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Abstract
A series of fluorinated quinoxaline-based polymensth typical donorf-acceptor
configurations has been synthesized by Stille dagpkeaction. The electron-donating
dialkoxy-substituted benzodithiopherXT) is connected to the electron-withdrawing 2,3-
diphenylquinoxaline DPQ) acceptor through a thiophene bridge. To investighe effect
of strong electron-withdrawing moieties, fluorinetoms have been systematically
incorporated at various positions on the DPQ usiish as the 6,7-positions, tipara-
positions of the phenyl substituent on the 2,34mss, and both locations to affoRBDT-
QxF, PBDT-FQx, and PBDT-FQxF, respectively. Because of significant contribuson
from the fluorine atoms, these polymers display teudifferentiated optical and
electrochemical properties in comparison with tho$eheir non-fluorinated counterpart,
PBDT-Qx. In addition, a gradual improvement in power casuen efficiencies (PCES) is
observed in the order d®BDT-Qx, PBDT-QxF, PBDT-FQx, and PBDT-FQxF, when
inverted-type polymer solar cells (PSCs) with a fouration of
ITO/ZnO/polymers:P&BM/MoOs/Al were fabricated. In particularPBDT-FQxF, with
four fluorine atoms on the 6,7-positions and plaea-positions of the phenyl substituent on
2,3-positions of DPQ, exhibits the highest PCE @066 with an open-circuit voltag&/{.)
of 0.91 V, a short-circuit current densitysd of 10.15 mA/cn¥, and a fill factor EF) of

71.5%.

Keywords: Low band gap polymer; benzothiadiazol@-dphenylquinoxaline; fluorine; polymer

solar cells



1. Introduction

Owing to their unique advantages such as lightweiglasy processability, and superior
flexibility, polymer solar cells (PSCs) have attet great interest during recent decadeblpon
formation of bulk heterojunction (BHJ) structurestween conjugated polymeric electron donors
and electron acceptors (mostly fullerene-based nma#ge in an active layer of PSCs, the charge
separation and transportation of photo-generatedags can be greatly facilitated, which enables
efficient conversion from solar light to electricahergy. Unceasing and innovative efforts,
including material developments and device optitlozes can greatly improve the power
conversion efficiency (PCE) of PSCs to more tha®40’

So far, many low-band-gap conjugated polymers Hasen intensively developed for use as
photo-active components in PSESThey usually possess alternating electron-donatiblgand
electron-withdrawing (A) building blocks along theonjugated backbones, leading to a significant
reduction in the band gap through efficient formatof intramolecular charge transfer (ICT) states.
In particular, the quinoxaline moiety has recerdtyracted great attentions as a major electron-
accepting building block in low-band-gap polymdyscause of its unique advantages such as high
electron affinity, simple preparation, and struatwersatility*®*°

Recently, the incorporation of an electron-withdragvfluorine atom, especially onto electron-
accepting units of conjugated polymer structurems bome to be regarded one of the more
promising approaches for enhancing photovoltaidoperances of PSCY¥. The high electron
affinity and small size of the fluorine atom carfi@éntly modulate the energy levels by lowering
both the lowest unoccupied molecular orbital (LUM@&)d highest occupied molecular orbital
(HOMO) energy level and minimizing the undesirabteric hindrance of conjugated polymers,

respectively:’” Therefore, a significant improvement in PCEs tarenthan 8% has been obtained



from fluorinated quinoxaline-based PS&s? Among various quinoxaline derivatives, 2,3-
diphenylquinoxaline (DPQ) is usually consideredaas essential motif for introducing fluorine
atoms, because of its facile preparation and straktdiversity™ For example, Cheret al.
demonstrated a high PCE of up to 8.0% from PSCls avi,7-difluorinated DPQ-based low-band-
gap copolymef® Similar promising results have been observed fotiner polymers with mono- or
difluorinated DPQ units on its 6,7-positioft&> Apart from the 6,7-positions of DPQ, it has been
also reported that the introduction of fluorine ragoon thepara-position of phenyl ring on 2,3-
positions of the DPQ moiety can significantly impeothe photovoltaic properties of PSES!
Although, these results clearly underline the usefss of fluorine atoms on diverse positions of
DPQ moieties for photovoltaic applications, moradsts are required to better understand the
effects of fluorine substituents on the variousrabteristics of DPQ-based conjugated polymers.
Herein, we synthesized a series of DPQ-based lowHgap polymers with a typical B-A
configuration, in which an electron-donating diadligesubstituted benzodithiophene (BDT) was
linked to electron-accepting DPQ derivatives thioug thiophene linker. For systematic
investigations, fluorine atoms were incorporatetbdhe 6,7-positions of DPQ, thpara-positions
of the phenyl substituents on the 2,3-positionBB and both locations on the DPQ unit in a non-
fluorinated standard polymeRBDT-Qx, to afford PBDT-QxF, PBDT-FQx, and PBDT-FQXxF,
respectively (Figure 1). This simple but methodiapproach enabled us to well comprehend the
positional and populational influence of fluorin@rmas on various aspects of DPQ-based low-band-
gap polymers, including optical and electrochemigmbperties together with photovoltaic

characteristics.
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Figure 1. Chemical structures &fBDT-Qx, PBDT-QxF, PBDT-FQx, andPBDT-FQxF.

2. Experimental Section

2.1. Materials and instruments

4,7-Di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 1)( 5,6-difluoro-4,7-di(thiophen-2-yl)-
benzo[c][1,2,5]thiadiazole?], and 2,6-bis(trimethyltin)-4,8-bis(2-octyldodeoyly)benzo[1,25:4,5-
b']dithiophene {1) were synthesized according to the previous litees®3° Benzil and 4,4
difluorobenzil were purchased from Aldrich and T&spectively. All other chemicals and solvents
were obtained from Aldrich Chemical Co., Ifiel, *C, and"*F NMR spectra were measured with a
JEOL JNM ECP-400 spectrometer. UV-visible specteenrecorded on a JASCO V-530 UV-Vis
spectrophotometer. Matrix-assisted laser desorfpiozation time-of-flight (MALDI-TOF)
spectroscopy was conducted by using a Bruker UBttafspectrometer. Gel permeation
chromatography (GPC) was measured on an Agiler® $2€ies instrument with THF as the eluent.
Cyclic voltammetry (CV) measurements were carriedl loy using a VersaSTAT3 potentiostat
(Princeton Applied Research) with tetrabutylammanioexafluorophosphate (0.1 M, BNPF;) as

the electrolyte in acetonitrile. For CV measureragrd glassy carbon electrode coated with



polymers and a platinum wire were used as the wgrkind counter electrode, respectively. A silver
wire was used as a pseudo-reference electrodeawgghrocene/ferrocenium external standard. The
thickness of the films was measured with an Alptep3Q surface profiler (KLA-Tencor Co.), and

the atomic force microscopy (AFM) topography imagese taken by using a Bruker (NanoScope

V) microscope operated in tapping mode.

2.2. Fabrication and analysis of photovoltaic devices

[6,6]-Phenyl G; butyric acid methyl ester (RBM, catalog no. nano-cPCBM-SF) was obtained
from Nano-C, Inc. To fabricate inverted type PSGghwndium tin oxide (ITO)/ZnO/active layer
(polymer:PGBM)/M0O3/Ag, a 25-nm-thick ZnO film was initially depositesh an ITO surface by
using a sol-gel process. The partially crystallit@O film was prepared by thermal curing of
predeposited ZnO precursors at 200for 10 min. The solution of ZnO precursors waspared by
the dissolution of zinc acetate dehydrate (0.164g) ethanolamine (0.05 ml) in methoxyethanol
(ImL) and stirring the mixture for 30 min prior fibm deposition. The active layer with a thickness
of 80 nm was fabricated using a chloroform solutiérpolymeric donor and R¢BM acceptor by
spin-coating at 600 rpm for 60 s. Prior to spintgcan the blended solution was filtered through a
0.2 um polytetrafluoroethylene membrane filter. Finaldy20-nm-thick Mo@ layer and 100-nm-
thick Ag layer were consecutively deposited by thelr evaporation at & 10° Torr through a
shadow mask with a device area of 0.13.cfine J-V characteristics of device were analyzed by
using a KEITHLEY Model 2400 source-measure unitemdM 1.5G illumination at 100 mW/chm
from a 150 W Xe lamp. The conditions of solar siatiain were calibrated before the measurements
by using a Si reference cell with a KG5 filter deetl by the National Institute of Advanced

Industrial Science and Technology.
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Scheme 1 Synthesis oPBDT-Qx, PBDT-QxF, PBDT-FQx and PBDT-FQxF. (i) Zinc, acetic
acid, 80°C, 12 h; (ii) a-diketone, acetic acid, reflux, overnight; (iN-bromosuccinimide (NBS),

RT, overnight; (iv) Pd(Py, toluene, 90C, 48 h.

2.3. Syntheses.
2.3.1. Synthesis of DPQ-based compounds 3, 4, 5 and 6

A mixture of the appropriate thiophene-attachedzb#émnadiazoles1 or 2, 2.5 mmol) and zinc
powder (20 equiv., 50 mmol) in acetic acid (60 mgs stirred at 80 °C for 12 h. Upon completion
of the reaction, the mixture was filtered to remamc powder and the filtrate was carefully
collected. After addition otr-diketone (benzil or 4;4ifluorobenzil, 2.5 mmol) to the filtrate, the
solution was heated to reflux overnight. The solutivas cooled to room temperature, and the

mixture was poured into water and extracted witlorctiorm. The organic layers were separated,



dried over magnesium sulfate, and filtered. Solvevre removed under reduced pressure, and the

crude residue was further purified by column chrtmgeaphy with chloroform/ethanol (1/4, v/v).

2.3.2. 2,3-Diphenyl-5,8-di(thiophen-2-yl)quinoxaline (3)
4,7-Di(thiophene-2-yl)benzo[c]-[1,2,5]thiadiazol® @nd benzil were used as reactants. Yield: 62%
(light green solid)’H NMR (400 MHz, CDCY): & (ppm) = 8.17 (s, 2H), 7.89 (d, 2Bl= 3.76 Hz),
7.75 (m, 4H), 7.53 (d, 2H] = 5.12 Hz), 7.42-7.38 (m, 6H), 7.20 (dd, 2Hs 3.76, 5.12 Hz)*C
NMR (100 MHz, CDC}): § (ppm) = 154.3, 141.4, 141.3, 139.9, 133.9, 13831,.7, 131.5, 130.9,

129.7,129.3, 129.1. MALDI-TOF MS: m/z calcd, 44865found, 446.127 [M].

2.3.3. 2,3-Di(4-fluorophenyl)-5,8-di(thiophen-2-yl)quinoxaline (4)
4,7-Di(thiophene-2-yl)benzol[c]-[1,2,5]thiadiazolel) ( and 4,4difluorobenzil were used as
reactants. Yield: 58% (light green soli# NMR (400 MHz, CDCJ): & (ppm) = 8.15 (s, 2H), 7.84
(d, 2H,J = 3.76 Hz), 7.72 (dd, 4H), = 5.36, 8.60 Hz), 7.52 (d, 2H,= 5.12 Hz), 7.18 (dd, 2H] =
5.12, 3.76 Hz), 7.09 (t, 4H), = 8.60 Hz).**C NMR (100 MHz, CDGJ): & (ppm) = 167.1, 165.2,
154.0, 153.0, 141.2, 139.8, 135.0, 131.6, 129.9,312129.1, 118.2, 118.1, 11016F NMR (376

MHz, CDCk): § (ppm) = -111.51. MALDI-TOF MS: m/z calcd, 482.56@und, 483.121 [M.

2.3.4. 6,7-Difluoro-2,3-diphenyl-5,8-di(thiophen-2-yl )quinoxaline (5)
5,6-Difluoro-4,7-di(thiophen-2-yl)benzolc][1,2,5]H#diazole ) and benzil were used as reactants.
Yield: 68% (yellow solid)*H NMR (400 MHz, CDCJ): § (ppm) = 8.05 (d, 2HJ = 3.76 Hz), 7.72
(m, 4H), 7.65 (d, 2HJ = 5.12 Hz), 7.41-7.37 (m, 6H), 7.22 (dd, 2Hs 3.76, 5,12 Hz)**C NMR

(100 MHz, CDCY): & (ppm) = 152.2, 138.8, 135.6, 131.6, 131.5, 13134,.2, 130.8, 129.9, 129.0,



127.3'%F NMR (376 MHz, CDGJ): & (ppm) = -128.68. Mass, m/z calcd, 482.07; fourgl.85

[M7].

2.3.5. 6,7-Difluoro-2,3-bis(4-fluorophenyl)-5,8-di(thiophen-2-yl)quinoxaline (6)
5,6-Difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]ddiazole 2) and 4,4difluorobenzil were used
as reactants. Yield: 65% (orange solt#y.NMR (400 MHz, CDGCJ): & (ppm) = 8.00 (d, 2HJ =
3.76 Hz), 7.68 (dd, 4H] = 5.36, 8.84 Hz), 7.65 (d, 2H, J = 5.12Hz), 7.88,(2H,J = 3.76, 5.12
Hz), 7.08 (t, 4H, J = 8.84 HZ)*C NMR (125 MHz, CDG)): & (ppm) = 164.3, 162.6, 150.2, 134.7,
134.0, 132.4, 132.3, 130.9, 130.5, 130.1, 126.7,911115.7, 115.5°F NMR (376 MHz, CDQJ): 6

(ppm) = -111.09, -128.18. Mass, m/z calcd, 518(68nd, 517.85 [M].

2.3.6. Synthesis of dibromo-DPQ compounds 7, 8, 9, 10

A mixture of the appropriate DPQ compour®®j 4, 5, 6; 1.0 mmol)) andN-bromosuccinimide
(NBS; 2.2 mmol) in THF (30 mL) was stirred at rooemperature for 12 h. The reaction mixture
was poured into water and extracted with ethyl a&teetThe organic layers were separated, dried
over magnesium sulfate and filtered. Solvents weneoved under reduced pressure, and the crude

residue was further purified by recrystallizatioorh ethyl acetate/ethanol (1/4, v/v).

2.3.7. 5,8-Di(5-bromothi ophen-2-yl1)-2,3-diphenyl quinoxaline (7)

3 was used as the starting material. Yield: 72%n@geasolid).'H NMR (400 MHz, CDCJ): &
(ppm) = 8.12 (s, 2H), 7.71 (m, 4H), 7.59 (d, ZHs 2.68 Hz), 7.44-7.40 (m, 6H), 7.14 (d, 2H=
2.68 Hz).»*C NMR (100 MHz, CDGJ): & (ppm) = 154.8, 153.9, 142.2, 140.8, 139.2, 13833.1,

131.9, 130.9, 128.3, 128.2, 119.8. MALDI-TOF MSzrélcd, 604.378; found, 603.993 M



2.3.8. 5,8-Di(5-bromothi ophen-2-yl)-2,3-bis(4-fluorophenyl )quinoxaline (8)

4 was used as the starting material. Yield: 65%hfligd solid)."H NMR (400 MHz, CDCJ): &
(ppm) = 8.09 (s, 2H), 7.68 (dd, 4Bi= 5.36, 8.88 Hz), 7.55 (d, 2H,= 4.32 Hz), 7.13-7.09 (m, 6H).
¥C NMR (100 MHz, CDGJ): 6 (ppm) = 167.0, 165.3, 153.5, 142.0, 139.2, 13635.0, 133.2,
131.8, 128.5, 119.9, 118.3, 118'% NMR (376 MHz, CDGCJ): 5 (ppm) = -111.02. MALDI-TOF

MS: m/z calcd, 640.359; found, 639.992'IM

2.3.9. 5,8-Di(5-bromothiophen-2-yl)-6, 7-difluor o-2,3-di phenyl quinoxaline (9)

5 was used as the starting material. Yield: 75%n@easolid).'H NMR (400 MHz, CDCJ): &
(ppm) = 7.76 (d, 2HJ = 4.28 Hz), 7.65 (M, 4H), 7.42-7.37 (m, 6H), 7(ti32H,J = 4.28 Hz) :°C
NMR (100 MHz, CDC}): 6 (ppm) = 152.6, 138.3, 135.1, 133.1, 131.8, 13132..6, 131.2, 130.1,
130.0, 129.1, 119.7°F NMR (376 MHz, CDG)): § (ppm) = -128.36. Mass, m/z calcd, 640.36;

found, 639.55 [M].

2.3.10. 5,8-Di(5-bromothiophen-2-yl)-6, 7-difl uor o-2,3-bi s(4-fl uor ophenyl )quinoxaline (10)

6 was used as the starting material. Yield: 70%n@geasolid).'H NMR (400 MHz, CDCJ): &
(ppm) = 7.78 (d, 2HJ = 4.04 Hz), 7.64 (dd, 4H = 5.36, 8.84 Hz), 7.17 (d, 2H,= 4.04 Hz), 7.11
(t, 4H,J = 8.60 Hz).*C NMR (100 MHz, CDG): & (ppm) = 164.4, 162.8, 150.7, 134.2, 133.5,
132.4, 132.2, 131.2, 131.1, 129.5, 119.0, 115.8,711°F NMR (376 MHz, CDG)): § (ppm) = -

110.59, -127.90. Mass, m/z calcd, 676.34; found, &Y [M'].

2.3.11. Synthesis of DPQ-based polymers by palladium-catalyzed Stille reaction

10



In a Schlenk flaskBDT monomer (0.25 mmol), dibrominated DPQ-based oneer (0.25 mmol)
and Pd(PP4)4(3 mol%) were dissolved in dry toluene (10 ml). &ft\, had been bubbled through
for 15 min, the reaction mixture was heated to @0ahd vigorously stirred for 2 d under & N
atmosphere and then 2-trimethylstannylthiophene 2smomothiophene a were consecutively
added s end-capping agents with an interval of Grite polymerization was complete, the mixture
was cooled to room temperature and poured into anelh The precipitated black solids were
collected and further purified by Soxhlet extractiovith methanol, acetone, hexane, and
chloroform. The polymers in the chloroform fractimere recovered by precipitation into methanol

again. Finally, the polymer was dried in a vacuuraroat 50 °C.

2.3.12. PBDT-Qx

11 and 7 were used as reactan¥§eld: 83% (deep purple solidjH NMR (400 MHz, CDC)): &
(ppm) = 8.02-7.72 (br, 8H), 7.65-7.36 (br, 6H),4215 (br, 2H), 7.10-6.95 (br. 2H), 4.27-3.92 (br,
4H), 2.01-1.83 (br, 2H), 1.81-1.22 (br, 64H), 1204 (br, 12H).Molecular weight by GPC:
number-average molecular weight M 49.22 KDa, polydispersity index (PDI) = 2.64eigental
analysis: calcd (%) for £gHosN20,Sy: C 76.55, H 8.07, N 2.29, S 10.48; found: C 7619&.15, N

2.31, S 10.57.

2.3.13. PBDT-QxF
11 and 8 were used as reactani§eld: 80% (deep purple solidjH NMR (400 MHz, CDCJ): &
(ppm) = 8.12-7.65 (br, 10H), 7.48-7.32 (br, 2HR37.01 (br, 4H), 4.27-3.95 (br, 4H), 2.01-1.83

(br, 2H), 1.81-1.22 (br, 64H), 1.20-1.01 (br, 12HYolecular weight by GPC: M= 38.30 KDa,

11



PDI = 3.01. Elemental analysis: calcd (%) foitssF.N20O.Ss: C 74.36, H 7.68, N 2.22, S 10.18;

found: C 74.16, H 7.84, N 2.16, S 10.23.

2.3.14. PBDT-FQXx

1 and 9 were used as reactan¥ield: 85% (deep purple soliddH NMR (400 MHz, CDCY): &
(ppm) = 8.21-7.85 (br, 4H), 7.82-7.41 (br, 8H), 2201 (br, 4H), 4.27-3.95 (br, 4H), 2.01-1.83 (br,
2H), 1.81-1.22 (br, 64H), 1.20-1.01 (br, 12H). Malar weight by GPC: M= 42.88 KDa, PDI =
2.53. Elemental analysis: calcd (%) forgosF2N20,Ss: C 74.36, H 7.68, N 2.22, S 10.18; found: C

74.11,H 7.81, N 2.24, S 10.22.

2.3.15. PBDT-FQxF

11and10were used as reactanteld: 78% (deep purple solidiH NMR (400 MHz, CDCY)): &
(ppm) = 8.22-7.61 (br, 6H), 7.49-7.31 (br, 2H),2£205 (br, 6H), 4.27-3.95 (br, 4H), 2.01-1.83 (br,
2H), 1.81-1.22 (br, 64H), 1.20-1.01 (br, 12H). Mnl&ar weight by GPC: M= 37.09 KDa, PDI =
3.24. Elemental analysis: calcd (%) forgeaFsN20,Ss: C 72.30, H 7.31, N 2.16, S 9.90; found: C

7191, H7.50, N 2.24, S 10.23.

3. Results and discussion,

3.1. Synthesis and thermal properties

The detailed synthetic routes of all monomers amigirpers are outlined in Scheme 1. Firstly, 4,7-
Di(thiophen-2-yl)benzolc][1,2,5]thiadiazole 1)( 5,6-difluoro-4,7-di(thiophen-2-yl)-
benzolc][1,2,5]thiadiazole?], were reduced with Zn powder to gigetho-diamine intermediates,

which were consecutively condensed with benzil dt-difluorobenzil to produce the related DPQ

12



compounds of3, 4, 5, and 6. The combination of two benzothiadiazoles and tvemzils can
generate four kinds of thiophene-containing DPQvdéres with different positions and numbers
of fluorine atoms in their chemical structures. Bioation of3, 4, 5, and6 with NBS then readily
afford dibrominated DPQ monomers @&f 8, 9, and 10, respectively. In addition, the electron-
donating dialkoxy-substituted BDT monom@rl) was prepared to construct polymers withrdax
structures. In particular, the relatively long 2yddodecyloxy chains were incorporated into BDT
monomer to avoid solubility problems presumablysemliby the DPQ-based comonomeéts3( 9,
and 10) without alkyl or alkoxy chains. Finally, polymeation of 11 and the relevant DPQ co-
monomers 1, 8, 9, and 10) under Stille coupling condition successfully dietl four different
polymers, PBDT-Qx, PBDT-QxF, PBDT-FQx, and PBDT-FQXxF, respectively. The chemical
structures of all monomers and polymers were gleashfirmed by various analytical techniques,
and these polymers display good solubility in comneoganic solvents such as chloroform, THF,
and toluene. GPC measurements with THF as the tedxéibit the relatively high number-average
molecular weights of 49.22, 38.30, 42.88, and 3kDA for PBDT-Qx, PBDT-QxF, PBDT-FQX,
and PBDT-FQxF, respectively, with corresponding polydispersitgiex (PDI) values of 2.64, 3.01,
2.53, and 3.24. Thermogravimetic analysis (TGApbfpolymers at a heating rate of 1G/min
under a N atmosphere were carried out, and the resultshawrsin Figure 2. All polymers showed
good thermal stability with a similar high onsetdgfcomposition temperature of around 3€0at 5
wt % loss (Tise). However, no discernible thermal transitions ofymers were detected during the
cooling and heating processes of differential scaprcalorimetry (DSC) measurements in the
temperature range from 25 to 28D (Figure S1 in the electronic supporting inforraat{ESI)), due

to the amorphous nature of the polymers.

13
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Figure 2. TGA thermograms d?PBDT-Qx, PBDT-QxF, PBDT-FQx andPBDT-FQxF at a

heating rate of 10C/min under M.

3.2. Optical and electrochemical properties

As shown in Figure 3a, the UV-Vis spectra of théypwr films exhibit two broad absorption bands
in the shorter wavelength region (350-470 nm) aodgér wavelength region (500-750 nm),
respectively. The absorption band at shorter anddo wavelength region correspond to tha*
transition of the polymer and to the intermolecutharge transfer (ICT), respectively, which is
characteristic of conjugated polymers comprisingatatracceptor architecture. The positions of
absorption bands of the polymer films are moregiafted than those of the solutions (Figure S2)
owing to increased intermolecular interactions he solid state. As summarized in Table 1, the
absorption maxima of theBDT-Qx, PBDT-QxF, PBDT-FQx, and PBDT-FQxF film at ICT
region are 624, 610, 611 and 611 nm, respectividig. optical band gaps &fBDT-Qx, PBDT-

QxF, PBDT-FQx, andPBDT-FQxF figured out from the absorption edges are 1.6/7,,11.73, and
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1.73 eV, respectively. The absorption maximum ie kbnger-wavelength region and the optical
band gap are blue-shifted upon an increase in uhgbar of fluorine atoms on the DPQ unit. The
absorption spectra of the polymer thin films comitag fluorine atoms show shoulders in the longer-
wavelength region, which is not observed in thecspen of PBDT-Qx. These shoulders are
attributed to intermolecular or intramolecular agation through F-F and F-H interactichd?
Herein, the blue-shifted absorption maximum issemed to be attributed from stronger ICT. One
possible reason is that fluorine atoms increasebétmel gap by reducing the HOMO levels of the
polymers. The changes in the absorption spectraoptidal band gaps clearly demonstrate the
effects of fluorine atoms on the optical and elawic properties of the polymers. Similar results
have been reported for other fluorine-substitutemjugated materiaf®:*% 3% The molar
extinction coefficients £ at the absorption maximum wavelength of the pe@lyrsolutions with
fluorine atoms (Figure S2) are higher than thaPBDT-Qx owing to stronger ICT in fluorine-

substituted polymers.
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Figure 3. (a) UV-visible spectra of polymer films on glaasbstrate (film spectra are offset for

clarity) and (b) cyclic voltammograms of polymers.
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Table 1 Summary of optical and electrochemical propeuifethe polymers.

Aedge(nm)a )
- A amy HOMO (eVf'  LUMO (eV)®
Egap(€V)
741
PBDT-Qx 430, 624 -5.29 -3.62
1.67
724
PBDT-QxF 431, 610 -5.35 - 3.64
1.71
717
PBDT-FQx 425, 611 -5.36 -3.63
1.73
718
PBDT-FQXF 426, 611 - 5.47 -3.74
1.73

2Absorption edge of the film°Estimated from thel,qz., “Maximum wavelength of the film,
dEstimated from the oxidation onset potenfi@alculated from the optical band gap and the HOMO

energy level.

As shown in Figure 3b, cyclic voltammetry (CVs) me@ements of the polymers show
irreversible oxidation processes. The HOMO eneegglks of the polymers were estimated from the
oxidation onset potential of the CV measuremente FIOMO energy levels (1BDT-Qx, PBDT-
QxF, PBDT-FQx, and PBDT-FQxF are -5.29, -5.35, -5.36 and -5.47 eV, respectivélith an
increase in the number of substituted fluorine atothe HOMO levels become deeper due to the
strong electronegativity of fluorine. The LUMO eggrlevel of PBDT-Qx, PBDT-QxF, PBDT-
FQx, andPBDT-FQxF were determined from the HOMO energy levels amddptical band gaps

as -3.62, -3.64, -3.63, and -3.74 eV, respectiviehergy level diagrams of the polymers,;i&MM,
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and other materials in the device are illustrated-igure 4. In this device configuration, facile
exciton dissociation from the polymer and /BM as well as an energetically favored charge

transfer process, can efficiently take place.

-3.0
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-3.74
-3.98
’>\ -4.0 —
Q - PBDT-FQx
> 4.5 Zno EOx
o -44 PBDT-QxF pppT FOXF Ag
8 50 PC,,BM -4.6
L ITO
-5.0 —_—
-55 -3.29 535 _53 MoO;
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Figure 4. Energy level diagrams of polymers and materrakhis research.

3.3. Theoretical calculations

The density functional theory (DFT) at the B3LP/B=3* level was carried out with the Gaussian

09 program to explore the electronic structureshef DPQ-based low-band-gap polymers. For
simple computational calculation, the 2-octyldodesige chains on the BDT unit and the long

polymer backbones were replaced with methyl groampd two repeating units, respectively. To

obtain optimized molecular geometries, conformaticeffects were carefully considered, because
there are two possible conformers with respecth® quinoxaline unit and adjacent thiophene
linkers. One is asyn-conformer, i.e., the nitrogen atoms in quinoxalared the sulfur atom in

thiophene face on the same direction, and the aghemanti-conformer, i.e., the nitrogen atoms in
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quinoxaline and the sulfur atom in thiophene fappasite directions. The calculated potential
energy differences betweesyn- and anti-conformers EsyrEani) for PBDT-Qx, PBDT-QxF,
PBDT-FQx, andPBDT-FQxF are - 0.09, - 0.11, - 0.18, and - 0.24 eV, respelgt (Figure S3 in
the ESI). Therefore, thgn-conformation is more favored for all polymers, ahhiagrees well with
previous results® The frontier molecular orbitals of the two repegtiunits with theoretical
HOMO/LUMO energy levels are shown in Figure 5. Gdleithe calculated HOMO/LUMO energy
levels exhibit similar trends to those observethim UV-vis and CV experiments. In Particular, the
HOMO energy levels are significantly lowered, wHrorine atoms are incorporated on the 6,7-
positions of the DPQ unit. In addition, the elens@re delocalized along the chain direction at the
HOMO level, while they are mostly localized in takectron-withdrawing DPQ unit at the LUMO

level.
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Figure 5. Frontier molecular orbitals of two-repeating umbdels with HOMO/LUMO energy
levels calculated at the B3LYP/6-31G** level fon @BDT-QX, (b) PBDT-QxF, (c) PBDT-FQX,

and (d)PBDT-FQXF.

3.4. Photovoltaic properties

In order to investigate the photovoltaic properbéshe polymers, we fabricated and tested inverted
type polymer solar cells (PSCs) with a structurel®®/ZnO (40 nm)/polymer:P&BM (80
nm)/MoG; (10 nm)/Ag (100 nm). PSCs based PBDT-Qx andPBDT-QxF with different blend
ratios of polymers and B¢BM from 3:1 to 3:9 (w/w) have been fabricated aestéd to optimize

the device fabrication conditions (see Table Sd)ad¢cordance with the preliminary results, we
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fabricated PSCs based on a blend ratio of 3:3 (pety PG:BM) with 1,8-diiodooctane (DIO) as a
processing additive. The current density-volta¥)(curves at the optimized blend ratio under AM
1.5G simulated illumination are shown in Figure @md the photovoltaic parameters are
summarized in Table 2. In previous results, the wafl fluorine atoms in conjugated polymers for
photovoltaic applications were mainly focused orhasting open-circuit voltageVg).> *°
However, concurrent increases in the short-circuitent () and fill factor FF) have also been
frequently observeg 33 3% 4041

Similarly, the PCEs of all polymers used in thisdst gradually improved with a change in the
position or an increase the number of fluorine aopdue to increasing positive contributions for all
parameters includin¥,, Js;, andFF. The devices based on the polymers with fluoruresstuents,
PBDT-QxF, PBDT-FQx, and PBDT-FQxF showed PCEs of 4.52%, 5.56%, and 6.60%,
respectively, which are significantly higher thaattof the non-fluorinateBBDT-Qx (3.14%). The
Vo values of the devices fabricated wiBDT-QxF, PBDT-FQx, and PBDT-FQxF are 0.78,
0.82, and 0.91 V, respectively, which show 27.9%4%, and 49.2% increase relative to the device
based onPBDT-Qx (0.61 V). These gradual enhancementsVip are attributed to the deeper
HOMO energy levels of the polymers, cause by incafed fluorine atoms at different positions
and with different numbers in their chemical stures. Thely. data of the devices based BBDT-
QxF, PBDT-FQx, andPBDT-FQxF are -8.76, -9.62, and -10.15 mAfgmespectively, which also
indicate 8.4%, 19.1%, and 25.6% increases compaittdthat of thePBDT-Qx based device (-
8.08 mA/cr). The change of thd, data of the devices under 1.0 sun illuminationwsit very
good agreement with the incident photon-to-curedfitiency (IPCE; Figure 6b) curves. The IPCE

data at 400-700 nm of the devices based on themaos/ofPBDT-QxF, PBDT-FQx, andPBDT-

FQxF are higher than that of the device fabricated WBDT-Qx. The series resistancBs) data
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were obtained from the inverse slope at high ctirregime ofJ-V curves in the dark (inset of
Figure 6a). As shown in Table 2, tRedata showed smaller values upon an increase inutmber

of fluorine atoms and agreed well with theandFF values.
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Figure 6. (a) Current density vs. voltage curves of PSC#eurd.0 sun condition (inset: under the
dark condition) and (b) IPCE spectra of PSCs basedBDT-Qx (square) PBDT-QxF (circle),

PBDT-FQx (triangle) and®BDT-FQXxF (inverted triangle).
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Table 2 The best photovoltaic parameters of the PSCs.

parameters of each device are given in parentheses.

aVerages for the photovoltaic

Js (MA/cm?) Ve (V) FF (%) PCE (%) R (Q cn)?
8.0¢ 0.61 63.7 3.14
PBDT-Qx 4.02
(7.87+0.19) (0.61£0.00) (63.1+0.5) (3.05+0.07)
8.7¢€ 0.7¢ 66.1 4.5;
PBDT-QxF 3.60
(8.57+0.11) (0.78 £0.00) (66.0+0.1) (4.42 +0.06)
9.62 0.82 70.5 5.5€
PBDT-FQx 2.59
(9.49+0.13) (0.82+0.00) (70.2+0.3) (5.46 +0.08)
10.1¢ 0.91 71.F 6.6C
PBDT-FQxF 2.27
(9.97 +0.09) (0.91+0.00) (71.6+0.4) (6.49 +0.07)

®Series resistance estimated from the corresporgisgdevice.

Electron- and hole- only devices with a structuréT®/PEDOT:PSS (35 nm)/ polymer:RB8M

(ca. 90 nm)/Au (50 nm) and ITO/Al (50 nm)/polymeZ#BM (ca. 90 nm)/Al (100 nm),

respectively, have been fabricated and testeduestigate the charge transporting properties. As

shown in Figure 7a&b, thd-V curves showed a characteristic of space chargeetinturrent

(SCLC) and can be expressed by the Mott-Gurney'faw:

9
8

EZ
] =506 u—

L

wherel is the current density/ is the charge mobilityk is the electric fieldgog, is the permittivity

the active layer, and L is the thickness of thévadayer. The electron mobility of the device with

PBDT-Qx, PBDT-QxF, PBDT-FQx, andPBDT-FQxF are 2.5x 10° 2.9x 10° 2.6x 10° and

2.4 x 10° cnfV's®, respectively. Notably, the electron mobility bietpolymers with or without
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fluorine atoms are almost identical. The hole mobdf the devices witiPBDT-Qx, PBDT-QXxF,
PBDT-FQx, andPBDT-FQxF are 6.95x 10* 8.67x 10* s*, 9.83x 10* and 9.86x 10* cnfV's

! respectively. These results indicate an incredsee mobility upon fluorination. The ratios of
hole and electron mobility of the polymers withdiine atoms are higher than that of the device
based orPBDT-Qx, and the highest value f®!BDT-FQxF is displayed. SCLC results indicate

why the devices based on fluorine-substituted pelgnshowed bettey. and theFF values.
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Figure 7. Current density vs. voltage curves of (a) electand (b) hole-only devices (inset: current
density vs. voltage - built-in voltage (Y curves with fitted lines) based &#BDT-Qx (square)

PBDT-QxF (circle), PBDT-FQx (triangle) and®BDT-FQXF (inverted triangle).

Figure 8 shows the surface morphology of the adtwyers of the devices. The images were
obtained by tapping-mode atomic force microscopiNB measurements. The root-mean-squares
(RMSs) of the surface of the active layers baseBBDT-QxF, PBDT-FQx, andPBDT-FQXxF are
2.04, 1.35, 1.67 nm, respectively, which valuesahmeost identical to that of the surfaceRBDT-

Qx (1.66 nm) The surface morphology and the RMS data hardlycaffiee performances of the

photovoltaic devices.

23



6.8 nm 8.0 nm
6.8 nm

0.0 1.0 pm
6.1 nm 6.9 nm

-6.1 nm

0.0 1.0 ym 0.0 1.0 um

Figure 8. AFM images of the active layers based onRBPT-Qx, (b) PBDT-QxF, (c) PBDT-

FQx, and (d PBDT-FQxF.

4. Conclusions

A series of fluorinated DPQ-based polymers, in Wwhilse electron-donating BDT moiety was
connected with the electron-withdrawing DPQ unitotigh a thiophene bridge, have been
synthesized by using Stille coupling reactions. @wito the existence of two long 2-
octyldodecyloxy chains on BDT, all polymers exhdoit good solubility in common organic
solvents. To elucidate the positional and poputatioeffects of strong electron-withdrawing

fluorine atoms on the various properties of DPQedaspolymers, fluorine atoms were
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systematically incorporated into diverse positionsthe DPQ unit in the polymers. Relative to the
non-fluorinated counterpart &fBDT-QX, the fluorinated DPQ-based polymers denote®@BBT-
QxF, PBDT-FQx, and PBDT-FQxF contained fluorine atoms on the 6,7-positions & the
para-positions of the phenyl substituents on 2,3-posgiof DPQ and both locations of the DPQ
unit, respectively. Optical and electrochemical estigation indicated the significant effects of
fluorine atoms on the electronic properties of ploéymers, such as band gaps and HOMO-LUMO
energy levels. Furthermore, the gradual but notilseemprovements in the PCEs of these polymers
in inverted-type PSCs were observed by increasiagitimber or changing the position of fluorine
substituents on the DPQ unit of the polymers. Altiig the PCE of non-fluorinaté®BDT-Qx was
limited to 3.14 %, enhanced PCEs of 4.52%, 5.56% @&60% are obtained frolaBDT-QxF,
PBDT-FQx, and PBDT-FQxF, respectively. This step-by-step enhancement & RCEs of
fluorinated DPQ-based polymers can be attributedh® positive contributions of the fluorine
atoms, such as a gradual increase/ipn and concomitant improvement . and FF through
lowering of the HOMO energy levels and more baldnekectron-hole mobility with smaller series
resistance, respectively. Therefore, this studypranide valuable insights into the development of
fluorinated conjugated polymers by careful conwblstructure-property relationships for various

applications like photovoltaic cells and field-efféransistors.

Acknowledgements

This research work was supported by Basic Scien@se&ches (2013R1A1A2007716,
201603930154) through the National Research Foundation (NRF)Kofea funded by the

Ministry of Education, Science and Technology (MBEST

25



References

Supplementary data (DSC thermograms of polymers;vi$ible spectrum of polymer solutions,

optimized geometry by DFT calculation, and phottaicl parameters of the device based on

PBDT-Qx and PBDT-QxF with different blend ratios of polymers and /28M are available in

supporting information) associated with this aetichn be found in online

w N

10.

11.

12.

13.

14.

T. Kim, J.-H. Kim, T. E. Kang, C. Lee, H. Kang, 8hin, C. Wang, B. Ma, U. Jeong, T.-S.
Kim, Flexible, highly efficient all-polymer solaetis, Nat. Commun 6 (2015) 8547-8554.
G. Li, R. Zhu, Y. Yang, Polymer solar cells, Naho®onics 6 (2012) 153-161.S.

S. Gunes, H. Neugebauer, N. S. Sariciftci, Conpdjgdolymer-based organic solar cells,
Chem. Rev 107 (2007) 1324-1338.

J. You, L. Dou, K. Yoshimura, T. Kato, K. Ohya, Moriarty, K. Emery, C.-C. Chen, J.
Gao, G. Li, A polymer tandem solar cell with 10.G%wer conversion efficiency, Nat.
Commun. 4 (2013) 1446.

B. Kan, Q. Zhang, M. Li, X. Wan, W. Ni, G. Long, Wang, X. Yang, H. Feng, Y. Chen,
Solution-processed organic solar cells based olkydtiaiol-substituted benzodithiophene
unit with efficiency near 10%, J. Am. Chem. Soc {3614) 15529-15532.

Z. He, B. Xiao, F. Liu, H. Wu, Y. Yang, S. Xiao, @ang, T. P. Russell, Y. Cao, Single-
junction polymer solar cells with high efficiencgdaphotovoltage, Nat. Photonics 9 (2015)
174-179.

Y. Liu, J. Zhao, Z. Li, C. Mu, W. Ma, H. Hu, K. #g, H. Lin, H. Ade, H. Yan,
Aggregation and morphology control enables multipéses of high-efficiency polymer
solar cells, Nat. commun 5 (2014) 5293.

L. Lu, T. Zheng, Q. Wu, A. M. Schneider, D. Zhaaq, Yu, Recent advances in bulk
heterojunction polymer solar cells, Chem. Rev 1A®BL6) 12666-12731.

Y.-J. Cheng, S.-H. Yang, C.-S. Hsu, Synthesis ofuagated polymers for organic solar cell
applicationsChem. Rev 109 (2009) 5868-5923.

R. He, L. Yu, P. Cai, F. Peng, J. Xu, L. Ying, he@, W. Yang, Y. Cao, Narrow-band-gap
conjugated polymers based on 2,7-dioctyl-substitulibenzo [a, c] phenazine derivatives
for polymer solar cells, Macromolecules 47 (20192 P-2928.

L. Huo, Z. a. Tan, X. Wang, Y. Zhou, M. Han, Y. INovel twadimensional donor-
acceptor conjugated polymers containing quinoxalimés: Synthesis, characterization, and
photovoltaic properties, J. Poly. Sci. A Plym. Ché6n(2008) 4038-4049.

E. Wang, L. Hou, Z. Wang, Z. Ma, S. Hellstrom, Wiuang, F. Zhang, O. Inganas, M. R.
Andersson, Side-chain architectures of 2,7-carleaaold quinoxaline-based polymers for
efficient polymer solar cells, Macromolecules 48X2) 2067-2073.

R. Duan, L. Ye, X. Guo, Y. Huang, P. Wang, S. ZhadgZhang, L. Huo, J. Hou,
Application of two-dimensional conjugated benzo [2;b: 4, 5-f dithiophene in
guinoxaline-based photovoltaic polyme¥acromolecules 45 (2012) 3032-3038.

Y. Li, S.-J. Ko, S. Y. Park, H. Choi, T. L. NguyeM, A. Uddin, T. Kim, S. Hwang, J. Y.
Kim, H. Y. Woo, A quinoxaline-thiophene based thjgkotovoltaic device with efficiency

26



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

of~ 8%, J. Mater. Chem. A 4 (2016) 9967-9976.

D. Gedefaw, M. Tessarolo, W. Zhuang, R. Kroon, Eang/ M. Bolognesi, M. Seri, M.
Muccini, M. R. Andersson, Conjugated polymers bassd benzodithiophene and
fluorinated quinoxaline for bulk heterojunction aotells: Thiophene versus thieno [3, 2-b]
thiophene ag-conjugated spacers, Polym. Chem 5 (2014) 2083-2093

Y. Lee, Y. M. Nam, W. H. Jo, Enhanced device perfance of polymer solar cells by
planarization of quinoxaline derivative in a lowddogap polymer, J. Mater. Chem 21
(2011) 8583-8590.

X.-P. Xu, Y. Li, M.-M. Luo, Q. Peng, Recent progseswards fluorinated copolymers for
efficient photovoltaic application§hin. Chem. Lett 27 (2016) 1241-1249.

D. Liu, W. Zhao, S. Zhang, L. Ye, Z. Zheng, Y. CWi, Chen, J. Hou, Highly efficient
photovoltaic polymers based on benzodithiophene @mdoxaline with deeper homo
levels, Macromolecules 48 (2015) 5172-5178.

J. Yuan, L. Qiu, Z. Zhang, Y. Li, Y. He, L. Jiang, Zou, A simple strategy to the side
chain functionalization on the quinoxaline unit fefficient polymer solar cells, Chem.
Commun 52 (2016) 6881-6884.

H.-C. Chen, Y.-H. Chen, C.-C. Liu, Y.-C. Chien,\8.-Chou, P.-T. Chou, Prominent short-
circuit currents of fluorinated quinoxaline-basedpalymer solar cells with a power
conversion efficiency of 8.0%, Chem. Mater 24 (204266-4772.

P. Yang, D. Zeigler, K. Bryant, T. Martin, D. Ganmél, C. K. Luscombe, Materials
chemistry c, J. Mater. Chem 100 (2014) 3278-3284.

J.-H. Kim, J. B. Park, H. U. Kim, I.-N. Kang, D.-HHwang, High open-circuit voltage
organic photovoltaic cells fabricated using semdariing copolymers consisting of
bithiophene and fluorinated quinoxaline or triazdeivatives, Synth. Met 194 (2014) 88-
96.

X. Xu, Y. Wu, J. Fang, Z. Li, Z. Wang, Y. Li, Q. Rg Sidelchain engineering of
benzodithiophenefluorinated quinoxaline lowbandigap calpolymers for high
performance polymer solar cells, Chem. Eur. J 2042 13259-13271.

X. Xu, K. Li, Z. Li, Y. Li, Z. Wang, Q. Peng, Thenhanced performance of fluorinated
guinoxaline-containing polymers by replacing carlwith silicon bridging atoms on the
dithiophene donor skeleton, Polym. Chem 6 (2018)/23347.

Q. Tao, Y. Xia, X. Xu, S. Hedstrom, O. Backe, D.James, P. Persson, E. Olsson, O.
Inganés, L. Hou, D-al-d-a2 copolymers with extendkshor segments for efficient
polymer solar cells, Macromolecules 48 (2015) 100%6.

Q. Fan, Y. Liu, H. Jiang, W. Su, L. Duan, H. Tan, M, J. Deng, R. Yang, W. Zhu,
Fluorination as an effective tool to increase théotpvoltaic performance of
indacenodithiophene-alt-quinoxaline based wide-gapdcopolymers, Org. Electron 33
(2016) 128-134.

C.-P. Chen, Y.-C. Chen, C.-Y. Yu, Increased opertud voltage in a fluorinated
guinoxaline-based alternating conjugated polymely®. Chem 4 (2013) 1161-1166.

L. Liao, L. Dai, A. Smith, M. Durstock, J. Lu, J.ifg, Y. Tao, Photovoltaic-active
dithienosilole-containing polymers, Macromolecud€s(2007) 9406-9412.

J. Kim, M. H. Yun, G.-H. Kim, J. Lee, S. M. Lee-&§.Ko, Y. Kim, G. K. Dutta, M. Moon,
S. Y. Park, Synthesis of pcdtbt-based fluorinatelymers for high open-circuit voltage in
organic photovoltaics: Towards an understandingelaitionships between polymer energy
levels engineering and ideal morphology control,SABppl. Mater. interfaces 6 (2014)

27



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

7523-7534.

K. W. Song, T. H. Lee, E. J. Ko, K. H. Back, D. Moon, Polymer solar cells based on
quinoxaline and dialkylthienyl substituted benzbdiphene with enhanced open circuit
voltage, J. Poly. Sci. A Plym. Chem 52 (2014) 10036.

S. A. DiBenedetto, A. Facchetti, M. A. Ratner, T.Marks, Molecular selfassembled
monolayers and multilayers for organic and uncotigeal inorganic thin/film transistor
applications, Adv. Mater 21 (2009) 1407-1433.

L. Yang, J. R. Tumbleston, H. Zhou, H. Ade, W. Yd@isentangling the impact of side
chains and fluorine substituents of conjugated dgmmlymers on the performance of
photovoltaic blends, Energy Environ. Sci 6 (201B6-326.

Y. Zhang, S.-C. Chien, K.-S. Chen, H.-L. Yip, Y.r6u. A. Davies, F.-C. Chen, A. K.-Y.
Jen, Increased open circuit voltage in fluorinateehzothiadiazole-based alternating
conjugated polymers, Chem, Commun 47 (2011) 1102238.

S. K. Putri, M. S. Lee, D. W. Chang, J. H. Kim, éiltnated benzothiadiazole-based small
molecules for photovoltaic applications, Synth. M20 (2016) 455-461.

H. Zhou, L. Yang, A. C. Stuart, S. C. Price, S.,lMi. You, Development of fluorinated
benzothiadiazole as a structural unit for a polymeaar cell of 7% efficiency, Angew.
Chem. Int. Ed 123 (2011) 3051-3054.

S. C. Price, A. C. Stuart, L. Yang, H. Zhou, W. Ydtuorine substituted conjugated
polymer of medium band gap yields 7% efficiencypotymer— fullerene solar cells, J. Am.
Chem. Soc 133 (2011) 4625-4631.

Y. Liang, D. Feng, Y. Wu, S.-T. Tsai, G. Li, C. Ray. Yu, Highly efficient solar cell
polymers developed via fine-tuning of structuratl atectronic properties, J. Am. Chem.
Soc 131 (2009) 7792-7799.

F. Wu, Z. Deng, C. Li, L. Chen, Y. Chen, Structeneolution of fluorinated conjugated
polymers based on benzodithiophene and benzothi@digdor photovoltaics, J. Phys.
Chem. C 119 (2015) 8038-8045.

P. Heremans, D. Cheyns, B. P. Rand, Strategiesiforeasing the efficiency of
heterojunction organic solar cells: Material setattand device architecture, Acc. Chem.
Res 42 (2009) 1740-1747.

F. Wu, D. Zha, L. Chen, Y. Chen, Photovoltaics ohar-acceptor polymers based on
benzodithiophene with lateral thiophenyl and flnated benzothiadiazole, J. Poly. Sci. A
Plym. Chem 51 (2013) 1506-1511.

B. C. Schroeder, R. S. Ashraf, S. Thomas, A. J.t&/li. Biniek, C. B. Nielsen, W. Zhang,
Z. Huang, P. S. Tuladhar, S. E. Watkins, Synthe$isiovel thieno [3, 2-b] thienobis
(silolothiophene) based low bandgap polymers fgaoic photovoltaics, Chem. Commun
48 (2012) 7699-7701.

A. Bagui, S. S. K. lyer, Increase in hole mobiiitypoly (3-hexylthiophene-2, 5-diyl) films
annealed under electric field during the solvenirdy step, Org. Electron 15 (2014) 1387-
1395.

28



Electronic Supplementary Information (ESI) for:

Step-by-Step Improvement in Photovoltaic Propertie®f Fluorinated Quinoxaline-Based Low-

Band-Gap Polymers

Sella Kurnia Putrf, Yun Hwan Kim® Dong Ryeol Whan§,Min Seok Leé Joo Hyun Kim; " and

Dong Wook Chang®

®Department of Industrial Chemistry, Pukyong Natidaiversity, 48547 Pusan, Republic of
Korea

Department of Polymer Engineering, Pukyong Natidshaiversity, 48547 Pusan, Republic of
Korea

“Linz Institute for Organic Solar Cells (LIOS)/Instie of Physical Chemistry, Johannes Kepler
University Linz, 4040 Linz, Austria

S. K. Putri and Y. H. Kim equally contributed toshesearch.

Corresponding Authors:
D. W. Chang: dwchang@pknu.ac.kr
J. H. Kim: jkim@pknu.ac.kr

29



06

(a) —— Cooling (b) Cooling
—— Heating —— Heating
04F 04}
3 o2} 3 02}
= i
® -
00 ©
:‘Il:, % 00F
0zr 02 )
‘0-4 T T T T T T T T T T
0 50 100 150 200 250 0 50 100 150 200 250
Temperature (°C) Temperature (°C)
06 ¢ 0.6
C
( ) | —— Cooling (d) —— Cooling
—— Heating Heating
04} 0.4
3 o2t 3 02
[V [T
® ®
L Q
% 0o I 00
-02F 02
L) Ll L Ll L A \J A Ll AJ
0 50 100 150 200 250 50 100 150 200 250

Temperature (°C)

Temperature (°C)

Figure S1. First cooling and second heating DSC thermogrampabymers with cooling and

heating rate of 10C/min under N: (a) PBDT-QX; (b) PBDT-QxF; (c) PBDT-FQXx; (d) PBDT-

FOXF.

3C



»
x
—
o
o

—=— PBDT-Qx
—o— PBDT-QxF
—4— PBDT-FQx
—s— PBDT-FQXF

0
x
—
o
T

Extinction Coefficient (M” cm™)
w
3

| EEPUEP PP P U PP S

350 ‘450 550 650 750 . 850
Wavelength (nm)
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Figure S3 Optimized geometries of the two repeating unitlels of the DPQ-based polymers with

a syn- and anti- configuration obtained by DFT ugkdtion.
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Table S1 The best photovoltaic parameters of PSCs. Theages for the photovoltaic parameters

of each device are given in parentheses.

Blend Jsc Voc FF PCE Rs
Donor
ratio®  (mA/cm?) (V) (%) (%) (Q cm?)®
7.6z 0.6z 61.¢ 2.92
3:2 -
(7.33+£0.21) (0.62 £0.00) (62.1+0.4) (2.82+£0.07)
8.0¢ 0.61 63.7 3.14
3:3 4.02
(7.87 £0.19) (0.61 £0.00) (63.1+0.5) (3.05+0.07)
8.3¢ 0.61 62.7 3.2
34 -
(8.31£0.06) (0.61 £0.00) (63.0+0.6) (3.18 £0.02)
PBDT- 6.97 0.5¢ 59.¢ 2.4¢
3.5 -
Qx (6.72+£0.11) (0.59 £0.00) (60.4 +£0.4) (2.40 £0.03)
6.0¢ 0.5¢ 60.z2 2.1F
3:6 -
(6.06 £0.00) (0.59 £0.00) (57.6+2.7) (2.06 £0.10)
5.4( 0.6( 58.1 1.8¢
3:7.5 -
(5.33+£0.06) (0.60 £0.00) (58.0+0.1) (1.86 +£0.02)
4.47 0.6( 52.2 1.4C
3:9 -
(4.43 £0.05) (0.60+£0.00) (52.2+0.1) (1.37 £0.01)
6.6( 0.8( 63.€ 3.3t
3:2 -
(6.59 £0.01) (0.80£0.00) (63.6 +0.1) (3.35+0.00)
8.7¢ 0.7¢ 66.1 4.5z
PBDT- 3:3 3.60
OxXF (8.57 £0.11) (0.78 £0.00) (66.0+0.1) (4.42 +£0.06)
9.0z 0.77 64.2 4.4¢
34 -
(8.87 £0.09) (0.77 £0.00) (64.3+0.5) (4.39 £0.05)
3:5 7.8¢ 0.7¢ 63.¢ 3.9¢ -



(7.84+0.07 (0.78+0.00 (63.5+0.5 (3.87 +0.05

5.8( 0.71 60.¢ 2.7
3.7 -
(5.61+0.12) (0.77 £0.00) (61.6+0.8) (2.67 % 0.04)
— is 9.6 0.8z 70.E 5.5¢ Ve
FQX (9.49 £ 0.13) (0.82 £0.00) (70.2+0.3) (5.46 = 0.08)
— is 10.1F 0.91 71E 6.6( N\
FQXF (9.97 +0.09) (0.91 +0.00) (71.6 +0.4) (6.49 +0.07)

®Mass ratio of donor to PE@BM, P“Series resistance, respectively (estimated from the
corresponding best device).
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Highlights
[A series of low band gap polymers based on quinoxaline have been synthesized
[Belective incorporation of fluorine atoms on the quinoxaline acceptors

[Optical, electrochemical and photovoltaic properties have been investigated



