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8 B ApoMe Axpt FRS 2RI (dithienosilole 2 benzodithiophene)2} HAxP7} F=53 7208
(difluorobenzothiadiazole)E FAFE W2 zZHe 2k W=l FFZIAE Stille BA]w WS- o835l A5
ok 'H NMRE E3lo] 7t @A 8§HEs} wiate] 125 16tk GPC, TGA, UV-vis #3247 9 cyclic
voltammetryS ©]8-3to] eHdgt aEAbe] EAS ARSI §A8 FHEAR} PC,BME 1:1.5, 1:2, 1:3, 1:3.5
2 140 S 2 E36le] ITO/PEDOT:PSS/polymer:PC,BM/AIS] 22 F7|HjFAA] A2 A|tsle] 2 24
E4S zAII T 28AHPC, BME] 3] E0] 1:3004 AT 1.0%2] FHHgggo] GA=EUY. TEM 43S
Foted 1:3 EH&olA fr1E Aol 7P Agst et B2 CHEE7E dojwor, thE &l e At
Ake} PC,BME] B3 & el 7115t Bl A 5A4do] Holxi).

Abstract: We synthesized a low band gap alternating copolymer containing electron-rich units (i.e. dithienosiloles and
benzodithiophenes) and electron-deficient units (i.e. difluorobenzothiadiazoles) for high performance organic solar cells.
The polymer was prepared by the Stille coupling reaction and characterized using 'H NMR, GPC, TGA, UV-visible
absorption spectroscopy, and cyclic voltammetry. Solar cells were fabricated in a structure of ITO/PEDOT:PSS/poly-
mer:PC,,BM/Al with five different blending ratios of polymer and PC,,BM (1:1.5, 1:2, 1:3, 1:3.5 and 1:4 by weight
ratio). The best efficiency was achieved from the 1:3 ratio of polymer and PC;BM in the photoactive layer, and TEM
revealed that there is an optimal nanoscale phase separation between polymer and PC;BM in the 1:3 ratio blend film.

Keywords: organic solar cell, low band gap, Stille coupling reaction, alternating copolymer.
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silole(DTS)*'® 2 benzo[1,2-b:4,5-b'|dithiophene-4.8-dione
BDT)E, 28|32 Axp} ¥=3k 7|2 5,6-difluoro-2,1,3-benzo-
thiadiazole(DFBT)E """ 7] ZZA 22 7= push/pull A|2=8]
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Alek.  2-Butyl-1-octanol, iodine, triphenylphosphine,
imidazole, zinc(powder), tetra-n-butylammonium bromide, #-
BuLi, trimethyltin chloride % tetrakis(triphenylphosphine)-
palladiume AldrichA }2] AE-2- AM8-319T}. Benzo[1,2-b:4,5-
b'ldithiophene-4,8-dione> TCIAFS] A|F-S AME-3FA T 2,6-
Di-bromo-4,4'-di-2-ethylhexyldithieno-[3,2-b:2",3"-d]silole} 5,6-
difluoro-2,1,3-benzothiadiazoleS LumtecA}e] &S AL8-3}
At} Tetrahydrofurans AldrichAF2] A4 sodiumE- ©]&
ated Al & Abg-atSATh <7 dimethylformamide=
AldrichAle] A S freeze-pump-thaw™ ©- 2 degassing] #
ARSI 22X E, S 2ER, e, W, 3
ARl oMAlE B olld ofMEIC] E= Junseirte] AlE-S Th
2 ARSIt H,0® 32t /55 AHeiiith /e
Z A AldrichAF2] magnesium sulfateE AMS-3t] AZAIA
o} A8 mEn ey IHANOZH MerckAHY silica
gel 60(0.063-0.200 mm)S ARE-3}SITH

EM717] & MUY, stet=2° 'H NMR 2 ER S
CDCLE &1j2 A}8-3}3L BrukerAl2] Avance 111 400 MHz
NMR 32471 & o]&ate] SAslnh. F/d3 it
Al ek YRS d7] fl5te] WatersAke] GPCE AH&-
staith GPC 23S 913 28 EA EEFEZ29A
(TCB)S AHE-3 .M, column® ZA] 3xPLgel Mixed-BE
ARE-EF3ATE TA InstrumentsAFe] Q5008 AHg-3ted TGA &
e Fste] ik deHAdS AT TGA 24
S A BEL7181A 10 °C/ming] s24 =2 435t
UV-visible 223 E3 2 PerkinElmerA}2] Lambda 9 spectro-
photometerE- ©]-8-3t] S8t} 8k AWAF=FAS> CH
InstrumentsA}e] #1713}8F #4715 o|-&ate] SAHsIGIT B
A=A =4S 98] Yamashita DensoAle] YY-025 o]
L3 ZZ222] B2 918 Philips CM-302 ©]-&-3}]
TEM ARS Zsiaich

19| M. Lo tlFZZmH¢1(70 mL)Y| PPhy(28.14 g,
10729 mmol), ©]7t+Z(6.09g, 8941 mmol) = 2-butyl-1-
octanol(16.67 g, 89.46 mmolyS BT} o] HHEEFES ice
bathE ©] &3] 0°CE 255 W23l of7]¢ ofo] ot
(27.23 g, 107.29 mmol)S 7151t} Ice bathE A5k <
TE Ao U £ N7 Bt wRkslGT) ¥ T8 &
eSS TEEZMHICIH H0E ol&std &3 F I4A
1S eluent= 3] Ay AZrtETIE FEiitt. o]+
AUSF71E AHESt &89 &S AASHL 2ol
A A AZEIT) Yield: 95%. 'H NMR (CDCLy) 8: 3.24
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Scheme 1. Synthetic route to polymer.

(d, J = 4.8 Hz, 2H), 1.30-1.21 (m, 16H), 1.14-1.13 (m,
1H), 0.91-0.86 (m, 6H).

29| M. ®FS-87]o] NaOH, ©}<, benzo[l,2-b:4,5-
b'ldithiophene-4,8-dione3} H,OE 37 YL 115°Collx B
AlZ1H IAIZE 30 &< wHekSTh. o] RhE-EgtEel 13
tetra-n-butylammoniums 37FskaL 115 °Colld] SHRAIZIH 12

AR AL it L T AEEE HEREE
¢13} H,O0E ol&3dt F53 5 QIS eluent® &t 2
d ARnEIR IR i) ol AYERIIE AHESt
o] 28] &mjE AAIAL o)A g AT
Yield: 83%. 'H NMR (CDCL,) 8: 7.45 (d, J = 5.6 Hz, 2H),
735 (d, J = 5.6 Hz, 2H), 4.15 (d, J = 5.6 Hz, 4H), 1.85-
1.82 (m, 2H), 1.61-129 (m, 32H), 0.92-0.88 (m, 12H).

39| &M, 1H3-8-7190 2(1 g, 1.79 mmol)9} tetrahydrofuran
(25 mL)yS E3UT}. o] EFES Erfo] oo 28} oAl ES o]
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g3t -78°C7HA =& e ¥ p-BuLi(1.6 M in
hexane, 2.57 mL, 4.12 mmol)S #7}shHA 308 &<k wwk
ST o1F 0°CR LEE £/ F 2417F 302 F3t it
Sl LA THA] 278 °C7HA) Hr}. o7]9 trimethyltin
chlorlde(l M in hexane, 4.12 mL, 4.12 mmol)— A7kt &

B Zol wulely A TA] Aoz 2xE 2 12/\]7]—
Eo]— WHFSITE vk =3 & oqo]x] AANES TE2 2
g1} H,0Z o] &3l FE3 o%o]x] Lol anjE 7}
USH7E A&t AAT F old opAlE]o|ES} ojeke-S
ol gslo] A2 AAASIATE. Yield: 74%. 'H NMR (CDCl;)
5: 749 (s, 2H), 4.16 (d, J = 5.2 Hz, 4H), 1.86-1.80 (m,

=2 1=
EeRut=4
T 1-=

2H), 1.66-129 (m, 32H), 0.94-0.86 (m, 12H), 042 (s,
18H).
42| g, wk-g8719 2,6-dibromo-4,4'-di-2-ethylhexyl-

dithieno[3,2-b:2",3'-d]silole(1 g, 1.73 mmol)<} “JA| ¥ tetra-
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hydrofuran(15 mL)2- 23It}. o] WHEFES =)o) oo~
9} oPHIES o83l 78 7K 255 W@ Fof n-BuLi2
M gAel 2,17 mL, 4.34 mmol)S #7}5k3L 2417k St Wt
3ttt o 7]l trimethyltin chloride(1 M & A| <1, 434 mL,
434 mmol)S A78la 305 oF wukst & 1:}/\] ooz
255 &9 1247 5 wRkeiginh vk 5 T A8 E
< UEE2MEIIF H05 |83l F=3laL ?éoixd £
o] gl E USRS ARE8te] Al AT Yield: 88%.
'H NMR (CDCLy) &: 7.05 (s, 2H), 1.413-1.39 (m, 6H), 1.24-
1.12 (m, 16H), 0.80-0.73 (m, 12H), 0.35 (s, 18H).

59| BtM. w3879 4(1g 1.34 mmol)2} 5,6-difluoro-
2,1,3-benzothia-diazole(1.11 g, 3.36 mmol), tetrakis(triphenyl-
phosphine)palladium(0.16 g, 0.13 mmol), “Z#|¥ dimethylfor-
mamide(l mL) ¥ EFAN(10 mL)YS ¥At}. o] WHEES
110 °ColA 14717F 53t wnbalslet. vhe- S8 & =S
222 TE HOS o848l $58 F 2ELTEANC
(v 1:3) EFETNE AHg3tel A9 AmviEadsls 2

S, AAEFH71E AFESlel HEgele] Sulg AR
FeeA g 7AZ3IATE Yield: 54%. 'H NMR (CDCly) 8:
8.34 (t, J = 5.16 Hz, 2H), 1.52-1.48 (m, 2H), 1.34-1.15 (m,
20H), 0.83-0.79 (m, 12H).

DEXel g, w871 3(030g, 0.34 mmol)}
5(0.30 g, 0.34 mmol), tetrakis(triphenylphosphine) palladium
(0.016 g, 0.014 mmol) —22]3 A EF(10 mL)S ¥L
60 °ColA] 2A17F IRt 3 TRA] 110 °CollA] 244)7F 5<9F wwt
St ¥ T8 F WHSEHES EEEXFORE 4N
7]13 YA wERE(400 mL)oll HAAIZ F o 35l *3*“4
=2 Fgsldith. ozl A ES HE dHo A HEs,
oMlE, AR, EEEXE £OF 7t & HE 1247
Soxhleta}RAT}. ©]F- Lojxl 1A BAPEES A20lM FF A
Z313 T}, Yield: 40%. 'H NMR (CDCLy) 8: 8.67 (br s, 1H),
848 (br s, 1H), 821 (br s, 2H), 4.29-4.17 (m, 4H), 1.91-
1.26 (m, 56H), 1.12-0.91 (m, 18H).
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Table 1. General Properties of Polymer
M, (g/mol) M, (g/mol)  PDI (M,/M,) Ty (°C)
1990 3700 1.86 330

.
gl W Wy
9 8 7 5 4 3 2 1 ppm
Figure 1. 'H NMR spectra of polymer (Solvent = CDCL5).
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Figure 2. UV-vis absorption spectra of polymer.
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Figure 3. Cyclic voltammogram of polymer (0.1 M TBAPF; in ace-
tonitrile; sweep rate: 50 mV/s; WE: Pt; CE: Pt; RE: Ag/AgO; Fc/Fc*
= -4.80 eV assumed).

Table 2. Photophysical and Electrochemical Properties of
Polymer

Amaxabs (M) LUMO  HOMO E
Solution Film (eV) (V) (eV)
585 654 -3.48 -5.25 1.77

A EAe] ) A5 75

ITO/PEDOT:PSS/polymer:PC,.BM/AI®] T-3%2 A 2Fsto] 1
27 54 2ARISIT olu gl aiatel PC,,BMe] &3}
EolA F EZe] E3MIE 47 1015, 12, 1:3, 1:35 E 14
o] F¥ H)EE Wkt B Aol s v e
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Table 39 =2 &4 A& A8t Yep At a2z}
PC,BM2] E3H]&0] 1:1.5%0 &xke] %, MG (Vo)
2 0.51V, 9AF(Jso)= 0.53 mA/em?, fill factor(FF)=
0.31, AEHS T (PCE, ) 0.08 %= S ATt 712
ZAHPC,,BME] Bl &0] 12291 &AF] Vo 0.66 V, Jsei=
1.83 mA/em? FFE 042, & 0.51%= et 282l
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Figure 4. (a) J-V characteristics of solar cell devices for five dif-
ferent blending ratios of polymer with PC;BM under the illumina-

tion of AM 1.5 G, 100 mW/cm (b) EQE of the corresponding
devices.

Polymer(Korea), Vol. 39, No. 1, 2015



76 8% - ol&y - 1}

Table 3. Photovoltaic Performances of Solar Cell Devices for
Five Different Blending Ratios of Polymer with PC,,BM*

Polymer:PC,.BM Voc Jsc FF PCE
(W/w) V) (mA/em?®) (%) (%)
1:1.5 0.51 (0.78) 0.53 (0.90) 31 (35) 0.08 (0.25)

1:2 0.66 (0.78) 0.83 (1.52) 42 (36) 0.51 (0.43)
1:3 0.81 (0.88) 2.48 (1.82) 51 (48) 1.03 (0.78)
1:3.5 0.80 1.71 51 0.69
1:4 0.77 222 48 0.82

‘Data in parentheses are for the devices containing an TiO, layer
between active and anode layers.

PC,BM®] H]&0] 1:3%0 &%}E] Vo 0.81 V, Joe= 248
mA/cm?, FR= 051, 7& 1.03 %= YeRdth. 784/PC,.BM
o] H]&o] 1:3.591 2Ak2] Vo2 0.80 V, Je= 1.71 mA/em?,
FF:= 0.51, 72 0.69%% UERTE 23E2HPC,BMe] H|&<]
1:42) 2242] Vol 0.77V, Jsc= 222 mA/em?, FFE 048,
e 0.82%= UEITE ol2fdt AH=25E oyl 7] &2}
SO FHLEAL}E PC,BMO] HIE©] 1:302 A|ZHE 4ak
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Figure 5. TEM images of polymer:PC;BM blend films with weight
ratio of (a) 1:2; (b) 1:3; (c) 1:4.
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