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Synthesis of flat and rigid structured polymers organic solar cells and their

photovoltaic properties.

Jeong Bae Park

Department of polymer engineering, The graduate school,

Pukyong national university

Abstract

Regioregular poly(3—hexylthiophene) (P3HT) has been proven to be one of the
successful electron «donors for polymer bulk heterojunction (BHJ) solar cells. The
regioregularity of 'P3HT plays .an important' role. in the performance of solar cells
because the regularity ' strongly associate with the morphology of thin film. The
spectral overlap of the /polymer with solar spectrum is also important factor for solar
cell performance.! To better match the solar spectrum, low—band gap polymers have
been synthesized for polymer solar-cells; however very few of them give a power
conversion efficiency (PCE) of more than 5%. The low“efficiency is probably due to
the nonplanar structure of the polymer, which is detrimental for the close packing of
polymer chains in the solid state. Here, we demonstrate a strategy for designing planar
polymers with better chain packing in film to facilitate charge carrier transport for
photovoltaic application.

The m—conjugated polymers with low—band gap based on 2,7—dibromofluorenone and
2—(2,7—dibromo—fluoren—9—ylidene ) —malononitrile were synthesized by the Heck
coupling and Suzuki coupling reactions. Also, we synthesized a series of low band gap
polymers with very planar geometry based dialkoxyphenanthrene,
2,1,3—benzothiadiazole and thiophene by the Suziki coupling and Stille coupling
reaction. All polymers were soluble in common organic solvents such as chloroform,
chlorobenzene, dichlorobenzene and toluene. The band gap of polymers were estimated
UV—Vis spectroscopy and cyclic voltammogram between 1.7 ~ 2.6 eV. The BHJ type

photovoltaic cells were fabricated with polymer and PCBM ([6,6]—phenyl—C61—butyric

- viii -



acid methyl ester). The efficieny of solar cells based on the low band gap polymers
are ca. 0.1 ~ 0.2%. In this thesis, we report the synthesis and characterization of

new polymer.
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[ -3. 7] BlEHA e 7|2 o]&
I —3—1. AX}F7) (Electron donor)E&3

AT BAd2ZE weAd 382l 49 poly(para—phenylene
vinylene) (PPV) A€ 2] =23} polythiophene(PT)2] =4 (Figure 1-3)
Eo] F2 AtHo]l gi=d FHtol: polyflourene(PF) 7l &4 2 o] &<
ST HAEE low band gap =2 AFEHI U}t F7] @A &
9 CuPc, ZnPc 5 phthalocyaninesd] =& o] @o| AL&% a1 t}. AR
BEAES dAH R e 9 HSUF B ~AEHAR &

A Fres 7P dojok &t A (hole)d] olEk T A7 =4

t

i)
Lo
hJ

I —3—2. AA}E7) (Electron acceptor)=2

AR B4 25= fullerene(Cgo) AHAl =2 Ceo0] 7] Eufjol] 2 &=

It

A AE PCBM([6,6]—phenyl—C61—butyric acid methyl ester)
5ol AbEE I glom 1 o TREXE = perylene, PTCBI(3,4,9,10—peryle

2~ ol
T ORI

ne—tetracarboxylic bis—benzimidazole)%5©¢] AF&% 3L At} o] Fol A Ceo

9 FEAELS HAZR Y= X9} E3ste]l BHI(bulk heterojunction)
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I —3—6. Bilayer ¥
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A gow el 4 B AE § 5 ek

I -3-9. 9= A FJsc)

Short—circuit current(Jse) &= 3| =7} kb=l Ae], = A do] (il A

HolA e woke W JEhle AREECY. o e $Adon X
of Al7]eh it el uwhel SepAA|RE ol o] AAE AEelAM =
5o ols] o7]E AApel A Fol A AT (recombination)dle] £=2 E X

A9l band gap AU A7} 2S5 fFeElshA Wt 22 HWA Vock #H4Ash

Hez 243 band gap= 7HX A =7F Zasitt

[ —3-10. Z=ARJIA(FF)

Fill factor(FF)&= Xl Figure I —-83 Zo] Huj Ay Heolre d7d
ok Aok el W Voot Jseol wom uhe ghelvh wEbA il factors
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ol 7hafzl AAejell Al J-V=d el Eoko] ALzt dwiy 7phE7HE UE
= AFolth. HEAAY &8 9 AA ol s AakE Ho A= I AL
FoodA (Pw)Akele] vlE = YEllolxith, o] 42Ql I-V curveol ta}to]
HEFAAY 1-V curveZt dupt 77k EEIAE B Hez =d
= A7 - ALES o3t 4 e P & WAp - Vp) Y HolE ol
A Q1 HA(Voc * Isc) 02 Yro] & Fholt.
(Ip « Vp) Pmax

Fr= (Isc » Voc) - (Isc » Voe) (2)

BjF A 2] W3l 7 & (power conversion efficiency, PCE) Ej# %] 2]

dee Yl 7 T e A= Ak Bl x[ol tHak Bl A el
il

A E=45 oy A e vz A3t} Figure I =894 o34l -V curvex
e A o
max ImaX " VmaX FF I ‘/;C
PCE(n)= o= x =% — - (3)

PinS QAL ® BlgFyx2 AM 1.5%7 9 wE= 100 mW/em®o] il FF
Isc * Voc (=Imax * Vmax = Pmax) 9] %< Bl AA 9 =4 HAHo|,
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Current

A
Voltage Vp Wi S
FF
I
P / D
Jsc

Figure I —8. o]A& El¢AA2 I-V curve.
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Chapter II. Synthesis and electro—optical properties of

n—conjugated polymers based on 2—fluoren—9—ylidene

—malononitrile

O0-1. A&

At 400 QA3 EA} $Fske Q17F AJde] ALHQl W At FetS
AR goh LREAE ATss G 833, FAste), B, AT, AR
e, ARFS 5 we Bopd ATAEe] wofsin A7uel wee) &
t, 53] A= Jheol-g i, w&el Hls) 7 457 AR oR

AW ol theke]l A, J. Heeger 79t A. G. MacDiarmid 5= -6 o] A]
X o] H. Shirakawanl <=7} A3t polyacetylene, (CH)x Z &) &= ¢

254 % (dopping)ste] &7 A= (electro conductivity)”} 543 S7F
St FEAl-a5 AHo] dAfol wHek o] & AxA ar¥A(conducting
polymer)7h B4 0% Bl A7 oz #4lE 2 A 1990
9 Eo]A] poly(p—phenylenevinylene) (PPV) ®rak&

F A (polymer light emitting diode, PLED)E 73t $ol& n—& 1

ﬂJ (]
o
ofo
b
kl
_{

By
2y
N
i

)
Ao S5 REAN EHS 0§ BFE FA4 £AF AU A
b sl AaHa g ol gusEdel (LCD)E WA F ¢
e WE OaZee] VR 2 BAL B vk Wy o £

H polyanilineS &9 & AFo 2 AF83}1aL, poly(2—methoxy—5—2—eth
yl—hexyloxy)—1,4—phenylenvinylene(MEH—-PPV)E W33} o7 o]&3
Eoh2Y LEDE 7/Hdste] A2 859 Fdoz s H1 v P-F
FEAMEH-PPV)! el n—% m#AH(CN-PPV)'*'e LAY dAY Cos

st Frho]l @ =(photodiode) % EJY#H A (organic photovoltaics,

ot



392H o4 WHA Aelee AHE

2
AW B wet pxo BFANE e Aor 44 wE & o

o2
N
B
1o
B
k]
oX,
olf
=
rlr
=)
B
B
Yo 19

>

Aol 2 FEo wz o Ha g aRxe 2 g
polyfluorene(PF)& 1 @9 A2l fluoreneo] Akg}ell 98t fluorenone o=

AslEo] PRe] g o] A ow o)F At AT wurt gl

2 AT AE olEd AdE ol&ste] FuE F99 WS FFehs
fluorenones 7|20 2 sh= FNZAF FA] PFone$t PF2CNE &/ st
At (Scheme 1). Nitrileo] A& FHo]FA%} iAo F+ 2 W3 3
2 nitrileo] XA g A H]Eol B S Fapg o2 o]ssheE A
oz dyx QYT wgl A fluorene carbonylS malononitrile® X 3+
AlZ1 PF2CN9] &< % &) oo = J)9] pitrile group 93 PFonelk
o ZAuapgor olsd ol odHn. o]g g iix= PLED % OPVsel
ol 75 Aot IR Ao S8 o o2 2 3fo]
SN A3t (n—conjugation)®] Zol& F7F AlA HS ST99S 2+ A=

5 =

RAES BB B, G S o)

(9}

e

olo
iy
fjo
X

Mo

I-2. A3
H-2-1. =R
400 MHz 'H-NMR =2#Ea(JNM ECP-400, JEOLAH)¥ Liquid

Chromatography type Mass Spectrometry (Applied Bio systems)3}
Macro and Micro Elemental Analyzer (Vario macro/micro, Elementar)ZE
AHgeke] 7ztel W e Selakgth UV-Vis BaUE
100 CONC)®} HITACHIAFS] F-45008 AM&3te] @Al &5 2 4

~HAEHS AT, dFA o] =72 Stanford Research SystemsA}2]
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Stanford Mode MPA—100& A}-&3to] SAHsA Y. EA= S-S WatersAh

H

o] 510X, AY 9B 410 RI #A&E7|E o] &3

=

o] 542 chloroform
S ARgER o, A-YLS polystyrene standardE ©]838}¢] calibrationd}}

<3k 9ot AFH(potentiostat 362, EG & G)& 7]+ HFo=

o

Ag/Ag+ (0.IM BwNPFs in MC), BZE H=o= Pt coil& 77 AS-38la
A2 e 22 BudNPF6 (0.1 Mol &3 MC &= Abgatqltt. Fdd
3 A4S 43 st Fd2 150 W Xe lamp (Model LS—150—Xe,
Abet technology)< A3t o™, AM 1.5 G Filter (Oriel Model 81088)
5 o]&stel AM 15 G =& ¥HEo] Fvh. Standard Silicon cell
(Certified by National Institute of Advanced Industrial Science and
Technology with protective KG 5 filter Model BS—520)& ©o]&3}e] 1
sun (100 mW/cm*)&7AS @30l Fth -V EAL" Source Measure

Unit (KEITHLEY Model 2400)< o] &3te] =431t}

e
I
[\

-2, @A %

aE=}

o

3

A

RE A Aldrich AR E= TCL AFe] Al AL82tslch
1,4—Bis—dodecyloxy—2,5=divinyl—benzene=" w3 we} AHA st ALE
st

OI—-2-3. 2—(2,7—-Dibromo—fluoren—9—ylidene)—malononitrile® A
(1 ) [13-15]

2,7—Dibromofluorenone 1.50 g(4.44 mmol)¥} malononitrile 1.02 g(15.4
mmol)S 9ol Ny, £ 7]3}oll A ZAE methylene chloride(MC)E 100 mL
go] d2ollA 1 AZE wnkste] gajA T d¥AEo] &all¥ - titanium

tetrachloride(TiCly)E 7.77 mL(55.9 mmol)E A3 FYA]7]aL pyridine
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2.11 mL(26.6 mmoD)E 3] FUAI v 24 AZF WA ZT. QkE
3 vacuum rotary= AFg&3ste] &u] A4 3 1.0 N9 HCI(100 mL) H7}st
of of#}AZ methanol®Z AAAsI WA AHE=S A (&
70.2%), mp: 213—-214 C. MS [M+, m/z]: 386 'H NMR (400 MHz,
CDCls, ppm): 8.45 (s, 2H), 7.70-7.68 (d, J=8.1 Hz, 2H), 7.46—7.44
(d, J=8.0 Hz, 2H), Anal. Calcd for CisH¢BraNs: C, 49.78; H, 1.57; N,

7.26. Found: C, 42.47; H, 1.88; N, 5.90.

0 —2—-4. 1,4—Bis(dodecyloxy)—2,5—divinylbenzened] ¥A4(2)

3}8tE benzene—1.4—dicarbaldehyde® &AL &3 119 ol 23}
o] ST 0.°Col A AA ¥ 50 mL THF®| methyl triphenyl phosphon

iumbromide (7.89 g, 22.0 mmol)E ¥o|=t}. n—Buli (17.5 ml, 21.0
mmol, 1.2 M in hexane)s 3] H7Fsk § F2ol|A 30 & w3
Anhydrous THFZ 50 mL © 7}gk % 2,5—bisdodecyloxy—henzene—1,4—d
icarbaldehyde (5,03 g, 10.0 mmol)E ¥o]FiL 4 Ak &<t &7 A7t}

== AHsY. 74 MgSO04&
ANAZgeto] WA el uA e

ATk 4.02 g (80.6%), mp: 62.5 °C. 'H-NMR (400 MHz, CDCls,),

HH2- 23859 diethyl ether® F=3F U
=

A7Vste] =82S A A3 methanol

(ppm): 7.05 (dd, /i=11.1 and ~=6.7 Hz , 2H), 6.99 (s, 2H), 5.73 (dd,
J1=16.3 and J=1.4Hz, 2H), 5.26 (dd, .1=9.8 and J~=1.4 Hz, 2H), 3.96
(t, J=6.5 Hz, 4H), 1.79 (m, 4H), 1.47 (m, 4H), 1.31 (m, 32H), 0.88
(t, J/=6.8 Hz, 6H) 6.73 (s, 2H): MS (M+, m/z,); 498 Anal. Calcd for
CssHs5302 C, 81.87; H, 11.72; O, 6.41 Found C, 81.85; H, 11.77.

0 —2-5. 2,7—Bis—(3—hexyl—thiophen—2—yl) —fluoren—9—one? A (3)
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2,7—Dibromofluorenone 1.50 g(4.44 mmol)3¥} 2—(3—hexyl—thiophen—
2—yl)—4,4,55—tetramethyl—[1,3,2]dioxaborolane 3.23 g(10. 9 mmol)=
Yol tetrakis(triphenylphosphine)—palladium(0) (5.54 mg, 5.0 umol)<=
toluene (15 mlb)ell &3] AlA 10 3t g7 A|7]2L tetraethylammonium
hydroxide solution (5.5 ml, 20 wt.% in water)< Yol5il thA] 12 Al 7F
g BF AIIYE HES & EFES ethyl acetate® FES U E2 A
2] o] 82 AAAZ F methanol® A2 A3}
of Mol FA FES AUATE 1.7 g(76%). mp: 160.5 T. MS [M+,
m/z]: 512.00 'H NMR (400 MHz, CDCls, ppm): 7.89 (s, 2H,), 7.70 (d,
J=8.0 Hz, 2H), 7.49 (d, J=7.7 Hz, 2H) -2.62 (t, 1=7.3, /~=8.1 Hz,
4H), 1.63 (m, 4H), 1.31 (m, 12H), 2.62 (m, 6H), Anal. Calcd for
CssH360S2: C, 77.30; H, 7.08; S, 12.51 Found: C, 77.22; H, 7.09; S,
12.46

0-2-6. 2,7—Bis—(5—bromo—3—hexyl—thiophen—2—yl)—fluoren—9—one
o @)

3FHE(3) (0.5 g, 0.97-mmol)S  F< DMF, 20 mlo] &3jr71t}h

N—br

FaL, 2ol 6 AZE St wwt AT SReE Yol nAgd=S 2y
g § A sgt=s DMFE AdAgste] =54 1A shehes A0 0.6
g(91%) mp: 168.5 °C, 'H-NMR (400 MHz, CDCls), (ppm): 8.11 (s,
2H), 7.13 (d, /=4.2 Hz, 2H), 7.01 (d, J=4.0 Hz, 2H) 2.75 (s, 6H) :
MS (M, m/z,); 670.00, Anal. Calcd for CssHs4Br.0S.: C, 59.11; H,
5.11; S, 9.564 Found: C, 58.82; H, 5.09; S, 9.51

0-2-7. 2—[2,7-Bis—(5—bromo—3—hexyl—thiophen—2—yl) — fluoren—9—
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ylidene] —malononitrile®] ¥4 (5)

3tetE(4) 1.0 g(1.49 mmol)¥} malononitrile 0.59 g(8.94 mmol)S ¥
Ny 297138}l A ZAE methylene chloride(MC) 70 mLE Yo] AF-2of A
1 AIZE wwksle] GafAl it @FAlEo] &3iEl  TiClkE 6 mL(54.5

mmol)E HAH3] F=YAZ]AL pyridine 2.11 mL(26.6 mmol)E HH3] +

A g 24 AIZF WREAIA Y WS $ vacuum rotaryE AFESte] &) A
7 % 1.0 N9 HCI(100 mL) #H7}8}e] oJ3}A1Z] methanol= #2473} wh

EA e AES A (58 70.2%). mp: 1725 C. MS [M+, m/z]:
718.00 'H NMR (400 MHz,-€DCls, ppm):-7.81 (s, 2H), 7.61(d, J=5.9
Hz, 2H), 7.49 (d, J=8.0 Hz, 2H), 2.56 (t, s1=7.3, /2=8.1 Hz, 4H), 1.57
(m, 4H), 1.33 (m, 12H), 0.90 (m, 6H) Anal. Caled for CisHsBrsNs: C,
49.78; H, 1.57; N, 17.26. Eound: C, 42:4%; H, 1.88; N, 5.90.

O—-2-8. 2,7—Bis(4,4,5,5—tetramethyl—[1,3,2 ]dioxaborolane) —9,9—dihex
yl—9H—fluoren—2—yl12] A (6)

2,7—Dibromo—9,9—dihexyl—9H—fluorene- (2.46 g, 5 mmol)S A=
THF (50 mDeol &3|A1Z1 & 30% vt AJ#ATh —70 °C (dry ice/acetone
bath)= W82z}t & n—butyllithium(n—Buli) (4.44 ml, 11.0 mmol, 2.48 M
in hexane)< AA3] A7} skl A7F § 1 AIRF &<k A2olA wyk A
71 3 2—isopropoxy—4,4,55—tetramethyl—1,3,2—dioxaborolane (4.81
ml, 12.0 mmol)S YAt} A2oA 12 A|ZF nWE & diethyl ether® F=
g O SHTE AFHEAT 5 MgSO.E #7bste] & AAAZ
silica/hexane Al column®l Al A3}l hexane &= A ZAA3to], WA 314
3FgE 65 vt 1.99 g (66%), mp 118 °C. 'H-NMR (400 MHz,

CDCl3), (ppm): 7.80 (d, /=7.0 Hz, 2H), 7.74 (s, 2H), 7.71 (d, J=7.5
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Hz, 2H) 2.05 (t, J/=16.1, 4H), 1.39 (s, 24H), 1.05 (m, 6H) 0.74 (4,
J=7.16 Hz, 6H), "C—NMR (100 MHz, CDCl3), (ppm): 150.7, 144.5,
133.8, 129.2, 126.6, 119.8, 66.1, 40.5, 31.8, 29.8, 23.9, 22.7, 14.2 MS
(M*, m/z,); 586.45, Anal. Caled for Cs7Hs6B20s C, 75.78; H, 9.62; B,
3.69; O, 10.91 Found C, 76.33; H, 9.56.

_26_



TiCly, Pyridine |

B~ T N o
O O malononitrile, MC Br O O Br
1 25°C, 24 hrs
2
0c12H25 - o 0C12H25 -
X
1 + X Pd(OAc)2, Bu3N O I P F
N one
N tri-o-tolyphosphine, DMF O'O X
0C12H25 120 C, 24 hrs i 0C12H25 In
OCq2Hz5
2 + X Pd(OAc)2, Bu3N P F2 C N
N tri-o-tolyphosphine, DMF
0C12H25 120 C, 24 hrs

Scheme I —1. @A 2 EAEZ9] FA.
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OI—-2-9. Poly{2—[2—(2,5—bis—dodecyloxy—4—propenyl—phenyl) —vinyl]
—7—methyl—fluoren—9—one} (PFone)% 3%

PFoneS A3 29l Heck coupling Wo] ¢3te] Zatataict o N, 29]7]
&} ol] A 2,7—Dibromofluorenone (0.17 g, 0.50 mmol)o] AA| s
1,4—Bis—dodecyloxy—2,5—divinyl—benzene (0.25 g, 0.50 mmol)S Yl
3.0 mol%e] palladium acetate[Pd(OAc)2], tri—o—tolyphosphine (0.2
mmol), tributylamine (2.6 mmol)S ZZF ¥ 5 mlLY FF
N,N—dimethyl formamide (DMF)ol] &3j3t & 120 C9 W% 3loA
24A12F abste] F3elgl), w3 Z3kE ol 1=bromo—4—tert—butyl—benz

5-AIZF &gttt Aol =

-

ene (21.3 mg, 0.1 mmol)E ¥oj& =
3H-8 NS methanolol] ¥ & 531 o AJZ] T3 chloroforme] &3]A1Z1 3 10
wt% ethylenediamine tetraacetic acid (EDTA) &0z g 3k},
Chloroform=< #g3t & HF4& MgSO.= A7lstel 82 AAAZ e
vacuum rotarys Al&3te] &u] A A = TA] methanold] AH A3 T o
ke Ao A\ HLAe FHAE AT 'H NMR (400 MHz, CDCls,
ppm): 7.83 (br, 2H), 7.63 (br, 2H), 7.55 (br,~2H), 7.20 (br, 2H) 4.07
(br, 4H), 1.90 (m, 45H).

II—2-10. Poly{2—[2—(2,5—bis—dodecyloxy—4—propenyl—phenyl) —vinyl
]—7—methyl—fluoren—9—ylidene } —malononitrile (PF2CN)¢] 3t

33E (2) (0.19 g, 0.5 mmol) ¥ 3}3+= (3) (0.25 g, 0.5 mmol)= Ab
&3] PFoned] T@WHa & Wyor % 3 AAsth 'H NMR
(400 MHz, CDCls, ppm): 7.75 (br, 2H), 7.65 (br, 2H), 7.36 (br, 2H),
7.35 (br, 2H) 4.09(br, 4H), 1.92 (m, 45H).
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OI—-2-11. Poly{2—[5—(9,9—dihexyl—9H—fluoren—2—yl) —3—hexyl—thiop
hen—2-yl]—7—(3—hexyl—thiophen—2—yl) } —fluoren—9—one (PF—TFT)
o] &3

sheb=(4) (0.26 g 0.4 mmoD¢ 3}gh=(6) (0.23g, 0.4 mmol)}
tetrakis(triphenylphosphine)—palladium(0) (5.54 mg, 5.0 umol)<S toluene
(10 mDeol &3 AlA 10 #3F 35 A]7]3L tetraethylammonium hydroxide
solution (1.5 ml, 20 wt.% in water)< YolFil TA] 3 A &<t S

Al 71T}, Bromobenzene(0.078 g, 0.05 mmol)S Yo 1 Al7F F<t

riot
Jn

2

A7 F3L phenylboronic acid(0.06 g, 0.5 mmol)S Yo]Fo] 1 A &=
3 AlA AolR FFES methanolol] A A3 & o 93Fo] chloroformol
&3|AlA palladiumAIAE €3] ammonia solutione F7}ste] nyk s
Chloroformo.2/ FZ3 t& F4 MgSO.& H7lste] Fis AAANN F
ThA] methanolell AR A gk & o Iste] FFA 1725 AU
'H NMR (400 MHz, CDCls, ppm): 7.98 (br, 2H), 7.82 (br, 2H), 7.77
(br, 2H), 7.62 (br, 6H), 7.32-.(br, 2H), 2.71 (br, 4H), 2.59 (br, 4H),
1.72 ~ 0.76 (m, 52H).

I —2-12. Poly{2—[2—[5—(9,9—dihexyl—9H—fluoren—2—yl) —3—hexyl—
thiophen—2—yl]—7—(3—hexyl—thiophen—2—yl) —fluoren—9—ylidene ] —mal
ononitrile (PF—TCNT)9 &%

stet=(5) (0.28 g, 0.4 mmol)®t 3FgH=(6) (0.23g, 0.4 mmol)& A}-8&3}
of PF-TFT9 Z&dHz & diez FF 2 AAsAT. 'H NMR
(400 MHz, CDCls, ppm): 8.64 (br, 2H), 7.83 (br, 2H), 7.73 (br, 2H),
7.52 (br, 6H), 7.48 (br, 2H), 2.72 (br, 4H), 2.57 (br, 4H), 1.67 ~
0.76 (m, 52H).
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CgHi13

N\ S
Br Br \ \
Pd(PPhg3)s, TEA hydroxide in solution (20 wt.%) S

Toluene 90 °C, 12 hrs 3 CeH13

o) @B/ié o)

TiCly, Pyridine

malononitrile, MC
25°C, 24 hrs

Pd(PPh3)4, TEA hydroxide in solution-(20 wt.%)

120 °C, 24-hrs

Pd(PPh3)s, 2M K,GO3

Aliquat 336, 120 °C, 72 hrs

PF-TCNT

Scheme I —2. @A € 1 E2=9 A
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M-3. 2% 2 13

2 Aol Ao dFA 2 uEAES Scheme -1 % Scheme 11-29¢

ol wet oF 50~90%9 FES AU olFEA FTHF nEAES
Ayt TAFN F% Hit BAFS PFone® A9 Z2F 40003 7000°]
2CN2 Z}7} 50003 8000¢] PF—TFTS PF-TCNT+ 77 12000
30000, 60002} 2000001912 toluene, chloroform % chlorobenzene
71&mfoll & &3 ATt Cyano (—CN)717F X ZEo] U+ &

-
) O_>l:
>y D‘.

B=)
M
flo
Jo

o]F A% uEAE —CNY A5 Agom g F+ 2L w3 o] Fupid
o2 @ol olFgto] wayol-gr

Ao A] &A% PF2CN, PF=TCNTE F 7le =CN 7|7} 213 = o
2le], —CN717} ¢li= PFone® PF—TFTeol Hlsle] &5 9 w3 ofojo] %

Bgor oxd AoRE A, stARE F5 54 5823, PFonedt
PF2CN¢| & HelMe HAdl &5 34 (Figure I—-1)< 410 nm, 410.5
nm®| 3 PF—TFT, PE—TCNT (Figure I1—2)< 406 nm, 408 nm= o &
T 3ol A ARSIl oM Egh FrEAHEY] edgeRHH AMET
PF2CNe] W=7 o J#]3502.36 eVE, PFoned HWIEAS] 2.06 eVHLT &
3l At} v A Z PF=TCNT ) W= ol dX|= 2.66 eVE, PF-TFT
o] WH=3HQl 2.06 eVET AA SAHHUT. Figure M-39 3 =3 EH
oA Yeld A3} o] PFoned} PF2CNe| o &4 33 % 633 nm, 635
nm=zZ PF5H L PF-TFTS PF-TCNTS ol @33 a= 2H2 584 nm,
610 nmE YERNATH Figure M —4). &5 GGl o] g o Gl A
T T 7HAY] A & AfolE HolA etk ol —CN7|9 A9t L
A AFES dA A o ol Almdnh aE

2—fluoren—9—ylidene—malononitrile®] 2, 7
oA o]F AFo] —~CN7| 744 FHE A Halr] witolgt AlaH). vl

3, 69 914 A4 Ho] sl —CN7] 714 ¥ @ 4 glermw o

’
o
0
il
re
Y,
it}
2
hoes
o
!
il

ol

2
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Absorbance (a.u.)

400~ 5000 600 700 800 900
Wavelength (nm)

Figure I —1. PFone¥ PF2CNe S+ AFEH,
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—— PF-TFT
- - - PF-TFT(1):PCBM(1)(Wt%)

Absorbance (A)

300 400 500 600 700 800 900
Wavelength (nm)

T 4 T 1 J i ' - ' ' :
—— PF-TCNT
- =- PF-TCNT(1):PCBM(1)(by wt %)

Absorbance (A)

300 400 500 600 700 800 900
Wavelength (nm)

Figure I—-2. 182 9 EA=[with PCBM(1:1 by weight)]9] &4 A9

Ed
—_— .
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Figure 1—5, I —69A4+ ZEAE2 HOMO % LUMO 9yA +=9= <&
71 Y AL A F (Cyclic voltammogram, CV)< o]&3lo] 54313
th. HOMO % LUMO oy A £9+= A& & 2F A2 dux] #9995 7
#(0 eV)o & yehdeh ™ mely cvies S48 A 89 A9E AT
AU F9E 7]+ R 3= HOMO & LUMO olUx] +=29z9] At
Hesl7] W&ol ferrocene] redox potentialS A dsle] @ALE 2l
o} PFone®] 79 Yol Wd onset potential® ferrocene®] t]d}e]
—-1.45 V, —1.71 Ve]ar PF2CN< -1.34 V, —1.71 V& Yepdix

il

_

°

32

PF—TFT9 3o w3t onset potential —1.34 V, —1.56 V oJiL
PF-TCNTE -1.34 V, —1.56 V& UERAL}E. &Y onsetdstel 2]3}o]
AAFsE PFone¥ PF2CN9] LUMO enegry levele Z+2F —3.35 eV, —3.46
eVolal PF—TFT, PF=TCNTx ZtZ} —3.46 eV, —3.80 eVZ FZH Ut}
HOMO oly=] =95 &7 flall A5 d9lE (+) HFo= AE 7R
ARk AbsE7E dojubx] kel LUMO enegry leveld} FAdERS] F¢
edgeZH-E A4k sod HOMO enegry level2 ¢ 4 At} PFoned
PF2CNe] HOMO enegry level® =541 eV, —582 eVE =911
PF—TFT, PF-TCNT= 24} —5.52 eV, —6.46 eV&E YEFARIT. dutz o
2 LUMO energy level= A ®7e] Al 7)o mpe}t aks XA €k 7
g Az WAE VAW E2 AARsEE 77 wjiEe] LUMO energy
level& w2 Zks yeEbdt. ZF 182159 LUMO energy levelS H|ul3gh
A3}, PFone® PF—TFTXETH= PF2CNZ PF-TCNT7} W2 S UERITH
o] PFone¥ PF—TFTel S+ carbonyl”] ¥t} PF2CN3} PF—TCNTel %l
+ Cyano (=CN)7|7} &k Azt wrjo)7] wjZolet AbsE .
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Table I—1. AEAES FAV|H EA.

UVinax PLmax HOMO LUMO Egup Ered, onset (V)"

(nm) (nm) (eV)* (eV)’ (€V)* Era, peak (V)
PFone 410 633 -5.41 -3.35 2.06 -1.45
PF2CN 410.5 635 -5.82 -3.46 2.36 -1.34
PE-TFT 406 584 -5.52 -3.46 2.06 -1.34
PF-TCNT 408 610 -6.46 -3.80 2.66 -1.01

a) Estimated from the LUMO energy level and band gap energy
b) Figured out from the reduction onset potential

c) Estimated from the absorption edge of UV-Vis spectrum

d) Potential vs. Fc/Fc'
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O-4. 28

Fluorne % 2—fluoren—9—ylidene—malononitrile?} 1,4—bis(dodecyloxy)—
2,5—divinylbenzeneS 7|H o2 3 A2 FHM o]|=ZATE 22 PFoned}
PF2CN<S Heck coupling ®WWHS o]&3le F3st93, PF-TFTH
3}$ltt.  PFone®}
PF2CN9] HOMO enegry level2 Z}7Z} —5.41 eV, —5.82 eVolar LUMO
enegry level 77} =335 eV, —3.46 eVE YEMST PF-TFT,
PF—TCNT®9 HOMO enegry level2 Z}7Z} —552 eV, —6.46 eVolil

PF—TCNTY Suzuki coupling HH<& o]&3le] =

ot

LUMO enegry level2 Z}7} —3.46-eV,-=3.80 eVZE #I=H AT} PFoned}
PF2CNe] W= A oYzl 74z 2.06 eV, 2:36 eVE YERNAL,
PF—TFT, PF-TCNT®] M= ] ovX|= 212} 2.06 eV, 2.66 eVE #HFY
At wetAd PFone¥ PF2EN, PF—TET®k PF-TCNTE 7] Eikd =] 9]
A2 F70 A2 AREE ¢ ot ALREH ITO7 ¥ E o

0
ol
L
rE
riet
At
o,
ftlo
||V
ol
ol
2
[o
y
2
%,
-,
1
>
fol
o
0,
e
[N
A
b
v
F
N
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Chapter III. Synthesis and Photovoltaic properties of copolymers
based on 4,7—Di—thiophen—2—yl—benzol2,1,3]thiadiazole and

9,10—dialkoxyphenanthrene

Im-1. &

¢
[
_>|i
fu
2
=)
i)
o
o

H gy 308 AEZE A79Y A57E 200438 npxr]o g x2Sl
708 FToRE Aseta Jom Jor A& -5 HAWeln. f7 Ase
Alo s wigel MAS = 7 vk M= 10 ~ 20 SFll A &A1 A
AbeFol ZhAshe] ©oF 40 ~ 50 $7F diW o]l & ZolH frle HY

L

g g A YA FFAHE WAY T e sty sjAAe] 2 A
ot HANAANUYA] HFANUYAE A7[MUA = HSAIA F= B FHA
o & S A8 B HAeAtEo] dae w=¥E Vel vk
H Ao A= 4,7—dithiophen—2—yl—benzo(2,1,3)thiadiazoleS 7] ¥ (key
monomer) 2.2 3t 9,10 alkoxy—phenanthrene -+%=X ¢} Stille coupling
%82} Suzuki coupling”!! FHHEE o] &dl] AEE FFTHAE T4
S s electron  accepting =~ S5AS 7] 3L NE
4,7—dithiophen—2—yl—benzo(1,2,5)thiadiazole®] HAHIF F=Z9} electron
donating E4J©] 91+ alkoxy—phenanthene FEAE F=3 o= Ex|

7+9] m—stacking2 SFAA]A charge transfer % morphologyS 7§ &Fa1x}
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3T Al 2 electron donor A BHES X AR electron acceptor
T4l PCBM3 HZdldale] BHI 759 A A &ete] izt #sh4,
A7) g8y, FAWME EAdol s 2AF, AESSIUL

m-2-1. A3y

M—-2—-1. ©EkA)

NE

A G4

A

al

Benzo(2,1,3)thiadiazole ¥} tetrakis(triphenylphosphine)—palladium(0) A]<F
S TCIAMY A|ELS AFE3F 3L, hydrobromic acid (47 wt% in water)®}
bromine A]2F2 JunseiAbe] A|ES A28} 3L, thiephene A]9FS AcrosAl
o] AES AHESGT. 1 9l BE AR Aldrich, Alfa AesarAle] A&
< ARgslith ST Aol fle ¢ s Aok AA glo]l AdE AL
£33tk THES} diethyl ‘etheri= sodium/benzophenone ©]-83ko] F/HA|
A Ae59 1% toluened} tetraethylammonium hydroxide solution (20
wt.% in water), 2M K.COz 7&N& A&7k2E Boldo] Fo] bubbling

o] RS AA 8 T AL

IM-2-2-1. 4,7—Dibromo—benzo(2,1,3)thiadiazole®] 43 (1)""

Benzo(1,2,5)thiadiazole (3.0 g, 22 mmol)= 47 wt% hydrobromic acid
(5 mDol] &#3] €3fAAH 110 ~ 120 °Coll4] ¥k3th Bromine (3.38

ml, 66 mmol)& dropping funnel ©]&3slo] HH3s| A7} 3}k HbE =

SHES 12 AZF B<F S5 A7), ¥bE & v ¥b-2% bromined A A3}7]

’

)
gL_l‘
rE

S Z3E9 20 wt% 2l potassium hydroxide (KOH) &80 % Z
StAlA HAE Y skt WA HHAES benzenelZ A A3t WA
A FFE 1S 9ATh 518 g (80%), mp: 190.3 °C.
"H-NMR (400 MHz, CDCl3), (ppm): 7.71 (s, 2H). ""C—=NMR (100 MHz,

=
)
o
=
o
td
o
1o
K
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CDCly), (ppm): 113.8, 132.3, 152.9 : MS (M', m/z): 293.90, Anal.
Calcd for CeH2Br:N:S, C, 24.51; H, 0.69; Br, 54.36; N, 9.53; S, 10.91
Found: C, 24.25; H, 0.68; N, 9.65; S, 10.01.

M—-2-2-2. 4,4,5,5-Tetramethyl-2-thiophen-2-yl-[1,3,2]di—oxaborolan
6(2) [24]

Thiophene (6.66 ml, 83 mmol )& AA$ THF (150 mDel|l &3lA]7]aL
—70 °C (dry ice/acetone bath)® W7z}t ¥ n—butyllithium (n—BuLi)
(40 ml, 99.6 mmol, 2.5 M in hexane)< 43| A7} 3}t 30 7+
i Al71 & 2—isopropoxy—4,4,5,5—tetramethyl—1,3;2—dioxaborolane (22
ml, 108 mmol)< HFo s}t A2oA 12 A|7F al®b AJASF3L, diethyl
ether® F=3 & ZF-=E A& st ¥ magnesium sulfate
(MgS04)E Hrste] 88 A AAIZ] 2 silica’hexane ] columnol A & A
alo], WAl 314 s}gtES @rt 1050 g (60%), mp: 60.7 °C. '"H-NMR
(400 MHz, CDCls), (ppm): 7:65 (dd, /i=3.7 and J~=1.1 Hz, 1H), 7.63
(dd, hL1=4.7 and S=0.7:Hz, 1H), 7.19 (t, /=4.05 Hz 1H), 1.35 (s,
12H). "C=NMR (100 MHz,~CDCls), (ppm): 137.1, 132.3, 128.1, 83.9,
24.6 : MS (M", m/z,); 210.05, Anal. Calcd for CioHi15BO:S, C, 57.17; H,

7.20; B, 5.15; O, 15.23; S, 15.26 Found C, 57.86; H, 7.786; S, 14.66.
M—-2—-2-3. 4,7—Dithiophen—2—yl—benzo(2,1,3)thiadiazole®] ¥4 (3)
shetE(1) (2.5 g, 8.5 mmoD) ¥ &3E(2) (3.93 g, 18.7 mmol)9} tetra
kis(triphenylphosphine)—palladium(0) (0.47 g, 0.43 mmol)= AHZd A

Ql aliquat 336 = A% H7}sk KoCOs(2M) 894 30 ml9} toluene 30 ml
o] gMe A ZTE 100 ~ 110 °CollA] 24Xt &<t 87 A|AFIL Hb5
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E23ES diethyl ether2 FE3% U SHTE AFSIY. F4 MgSO.E
HA7Vste]l =8-S AAAZ F silica/hexaned columnol Al A A dFal hexane
o2 tA] AAABY orange needleZ o] 1A FFES AUt 1.15
g (45%), mp: 120.1 °C. 'H-NMR (400 MHz, CDCl3), (ppm): 8.12 (dd,
/1=3.3 and h=1.1 Hz, 2H), 7.89 (s, 2H), 7.46 (dd, /i=5.1 and L=1.1
Hz, 2H), 7.22 (dd, /i=4.8 and JL=4 Hz, 2H). "C-NMR (100 MHz,
CDCly), (ppm): 152.7. 139.4, 128.1, 127.6, 126.9, 126.1, 125.9.: MS
(M*, m/z,); 300.05 Anal. Caled for Ci4sHsN2Ss, C, 55.97; H, 2.68; N,
9.32; S, 32.02 Found C, 56.09; H, 2.48; N, 9.85; S, 31.57.

M—-2—-2—4. 4,7—-Bis(5—bromo—thiophen—2—yl)—benzo(2,1,3)thiadiazole
o] 34 (4)

ste&(3) (1 g, 3.33) mmoD= 5 DMF 50 mlel | &3iA11 &
N—bromosuccinimide (NBS, 0.18 g, 10.0 mmol)S Y3t} A-2ox 3 A
T EQE WA AL Bl S E AUt AT ES 2" &
5 DMF® AZ7Aste & F249 14 3=a L3 1.10 g (72%)
mp: 233.0 °C. '"H-NMR (400-MHz, CDCI3), (ppm): 7.81 (d, J=4.1 Hg,
2H), 7.79 (s, 2H) 7.16 (d J=4.0 Hz, 2H) : MS (M", m/z,); 457.95
Anal. Caled for Ci4HgBraoN2Ss C, 36.70; H, 1.32; Br, 34.88; N, 6.11; S,
20.99 Found C, 35.92; H, 1.551; N, 6.33; S, 21.32.

IM—2—-2-5. Phenanthrene—9,10—dione® A (5)
Phenanthrene (20 g, 0.112 mol)S = (200 ml)°l| &€3fA]7]aL chromiu

m trioxide (CrOs3) (42 g, 0.420 mol)S E3th. AL2o]x 30 & wyHA]7]

3l ice bath® YW¥Z+3l & sulfuric acid (H2SO4) (90 ml)<S dropping funnel
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S olgalel AR A7k HYULk oAl ALAA 30 B owu A7n 2
(100 mD)3¥} chromium trioxide (42 g, 0.420 mol)S H7IA 7 & 12 Azt
<t F AT 9bE = F3A17]7] 9138l 50 wt% KoCOs

=¢Eel H7h7Ia =S 2H it A =S hexaneo® A AA st

°E§’
mlo
r]I
oo

of =& 1A FHFES Ak 15 g (72%), mp: 192.5 °C. 'H-NMR
(400 MHz, CDCls), (ppm): 8.18 (d, J=7.7 Hz, 2H), 8.01 (d, J=8.1 Hz,
2H), 7.72 (t, J=7.5 Hz, 2H), 7.46 (t, J=7.5 Hz, 2H), "C—NMR (100
MHz, CDCls), (ppm): 180.5, 136.5, 131.1, 130.6, 129.7, 126.1, 124.1,
MS (M*, m/z,); 208.05, Anal. Calcd for Ci4HsO» C, 80.76; H, 3.87; O,
15.37, Found C, 79.46; H, 3.40

M—-2-2-6. 2,7—Dibromo—phenanthrene—9,10—dione2] 34 (6)

s}t (5) (7 g, 33.6 mmol)= 47 wt% hydrobromic acid (100 ml)el] &
Al A 140 TCeollA nwtgkr}, Bromine (4.3 ml, 84 mmol)S dropping
funnel& ©]-&38fo] AH3S] 2kt & WS Fd=a 72 At F FF A
7131 {bg % v 9kg-# bromines A ASH7] 98l WS E3EC 20 wt%
o] potassium hydroxide (KOH) F&dqo =2 FTA|AH IHEES I 3 &
silica/hexane”| columne &3l AAste] =t 1A gFES IAT. 5 ¢
(42%), mp: 268.5 °C. 'H-NMR (400 MHz, CDCl3), (ppm): 8.12 (s, Hz,
2H), 8.07 (d, J=8.4 Hz, 2H), 7.66 (d, J=7.0 Hz, 2H), "C—NMR (100
MHz, CDCls), (ppm): 178.9, 136.2, 133.5, 132.2, 129.9, 127.5, MS (M,
m/z,); 366.06, Anal. Calcd for Ci4HsBr:O, C, 45.94; H, 1.65; Br, 43.66;
O, 8.74, Found C, 45.42; H, 1.01

M—-2-2-7. 2,7—Dibromo—9,10—bis—decyloxy—phenanthrene2] A (7)
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& (6) (2 g, 546 mmoD<= AT THF (70 mDel &3A7]a
tetrabutylammonium bromide (BuNBr) (0.53 g, 1.64 mmol)< X7} 3gF
S 30 B HoFb wwkAIZIY}, Sodium hydrosulfite (NasS:04) (7.6 g, 44
mmol) & & (100 mDe® e F 30 ¥ H% Ny7F2== bubbling 3}
of WhgE3tEo] Ya 6 AlRE 5 WREAIZITE NasS:04 (3.8 g, 22 mmol)
S Fgd (50 mDeE e & 30 ¥ A% Ny 7FA~E bubbling 3] @i
=

p—toluenesulfonic acid decyl ester (3.92 ml, 12.5 mmol)= Y1 6 A%t

Zol gdF A7t} W T E3ES othyl acetate® F=3F S B2 A FH

ol
o
20 B HoF wWHAIZ] & 20 wt% NaOH F8HES kS 33l

oL
rr

-

sttt F MgS0.& #H7bstol i8S AAAZ F silica/hexane] column
= T Ax=oA A sgES dgH. 2.5 g(70%), mp: 70.5 °C.
"H-NMR (400 MHz, CDCl3), (ppm):_8.63 (s, Hz, 2H), 8.08 (d, /=8.8
Hz, 2H), 7.69 (d, J/=8.8:Hz, 2H), 4.16 (t, J=6.7 Hz, 4H), 1.87 (m,
4H), 1.54 (m, 4H), 1.26 (m, 24H), 0.87 (t, J/=6.6 Hz 6H), ""C—NMR
(100 MHz, CDCls), (ppm): 143.2, 130.5, 128.9, 128.8, 125.4, 124.3,
120.4, 73.8, 31.9, 30.5, 29.%, 29.6, 29.5, 29.4, 26.3,/22.7, 14.2, MS
(M", m/z,); 648.54, Analy Calcd for CsiHusBro0.. €, 62.97; H, 7.46; Br,
24.64; O, 4.93, Found C, 65.013 H, 7.26

M—-2-2-8. 2,7—Dibromo—9,10—bis—dodecyloxy— phenanthrene?]
34 (8)

St=(6) (2 g, 5.46 mmol)= AASH THF (70 mbDol &3A]7]aL,
tetrabutylammonium bromide (BwNBr) (0.53 g, 1.64 mmol)S A7} 3+
& 30 ¥ Z¢F wHkA|ZIth Sodium hydrosulfite (NasS:04) (7.6 g, 44
mmol) & F&H (100 mDe& ¥HE F 30 # A% Ny7F2~= bubbling 3}

o WSEFTEY Y 6 AlFF <+ WWEAIZIYE. Sodium hydrosulfite



(NasS204) (3.8 g, 22 mmol)S 84 (50 mhHez THE & 30 &+ AL
N7}~ = bubbling 3Fe] ¥ir 20 £ 5<F wHkA|Zl & 20 wt.% NaOH &

oS nke&lE o] W@} p—toluenesulfonic acid dodecyl ester (2.96 ml,
12.5 mmol)= Yil 6 A|FF &<k 3FAG, wbs F S5E (7)) e

5

oz GAste] AT 1A FES ATk 2.5 ¢(70%), mp: 72.5
°C. 'H-NMR (400 MHz, CDCls), (ppm): 8.63 (s, Hz, 2H), 8.08 (d,
J=8.8 Hz, 2H), 7.69 (d, J=8.8 Hz, 2H), 4.16 (t, J=6.7 Hz, 4H), 1.87
(m, 4H), 1.54 (m, 4H), 1.26 (m, 32H), 0.87 (t, J=6.7 6H), "C—NMR
(100 MHz, CDCly), (ppm): 143.3, 130.4, 128.9, 128.8, 125.4, 124.2,
120.3, 73.7, 31.9, 30.4, 29.7, 29.6, 29.5,-29.4, 26.2, 22.7, 14.1, MS
(M*, m/z,); 704.66, Anal. Calcd for CssHssBro0, C;. 64.77; H, 8.01; Br,
22.68; O, 4.54, Found C, 67.66; H, 7.79

M—-2-2-9. 2,7—-(9,10—Bis—decyloxy —phenanthren—2—yl) —4,4,5,5—tet
ramethyl—[1,3,2]dioxaborolane®] ¥4(9)

E(7) (2 g, 3:08 mmoD)S A THF (30. mDeol| &3A]7]aL, =70
°C (dry ice/acetone bath)= ¥dZFsl % ~n—Buli (2.83 ml, 30.7 mmol,
2.5 M in hexane)< F3] A7tgk & 2 A|ZF &b Wk AJFT b2 A
2—isopropoxy —4,4,5,5—tetramethyl—1,3,2—dioxaborolane (1.57 ml, 7.7
mmol)& HaL 3 AZF &t vk 5 3gkE (10)3 22 WHo = Aa|stol
Anwghal oA FFgES Avh 1.3 g(47%), 'H-NMR (400 MHz,
CDClz), (ppm): 8.64 (s, Hz, 2H), 8.26 (d, J=2.4 Hz, 2H), 7.61 (d,
J=5.6 Hz, 2H), 4.21 (t, J=6.2 Hz, 4H), 1.92 (m, 4H), 1.57 (m, 4H),
1.29 (m, 42H), 0.89 (t, 6H), "C—NMR (100 MHz, CDCly), (ppm):
143.3, 129.7, 128.7, 125.7, 122.6, 122.4, 73.7, 32.1, 30.6, 29.8, 29.7,

29.6, 29,5, 29.4, 26.3, 22.8, 14.2, MS (M", m/z,); 742.65, Anal. Calcd
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for C4H72B20s C, 74.39; H, 9.77; B, 2.91; O, 12.93, Found C, 82.49; H,
9.78

M-2-2-10. 2,7—(9,10—Bis—dodecyloxy—phenanthren—2—yl)—4,4,5,5—
tetramethyl—1[1,3,2]dioxaborolane®] 34 (10)

33E(8) (2 g, 2.84 mmol)S AAZ THF (30 ml)oll &A1 7]a, —70
°C (dry ice/acetone bath)® WZ}g % n—Buli (2.62 ml, 28.2 mmol,
2.5 M in hexane)& 3] A7Fgk F 2 A3F §SF wwk AT 2ol A
2—isopropoxy —4,4,5,56—tetramethyl—1,3,2=dioxaborolane (1.45 ml, 7.1
mmol)= Wil 3 AIZbE¢k vk - FgrE (10)3 &2 WHo=2 AGA 5o
Awghd A7 298 AUk 1.3 g(45%), 'H-NMR (400 Mz,
CDCl3), (ppm): 8.64 (s, Hz, 2H), 8.25 (d, J=6.6 Hz, 2H), 7.61 (d,
J=7.0 Hz, 2H), 4.22 (t, J=3.3 Hz, 4H), 1.93 (m, 4H), 1.58 (m, 4H),
1.29 (m, 6H), 1.38 (m, 10H), 0.89 (t, 6H), "C-NMR (100 MHz,
CDCl3), (ppm):+143.3, 130.1%.128.9, 125.9, 122.6, 122.4, 73.7, 32.1,
30.6, 29.8, 29.7, 29.6,-29,5, 29.4, 26.3, 22:8.14.2, MS (M", m/z,);
798.79, Anal. Calcd for -CsoHgoB:02 C, -75.18; H, 10.09; B, 2.71; O,

12.02, Found C, 83.95; H, 10.28

MM-2—-2—-11. Poly[4,7—dithiophen—2yl—benzo(1,2,5)thiadiazole ] —alt—9,
10—bis—decyloxy —phenanthrene] 2] &% (PN10TBT—co)

st E(4) (91.6 mg, 0.2 mmoD¢t SHFE(8) (0.148 g, 0.2 mmol)¥}

tetrakis(triphenylphosphine) —palladium(0) (11.08 mg, 10.0 pmol)<

toluene (2 mboll €3] AlA ZHA EH7] dloA 10 B 357 Al7|x
-

tetraethylammonium hydroxide solution (2 ml, 20 wt.% in water)=

T3 Al 48 AZF B9 120 C= 37/ A7)+, A& A<l Suzuki coupling
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&t} Bromobenzene (0.078 g, 0.05 mmol)< Yo]FiL

1 AlZF B¢t 35 A]#A 5311 phenylboronic acid (0.06 g, 0.5 mmol)S ¥

L FH AA Dol FHEES methanoldd] AFHE & o

#3&}le] chloroformeol] €347 palladiumA S 8] ammonia solution=-

A7¥sto] nRE gtk Chloroforms F%E3 ths 77 MgSO.& H7bste]

e AAAZ F A methanolell AFAZ 5 ofItste] Axepe] aE

A gHES Atk 'H-NMR (400 MHz, CDCls), (ppm): 8.63 (br, 2H),

8.23 (br, 2H), 7.70—7.59 (br, 4H), 7.38—=7.25 (br, 4H), 4.19 (br, 4H),
1.90—0.85(m, 38H).

IMM-2—2—-12. Poly[4,7—=dithiophen—2yl—benzo(1,2,5)thiadiazole] —co—9,10
—bis—decyloxy—phenanthrene]® 53 (PN10TBT—ter)

shet&E(1) (58.8 mg, 0.2 mmol)$t ®FshE(7) (0.13 g, 0.2 mmol)¥}
2,5—bis—tributylstannanyl—thiophene | (0.26 g, 0.4 mmol)< toluene (2
mDoll A #97] stollA &3] & F 120 ColA 72 AFt ¢ &F AA
Stille coupling el o3 T8t W5 § PNIOTBT—co$t #Z2 X
o7 AAsle Fe& BEgdel mExE oddig Y-NMR (400 MHz,
CDCls), (ppm): 8.76 (br, 21),-8.29 (br, 2H), 8.10—7.73 (br, 6H), 4.20
(br, 4H), 1.90—0.88(m, 38H).

O+

IMM-2—-2—-13. Poly[4,7—dithiophen—2yl—benzo(1,2,5)thiadiazole] —alt—9,
10—bis—dodecyloxy —phenanthrene] 2] &% (PN12TBT—co)

stetE(4) (91.6 mg, 0.2 mmol)®t 3&+=(9) (0.16 g, 0.2 mmol)3}
tetrakis(triphenylphosphine) —palladium(0) (11.08 mg, 10.0 pmol)<
toluene (2 mbol A E97] slollA & AlA 10 3+ 37 A7|x

PN10TBT—co%} &2 ®HHo=w F3g 2 AHAste] dxegde] uiExE

2

il



2tk "H-NMR (400 MHz, CDCl3), (ppm): 8.63 (br, 2H), 8.23 (br, 2H),
7.79-7.59 (br, 4H), 7.38—7.18 (br, 4H), 4.21 (br, 4H), 1.90—0.88(m,
46H).

IM-2—-2-14. Poly[4,7—dithiophen—2yl—benzo(1,2,5)thiadiazole] —co—9,10
—bis—dodecyloxy —phenanthrene] 9] F3(PN12TBT—ter)

set&E(1) (58.8 mg, 0.2 mmol)$t 3F3E(7) (0.14 g, 0.2 mmol) ¥}
2,5—bis—tributylstannanyl—thiophene (0.26 g, 0.4 mmol)< toluene (2
mDoll A B97] dlollA &a] AlA PNIOTBT—teret 2 W o=z 3t
2 gAste] Ao Bt nEAS A9 'H-NMR (400 MHz, CDCly),
(ppm): 8.86 (br, 2H), 829 (br, 2H), 8.10—7.73 (br, 6H), 4.22 (br,
4H), 1.90—0.88(m, 46H).

M—-2-2-15. Poly 4—{5—=[7—(9,10—bis—dodecyloxy—phenanthren—2—y
1)—9,9—bis—decyl—9H—fluoren—2—yl] — co—thiophen—2—yl } —7—thiophen
—2—yl—benzo[1,2;5]thiadiazole®] F3(PFTBTPNS5)

stetE(4) (0.206 g, 0.45 mmoD <+ 3}3H=(12) (0.035 g, 0.05 mmol)
2,7—(9,9—bis—decyl—9H—fluoren—2—yl)—4,4,5,5—tetramethyl—[1,3,2 ]dio
xaborolane (0.349 g, 0.50 mmol)<S toluene (3 ml)ol] A H917] dlollA
&3l A7 PNIOTBT—co$t &2 oz T 3 AAlste] A2 249
AEAE At 'H-NMR (400 MHz, CDCly), 'H-NMR (400 MHz,
CDCl3), (ppm): 8.12 (b, 2H), 7.87 (m, 2H), 7.70 (m, 6H), 7.47 (m,
2H), 2.07 (b, 4H), 1.10 (m, 12H), 0.75 (m, 15H).
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Aliquat 336, Pd(PPh3),

@ n-BuLi, THF UB ‘é
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(o} o (o] o
O Cr03, stO4 Q Brz Q
Py @ et
H,0 HBr
5 6

Na,S,0,, Bu;NBr THF, n-BuLi
> Br Br Br Br
THF, NaOH(20%wt), TSOR
8 >_°— I
C12H2s0  OCqoHp5

i*ii*i

8l THR=ICYH,, *R=CqaHps

Y

* R = C4gHa1 *R=CqzHzs

C1oH21

C1oH21
Buasn@/San >_j * ﬁ
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Scheme M—1. GFAE2S T,
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Pd(PPh)s, NEt,OH

4 + 9 .
Toluene, 120 C, 48 hrs

4+ 10 Pd(PPhs), NEt,OH

Toluene, 120 C, 48 hrs

1+ 9 + 11 PAPPhs)s PN10TBT-ter
Toluene, 120 C, 72 hrs x=0.2
y=04
z=0.2

Pd(PPhg3)s

1 + 10+ M
— PN12TBT-ter

x=0.2
y=04
*R=CyHs n 2=0.2

Toluene, 120 C; 72 hrs

4+ 12 4+ 10 Pd(PPh3)s NEt,OH

PFTBTPNS
x =0.45
n
*R=CyyHys y=0.5
z=0.05

Toluene, 120 C, 3 hrs

Scheme M—2. I EAE=9) SHAJHIH
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T scheme -1, 29 Yo} J+= AduHo uat oF 40 ~ 80% 2] <
5 99 7 d¥H Y AdAe TS dEehy] A 2w
boronic  ester”]¢}  bromide”]E  A|AS7] 98] bromobenzene}
phenylboronic acidE Yol Ztzh 1 A ZHA &7 AJFo o8 Al 33t
AEAEL long alkoxy chaing 7FAal 7] W&ol toluene, chloroform,
chlorobenzene, dichlorobenzene¥} 2

¢l sdlal FEE AEAY F Ho EARY % Hd EAFS
PN10TBT—co¥ 717} 65002 200000]32, PN1OTBT—ter® 7}7F 80002}
35000, PN12TBT—co= 40003} 150000]3, PNI12TBT—ter= Z+ZF 5500
7} 26000, PFTBTPNSE Z+7}.12000% 1400002 SAH AT S5
ALY B3 EA4E Ak 98] UV-Vise PL Z¥9ER S S35k
2o o =R ZF i AEY PCBMSI:18 5% H=Z Eddstod 43t
~HEY S Figure M-1,7°2, 3o YeEplAH. 2F aabs2 300 ~ 600
nmAtel 9]l FE B9 3, PNIOTBT—co®t PNIOTBT —tere= HUY S5 3
Zol 500 nm, 538 nm= YEFHAU I, PN12TBT—co® PN12TBT-—ter+=
518 nm& 541 nm= Z}ZF-#=% a1, PFTBTPNSE 559 nm= YERNS
t}. PN10TBT-co®} PN10TBT—terell Hlal] £ 3 24y dH|=3 +x
= 7}A]+= PN12TBT—co® PN12TBT—ter’}F &< A YA red shiftE o
EFl=d], ©]+= phenanthrene =49 A= 9, 10 % 9] alkoxy chain
o] Zol7k Aol wel n—conjugation®] Zol7t F7H¥Ete]l Hrh o ¥
< Fr99S 7M7Y wZolet e PN10TBT —co, PN12TBT —col
H|3] PN10TBT—ter, PN12TBT—ter7} #u}3e] 9495 YelAY. T3
Z794 PN10TBT—co, PNI2TBT-co® #Z2 uagsIA=Z TIHE
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o] = THE= A o] A ko
benzo[1,2,5]thiadiazole®}  thiophene?] < T+Zx7} copolymer+
Th—BT-ThJ el = wlgo] ¥+= WHH terpolymeri= BT—-Th—BTHE|Z nj
47 wiol red—shiftddo] doid Aolzt ATl Figure IM—4,
5, 6914 YEld A Zo] uEAES Hul 2F2 PN10TBT—co’} 625
nm, PNI0OTBT—ter7} 725 nm®|al PN12TBT—co®t PN12TBT—teri= 630

Eol'

55 99 e

nm, 725 nm& YERA I PFTBTPNS+= 677 nm=z #5Egom 7 1
AHE5S PCBM¥ Ed49 &glSw Hd3s] dF 4 dA(PL quenching
effect) & #F & + AU

AEARES] AU A] FHE AR Sl w2k dSE RS o8kl
=3y 7z} 378259 cyelic voltammogram (Figure - II—7)S X 3+ 9
3 A+ ferroceneo] Wste] PN10TBT—cox= —1.17 'V, PN12TBT—co
+ —1.34 V, PN10TBT—ter= —1.14 V, PN12TBT ~ter='| —1.24 V= #
S A g onsetd el &t AMEE ZF A= LUMO oAy~ &
9= PNI10TBT=cox= " —-3.63 eV, PN12TBT—-co= —-3.64 eV,
PN10TBT —ter=. —3.66 eV, PN12TBT~ter= —3.56 eVe] PFTBTPN5
T —3.73 eVoR ZHAEM HOMO oyAl #9& &7 S8 d= 9
(+) WFoz A% S7HAAA T ks 7 dojix] gho} LUMO enegry
level?} 42~ EHO T4 edgeZH-E AXFEY HOMO enegry levelS
4 g AT A aEAEC gk HOMO olU=] #91+= PN10TBT—co&
—5.58 eV, PNI2TBT-co —5.69 eVZ UYEMI I, PNIOTBT—tere

li

—5.46 eV, PNI2TBT-ter= —5.33 eVZ %<3, PFTBTPNG+
—5.63 eVZE #A=SHYY. 2+ 1EAE2 HOMO energy levelS H| L3 A
7}, PN10TBT—ter®} PN12TBT—ter® Rt PN10TBT—co, PN12TBT—co,
PETBTPNS7} st @& debdllth o= TdaAdA 2Aas9 wd =27}

W FEeA 2 H= copolymerd Bl 7} terpolymer .U} intermolecular m—m

interactions®] Z dojur] wjFol oHgst AElE F-X5te] HOMO #to]
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=

=449 Zolgt AtrdY. AEA dEE ALZAE o]&ste] ITO7 2%
= ] BHJE <] 2SS Eaa A| =
[ITO/PEDOT:PSS/polymer(1):PCBM(3)/Al]3}e] #Fxw3t EAS =A%
. AM 1.5 G Z7ollA 7} x5 FHRs 542 Figure M-8, 9, 10
o e}t o] Jscx PNIOTBT—co® 49 0.23 mA/em®, PN10TBT—ter?]
749 052 mA/em®o]al  Voce 4% PNIOTBT-co:x 046 V,
PN10TBT—ter®] 7Z$¢ 0.62 Vo]liL FF¥ PNIO0TBT-cod A% 37%,
PN10TBT—ter®] 7% 37%°|i A£AE9 &5 PN1I0TBT-cod 4%
0.04%, PN10TBT —ter9] 4% 0.12%= YeERHATE. PN12TBT—co2l 7
JscE= 0.09 mA/cm®, PN12TBT=terd] ZA<-0.18 mA/cm”0]3L Voce 72
PN12TBT—cot 0.29 'V, PN10TBT—ter®d A% 059 Voli FF:&
PN12TBT—co2 7% 38%, PN10TBT—ter®] A% 21%0l1 A~xE2 58&
2 PN12TBT-co2l 2% 0.01%, PNI0TBT=ter2] 2% 0.02%% YeERRA
t}. PFTBTPN5¢] A% JcEe 5.03 mA/em®, Vocd AF 0.97 V, FF=
1%, A& 2.06%= 5 =Stk PETBTPNSE A|9& j1EAS50] we
&5 WJEde 53] 9 scd @S YEhle Ao ® Hol & Y9
9] electron®} holed] mobility7} £X] &7 wjFolzl Alg¥Ht}l, B auE
PF10TBT""e] &8 KT} 5 mel%o] phenanthrene %A=, Ao 3]
of 93 &A%l PFTBTPNS7F %2 &85 YEUWIH o= #AAS =
£ 7}A & phenanthrene %A 2o]3 #A}7F] phase separation®] 2+ &
oJ1} morphology”} &A% o] charge mobility®] 57} wli-o]g} o Aw ).
AEAEe] FehE, A7)8EE 542 Table MI—-10] YeRSITh 7+ a1

A5 A2 EAS 97 AP dxe £[150 C/ 20 min] S vwst A}
£ Table -2 Yepiitt. 54 A3, dA8E A Fksw7t =

22 &&ol  #FHJT ol AAstn HA\F FxE =
e}

il

phenanthrene FX=Ao 2ol&] EA7te] H&

AelE diM SAEY] 2As s SV davt §le Aol odd
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i — PN10TBT-co
‘. ——— PN12TBT-co

Absorbance (A)

300 400 500 600 700 800
Wavelength (nm)
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Figure M—2. %2 % Ed=[with PCBM(1:1 by weight)]9 &4 29

EdY
— .
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Table M—1. A EAES FAV|H EA.

UVmax(nm) | PLmaxnm) H(g\“,l;ao (LeUVI\;IbO F;'\a,';c E\;e)j"’eak
PN10TFT-co 500 625 -5.58 -3.63 1.95 -1.17
PN12TFT-co 518 630 -5.69 -3.64 1.95 -1.34
PN10TFT-ter 538 725 -5.46 -3.66 1.80 -1.14
PN12TFT-ter 541 725 -5.33 -3.56 1.77 -1.24
PFTBTPNS 559 667 -5.63 -3.73 1.90 -1.07

a) Estimated from the LUMO energy level and band gap energy

b) Figured out from the reduction onset potential

c) Estimated from the absorption edge of UV-Vis spectrum

d) Potential vs. Fc/Fc'
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Table M—-2. A EAEL] &2 EA.
PN10TBT-co PN10OTBT-ter
Annealing not post not post
Metal
] Al(130 nm) Al(130 nm)
(thickness)
Active layer
. 130 nm 130 nm
(thickness)
Jsc(mA/cm? 0.233 0.112 0.521 0.240
Voc(V) 0.464 0.224 0.624 0.406
FF 0.374 0.383 0.372 0.291
PCE(%) 0.040 0.009 0.121 0.028
PN12TBT-co PN12TBT-ter PETBTPN5
Annealing not post not post not post
Metal AI(130 nm) Al(130 nm) AI(100nm)
(thickness)
Active layer
. 100 nm 130 nm 200 nm
(thickness)
Jsc(mA/cm? 0.089 0.012 0.182 0.053 5.036 2.550
Voc(V) 0.292 0.005 0.594 0.320 0.973 0.795
FF 0.387 0 0.213 0.234 0.417 0.345
PCE(%) 0.010 0 0.023 0.004 2.048 0.700
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Figure II—8. PN10TBT—co, PN10TBT—ter® I-V curves E4.
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4,7—dithiophen—2—yl—benzo(1,2,5)thiadiazole?} 9,10alkoxy —phenanthren
e 7|EOE T AR TN o]FAY AR PN1I0TBT—co, PN10TBT
—ter, PN12TBT—co, PN12TBT—ter 22]3 PFTBTPN5Z Stille coupling
ST Suzuki coupling SRS ol&dt] MER ITHAE A
o}, Z} 31829l LUMO energy level Z}7Z} PN10TBT—cox= —3.63 eV,
PN12TBT—co¥ —3.64 eV, PNIOTBT—tert= —3.66 eV, PN12TBT—tert
—-3.56 eVol® PFTBTPN5: —3.73 eVe® =A%, HOMO energy
level & PN10TBT—cox —5.58 eV, PNI2TBT—cox —5.69 eVE YERHS
3L, PN10TBT—ter= =5.46 eV, PN12TBT—terx —5.33 eVZ YE L,
PFTBTPN6+= —5.63 eVE #ZHAT. FHH A2AE& o&sto] ITO
SACES! Fire] el BHJE <] LA S Z}z} A &
[ITTO/PEDOT:PSS/polymer(1):PCBM(3)/Alls}e] FH 3 5445 =735
t}. Jscx PN1OTBT-coo A% 0.23 mA/ecm®, PN10TBT—ter® 7% 0.52
mA/cm*e] 3L Voeo] A< PN1OTBT—cox 0.46 V, PN1OTBT—terd 7
0.62 Volil FF& PN10TBT—co9 4% 37%, PNIOTBT—tere] 4% 37%
o|il Ax}E9 & PNIOTBT—coo] 2% 0.04%, PNIOTBT —terd] 7%
0.12%% UEhAE.  PNI12TBT—-cod A$  Jscx=  0.09 mA/cm’
PN12TBT—ter®] 2% 0.18 mA/cm®°]x Vocel %9 PN12TBT—co: 0.29
V, PN10TBT—ter®] 4% 059 Volar FF¥ PN12TBT-co® 7% 38%,
PN10TBT—ter®] 7% 21%°|i A&AE9 &5 PN12TBT-cod] 4%
0.01%, PN10TBT—ter9] 7% 0.02%% YERHSIT. PFTBTPN59] 7%
Jsc= 5.03 mA/cm®, Voc®] A% 0.97 V, FFE 41%, £ 2.05%% #=
gk, wakAd  PNIOTBT—co, PNI12TBT—co$  PNIOTBT—ter,
PN12TBT—tere} PFTBTPN5&= 7] BlFdA e Az 77 A5z AE=
T Ao AAsdTh
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