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Four A-D-A type BODIPY derivatives with ethinyl bridges were designed and
synthesized for small molecule organic solar cells (SM-OSCs). All these molecules
show appealing photovoltaic performance. Among them, B-BDP/PC7;BM based OSC
exhibit not only good photoelectric characteristic but also superior charge transport
property and favorable nanoscale morphology relative to the other counterparts and
thus pronounce to a higher PCE of 4.65% with a Js of 11.84 mA c¢m? and a FF of

53.8%, which is one of the best valuesin BODIPY based OSCs.
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Abstract:

A serial of novel A-D-A type small molecules wittOBIPY linked through alkynyl with various
electron donor units such as fluorene, carbazaezddithiophene and phenothiazine, namely
F-BDP, C-BDP, B-BDP and P-BDP, respectively, were designed and synthesizedodotiing
the alkynyl bridge leads to extending the molecalasorption spectrum to the range of 320-700
nm with high molar extinction coefficients Lém* M™) and strong fluorescence quenching. The
molecules showed relatively low HOMO ranging froB062 to —5.24 eV as estimated from cyclic
voltammetry measurements. InterestingdyBDP with BDT as donor exhibits more obviously
red-shifted absorption in the solid state compdceH-BDP, C-BDP and P-BDP. Furthermore,
the solution-processed bulk-heterojunction organic rsokdl based orB-BDP/PG;:BM present
superior charge transport property and more faveralanoscale morphology, resulting in a

significant higheJs. of 11.84 mA criiandFF than the other counterparts, thus achieved a highe
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PCE of 4.65%, which is one of the best values antbagever reported BODIPY based organic

solar cells.

Keywords: BODIPY derivatives, organic solar cells, acceptonar-acceptor, optoelectronic

properties, DFT calculations, photovoltaic perfontes

1. Introduction

Solution-processed bulk heterojunction (BHJ) orgaailar cells (OSCs) are promising to solve

the growing energy crisis and environmental detation worldwide. In the past decades,

BHJ-OSCs have attracted enormous attention dusetadvantages of low-cost, light-weight, and

flexibility [1-5]. Depending on the molecular weigtihe organic semiconductors used in OSCs

can be either polymers oar-conjugated small molecules (SMs), both of whiclwvehachieved

remarkable power conversion efficiencies (PCE)w&rd.0% in single-junction devices [6-11]. In

comparison with polymer counterparts, SMs preseatyradditional merits such as well-defined

molecular structures, low molecular weight, simplerification and superior batch-to-batch

reproducibility, and have the potential to prodims-cost and large-scale OSCs for commercial

applications in the near future [12-13], and thésea wide scope to enhance the PCE of

BHJ-OSCs based on SMs.

In the small molecule based organic solar cells -@8Cs), for achieving high efficiency

photovoltaic properties, the donor materials shobkl tailored to combine the following

characteristics: (i) relatively low optical absaopt band gaps and high absorption coefficients to

guarantee efficient photo-response [14-16], (iijtadle energy level offsets with a fullerene

acceptor to ensure efficient charge separatior2[f7{iii) extendedr-electron delocalization and

backbone planarity to lead to high charge mobi[@e-22]. A common method to develop



efficient photovoltaic materials with high light fwvasting ability is construction of narrow band

gap molecules by using donor-acceptor (D-A) stmec{@, 23-24]. Another strategy to promote

molecular light harvesting ability in OSCs is irdtwing the dye building blocks such as

rhodanine [25-28], DPP [29-32], porphyrin [33-3&fd so on [37].

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIRave proved to be highly versatile dyes

owing to their remarkable photophysical propertiesluding strong ground-state absorption,

outstanding redox activity, intense fluorescentssion, high photoluminescence quantum yield

and excellent chemical stability [38-39]. MoreovBQDIPY can be easily tailored by chemical

transformation and their photophysical properti@s be readily tuned by structural modifications

at the periphery and at the boron atom of the BQDdReleton [40-43], which provide additional

opportunities to meet the different requirementsdiverse applications. Roncali et al. reported

the first examples of BODIPY donors involving twiyrgl units along with PGBM as the

electron acceptor for solution-processed BHJ-OS12§. [Subsequently, other groups reported

some BHJ-OSCs based on BODIPY SMs and polymergi§}5in 2016, our group reported a

serial of D-A-D type BODIPY derivatives with varisuelectron donors at 2,6-positions for

BHJ-OSCs, and the best device exhibits 2.15% POE [Bharma et al. have demonstrated the

high efficiency OSCs with alkynyl carbazole modifiBODIPY derivatives as the donor materials,

which marked one of the significant advances o tlyie family's applications [51]. Very recently,

Bulut et al. reported a BODIPY dye, BET, with tédzixene groups linked at 2,6-positions of

BODIPY core through alkynyl bridge. An encouraglPGE of 5.8%, with a high FF of 65%, was

achieved in BHJ-OSCs [52]. However, although BODI#&efivatives showed great potential as

donor materials for OSCs, to date, the best PCEdhasn BODIPY were in 4.7%-6% range



[44-52], which are moderate values in SM-OSCs. Tikisnainly due to the fact that the

photovoltaic materials based on BODIPY derivatitase not been fully developed, leading to the

high-performance devices are still rare. Thus, @xpy novel excellent BODIPY based

photovoltaic materials is challengeable and is nitgeneeded.

In BODIPY based SM-OSCs, the device performanceftisn limited by the inappropriate

molecular structure and the unfavorable morpholdgyovercome these shortcomings and exploit

novel high-efficiency materials, in this work, wesign and synthesize four A-D-A type small

molecules with BODIPY linked through alkynyl witharious electron donor units such as

fluorene, carbazole, benzodithiophene and phermiigia namely-BDP, C-BDP, B-BDP and

P-BDP, respectively (Chart 1). The molecular designoratle is as follow: First, introducing

ethinyl can effectively reduce the dihedral angiween the eletron donor and BODIPY core,

consequently achieve a coplanar structure. Theanapl molecular geometry is expected to

contribute to greater crystallinity, improved chargansport, and a lower band gap of the

semiconductor. Second, BODIPY intrinsiclly possessong electronegativity and intense

absorption. Considering that fluorene [53], carlb@z¢53], benzodithiophene [54] and

phenothiazine [55] are excellent electron-rich dinid blocks in the organic photoelectric material,

the designed D-A-D molecules are supposed to inducamolecular charge transfer and lead to

broad and strong absorption throughout the visiiold even NIR region. Third, compared with

fluorene and carbazole, S containing benzodithioplend phenothiazine have the ability to form

additional intermolecular non-covalent-S band to strengthen the intermolecular interaction

which induce positive effects oslectronic properties, charge transport, film maipgy, and

photovoltaic properties. With this comparative egriwe are able to investigate these effects. The



thermal stability, physical properties, and eledtemical behavior of these SMs are
systematically studied. The BHJ-OSC devices usirgg riew BODIPY derivatives as electron
donors combined with [6,6]-phenyl;Cbutyric acid methyl ester (RBM) as electron acceptor
are fabricated and their photovoltaic performanaes investigated to insight their potential
photovoltaic applications. Significant effect of ntel electron donating units on these
opto-electronic properties was observed in thess.SMe best photovoltaic performance with a
PCE of 4.65% and a short circuit current densit b84 mA crf were obtained in thB-BDP

basedDSCs.

2. Experimental section

2.1 Materials

4-hydroxybenzaldehyde, 2,7-dibromo-9H-fluorene,-dilfomo-9H-carbazole, pyrrole, iodine
chloride, 1-bromooctane, trimethylsilylacetylené(tsiphenylphosphine)palladium(ll)dichloride,
copper(l) iodide,indium(lll) chloride, 4,4,4',4',5,5,5',5'-octamel#2'-di(1,3,2-dioxaborolane),
boron trifluoride ether complex and 4,5-dichloré-8ljoxocyclohexa-1,4-diene-1,2-dicarbonitrile
(TCQ) were purchased from commercial sources. g@ttyloxy)benzo[1,2-b:4,5-b']dithiophene
(11) and 10-octyl-10H-phenothiazindg) were prepared as described in the literature5[H6-
Pyrrole was distilled from Catbefore use. THF and toluene were dried and didtitiver sodium
and benzophenone. Dichloromethane and methanol weeel under 4A molecular sieves.

Column chromatography was performed on silica (800-mesh).

2.2 Characterization and measurement

'H NMR and"®C NMR spectra were recorded on a Bruker Avancetspaeter (600 and 151



MHz, respectively) with tetramethylsilane (TMS, pnp) as the internal standard using CP&3
solvent. Matrix-assisted laser desorption/ionizatime of flight mass spectra (MALDI-TOF-MS)
were recorded on a Bruker ultraflex-11 spectromatemng a-cyano-4-hydroxyl-cinnamic acid
(a-CHCA) matrix. High resolution mass spectra (HRM&re recorded on an Agilent 6530
Accurate Mass Q-TOF LC-MS instrument. Thermograwiioeanalysis (TGA) was carried out
using a Netzsch TG 209 analyzer at a heating ratB06C min* up to 600°C. Differential
scanning calorimetry (DSC) was recorded on a NETZSQSC 200F3 instrument. UV-vis
absorption spectra were collected on an SHIMADZU-2580 UV-vis spectrophotometer and
emission spectra were recorded by using a Hitaets00 instrument. Emission spectra were fully
corrected by reference to a standard lamp. Cyatitamnmetric (CV) was carried out on a
CHIB60E electrochemical workstation utilizing thede electrode configuration consisting of a
gold electrode (working electrode), platinum wisXillary electrode) and Ag/AgCl electrode
(reference electrode). The experiments were cardet in CHCI, solution using 0.1 M
tetrabutylammonium hexafluorophosphate (nf¥eF) as supporting electrolyte. The solution
was deoxygenated at room temperature under nitr@getection. The transmission electron
microscope (TEM) was carried out on a FEI Tecnad Tisstrument. X-ray diffraction (XRD)
experiments were performed on a Rigaku D/max-256@yXdiffractometer. The theoretical study
was performed on the 6-31G** basis set in GausSiarging the density functional theory (DFT),

as approximated by the B3LYP.

2.3 Fabrication and characterization of the phaithaic cells

Solar cell devices with a typical configuration dfdium tin oxide (ITO)/Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (RHIPSS)/SMs:P&BM/Ca/Al was



fabricated as follows: The ITO glass was pre-cldamgth deionized water, acetone and
isopropanol in turn for 15 min. The organic ressleere further removed by treating with
UV-ozone for 1 h. Then the ITO glasswas modifiedspin-coating PEDOT: PSS (30 nm) on it.
After the ITO glasses were dried in oven at°@ér 15 min, the active layer was spin-coated on
the ITO/PEDOT:PSS using a blend solution of SMg;BM (30 mg/mL in o-dichlorobenzene,
variants with donor/acceptor weight ratio, andedi#int contents of DIO, respectively). Ca (20 nm)
and Al (80 nm) electrode was then subsequentlynthlly evaporated on the active layer under
the vacuum of 1xITorr. The active area of the device was 0.f,@nd the thicknesses of the
active films were recorded by a profilometer (D&KXa, Bruker). The devices were characterized
under the illumination of simulated AM 1.5 G, 10@0\htni?using a solar simulator. The current
density-voltage J-V) measurement of the devices was conducted on gutem controlled
Keithley 2400 Source Measure Unit. The externahtwa efficiency (EQE) measurements were
performed in air using a source meter, silicon pHimde, and a computer-controlled light

source-monochromator-lock-in system with a scarement of 20 nm per point.

2.4 Synthesis

2.4.1 Synthesis of compoushd

To a stirred solution of compourdd1.0 g, 2.5 mmol) in methanol (20 mL) and £Hb (20 mL)
in a 100 mL three-neck flask were charged ICI (y49.0 mmol) under argon atmosphere for 1 h.
The progress of the reaction was monitored by TIsthgi hexane:CkCl, as eluent. After
completion of the reaction, the mixture was pourgd water and extracted with GEl,. The

organic layers were separated, dried over,3@y, and filtered. Solvents were removed under



reduced pressure and the crude residue was fughdfied by column chromatography
(hexane:CHCl, 20:1, v/v) to afford the compountas a red solid (0.78 g, yield: 60%j NMR
(400 MHz, CDC}): 6 7.97 (s, 1H), 7.82 (s, 1H), 7.53 (s, 1H), 7.511¢4), 7.04 (d,J = 8.8 Hz,
4H), 6.62—6.58 (m, 1H), 4.06 @,= 6.5 Hz, 2H), 1.84 (dd] = 14.7, 6.8 Hz, 2H), 1.53-1.29 (m,
10H), 0.90 (tJ = 6.9 Hz, 3H)*C NMR (101 MHz, CDG)): § 162.17, 146.82, 145.96, 145.05,
135.94, 135.73, 135.01, 132.93, 132.56, 125.663%1914.78, 68.47, 31.86, 29.37, 29.29, 29.17,
26.07, 22.72, 14.17. MALDI-TOF-MS, m/z: calcd fora8,sBF:IN,O [M]": 522.115; found

522.098.

2.4.2 Synthesis of compound

According to the literature [58], to a mixtrue af72libromo-9H-fluorene (3.24 g, 10 mmol),
bromooctane (4 mL, 23 mmol) and tetrabutylammonhnomide (TBAB, catalytic amount ) in
DMSO (100 mL) was added sodium hydroxide solut@h ihL, 50 wt%). The resulting mixture
was stirred at room temperature for 8 h. The prsgycé the reaction was monitored by TLC using
hexane:CHCI, as the eluent. After completion of the reactidrg teaction mixture was poured
into water and extracted with GEl,. The organic layers were separated, dried oveydiohs
Mg.SO,, and filtered. Solvents were removed under redyedsure and the crude residue was
further purified by column chromatography (hexamseetuent) to afford the compouridas a
white solid (4.95 g, yield: 91%)H NMR (400 MHz, CDCJ): § 7.51 (d,J = 8.5 Hz, 2H),
7.47-7.41 (m, 4H), 1.97-1.85 (m, 4H), 1.29-0.9726%l), 0.83 (tJ = 7.1 Hz, 6H), 0.58 (s, 4H).
¥C NMR (101 MHz, CDG)): ¢ 152.44, 139.19, 130.14, 126.16, 121.46, 121.126455.

40.25 ,31.76, 29.86, 29.18, 29.16, 23.62, 22.6MA4



2.4.3 Synthesis of compoudd

According to the modified literature [57], to thextare of compound (3.0 g, 5.5 mmol), Pd
(PPh).Cl, (0.53 g, 0.55 mmol) and Cul (0.217 g, 1.1 mmol)EgN (50 mL) was added
trimethylsilylacetylene (3.1 mL, 22 mmol). The réBw suspension was stirred at 8D for 24 h
under argon atmosphere. The progress of the reacttas monitored by TLC using
hexane:CHCI, as the eluent. After cooled to room temperature,reaction mixture was filtried
and the filtrate was evaporated to dryness. Thid sditained was dissolved in GEl,, washed
with brine, dried with anhydrous MO, and filtered. Solvents were removed under reduced
pressure and the crude residue was further putiffecblumn chromatography (hexane as eluent)
to afford the compoun@ as a white solid (2.44 g, yield: 769%H NMR (400 MHz, CDC)): ¢
7.59 (d,J = 7.8 Hz, 2H), 7.45 (d] = 7.9 Hz, 2H), 7.41 (s, 2H), 1.96-1.89 (m, 4HP4£1.00 (m,
20H), 0.82 (tJ = 7.1 Hz, 6H), 0.51 (s, 4H), 0.28 (s, 18HC NMR (101 MHz, CDG)): 6 150.94,
140.87, 131.24, 126.22, 121.73, 119.86, 106.026045.24, 40.36, 31.81, 29.99, 29.26, 23.60,

22.62,14.12, 0.07.

2.4.4 Synthesis of compound

To a stirred solution of compounfl (2.33 g, 4 mmol) in THF (20 mL) was added
tetrabutylammonium fluoride (2 mL, 1 mol/L) dropwisThe resulting mixture was further stirred
at room temperture for 30 min. After completiontloé reaction, the reaction mixture was poured
into water and extracted with ethyl acetate. Thganic layers were separated, dried over
anhydrous MgSQO,, and filtered. Solvents were removed under redyredsure and the crude

residue was further purified by column chromatogsafhexane as eluent) to afford the compound



7 as a white solid (1.68 g, yield: 96%H NMR (400 MHz, CDCJ): 6 7.63 (d,J = 7.8 Hz, 2H),
7.48 (ddJ=7.8, 1.3 Hz, 2H), 7.46 (s, 2H), 3.15 (s, 2H),6:9.90 (m, 4H), 1.22-1.02 (m, 20H),
0.82 (t,J = 7.1 Hz, 6H), 0.60-0.53 (m, 4H)°C NMR (101 MHz, CDG)): 6 151.07, 141.00,
131.26, 126.56, 120.85, 119.98, 84.54, 55.23, 4(B2177, 29.94, 29.21, 23.66, 22.59, 14.07.

MALDI-TOF-MS, m/z: calcd for GaHa, [M-H] ™ 437.329; found 437.235.

2.4.5 Synthesis of compoudd

Compound8 was synthesized according to the same procedufer ggeparing compound
using 2,7-dibromo-9H-carbazole as reactant. Thelecqproduct was purified on silica column
using hexane as eluent to give the pure comp@umsia white solid in 92% yieldH NMR (400
MHz, CDCk): 6 7.87 (d,J = 8.3 Hz, 2H), 7.52 (s, 2H), 7.33 @7 8.3 Hz, 2H), 4.17 ( = 7.3 Hz,
2H), 1.92-1.76 (m, 2H), 1.38-1.21 (m, 10H), 0.87J(E 6.7 Hz, 3H).”*C NMR (101 MHz,
CDCly): 6 141.33, 122.51, 121.47, 121.26, 119.69, 111.9%74331.80, 29.31, 29.19, 28.79,

27.19, 22.65, 14.12.

2.4.6 Synthesis of compoudd

Compound9 was synthesized according to the same procedufer gseparing compouné
using compound as reactant. The crude product was purified acasdolumn using hexane as
eluent to give the compouridas a white solid in 72% yieldH NMR (400 MHz, CDCJ): 6 7.96
(d,J =8.0 Hz, 2H), 7.50 (s, 2H), 7.34 @z 8.0 Hz, 2H), 4.26—4.21 (m, 2H), 1.85 (dds 14.1,
7.2 Hz, 2H), 1.40-1.27 (m, 10H), 0.88 (U= 6.5 Hz, 3H), 0.31-0.29 (m, 18H}C NMR (101
MHz, CDCk): ¢ 140.55, 123.27, 122.67, 120.37, 120.32, 112.42,4503.85, 43.20, 31.84,

29.36, 29.21, 28.94, 27.21, 22.64, 14.12.



2.4.7 Synthesis of compout@l

Compoundl0 was synthesized according to the same procedui@ aseparing compound
using compoun® as reactant. The crude product was purified acasdolumn using hexane as
eluent to give the compouri® as a white solid in 95% yieldH NMR (400 MHz, CDC}): ¢ 8.00
(d, J = 8.0 Hz, 2H), 7.55 (s, 2H), 7.38-7.35 (m, 2HR4A(t, J = 7.4 Hz, 2H), 3.17 (s, 2H), 1.84
(dd, J = 14.7, 7.3 Hz, 2H), 1.39-1.24 (m, 10H), 0.87J(t 6.9 Hz, 3H).”*C NMR (101 MHz,
CDCly): ¢ 140.52, 123.23, 122.83, 120.55, 119.34, 112.7689476.95, 43.25, 31.81, 29.36,
29.20, 28.92, 27.25, 22.64, 14.12. MALDI-TOF-MS,zm¢alcd for GH»sN [M]™: 327.199;

found 327.233.

2.4.8 Synthesis of compout®i

To a stirred solution of compourd (3.0 g, 6.72 mmol) in C}Cl, (40 mL) was added liquid
bromine (2.26 g, 14.12 mmol) dropwise at’®. The resulting mixture was stirred at room
temperature for further 7 h. After completion o tteaction, the reaction mixture was poured into
water and extracted with ethyl acetate. The orghayiers were separated, dried over anhydrous
Mg,SO,, and filtered. Solvents were removed under redyredsure and the crude residue was
further purified by column chromatography (hexaseeluent) to afford the compourd@ as a
white solid (3.74 g, yield: 92%JH NMR (400 MHz, CDC}): ¢ 7.42 (d,J = 5.5 Hz, 2H), 4.15()
= 6.5 Hz, 4H), 2.04-1.89 (m, 4H), 1.46-1.22 (m, ROBM90 (t,J = 6.7 Hz, 6H)*C NMR (101
MHz, CDCk): 6 142.73, 131.16, 130.90, 123.14, 114.91, 74.17,438B8.45, 29.38, 29.28, 25.99,

22.69, 14.15.

2.4.9 Synthesis of compoutfl



Compoundl3 was synthesized according to the same procedui® @separing compouné
using compound?2 as reactant. The crude product was purified acasdolumn using hexane as
eluent to give the compour® as yellow oil in 80% yield*H NMR (400 MHz, CDGJ): d 7.57 (s,
2H), 4.21 (tJ = 6.5 Hz, 4H), 1.92-1.78 (m, 4H), 1.33 {dr 15.4 Hz, 20H), 0.90 ( = 6.3 Hz,
6H), 0.28 (s, 18H)*C NMR (101 MHz, CDG)): 5 143.88, 131.80, 130.28, 126.00, 122.89,

101.67, 97.81, 74.17, 31.85, 30.50, 29.41, 29.89® 22.71, 14.18.

2.4.10 Synthesis of compoubd

Compoundl4 was synthesized according to the same procedui@ @separing compound
using compound3 as reactant. The crude product was purified acasdolumn using hexane as
eluent to give the compourd as yellow oil in 96% yield*H NMR (400 MHz, CDGJ): J 7.63 (s,
2H), 4.23 (t,J = 6.5 Hz, 4H), 3.48 (s, 2H), 1.88-1.82 (m, 4HR51(dd,J = 14.4, 10.3 Hz, 20H),
0.91 (d,J = 6.5 Hz, 6H)*C NMR (101 MHz, CDGJ)): 6 143.99, 131.72, 130.26, 126.63, 121.93,
83.50, 77.29, 74.26, 31.86, 30.48, 29.41, 29.3@2&®2.71, 14.17. MALDI-TOF-MS, m/z: calcd

for CagH340,S, [M]*: 494.231; found 494.207.

2.4.11 Synthesis of compouttd

Compoundl5 was synthesized according to the same procedui@ @separing compoun8l
using 10H-phenothiazine as reactant. The crudeugtodas purified on silica column using
hexane as eluent to give the compouidas colorless oil in 92% yieldH NMR (400 MHz,
CDCly): 6 7.16—-7.12 (m, 2H), 7.11 (s, 2H), 6.89 (dd; 8.1, 6.9 Hz, 2H), 6.84 (d,= 7.7 Hz, 2H),
3.85-3.77 (m, 2H), 1.83-1.73 (m, 2H), 1.36-1.15 16H), 0.86 (tJ = 5.9 Hz, 3H).°*C NMR

(101 MHz, CDC}): 0 145.38, 127.48, 127.23, 124.93, 122.36, 115.4416481.84, 29.31, 27.05,



26.96, 22.73, 14.22.

2.4.12 Synthesis of compout&i

Compoundl6 was synthesized according to the same procedu aseparing compountl2
using compoundb5 as reactant. The crude product was purified acasdolumn using hexane as
eluent to give the compount6 as yellow oil in 93% yield'H NMR (400 MHz, CDC)): &
7.26-7.18 (m, 4H), 6.66 (dl = 8.5 Hz, 2H), 3.73 (tJ = 7.1 Hz, 2H), 1.80-1.67 (m, 2H),
1.43-1.16 (m, 10H), 0.86 (§, = 6.8 Hz, 3H).*C NMR (101 MHz, CDGCJ): ¢ 144.14, 130.13,

129.71, 126.43, 116.67, 114.75, 47.61, 31.76, 22238, 26.83, 26.65, 22.67, 14.17.

2.4.13 Synthesis of compoutid

Compoundl?7 was synthesized according to the same procedui@ @separing compouné
using compound6 as reactant. The crude product was purified acasdolumn using hexane as
eluent to give the compouri¥ as yellow oil in 70% yield"H NMR (400 MHz, CDCJ): 6 7.22
(dd,J = 8.4, 1.9 Hz, 2H), 7.18 (d,= 1.9 Hz, 2H), 6.71 (d] = 8.5 Hz, 2H), 3.81-3.75 (m, 2H),
1.79-1.69 (m, 2H), 1.39-1.22 (m, 10H), 0.87J(t 6.8 Hz, 3H), 0.23 (s, 18H}’C NMR (101
MHz, CDCk): ¢ 144.73, 131.19, 130.59, 123.97, 117.21, 114.97,3B)84.03, 47.66, 31.74,

29.20, 29.15, 26.76, 26.62, 22.64, 14.12.

2.4.14 Synthesis of compout&i

Compoundl8 was synthesized according to the same procedui@ @separing compound
using compound7 as reactant. The crude product was purified acasdolumn using hexane as
eluent to give the compountB as yellow oil in 94% yield'H NMR (400 MHz, CDC)): &

7.28-7.24 (m, 2H), 7.20 (d,= 1.7 Hz, 2H), 6.75 (d] = 8.4 Hz, 2H), 3.82-3.77 (m, 2H), 3.04 (s,



2H), 1.79-1.72 (m, 2H), 1.26 (ddl= 11.8, 5.5 Hz, 10H), 0.86 @,= 6.7 Hz, 3H)**C NMR (101
MHz, CDClk): 6 145.04, 131.45, 130.75, 124.10, 116.27, 115.1B0877.14, 47.68, 31.73, 29.19,
29.15, 26.80, 26.66, 22.63, 14.11. MALDI-TOF-MS,zméalcd for GHosNS [M]*: 359.171;

found 359.186.

2.4.15 Synthesis of compourdBDP

According to the modified procedure [57], compoun.31 mg, 0.25 mmol), Pd(PRCI, (7
mg, 0.01 mmol) and Cul (2.0 mg, 0.01 mmol) werealiged in dry toluene (10 mL) and;St(10
mL) under nitrogen. Degassed compouh{®4 mg, 0.1 mmol) in toluene (5 mL) solutievas
added. After purging with nitrogen for 15 min, timexture was stirred at room temperature for 12
h under nitrogen. After completion of the reactithrg reaction mixture was poured into water and
extracted with ethyl acetate. The organic layerseveeparated, dried over anhydrous,$Mg,,
and filtered. Solvents were removed under reducedspre and the crude residue was further
purified by column chromatography (ethyl acetatedme 1:5, v/v) to give the desir€dBDP as
black purple solid (88 mg, yield: 72%H NMR (400 MHz, CDCJ): J 8.06 (s, 2H), 7.98 (s, 2H),
7.64 (d,J = 7.6 Hz, 2H), 7.57 (s, 2H), 7.55 (s, 2H), 7.4&37(m, 4H), 7.10 (s, 2H), 7.05 (@=
8.6 Hz, 6H), 6.62—6.58 (m, 2H), 4.06 {t= 6.5 Hz, 4H), 1.97-1.93 (m, 4H), 1.89-1.82 (m),4H
1.37-1.03 (m, 40H), 0.90 @,= 6.8 Hz, 6H), 0.82 (d] = 6.8 Hz, 6H), 0.59 (s, 4H}*C NMR (101
MHz, CDCk): 6 162.08, 151.32,151.14, 147.54, 144.78, 140.69,4839.34.17, 132.58, 132.37,
131.58, 130.55, 126.95, 125.81, 121.77, 120.23,0120119.07, 114.71, 92.85, 82.73, 68.45,
55.23, 40.33, 31.84, 31.79, 30.01, 29.99, 29.3269%9.25, 29.16, 26.05, 23.73, 22.65, 22.69,
14.13, 14.09. MALDI-TOF-MS, m/z: calcd for;6Hg:B,FsN4O, [M]*: 1226.734; found 1226.352.

HRMS, m/z: calcd for @HgB,FsN4O, [M] " 1226.7343; found 1226.7340.



2.4.16 Synthesis of compou@iBDP

Compound C-BDP was synthesized according to the same proceduréorapreparing
compoundF-BDP using compoundt and compound.O as reactants. The crude product was
purified on silica column using hexane as eluengite the desired compouri@BDP as black
purple solid in 68% yield"H NMR (400 MHz, CDC}): ¢ 8.08 (s, 2H), 8.02-7.97 (m, 4H), 7.58 (d,
J = 1.9 Hz, 2H), 7.57-7.55 (m, 2H), 7.52 (s, 2HB47(dd,J = 8.1, 1.2 Hz, 2H), 7.12 (s, 2H),
7.08-7.04 (m, 6H), 6.60 (dd,= 4.3, 1.8 Hz, 2H), 4.26 (3,= 7.3 Hz, 2H), 4.07 (1] = 6.5 Hz, 4H),
1.86 (dd,J = 14.2, 7.2 Hz, 6H), 1.41-1.24 (m, 30H), 0.92—0(85 9H).**C NMR (101 MHz,
CDCly): 0 162.08, 147.53, 144.88, 144.72, 140.72, 135.48,1934.32.59, 132.34, 131.59, 125.83,
122.72, 122.58 120.52, 120.30, 119.15, 114.712014.11.85, 93.22, 82.29, 68.45, 43.30, 31.84,
29.39, 29.36, 29.27, 29.21, 29.16, 28.97, 27.31,086 22.69, 22.63, 14.14, 14.10.
MALDI-TOF-MS, m/z: calcd for GoH7sB,FsNsO, [M]*: 1115.604; found 1115.271. HRMS, m/z:

calcd for GoH75BoF4aNs05 [M] " 1115.6043; found 1115.6035.

2.4.17 Synthesis of compouB«BDP

Compound B-BDP was synthesized according to the same procedurdéoragpreparing
compoundF-BDP using compoundt and compound4 as reactants. The crude product was
purified on silica column using hexane as eluengit@ the desired compourigtBDP as black
purple solid in 58% yield"H NMR (400 MHz, CDCY)): 6 8.04 (s, 2H), 8.00 (s, 2H), 7.56 @@=
7.1 Hz, 6H), 7.07 (ddJ = 10.8, 7.9 Hz, 8H), 6.61 (d,= 2.5 Hz, 2H), 4.24 () = 6.5 Hz, 4H),
4.07 (t,J=6.5Hz, 4H), 1.85 (ddl = 13.3, 6.6 Hz, 8H), 1.33 (d,= 18.3 Hz, 40H), 0.92-0.88 (m,

12H). ¥*C NMR (101 MHz, CDGJ): § 162.19, 147.87, 145.62, 145.36, 144.36, 143.83,6835



134.09, 132.83, 132.61, 131.94, 131.54, 130.34,70258.25.11, 122.89, 119.38, 114.77, 88.67,
85.46, 74.17, 68.47, 53.43, 31.85, 31.83, 30.5Z/1299.41, 29.35, 29.26, 29.15, 26.04, 26.03,
22.68, 14.13. MALDI-TOF-MS, m/z: calcd for ;6ggBoF4N4O,S, [M]™: 1282.637; found

1282.170. HRMS, m/z: calcd forg1gsB,FiN4O4S, [M]*: 1282.6369; found 1282.6358.

2.4.18 Synthesis of compourdBDP

Compound P-BDP was synthesized according to the same proceduréorapreparing
compoundF-BDP using compoundt and compound.8 as reactants. The crude product was
purified on silica column using hexane as eluengit@ the desired compouritBDP as black
purple solid in 61% yieldH NMR (400 MHz, CDCY): 6 7.99 (s, 2H), 7.95 (s, 2H), 7.55 (s, 2H),
7.53 (s, 2H), 7.23 (dd, = 8.4, 1.9 Hz, 2H), 7.18 (d,= 1.9 Hz, 2H), 7.04 (d] = 8.6 Hz, 8H), 6.76
(d, J = 8.5 Hz, 2H), 6.58 (dd] = 4.2, 1.7 Hz, 2H), 4.06 (8 = 6.5 Hz, 4H), 3.81 () = 7.2 Hz,
2H), 1.88-1.75 (m, 6H), 1.42—1.23 (m, 30H), 0.89, (= 14.0, 6.9 Hz, 9H)**C NMR (101 MHz,
CDCly): 6 162.06, 147.48, 144.82, 144.60, 135.42, 134.14563232.24, 131.46, 130.72, 129.97,
125.82, 124.11, 118.93, 117.23, 115.16, 114.70,2982.33, 77.74 , 77.09, 76.78, 68.44, 47.74,
31.83, 31.73, 29.34, 29.26, 29.18, 9.15, 26.8272626.04, 22.68, 22.62, 14.11, 14.09.
MALDI-TOF-MS, m/z: calcd for GoH7sBoF4N50,S [M]": 1147.576; found 1147.256. HRMS, m/z:
calcd for GoH7sB2FsNsO,S [M]™: 1147.5764; found 1147.5760.

3. Results and discussion

3.1 Synthesis and characterization

The synthetic routes for the novel A-D-A type alkynylated BODIPY derivatives;-BDP,
C-BDP, B-BDP andP-BDP are depicted in Scheme 1. For the constructiothege molecules,

we utilized the Pd-catalyzed Sonogashira reactioczotinect two BODIPY units covalently to the



central electron-donating unit with alkynyl bridgeghereg-iodinated BODIPY4 and bisalkynyl
substituted donor moiety should be prerequisiteifersynthesis. Firstly, iodination of BODIRY
with 1.3 eqiv of ICI in the mixture solvent of mettiol and methylene chloride readily afford the
p-iodinated BODIPY4 with a moderate yield. Secondly, treatment of fmistinated alkyl donors
5, 8, 12, 16, with trimethylsilylacetylene in the presence afatytic amount of Pd(PRBhCI, and
Cul in EgN, following by charging with tetrabutylammoniunudiride smoothly give the desired
bisalkynyl substituted donoi% 10, 14, 18. With these key intermediates in hand, finallg target
moleculesF-BDP, C-BDP, B-BDP andP-BDP, were achieved by the Pd-catalyzed Sonogashira
coupling of p-iodinated BODIPY 4 with the corresponding electrdonors. These newly
synthesized target molecules were sufficiently lslelin THF, CHC4, CH,Cl,, o-dichlorobenzene
to permit their characterization in solution as lveel their application in BHJ-OSCs devices. The
structure assignments of these novel molecules veengfirmed by NMR spectroscopy,

MALDI-TOF-MS and HRMS.

3.2 Thermal properties

The thermal properties of four SMs are evaluatett WGA and DSC. The recorded TGA and
DSC curves are depicted in Fig. 1 and Fig. S1 (B®bpectively. The corresponding data are
summarized in Table 1. As displayed, all of four Skhown high thermal stability with the
decomposition temperaturesy(Rt 5% weight loss) observed at 38t 300°C, 295°C and 301
°C for F-BDP, C-BDP, B-BDP and P-BDP, respectively, which is good enough for the OSCs
application. It indicates that the different eleatrdonors have significant effect on their thermal
properties. Fluorene-bas€eBDP has higher thermal stability than carbazole- amehpthiazine-
basedC-BDP andP-BDP, and BDT base&-BDP exhibits the relatively lower glvalue. In DSC,
the dyes were heated from 25 to 3@and then again cooled to 25 with a rate of 16C/min
under nitrogen flow. As shown in Fig S3;BDP exhibits an endothermic peak at 187 which

indicates the melting temperatureF6BDP. Nevertheless, no exothermic peak is observedgluri



the cooling process in DSC curve. SimilaiGsBDP, B-BDP and P-BDP display endothermic
peaks at 191C, 184°C and 169C, respectively. The results show that all of thkts have high

thermal stability and good enough for the applaatn optoelectronic devices.

3.3 Absorption spectra

The UV-vis absorption spectra of reference BODIBY-BDP, C-BDP, B-BDP andP-BDP
are shown in Fig. 2, and their corresponding optieda are summarized in Table 1. As shown,
both SMs exhibited the similar absorption spectreecing from 300 to 650 nm with two obvious
absorption peaks, in which the high-lying regioonfr300 to 450 nm originate from the localized
n—n* transition of the conjugated backbones, wherbaddaw-lying region from 470 to 650 nm is
assigned to thesSS, transition along with the ICT interaction betwesntral donor moiety and
terminal BODIPY acceptor moieties. In comparisorthwihe reference BODIPY3, SMs all
showed obviously broad and red-shifted (~ 50 nmgogiiion spectra. It indicated that the
conjugate length was effectively extended by flagkiwo BIDOPY units on the central donor
unit though acetylene bridges, leading to an irgd@T, and therefore, resulting a narrow band
gap. The optical band gaps calculated from therghea onset wavelengthi.{,se) were 1.89 eV
for F-BDP, 1.87 eV forC-BDP, 1.84 eV forB-BDP and 1.79 forP-BDP, according to the
formula of I%"p‘: 1240honset The molecular extinction coefficients) (of BODIPY 3, F-BDP,
C-BDP, B-BDP andP-BDP are 5.9 x 1) 4.8 x 10, 8.2 x 10, 8.4 x 10, 3.7 x 1 and 4.7 x 10
cm® M, respectively (Table 1). Such high molecular etton coefficients enable these SMs for
good light-harvesting ability. As displayeB;BDP and C-BDP exhibit highere value than the
typical BODIPY, is mainly attributed to the intenE&T between the strong electron-donating

fluorene and carbazole segment and the electragpting BODIPY dye units. On the other hand,



B-BDP andP-BDP display relatively loweg value than that ofF-BDP andC-BDP, suggesting
that the central electron donating motif can edsihe the molecular extinction coefficients.

In comparison with the absorption spectrum in oty broader absorption bands with
significant bathochromic shifts were observed iim film (Fig. 3) for these SMs. This could be
attributed to the molecular aggregation and intgirchinteractions in the solid state, which
resulting an additional increasement of conjugalemgth. It is worth noting th&-BDP exhibits
a much more obviously bathochromic shifts than o8Ms. It is due to the fact thBtBDP has
the ability to form short non-covalent-S contact with adjacent molecules [59], leadingétier
intermolecular interactions and further extended tonjugation length. Broad and intense
absorption properties of these SMs make them gaodiidates for the light-harvesting and

photovoltaic applications.

3.4 Emission spectra

The photoluminescence (PL) 6fBDP, C-BDP, B-BDP andP-BDP in CH,Cl;, solution (1x
107 mol/L) were investigated at room temperature. Rimide B (= 0.71) was used as standard in
methanol to estimate the fluorescence quantum.yldldhe SMs were excited by thig.x of their
absorption spectra and the normalized emissiontrspare illustrated in Fig. 4, and the emission
band maxima, Stokes shift and quantum yields atediin Table 1, respectively. Unlike to the
ever reported that the BDOIPY derivatives are ugweith small Stokes shifts, these Skshibit
obvious Stokes shifts (55-89 nm), resulting in maxin emission peak at 632, 643, 624 and 603
nm, respectively (Table 1 and Fig. 4). This carxglained on the basis of intramolecular energy
transfer from the BODIPYi-n* excited state to the lower lying singlet excitgdte of the donor

moieties and/or to the existence of new non-ragapiathways from the BODIPX-n* excited



state to the ground state. In general, the strampidacceptor interaction and coplanar molecular
configuration will decrease the excitation enerdy tbe excited state and will shift the
fluorescence emission band to the long wavelengtiion. Accordingly, as shown in Fig. 4,
F-BDP and C-BDP, incorporating donor units with strong electromdting capacity, display
more significant Stokes shifts. On the other har@DP, C-BDP, B-BDP andP-BDP all give

low fluorescent quantum yields (0.02-0.05). Thesala be attributed to the increased internal
conversion according to the energy gap law thaestdne non-radiative deactivation probability
of S-Sy increases as the energy gap edSgdecreases in an extended conjugating system. PL
guenching provides the direct evidence for excititissociation, and efficient PL quenching is
necessary to obtain efficient organic solar cdllee experimental observations indicate that these

SMs are well meet requirements of material for QSCs

3.5 Electrochemical properties

To investigate the electrochemical behaviorsFeBDP, C-BDP, B-BDP and P-BDP, their
electronic states were studied by cyclic voltamgé@V) in CH,CI, solution containing 0.1M
Bu,NPFR; at a scan rate of 100 mV',sand the cyclic voltammograms were calibrated with
ferrocenefferrocenium (Fc/Pcas an external reference. The CV curves werectibin Fig. 5
and the results are summarized in Table 2. As shiowkig. 5, F-BDP, C-BDP, B-BDP and
P-BDP present differential first onset oxidation potahtas 0.96, 0.90, 0.83 and 0.74 V,
respectively, indicating the central donor havenifigant effects on the % The reduction
potentials (R calculated from B se— Ego"‘are approximately matched with the experimental
values obtained from reduction waves. The HOMO BdMO levels were estimated using the

equation:



Eromo= [~ (E”onset—0.52) 4.8] €V, Eumo = Enomo*+ Eg™ eV

where 0.52 V is the value for ferrocene vs Ag/Ag@b 4.8 eV is the energy level of Fc/Fc+
relative to the vacuum energy level. The calculat#dMO energy levels of these SMs are
obtained as -5.24 eV fdf-BDP, -5.18 eV forC-BDP, -5.11 eV forB-BDP and -5.02 eV for
P-BDP, respectively, as list in Table 2. On the contrahe LUMO values are observed with
minor difference for the SMs, suggesting that théuction of the BODIPY moiety within the
molecule is relatively immune to the core donor ehgi Their low-lying HOMO energy levels
suggest that the OSCs based on these materiatthasscand PCBM as acceptor can obtain high

Voc.

3.6 Theoretical calculations

To better understand the variation in photophysarad electrochemical properties between
F-BDP, C-BDP, B-BDP andP-BDP, the density functional theory (DFT) theoreticaloulation
was conducted on the electronic structures of tteobserve how they impact these properties.
The optimized ground-state geometries and electrdistribution in HOMO-LUMO levels were
presented in Fig. 6. All the calculations were iegrout with the Gaussian 09 program suite by
using the B3LYP method and 6-31 G* basis set. éndptimized ground-state, we observed that
the dihedral angle between the central donor namiif flanked BODIPY are calculated to be®0.7
for F-BDP, 11.6 for C-BDP, 11.0 for B-BDP and 19.1 for P-BDP, respectively. In comprision
to those similar molecules wihtout ethinyl bridgeported in the previous literature [50], the
ethinyl linked SMs show much more planar molecgleometry. For example, BDP3, with two
fluorene groups directly substituted at the 2,6ipos of BODIPY, display dihedral angle of

25.7 between the fluorene group and the central BODIBré. In contrast--BDP, with ethinyl



bridges between the fluorene group and BODIPY pmiteisethis paper, exhibit significant smaller
value of 0.7. Similarly result was observed th@tBDP also show smaller dihedral angles than
BDP4 (11.8 vs 22.8). These comparative results demonstrated thaettiayl bridge play an
important role in optimization of molecular confrgtion. A near-planar molecular configuration
in D-A conjugate can efficiently arouse intense J€&sulting in decrease of band gap and red
shifted absorption, which was clearly observed bsaaption spectra. Furthermore, planar
molecular structure facilitate for hole mobilitycaenergy transfer, which are considered as key
factors for high-performance photovoltaic devic€ke efficient energy transfer from BODIPY
units to the donor unit in the excited state haanbeerified by the PL spectra with large Stokes
shift and low fluorescence quantum yield. Fromehextron distributions df-BDP andC-BDP,

it can be seen that electrons in the HOMOs are delocalized over ihi#re2 molecule backbone,
offering effective orbital interactions among thecked n-systems, while their LUMOs are
mainly localized on the BODIPY moieties, indicatithgit the HOMO-LUMO transition that is the
dominant contributing configuration to the Sate inF-BDP andC-BDP should be ascribed to a
mixture of i—* and ICT characters. Moreover, the feature of Widgpread HOMOs enable to
lead to lower HOMO level (-5.3 eV), as observedrig. 6. However, foB-BDP andP-BDP, the
HOMOs are centered in donor moiety with some antilimy character between the donor unit
and the acceptor unit, and the LUMOSs are locatetariwo BODIPY moieties, indicating that the
HOMO-LUMO transition inB-BDP andP-BDP should mainly be ascribed to the ICT. Fig. 6 also
presented the HOMO-LUMO energy levels and enerfferginces of these SMs. The calculated
values of HOMO levels are -5.32 eV f6fBDP, -5.31 eV forC-BDP, -5.16 eV forB-BDP, and

-5.05 eV forP-BDP, respectively, while the values of LUMO levels aB13 eV forF-BDP,



-3.13 eV forC-BDP, -3.17 eV forB-BDP, and -3.07 eV foP-BDP, respectively, which are
approximately in accordance with the trends ofakgerimental observation in CV. In additional,
the trend of the predicted, values is in consistent with the estimateff'ealculated from the
ground-state absorption. The relatively narrow bgagp and low-lying HOMO energy levels

make them excellent donor materials for OSCs.
3.7 Photovoltaic properties

The solution processed bulk hetero-junction orgaoiar cells were fabricated with a structure
of ITO/PEDQOT:PSS/active layer/Ca/Al, in whi€hBDP, C-BDP, B-BDP or P-BDP was used as
the donor material and RPBM as the acceptor material. With careful optimizatof the
processing parameters such as the ratio of donacdeptor (D:A, w/w), the thickness of active
layer, the volume of additives and the annealingperature (Figs. S2-S6, Tables S1-S5,
Supporting Information), their best performancesevebtained with a 1:1 ratio of donor to
PG;:BM acceptor and the thicknesses of 100, 80, 809&naim, associate with thermal annealing
at 120, 100, 80 and 16C for 10 min obtained from an CB solution at a ltstzlid concentration
of 25 mg mL* under a spin-coating rate of 2000 rpm, FeBDP, C-BDP, B-BDP and P-BDP,
respectively, in the presence of 1% 1,8-diiodocetéidlO) additive. Fig. 7 shows the current
density—voltage V) characteristics oF-BDP, C-BDP, B-BDP and P-BDP based BHJ-OSCs
under illumination of AM 1.5G 100 mW fnand their corresponding data are listed in Table 3
is further found thaB-BDP based device exhibit the highest PCE of 4.65% wailf of 11.84 mA
cm?, aV,. of 0.73 V and &F of 53.8% in the optimized conditions, which areodoralues
among the BODIPY derivatives based SM-OSCs. Comiparatudies show that tH&-BDP and

P-BDP (3.33%) based devices have higher PCE values tthaf-BDP (2.60%) andC-BDP



(3.02%) based devices (Fig. 7, Table 3). This is ttuthe fact thaB-BDP and P-BDP based

devices present the highdg. and FF values, originated from their superior photon-gtat

conversion and carrier transmission propertieshia ©SCs. It should be note thBtBDP

displayed a higher PCE than the ever reported phierzine based OSCs [60-61], though the

samples are rather scarce. To our pleasant surghisé3HJ-OSCs based on thegsalkynylated

BODIPYs exhibit significant enhancements in devigarameters in comparison with the

BHJ-OSCs based ofi position directly substituted analogues reporteghrievious works [50],

implying that the alkynyl play a important roletime improvement of photovoltaic performances,

especially for thely through efficient strengthening of light-harvegtirxciton diffusion, exciton

dissociation, charge transport, and/or collectioocess in cells via adjustment of the molecular

coplanar. On the other haré,BDP, C-BDP andB-BDP based cells show the largés. values

thanP-BDP based cell, which is in agreement with their dedyjag HOMO levels. To be note

that these BHJ-OSCs all exhibit decdtf (~50%) compared to other BODIPY derivatives

analogues. This may be caused by the appropriaigthleof alkyl chain attachment on the

backbone ensure the appropriate crystalline antlerta form good microstructure between the

donor and P&BM.

To further illustrate the differences of photovaltperformance between theseBDP, C-BDP,

B-BDP andP-BDP/PG;;BM based OSCs devices, external quantum efficisn@&&ESs) of these

devices under optimization condition were measurée. recorded EQE curves are shown in Fig.

8. As displayed, the EQE profiles are similar witteir absorption spectra in film. A broad

response to the sunlight in 300-800 nm region wifferent EQEs values are observed for four

SMs:PG:BM based OSCs. Higher EQE values of 50% and 40%dmibited in theB-BDP and



P-BDP based devices, respectively. The calculadtgdalues are 6.46, 8.01, 11.27 and 9.22 mA
cm? for F-BDP, C-BDP, B-BDP and P-BDP/PG;;BM blends respectively given by integrated
EQE curves, which are in close agreement withJ{healues obtained from thkV measurements.
It is further found thatB-BDP and P-BDP/PG;:BM blends based devices exhibit stronger
absorption in the 600-700 nm regions thiadBDP and C-BDP/PG;;:BM blends based ones,
especially cell based d&-BDP spread the absorption to 800 nm, which causedhititeer EQE
values. This is due to the fact that although th@ight energy in the longer wavelength region is
weak, however, the electronic transitions are clgpabtransformation with sufficient efficiency
of photons to electrons, which can be theoreticgipsrted by the electronic distribution

characteristic in HOMO-LUMO levels (Fig. 6).
3.8 Hole mobility

In addition to the optical absorption and energyelg, the charge carrier mobility of donor
material is another important factor to ensurecidfit charge transport toward the electrodes and
also to suppress the competing charge recombinptimeesses. In order to get some ideas about
the influence of the chemical structures on thbarge transporting properties, we evaluated and
compared the hole mobilitiegyj of F-BDP, C-BDP, B-BDP andP-BDP in the same BHJ blends
using a space charge-limited current (SCLC) teakmidrig. 9 showed tha'>-V curves of the
vertical hole-only devices with structures of ITEGIPOT.:PSS/SMs:PEBM/Au. The hole
mobilities were determined by fitting the da¥é-V characteristics by adopting the Mott—-Gurney
equation [62]:J = (9/8)ceun(VAL?), in which J is current densityl. is film thickness of active
layer (80 nm)uy, is hole mobility,e, is relative dielectric constant of the transpoddmm, g, is

permittivity of free space (8.8520™ F mi"), V is internal voltage in the device alg Vapp -Va



-Vii, WhereVy,pis applied voltagey, is voltage drop, andly;is the built-in voltage due to the
relative work function difference of the two elextes. As compiled in Table 3, the hole-only
mobilities of these SMs are calculated to be 9.60%cnf V' s?, 1.34 x10* cnf V* s?, 4.53 x
10* cnf? V! st and 3.11 x10* cn? V! st in the hole-only SMs/PGBM based devices,
respectively. It clearly demonstrated tHatBDP and P-BDP based devices present higher
hole-only mobilities thai-BDP andC-BDP based counterparts, which are in agreement wih th

FF values obtained from thkV measurements.

3.9 Film morphology

The morphologies of the SMs/P8M blend films under the optimized processing ctinds
were recorded with transmission electron microsgdiyM) and shown in Fig. 10. The observed
dark phases are assigned to the;;BM domains because of its relatively higher elactro
scattering density. As can be seefBDP/PG;;:BM andC-BDP/PG;;BM blend films exhibit large
black phases with a width around 70-30 nm, On thr@rary, the images frol8-BDP/PG;;BM
andP-BDP/PG;;BM blend films present improved morphology witlt@ntinuous acicular fibrous
structure and a decreased size of around 16 nmplying that the continuously interpenetrated
networks are formed iB-BDP and P-BDP based blend films. In general, good morphology
would lead to high exciton dissociation and chaggparation efficiency and thus enhance device
performance. These results are in good agreemeit twe hole-mobility and photovoltaic

observations.

3.10 XRD

To further understand the aggregation behaviohefrholecule in film, as well as reveal its



influence on the photoelectric properties and photovoltaicfggmance, the XRD pattern of
B-BDP, with the best PCE, was recorded in the pure &imd in the blend film with PEBM
under the optimized conditions. As shown in Fig.d $harp peak was observed in the small angle
regions with @ = 5, corresponding to the interchain d-spacing of @726 It indicates that
B-BDP pack close in thin film. Moreover, a broad peakhia wider angle with@= 20-25 was
also observed, which is attributed to the intenlaye staking of the main chain. To get some idea
of the change in crytallinity of the blended actiager, we have further recorded the XRD pattern
of B-BDP/PG;:BM blend film under the optimizedevice conditions. As can be seen, the intensity
of the diffraction peak at@= 5 was significant increased under the DIO and ammgal
treatments as compared with BeBDP film, implying the enhancement in the crystallma&ture

of the blend. Meanwhile, the-r staking characteristic peak was obviously dectasecan be
explained as a certain phase separation betweenBi{B®P and PGBM inhibits the
over-aggregation of the donors, which are demotesiran the TEM observations. The
crystallinity of the active layer is one of key @G which affect the charge transport and light
harvesting efficiency of the device, thereby impidne device performance of the OSCs. These
results are in agreement with the relatively higkelmobility and EQE, which are reasonable for

the highFF andJs.in OSC.

4. Conclusions

In summary, four linear A-D-A type small moleculesth BODIPY terminal linked through
alkynyl with various electron donating unitsBDP, C-BDP, B-BDP andP-BDP were designed
and synthesized. The molecules show good thernadiilist, strong spectral coverage with

moderate HOMO energy levels. The influence of ajkyoridges and the central electron donor



on optical, electrochemical and photovoltaic prtipsr was systematically investigated. As
anticipated, the alkynyl group effectively makegaotlon donor and receptor cell of these
molecules in coplanar configurations, resultingiad absorption, efficient exciton dissociation
and good aggregation morphology. All these SMs{BM based OSCs displayed moderate
photovoltaic performance withPCE ranging from 2.60% to 4.65%. Among theBiBDP
exhibited superior intermolecular interaction iimfj leading to enhanced light absorption, as well
as increased hole mobility and promogegiface morphology. Consequently, an encouragirig PC
value up to 4.65% with & of 11.84 mA crif, aV,yc.of 0.73 V and &F of 53.8% was obtained
for the B-BDP/PG;;BM based cell, which is high level in BODIPY bas&&Cs. This work
demonstrates that BODIPYerivatives remain a type of promising photovoltaiaterial as long

aselaborately tailored.
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Fig. 1. The TGA curves oF-BDP, C-BDP, B-BDP andP-BDP.
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Fig. 2. UV-vis absorption spectra 8f F-BDP, C-BDP, B-BDP andP-BDP in CH,Cl, solution.
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Fig. 3. Normalized UV-vis absorption spectraleBDP, C-BDP, B-BDP andP-BDP in films.



Table 1 Optical data for BODIPY3, F-BDP, C-BDP, B-BDP andP-BDP.

abs

. }\/max gmax }Lmaxabs }Lmaxem StOkeS Shlft (I)f Td
Entries o 1 g a1 b a 0
(nm) (cm™ M™) (nm) (nm) (nm) ("C)

3 498 0.59x10 - - - 0.91 -
F-BDP 552 0.82x18 565 632 80 0.05 314
C-BDP 554 0.84x10 576 643 89 0.02 300
B-BDP 550 0.37x10 641 624 74 0.02 295
P-BDP 548 0.47x18 564 603 55 0.03 301

2measured in CKCl, solution.” measured in the neat film.
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Fig. 4 Normalized fluorescence emission spectraFe8DP, C-BDP, B-BDP and P-BDP in

CH,CI, solution.
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Fig. 5 Cyclic voltammograms df-BDP, C-BDP, B-BDP andP-BDP in a CHCI, solution of 0.1

mol L BiNPF; at a scan rate of 100 m\t.s



Table 2 Electrochemical data for BODIPY, F-BDP, C-BDP, B-BDP andP-BDP.

_ Ey E™ onser Ered” HOMO" LUMO“
Enties (V) V) V) V) V)
F-BDP 1.85 0.96 -0.89 -5.24 -3.39
C-BDP 1.72 0.90 -0.82 -5.18 -3.46
B-BDP 1.46 0.83 -0.63 -5.11 -3.65
P-BDP 1.65 0.74 -0.91 -5.02 -3.37

aEg, estimated from the absorption thresholds fronoadi®n spectra, E1240Rqnset
E”™nset ONSet oxidation potential

°Ereq the reduction potential, calculated froffi fse Eg.

Y Eriomo = [<(E”onser—0.52) —4.8] €V, Eimo = Enomo+ EgeV.
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Yo
F-BDP s . L, &%
s . L)
-5.323 2.199 -3.125
s oo
C-BDP » . a0
Mogyprett® &%B. . g‘%
-5.312 2.186 -3.126
B-BDP "”%0%!?_ 7 &?} el
-5.162 1.987 -3.175
g\iﬂ :':v 0 S ‘i
P-BDP LyoVg et o N2
@ =19.095 -5.049 1.980 -3.068

Fig. 6. The optimum geometries and the electron-stateiyedistributions of LUMO and HOMO

of F-BDP, C-BDP, B-BDP andP-BDP.
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Fig. 7. Current density—voltage characteristicsFeBDP, C-BDP, B-BDP, andP-BDP/PG;;BM

based OSCs under the optimized conditions undeniiiation of AM 1.5G, 100 mVem’
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Fig. 8. External quantum efficiency curves of the devioased or--BDP, C-BDP, B-BDP, and

P-BDP/PGC;;BM under the optimized conditions.



Table 3Photovoltaic parameters of the optimized SMs;B®8I-based solar cells.

SMs Js. 2 Voe FF PCE (%) Jg. © Hole mobility
(mAcm? V] (%) max/av " (mA cm®) (cm*Vts?h
F-BDP 6.93 079 475  2.60 (2.58) 6.46 9.610°
C-BDP 8.37 072 501  3.02(2.98) 8.01 1.30¢
B-BDP 11.84 0.73 53.8  4.65 (4.61) 11.27 4.580%
P-BDP 9.76 063 541  3.33(3.30) 9.22 3.110¢

& J,. measured from solar cells.
b Average values calculated from 8 devices.
¢ Jsc estimated from EQE spectra.
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Fig. 9J-V curves of the optimized hole-only SMs/RBM devices.



Fig. 10. TEM images of the blend fiims of (af-BDP/PC;;BM, (b) C-BDP/PG;:BM, (c)

B-BDP/PC;:BM, and (d)P-BDP/PC;;BM under the optimized condition. The scale b&0d6 nm.
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Fig. 11.XRD patterns oB-BDP film andB-BDP/PG;;BM film under the optimized conditions.



Chart 1. The molecular structures of SM5BDP, C-BDP, B-BDP andP-BDP.
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Fig. 6. The optimum geometries and the electron-stateyetistributions of LUMO and HOMO
of F-BDP, C-BDP, B-BDP andP-BDP.

Fig. 7. Current density—voltage characteristicsFeBDP, C-BDP, B-BDP, andP-BDP/PG;;:BM
based OSCs under the optimized conditions undgniifiation of AM 1.5G, 100 mwim’2.

Fig. 8. External quantum efficiency curves of the devibased or--BDP, C-BDP, B-BDP, and
P-BDP/PG;:BM under the optimized conditions.

Table 3Photovoltaic parameters of the optimized SMs;B®I-based solar cells.

Fig. 9.J-V curves of the optimized hole-only SMs/RBM devices.

Fig. 10. TEM images of the blend films of (af-BDP/PC;:BM, (b) C-BDP/PG;1BM, (c)

B-BDP/PG;:BM, and (d)P-BDP/PG;;BM under the optimized condition. The scale b&06 nm.

Fig. 11.XRD patterns oB-BDP film and B-BDP/PG;;BM film under the optimized conditions.



Highlight:

® The novel BODIPY derivatives exhibited coplanar molecular structure due to the
introduction of ethinyl bridges.

® These derivatives showed broad absorption covering from 300 to 900 nm with high ¢, low
fluorescent quantum yields and relatively low-lying HOMO energy levels.

® TheB-BDP/PCBM bhased OSC exhibited an appealing PCE of 4.65% with a high Jg; of 11.84
mA cm? and a high FF of 53.8%.



