75.55, 32.22, 30.42, 229185, 26.06, 23.08, 14.54. MS (BE¥2):
calcd for GgH2sBroFoNsOSy: 679.0; found: 678.9. Anal. calcd (%) fopd25BroFoN3OSy: C,
49.35; H, 3.70; N, 6.17; found: C, 50.08; H, 3.81,;6.28. The detailed NMR and Mass
spectra oM1 are shown in Figs. S4-S6.

24272
4,7-Bis(5-bromo-4-hexylthiophen-2-yl)-2-(3,5-diftagd-(octyloxy)phenyl)-2H-benzol[d][1,2, 3] triaz

ole M2)

12



M2 was prepared according to the general bromingtimcedure, wher&8b (1.5 g, 2.2
mmol) and NBS (0.77 g, 4.4 mmol) were used. Thalteg productM2 was obtained as an
orange solid with a yield of 78%H NMR (500 MHz, CDC}) & (ppm): 7.88 (d,) = 7.7 Hz,
2H), 7.57 (s, 2H), 7.31 (s, 2H), 4.24 Jt= 6.3 Hz, 2H), 2.60 (t) = 7.7 Hz, 4H), 1.84-1.80
(quin, J = 6.3 Hz, 2H), 1.67-1.63 (quid, = 7.0 Hz, 4H), 1.52-1.50 (m, 2H), 1.42-1.3 (m,
20H), 0.92-0.88 (m, 9H)*C NMR (700 MHz, CDGCJ) & (ppm): 156.66, 156.62, 155.23,
155.20, 143.03, 143.02, 142.31, 142.29, 142.27,3P938136.69, 136.61, 134.06, 133.98,
127.28, 127.27, 122.80, 122.77, 122.74, 110.62,0809.04.92, 75.12, 31.81, 31.67, 30.02,
29.70, 29.66, 29.30, 29.24, 28.98, 25.66, 22.6663214.11. MS (El,m/z): calcd for
CaoH49BrFoN3OS,: 849.2; found: 849.6. Anal. calcd (%) foudH49BroFoN3OS: C, 56.54;
H, 5.81; N, 4.94; found: C, 56.79; H, 5.91; N, 4.The detailed NMR and Mass spectra of
M2 are shown in Figs. S7-S9.

2.4.2.3 4,7-Bis(5-bromo-4-hexylthiophen-2-yl)-24(3;trifluorophenyl)-2H-benzo[d][1,2,3]triazole
(M3)

M3 was prepared according to the general bromingtimtedure, wher&c (1.5 g, 2.6
mmol) and NBS (920 mg, 5.2 mmol) were used. Thaltieg productM3 was obtained as
an orange solid with a yield of 72%4 NMR (500 MHz, CDCJ) & (ppm): 8.14-8.10 (m,
2H), 7.68 (s, 2H), 7.53 (s, 2H), 2.66 Jt= 7.2 Hz, 4H), 1.71-1.64 (quid,= 6.3 Hz, 4H),
1.42-1.34 (m, 12H), 0.89 (I = 6.9 Hz, 6H).'*C NMR (500 MHz, CDGJ) & (ppm):

143.15, 142.66, 138.25, 127.38, 123.24, 123.01,881A.05.58, 105.23, 31.67, 29.72, 29.67,

13



28.95, 22.62, 14.10. MS (Ety2): calcd for GoH3z:BrFsNsSy: 737.0; found: 737.4.  Anal.
calcd (%) for GoH3BroF3sNsS,: C, 51.97; H, 4.36; N, 5.68; found: C, 52.11; 44 N, 5.85.
The detailed NMR and Mass spectrau8 are shown in Figs. S10-S12.

2.4.3 4,8-Bis(octyloxy)benzo[1,2-b:4,5-b']dithiopleeb)

Compound4 (5.0 g, 22.7 mmol) was mixed with zinc powder B3¢, 50.0 mmol) and
aqueous sodium hydroxide (NaOH) (60 mL, 12.0 wt%)utson under nitrogen. The
resulting mixture was refluxed for 2 h. Then, l+boxtane (13.2 g, 68.2 mmol) and a
catalytic amount of tetrabutylammonium bromide wseguentially added into the mixture
solution. After being refluxed for overnight, theaction was poured into cold water and
extracted with diethyl ether. The organic layer wiiged over anhydrous MgSQand
concentrated under vacuum. The crude product weaBgouby recrystallization from ethyl
alcohol twice. The compourBiwas obtained as a white solid with a yield of 86BANMR
(500 MHz, CDC}) & (ppm): 7.48 (dJ = 5.7 Hz, 2H), 7.36 (d] = 5.4 Hz, 2H), 4.28 (1) =
6.6 Hz, 4H), 1.92-1.83 (quid,= 6.9 Hz, 4H), 1.42-1.34 (m, 20H), 0.89 Jt= 6.9 Hz, 6H).
13C NMR (500 MHz, CDGJ)) & (ppm): 144.52, 131.6, 130.14, 125.95, 120.3, 7333482,
30.53, 29.41, 29.27, 26.07, 22.65, 14.1.

2.4.4 2,6-Dibromo-4,8-bis(octyloxy)benzo[1,2-b:#Hithiophene §)

Compound (4.46 g, 10.0 mmol) was dissolved in anhydrous GHTDO0 mL) and cooled to
0°C under nitrogen. Bromine (3.2 g, 20.0 mmol) iathylene chloride (60 mL) was slowly

dropped to the reaction solution, and then the ti@acvas allowed to warm to room

14



temperature and stirred for 4 h. After completithrg solvent was removed by evaporation.
The residue was recrystallized by hexane. The comihé was obtained as a white solid
with a yield of 90%H NMR (500 MHz, CDCJ) & (ppm): 7.42 (s, 2H), 4.18 @,= 6.5 Hz,
4H), 1.86-1.80 (quin) = 7.0 Hz, 4H), 1.55-1.50 (m, 4H), 1.39-1.31 (mH)60.91 (tJ = 6.5

Hz, 6H). *C NMR (500 MHz, CDGJ) & (ppm): 142.53, 131.15, 130.88, 123.12, 114.96,
74.16, 31.81, 30.42, 29.35, 29.24, 25.96, 22.648,214

2.4.5 2,6-Bis(trimethyltin)-4,8-dioctyloxybenzo[-hB,4-b]dithiophene?)

Compoundb (5.0 g, 8.3 mmol) was dissolved in tetrahydrofuf@HF) (100 mL) which was
cooled down to -78°C under nitrogemrButyllithium (n-BuLi) (7.3 mL, 2.5 M inn-hexane)
was added slowly over a period for 15 min, and tthenreaction mixture was stirred for 30
min. Then, trimethyltin chloride (18 mL, 1 M mhexane) was added in one portion, and the
reactant turned to clear rapidly. The resulting tomieg was allowed to warm to room
temperature and stirred for 2 h. The reaction waenghed with cool water (200 mL) and
extracted with diethyl ether. The combined orgdayer was washed with water, and dried
over anhydrous MgSQOAfter removing solvent under vacuum, the residas recrystallized
by ethyl alcohol twice. The compountdwas obtained as a colorless solid with a yield of
72%.*H NMR (500 MHz, CDCJ) § (ppm): 7.50 (s, 2H), 4.28 (@,= 6.4 Hz, 4H), 1.90-1.83
(quin, J = 6.4 Hz, 4H), 1.60-1.53 (m, 4H), 1.36-1.29 (mH),60.88 (t,J = 6.0 Hz, 6H), 0.44

(s, 18H).'3C NMR (500 MHz, CDG)) 5 (ppm): 143.40, 140.78, 134.32, 133.28, 128.31,

15



73.89, 32.15, 30.83, 29.73, 29.64, 26.41, 22.99%21Anal. calcd (%) for §Hs40,S,Sm: C,
49.76; H, 7.05; found: C, 50.01; H, 7.12.

2.4.6 General Still-coupling polymerization proceekifor polymer$1-P3:

Dibromo monomerNI1, M2 or M3) (1.0 equiv) and distannyl monom@r(1.0 equiv) in
anhydrous toluene (15 mL) were degassed with remodhen Pd(PRJy (1.5 mol %) was
added in one portion. The reaction mixture was doead reflux for 24 h under nitrogen.
After, an excess amount of 2-bromothiophene (0.32.@ mmol) was added the trimethyl
stannyl groups as an end-capped and reacted forThéhreaction mixture was cooled to
room temperature and poured into methanol (200 fok)precipitation. The precipitated
solid was collected and was further purified by ek extraction with methanol, hexane,
acetone, and CHgl Finally, the remaining solid was dried under wamuto afford the
desired polymer.

2.4.6.1 P1. P1 was prepared according to the general Still-cogplpolymerization
procedure. Monomersil (0.68 g, 1.0 mmol) and (0.74 g, 1.0 mmol) were used. TR&
was obtained as a black solid with a yield of 83#6.NMR (500 MHz, CDC}) & (ppm):
7.95-7.44 (br, 10H), 4.22 (br, 6H), 1.90-1.81 (t¥H), 1.55-1.12 (br, 36H), 0.91 (br, 9H).
2.4.6.2 P2:. P2 was prepared according to the general Still-cogplpolymerization
procedure. Monomersi2 (0.85 g, 1.0 mmol) and (0.74 g, 1.0 mmol) were used. TR

was obtained as a black solid with a yield of 88¢6.NMR (500 MHz, CDC}) & (ppm):
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8.07-7.53 (br, 8H), 4.23 (br, 6H), 2.95 (br, 4H)91-1.82 (br, 12H), 1.35-1.30 (br, 40H),
0.88 (br, 15).

2.4.6.3P3: P3 was prepared according to the general Still-cogplilymerization procedure.
MonomersM3 (0.74 g, 1.0 mmol) and (0.74 g, 1.0 mmol) were used. TR8 was obtained as a
black solid with a yield of 8294H NMR (500 MHz, CDCJ) & (ppm): 8.11-7.33 (br, 8H), 4.26 (br,

4H), 2.96 (br, 4H), 1.90-1.81 (br, 18H), 1.39-1(B8, 22H), 0.89 (br, 12H).

3. Results and discussion

3.1 Synthesis and thermal stability

The synthetic routes of monomdavil—-M3 and polymerd?1-P3 are shown in Scheme
1. The syntheses of compourids®* 1b,* and4™® are followed by the previous literature.
Three 4,7-dibromo-2-(phenyl)-2benzotriazoles 1@ and 1b) with different substitution
patterns on the phenyl group are subjected to Suzekction conditions with
3-hexylthiophene-2-boronicacidpinacol ester andpghene-2-boronicacidpinacol ester to
give the substituted BTZ (i.e3a-3c). After bromination of the prepurified compounds
3a-3c in CHCk with N-bromosuccinamide (NBS), pure dibromo monomdis-M3 could
be obtained in reasonable yields, and the puribedM1-M3 are proven by EA data
demonstrated in Fig. S13.
The stannylated BDT was polymerized with theresponding monomer$1-M3 by

Stille-coupling, in which polymer®1-P3 were obtained in very good yields, respectively. A
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polymers were end-capped with 2-bromothiophene,paadipitated from methanol. The solubilities
and polydispersity indices (PDIM,/M,) were subjected to Soxhlet extraction with varieakents

or simply filtered through a plug of celite. Aftdissolving the polymers again in a small amount of
an appropriate solvent (e.g., CHCIlhe polymers could be precipitated from methanidie
polymers were collected through filtration and driem vacuum. To determine the actual ratio
betweenM1-M3 and 7 in the polymers, their chemical compositions weharacterized byH
NMR spectroscopy. The actual and feed ratios addlmolymers are in good agreements. Detailed
synthetic procedures and characterization datagiaen in the Experiment Section. All polymers
exhibit good solubilities in common organic soh&estich as chloroform, THF, DCB, and TCB, etc.
at room temperature. As summarized in Table 1, nmber-average molecular weightdl],
weight-average molecular weightsl() and PDI values oP1-P3 were determined by GPC using
THF as eluent against polystyrene standards. Tiesskts show that considerable molecular weights
were obtained in these polymers, where the valfiedd,overe ranged among 163000—-32400g/mol
with PDI values of 1.1-1.3. Among all polymgRl showed a remarkably higher molecular weight
of 32400g/mol. This could be attributed to the latlalkyl chains on thiophene of poymer backbone
along with a more planar structure, which led tghler molecular weight. The thermal stabilities of
conjugated polymers play a key role for device itaiion. The thermal stabilities ¢f1-P3 were
investigated using thermogravimetric analyses (T,GAhd their corresponding results are
summarized in Fig. S2 and Table 1. It is apparbat &ll polymers exhibited excellent thermal

stabilities as the temperatures for 5% weight (ossler nitrogen) were found to be 368—391°C. Due
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to the highest molecular weight and the most plamackbone conformation by the density
functional theory (DFT) calculations &f1 in these polymers?1 showed the highest decomposition
temperature at 391°C. Whereas, polyn® exhibited the lowest decomposition temperature at
368°C lower tharP3 (381°C), because of three fluorine-substitutednghpendant attached to the
BTZ unit for P3 in contrast to the alkoxy-substituted phenyl peridar P2. Thus, these polymers
showed sufficient thermal stabilities for the apations of polymer solar cells and other

optoelectronic devices.

3.2 Optical and electrochemical properties

The photophysical properties of the polymers inoobflorm solutions and solid films
were investigated by UV-vis absorption spectroscoflye UV-vis absorption spectra are
shown in Figs. 1a and 1b, and the absorption maxiondboth solutions and solid films) and
the optical bandgap<£{.,) are listed in Table 2. All polymers in solutiotate showed
similar absorption spectra and exhibited two mdisoaption peaks at ca. 400 and 500 nm.
The shorter wavelength absorption bands locatedvds#t 385 and 411 nm were
correspondent to the—r* transitions of polymer backbones. On other hating longer
absorption bands located between 505 and 524 nre meainly due to the intramolecular
charge transfer (ICT) interactions from the don@TBunits to acceptor fluorine substituted
BTZ moieties, which is a typical characteristic f&-A polymers. These similar
characteristic bands were also obtained in sdimsti All polymers have absorption maxima

accompanied by a distinctive shoulder, indicatingsabstantial degree of backbone
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coplanarity. The blue-shift of 12 nm in polymRR was likely originated from the reduced
backbone coplanarity, which was due to the higglation density and interchain repulsions
and thus to induce less aggregation in solutionei@#s polymeP3 showed a red shift of 19
nm, as a result of three fluorine-substituted pheegndant attached to the BTZ unit to
promote backbone coplanarity. As expected, allethpelymers demonstrated a red shifted
absorption from solutions to solid films in Fig..Tkhe absorption maxima &1—-P3 were in
the range of 508-534 and 560—618 nm for solutiots solid films, respectively. Whereas
P3 showed a little blue-shifted absorption maximunbaé nm and a shoulder peak at 619
nm in contrast tdP2. The optical bandgap¥{., of P1, P2, andP3 in solid fiims were
calculated to be 1.79, 1.77, and 1.81 eV, respagtiirom the absorption edges of the
corresponding UV-vis absorption spectra (see Tale In order to investigate the
temperature effect on absorption spectra of polgmee carried out UV-Vis experiments at
various temperatures between 20-50°C in chlorofeafutions. As shown in Fig. S3, the
absorption spectra of polymeRsl-P3 displayed a systematic trend of an absorption peak
broadening accompanied with a blue-shift upon iasireg temperature. At elevated
temperatures, all polymers are well dissolved amshgfregated. The blue-shift and
broadening of the absorption band are also relatdue thermally induced less-restricted and
less-planar conformation distributions at highenperature&£®®”! These results imply that
it is an efficient way to design LBG photovoltaiolpmers to have higher light-harvesting

capabilities by tuning various electron-acceptoiaties.
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To investigate the redox behavior of polymers aimirt electronic states (i.e., the

HOMO/LUMO levels), the electrochemical propertidgpolymersP1-P3 were investigated by CV

measurements. The electrochemical properties, sschihe onset potentials of oxidation and

reduction processes, (i.e., the estimated positbiise upper edges of valence bands (HOMO) and

the lower edges of conduction bands (LUMO), respelst) and the electrochemical bandgaps of all

polymers are summarized in Table 2. As shown in Ejghe oxidation onsets &f1, P2, andP3

were achieved to be 1.03, 1.09, and 1.20 V, whahesponded to HOMO energy levels of -5.38,

-5.44, and -5.60 eV, respectively. Comparing HOMrgy levels ofP1-P3, it showed a lower

HOMO level inP3 due to one more fluorine atom in the polymer penhd&his result implies that

P3is promising for achieving a high¥. value in PSCs than itounterpart$1 andP2. Moreover,

the reduction onsets d?1, P2, and P3 were measured to be -0.80, -0.85, and -0.78 Vchvhi

correspond to LUMO energy levels of —3.55, -3.5ad a3.57 eV, respectively. Hence, the

introduction of fluorine units seems to affect nipgdhe HOMO energy levels of the resulting

polymers while the LUMO energy levels remained atnoconstant. In summary, these polymers

P1-P3 showed roughly similar optical and electronic bgeqas.

3.3. Theoretical studies

To further understand the geometrical striesiand absorption spectra of one repeating unit

for these polymersR1-P3), we carried out the density functional theory TDalculations using

the Gaussian 09 software package. We optimizegrhend state geometries of all polymers at the
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B3LYP/6-31G level. The obtained minima are furtheonfirmed by vibrational frequency

calculations at the same level; only the lowestrgneonformation is reported here. The optimized

geometries are shown in Fig. 3. Table S1 summaribes dihedral angles of their optimal

geometries. Furthermore, we also calculated the ragee dihedral angles between

BDT-thophene-BTZ units to estimate the coplanaotymolecular backbone; the values are 3.0°,

6.7°, and 4.2° between BDT-thophene units and 2.8°, and 0.1° between thophene-BTZ units for

P1, P2, andP3, respectively. These results imply thR2 features the most twisted conformation

among three polymers. Anchoring the alkyl side chan thiophene implies more molecular twist

between BDT-thiophne, which reduces the coplanarfigolymer backbone. Whereas, the dihedral

angles between thiophene-BTZ units are very low rmogtly similar, and the coplanarity with the

lowest dihedral anglepf = 0.1°) of P3is induced in the presence of three fluorine-stietd phenyl

pendant attached to the BTZ unit.

Using the optimized structures of all theséymers P1-P3) with the B3LYP function, as

shown in Figs. 4 and 5 we have plotted the isoased (iso-value=0.02) of the frontier molecular

orbitals (FMOs) for all these polymers. The resshsw that the molecular orbitals of HOMO and

LUMO for all these polymers are predominantly laoadl in the backbone. The molecular orbitals

of the HOMO electronic densities are mainly locabedthe backbones of these polymers, whereas

the contribution to LUMO is mainly from the termirgroup of BTZ unit. The detailed analysis of

these wavelength absorptions as well as their mamributions to the first excitation can be made

on the basis of time-dependent DFT (TDDFT) calcoiet as collected in Table S1. For the-SO
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S1 transition, the calculated wavelengthsRay P2, andP3 polymersare 554, 572, and 606 nm with
oscillator strengths of 0.853, 0.802, and 0.64&peetively, resulting mainly from the HOMS

LUMO transition. All these theoretical calculatioae highly supportive to the experimental results.

3.4 Photovoltaic properties

The motivation to design and synthesize these jkxmers containing BDT and BTZ moieties
is to look for new LBG polymers for the applicatiohPSCs. The BHJ photovoltaic devices were
fabricated with a configuration of [ITO/PEDOT:PSS{#9)/P1-P3):PC1BM(200nm)(1:2,
w/w)/Ca(30nm)/Al(60nm). Fig. 6 showed the curreeinsity—voltage J-V) curves for polymers
under the condition of AM 1.5G simulated solar rifimation at 100 mW/cfn The photovoltaic
properties, including the open-circuit voltagkd, short-circuit current densityg), fill factor (FF),
and PCE values, of the polymers for PSC devicessamnemarized in Table 3. The PSC devices
based on polymei®1-P3 showed differenV,. values in the range of 0.58-0.72 V, which areteela
to the differences between the HOMO energy levete@polymers and the LUMO energy levels of
the PG;BM. Comparing photovoltaic properties Bi—P3, the PSC device based B3 showed the
best photovoltaic performance with the highest mess PCE value of 3.00%, with. = 7.70
mA/cn?, FF = 54.04, and/o. = 0.72 V.

In comparison witiP1, polymer P2 with alkyl side chains on thiophene linker hastrargyer
electron-donating trend to induce a higher oxidatstrength of 1.09 V (vs 1.03 V &f1) and a
deeper lying HOMO level of 5.44 eV (vs 5.38 eVRH).*®*¥ The oxidation potential of polymer

P3 incorporated with the electron-withdrawing BTZ usihowed the highest value of 1.20 V,®
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showed the lowest HOMO level of 5.60 eV among tltasee polymers. Since all polymed?d—P3

had the same electron-donating BIbiety, P3 with alkyl side chains on thiophene linker and

all-fluorine-substituted benzene ring units in BTit has the strongest electron-withdrawing

tendency to enhance the oxidation strength (higtadion state) of the polymer.

Due to the lowest HOMO level #13, its PSC device achieved the largéstvalue of 0.72 V so

as to acquire the highest PCE value (3.00%). Onother hand, the PSC device containiy

obtained the smalledt,. of 0.58 V and thus to have the lowest PCE valué.28% owing to the

highest HOMO level of 5.38 eV. The external quantefficiency (EQE) spectra (matched with

absorption properties of all polymers)PEC devices containingl—-P3 are demonstrated in Fig. 7,

where the PSC device containiR§ exhibited the highest EQE value about 43 % at r5i#5 This

may attributed to the highest efficiency of lighisarption forP3 in the visible region of 400 to 700

nm.
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3.5. Morphology

The surface morphological studies of the activelag PSC devices were investigated by atomic
force microscopy (AFM) (tapping mode) to recorddhts and phase images ¥55 um?) of the
polymer blend films R1-P3:PC;;BM, 1:2 w/w). The AFM phase (2-D) and height (3-@aphs of
all blended polymer films with PG@BM showed in Figs. 8 and 9, respectively. The noetan square
(RMS) values of roughnesses i, P2, andP3 measured by the topographic images were 10.22,
8.07, and 8.37 nm, respectively. Due to the highesiecular weight oP1, the largest RMS value
of 10.22 nm inP1 indicated the worst solubility with the most larggaled phase separation, which
decreased the film quality and thus to result & lhwest PCE value of 1.23% in the PSC device.
The most efficient PSC device with the maximum R@Hkie of 3.00% was achieved by the active
layer of P3:PCBM (1:2 w/w) with the medium roughness valu&7 nm, which possessed higher
roughness and PCE values than its analogous poRg&er
4. Conclusions

In summary, three new conjugated polymedsP3, which were based on electron-donating BDT
and electron-accepting BTZ units containing muétiiliorine-substituted benzene ring along with
thiophene linkers with/without alkyl side-chainsene designed and successfully synthesized for
BHJ PSCs. All polymers demonstrated good soluédiin common organic solvents and possessed
excellent thermal stabilities. The optical propestshowed that these new polymers revealed strong
n-n stacking and an enhanced absorption-maximum barsblid films due to strong ICT in the

polymer backbone. Thus, the optical and electroatembandgaps and energy levels of the
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polymers could be effectively tuned by incorporatad highly electronegative fluorine atoms on the
polymer pendants. Furthermore, among PSC devicesicéed from the active layer of
P1-P3.PC;1BM (1:2, w/w), P3 illustrated the best photovoltaic properties witle highest PCE
value of 3.00%J)s. = 7.70 mA/cm, FF = 54.04, and/,c = 0.72 V. This work demonstrates that D-A
polymer P3 containing electron-donating BDT and electron-atiog multiple fluorinated BTZ
units along with thiophene linkers with alkyl sidbains can enhance the photovoltaic performance
of PSC devices. Our study provides a new conceppatymer design towards low bandgap

conjugated polymers for the fabrication of effidi@&HJ PSCs.
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Schemes and List of Figures

Scheme 1Synthesis routes of the monombts—M3 and polymer$1-P3.

Fig. 1. Normalized UV-vis absorption spectra®1—P3 (a) in dilute chloroform solutions
(10° M) and (b) in solid films.

Fig. 2. Cyclic voltammograms dP1-P3in solid films measured at a 100 mV §n a 0.1 M
solution of TBAPEK in acetonitrile).

Fig. 3. Optimized geometries of one repeating unit forypwrs (a)P1l (b) P2, and (c)PS3,
respectively (calculated by using B3LYP/6-31G l¢vel

Fig. 4. Frontier molecular orbital distributions of ongeating unit for HOMO levels of polymers (a)
P1, (b) P2, and (c)P3, respectively.

Fig. 5. Frontier molecular orbital distributions of ong@eating unit for LUMO levels of polymers (a)
P1, (b) P2, and (c)P3, respectively.

Fig. 6.J-V curves E spectra 6f1-P3:PC;1BM (1:2, w/w) for PSCs under AM 1.5 G simulatedasol
illumination at 100 mW crf.

Fig. 7. EQE spectra oP1-P3:PC;;BM (1:2, w/w) for PSCs under AM 1.5 G simulatedasol
illumination at 100 mW ci.

Fig. 8.2-D AFM images of blends of the polymers B (b) P2, and (c)P3 with PG;BM
(1:2, w/w); image size: 8 5 um>.

Fig. 9. 3-D AFM images of blends of the polymers R (b) P2, and (c)P3 with PG;BM

(1:2, w/w); image size: 8 5 um>.
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Table 1 Molecular weights and thermal propertiesPdf-P3.

polymer | M,? (g morl?) M,2 (g mol) | PDI? (Mw/M,) | T (°C)
P1 32400 44700 1.3 391
P2 17100 19300 1.1 368
P3 16300 21900 1.3 381

®Determined by GPC using polystyrene standard an@ d$4an eluent.

506 weight loss measured by TGA at a heating rat®8€ min’ under nitrogen.

Table 2 Optical and electrochemical propertiesRif—P3

Amax,abs (NM) Eg,optd on,onseie V) Ered,onseée V)/ Eg,CVf
polymer
solution® film® (eV) HOMO (eV) LUMO (eV) (eV)
P1 517 568 1.79 1.03/-5.38 -0.80/-3.55 1.83
P2 505 582 1.77 1.09/-5.44 -0.85/-3.50 1.94
P3 524 576, 619 1.81 1.20/-5.60 -0.78/-3.57 2.08

2 Diluted chloroform solutions (1DM).

® Solid film spin-cast on a glass substrate fronoiform solution.

¢ Shoulder peak.

d Calculated from the absorption band edge of thgnper films, Eg,0pt = 1240Aedge

® Measured using CV.

" Calculated from the HOMO and LUMO energy levels.
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Table 3 Photovoltaic properties of PSC devit®ScontainingP1-P3:PC;:BM(1:2,w/w).

polymer Voc (V) Jsec (MA/cm?) FF PCE (%)
P1 0.58 4.93 43.0 1.23
P2 0.65 5.33 514 1.78
P3 0.72 7.70 54.0 3.00

®Device fabricated with a configuration of ITO/PED®BS/P1-P3):PC;:BM/Ca/Al.

PSpin-coated from TCB solution.

‘Measured under AM 1.5G simulated solar illuminatiri00 mW/crh
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Scheme 1.
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Fig. 4.
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Fig. 5.
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Fig. 8.
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Fig. 9.
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Highlights

» A series of low—band gap conjugated polynfetsP3 have been synthesized.

» All polymers exhibited good solubility in commonganic solvents.

* Fluorinated BTZ units play important roles in ICiidaphotovoltaic performance.
» Optical and electronic energy levels could be tuned

» PolymerP3 exhibited the highest PCE value of 3.00% with B®.



