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EE: Poly(4-(4,4,4' 4-tetrahexadecyl-4H,4'H-[2,2'-bi(cyclopenta[ 1,2-b:5,4-b']dithiophen)]-6-y1)-7,7"-bi[ 1,2,5]thiadiazolo
[3,4-cJpyridine) (P1)} poly((E)-4-(6-(2-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b'|dithiophen-2-yl)vinyl)-4,4-dihexadecyl-
4H-cyclopenta[1,2-b:5,4-b"|dithiophen-2-y1)-7,7'-bi[ 1,2,5]thiadiazolo[3,4-c]pyridine) (P2)E ©|F A¥tol it a5
sR1st7] flste] P13t P25 FASHAL, P13t P20 3x17]steHd, Alvtstela] ds 22t S48

Abstract: D-D-A-A type conjugated polymers with both cyclopentadithiopene and prydylthiadiazole, poly(4-(4,4,4',4'-
tetrahexadecyl-4H,4'H-[2,2"-bi(cyclopenta[ 1,2-b:5,4-b'|dithiophen)]-6-y1)-7,7'-bi[ 1,2,5]thiadiazolo[ 3 ,4-c]pyridine) (P1)
and poly((E)-4-(6-(2-(4,4-dihexadecyl-4H-cyclopental 1,2-b:5,4-b"|dithiophen-2-yl)vinyl)-4,4-dihexadecyl-4H-cyclo-
penta[1,2-b:5,4-b'dithiophen-2-y1)-7,7"-bi[ 1,2,5]thiadiazolo[3,4-c]pyridine) (P2) were synthesized. To investigate opto-
electro properties and theorical study, UV-visible spectroscopy, cyclic voltammetry, and density functional theory were

carried out.

Keywords: conjugated polymer, double bond, organic semiconductor, cyclopentadithiophene, pyridylthiadiazole.
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A=A IE A (conductive polymers, CPs)T <5 (metal)2}
HF % A (semiconductor)$} A 37 7138} 84 A A (opto-
electronic propertiesyS 7FA 22 o™ o] 2K (n-electron)
7} 2} 24 (molecular skeleton)ll w2} ¥]¥H A3} (delocaliza-
tion) ¥|o] = EAE FEE A 507 A S
7ol vheket w2b 2, WAIUS, el A A7t o
FolFaL 1 A3 f7]dgtho] © = (organic light-emitting
diodes, OLEDs), +71E# 2] 2~F{ (organic field-effect transis-
tors, OFETs), 77| €] 4] (organic photovoltaics, OPVs) %
o] S-gitoflA B2 o] o]Foj[rtt aF A} T
(electron rich) -2 Zk= A=A} 57l (donor, D)2} A} F=
(electron deficient) TS 2= HAF Wl (acceptor, A= -
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3L =3}

AE D-A 2 F5 A (alternating copolymer)=
(absorbance) ¥ HA=7(band gap)S AAHo = ZHT
3, A Ael(solid state)ol|A] Ak W 2 B2} 7k

2~
T

and inter-molecular interaction)S 78lA & 4= 9
ol 9}

Alo|E2 g Eltlonto] Q.# (cyclopenta[2,1-b:3,4-b]dithiophene,
CDT)z} HlZE}o]olt}o] ol (benzothiadiazole, BT T3]
¢ D-A FEfe] At Se-Em, BARC] WA (rigid
coplanar structure)?} £ 7-7 interaction 52| FHo 2 &
ksl A7) 2135 BTHEL} 7 interactions B 7331
3}7] 9&ke] o]F A} ¥l (dual electron acceptor)S =913
bis-(2,1,3-benzothiadiazole)(bisBT)2} BTS &3} pyridal[2,1,3]-
thiadiazole(PT) 5©] D-A JaEAke] A} W7l Fito 2 oA
Ho AREFH AT SEAIRE PT #412] 749 Suzuki =
Stille 71&% (coupling) 52 &-&-3F D-A wruld A} &
GG olA EAre] A 02 91|72/ (regioregularity)
o] A7-¢] Faidol] A|71E|em, o] el gk A7t 31
o] AXTFAAS 2= PT 7|6ke] 1827} X134

=
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S ZHA] 9k (regiorandom) IEALETE o &2 AF (R E}o]
TE)S Zhethe Zo] wesith? Bk ojug} HZo 914
TFHAAS 7= bisPTe) A77F APHUA T o] B o]
AR} Ao gk AAA Aol "asdo] A7]Eh”

BB 0]5 A F(double bondye A=A IEAR] A
2] (linken) = Bo] AREHM, Ao 0w iAol Aol
Hd(extended 7-conjugation), 22| 73214 (rigidity), 3
715k A, A 2 A 1Y Foll B FS v
5B A, D-AS 2= A=A EAR] E2F TRl
ZHol| oA tiFEe] Ate AARY Hils ZEA]
AR A Hate] YU AR 7R o] Aol W=
H 7] (vinyly7F H7bER A 2 AR QIES o F
7INAN BAZE A2 (dihedral angle)S E<91thal LA
Ak olH g B 53] A Ao &gokl
OFETs®] A5l B JFS n|x]7] wje] Mol F7to|
vinyl7|& AZAF-Z 2H= 2-[(E)-2-(2-thienyl)ethenyl]thiophene
Fo] SgEojR| AL UTh7 wepa Hd7I7E =94 E T
F AT Rk Z5Al01A Z o] (conjugation length),
718Vek2 g, ALE s18hA A ol gk A A A
T7F et

2 APoXE =2 AdfelsEE UER= AR ko]
oM, D-A IEAR Bo] F&dh= CDT(AAFN, D)t

[e]

—

og
o

re o
)

PTCAE 27, AYE D-D-A-A %5 zH= ZEAE 5]
fste] &gttt 1A FEAEES ZE= bis-pyridal[2,1,3]-

thiadiazole(bisPT)oll T3t A=Al TEALE 7| utelr] $s}e]
Br-PT-CDT-CDT-PT-Br +%2] T (monomer)S A4 $d3151
o} 281 &, CDTS} CDT Alelol @ dds) o|54gks 2k A%
3 ILEA} poly(4-(4,4.4 A-tetrahexadecyl-4H,4'H-[2,2-bi(cyclopenta
[1,2-b:5,4-b"dithiophen)]-6-y1)-7,7'-bi[1,2,5]thiadiazolo[3,4-
clpyridine)(P1)4} poly((E)-4-(6-(2-(4.,4-dihexadecyl-4H-cyclopenta
[1,2-b:5,4-b']dithiophen-2-yl)vinyl)-4,4-dihexadecyl-4H-cyclopenta
[1,2-b:5,4-b'|dithiophen-2-y1)-7,7'-bi[ 1,2,5]thiadiazolo[3,4-
clpyridine)(P2)E Stille A& W02 7H2t a3t =
2P 2 7pA)A FSgHEAI R (UV-visible spectrophotometry), =3+
9t 79 (cyclic voltametry, CV), density functional theory
(DFTAIRS F3llx Pl P28 3ok, H7]8tsk], ALk 5t
ot e 22 Zsielt

=

d4 H

o

Aok, Mz, 717]. 9h-g S7hA] B S2ER; el flolA
2 23k Aok Sigma-Aldrich, TCI, Z&]3 AlfaAlollA] -ul]
S, o] 371 A glo] AT 1 3 whg Sl
ACSSHE AHE-3159t). 4,4-bis(6-bromo-4,4-dihexadecyl-4H-
cyclopenta[ 1,2-b:5,4-b"|dithiophen-2-yl)-7,7'-bi[ 1,2,5thiadiazolo
[3,4-c]pyridine(M1)2 &3-S Farste] /d8taL® hexan-

Zan, 4474 A43, 20233

butylditin®}  trans-1,2-bis(tributylstannyl)ethene= Sigma-
AldichAtol| A Fufete] F=71 AGAglo] ARE-akiTh A4 o
HES S| B aEAke] shelras= 'HeF PC NMR 400 MHz
Feoll W3l & z7] g E3H (Fourier transform-nuclear
magnetic resonance, FI-NMR, AVANCE 1II HD, Bruker, ¥]=)
= 34 43S A0tk AL/ 893 =A (OPTIZEN
POP, mecasys, ¢H=1)& AMS-3te] P13} P29] 35H4 EAS
gelston, P13} P2E 22X E(chloroform, CF)dl|
o] g9l Akej(solution state)2} 2<% SIE(spin coater EF-4op,
o|FY X, F)E o]g-ste] APV Quartz plate)l] ZEEH 2
5 JHE 27 ST 2EAe] 5 Hd EARRM,)2
THE2ER] 4= (poly dispersity index, PDIy= polystyreneS 715
O F 3} tetrahydrofuran (THF)S ©]5J02 3lo] A T3
AZv}E 727 (gel permeation chromatography, GPC, Agilent
12008/miniDAWN TREOS, Agilent/Wyatt, 1] )2 Sa] =
Atk A71348H2 548 CV(Versa STAT3, AMETEK,
nj=ho 7 =43t} 71557 (reference electrode), 237
= (working electrode), 3t %= (counter electrode)> Ag/
Ag', carbon disk, platinum(Pt) wireZ ZtZ} A-&-3F% oM,
100 mV/s¢] 52 S35t Acetonitrile (ACN)OY| tetra-
n-butylammonium hexafluorophosphate(n-Bu,NPFo) & -3l
AA 01Me] el dz AR AL, 7S (AgAg ) T
Z A/ 2 A F (ferrocene/ferrocenium) 2F8}H/EH] W02 W
3oL, 4ksl A9l AT o 48 eVE 7o E AR
sty ZEAFe] HOMOSF LUMO %15 HOMO(eV) =
(Eioiy™" - Eypf ferrocene) +4.8)2F LUMO(eV) = «(Eea”™" - Ein
(ferrocene) + 4.8)2] 2]0 2 Z}7} ARFsISIth. IEAR] HOMO/
LUMO &4, wAz9] A3}, 4] 44 45 55 €9
317] 98l M= SlE o]&(density functional theory, DFT)
(Gaussian 16, Becke three-parameter Lee-Yang-Parr(B3LYP)
function, 6-31G basis set) 83l ALk}

7| W MM DEXIEM . 4,4 bis(4,4-dihexadecyl-4H-
cyclopenta[ 1,2-b:5,4-b"|dithiophen-2-yl)-7,7'-bi[ 1,2,5]thiadiazolo
[3,4-c]pyridine (M2).

M1(7.38 g, 8.77 mmol), Pd(PPh;), (0.30 g, 0.263 mmol),
2] hexa-n-butylditin(2.42 g, 4.18 mmol)S 500 mL 5=
viet Sk Bich 28 3 anhydrous toluene(150 mLyS
oA WEES 83IAIZL F 110 CellA] 30071%F F<t wnt
stk TLCE M1°] glolxl A& g1lstal 2717 &5
£ YHA toluenes AT HEF715 ARS8t A A AT
. 2% ¥ dichloromethane(DCM)S 100 mLY 5H A-8-3)

ST FES YKL 715 FET F LAS =
< AlAs] f18k] MgSO.5 AH-38Hi AL, g2 &
o]g-3led MgSO,E AAsIATE 11 § AN S 35
=718 AREste] DCMS Al A=A e &9
55 Ag7Hd AP A2 ntE 8 9 (hexaned} FEEEEY]
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F-3H]: 100/05-8 70/307FA)E 2] BAIst Sk M2
434 o(F5E: 66%)= Fd3tATh 'H NMR(400 MHz,
CDCl;) d(ppm): 9.46(s, 2H), 8.64(s, 2H), 7.34(d, J=4.9 Hz,
2H), 7.01(d, 4.9 Hz, 2H), 2.03-1.93(m, 8H), 1.28-1.16 (m,
104H), 1.07-1.00(m, 8H), 0.88-0.84(m, 12H). "“C(CDCL,
100MHz) J(ppm): 160.90, 160.13, 156.35, 148.45, 148.31,
146.22, 144.05, 141.89, 136.78, 127.93, 127.17, 121.97, 119.26,
54.09, 38.01, 32.06, 30.17, 29.82, 29.79, 29.75, 29.54, 29.50,
24.75, 22.83, 14.27. MALDI-TOF m/z 1521.990(Cg,H,4N,Ss
caled. for m/z 1522.530).
4,4'-bis(6-bromo-4,4-dihexadecyl-4H-cyclopenta[ 1,2-b:5,4-
b'ldithiophen-2-yl)-7,7'-bi[1,2,5]thiadiazolo[3,4-c]pyridine M3.

M2(3.50 g, 2.30 mmol)E anhydrous THFE argon £%]7]
oAl 23] &3]A1Z1 % bromosuccinimide(NBS)(0.90 g,
5.06 mmol)S 3] Hrsidlet. whEE2 Bl eds] A}
wato] 48A17F A2ollA wRkslelnh Wkl SRTE ¥
oAl W& FAAZ] F DCMS 100 mLA 3¥ gojr &
et F25 APl 715 B & 4% =2
A A7) 218t MgSOE ARESIIAL, RS o] &
sl MgSO.E AASIIeH, o3ells ST LE=7IE A
&3l DCMS AASIATE AAEA] 2 &2 de7t
A Ay A2 etE 22 9] (hexane?t SXZFEEF2] F-3]H]: 100/0
HE 60/407N)= T8 ARt S2HA M3 230 0] HF
249 od=z AYHFEE: 60%). 'H NMR(400 MHz,
CDCly) o(ppm): 9.45(1s, 2H), 8.61(s, 2H), 7.02(s, 2H), 1.98-
1.85(m, 8H), 1.25-1.16(m, 104H), 1.06-1.00(m, 8H) 0.88-
0.85(m, 12H). *C NMR(100 MHz, CDCl;) d(ppm): 160.90,
160.13, 156.35, 148.45, 148.31, 146.22, 144.05, 141.89, 136.78,
127.93, 127.17, 121.97, 119.26, 54.09, 38.01, 32.06, 30.17,
29.82, 29.79, 29.75, 29.54, 29.50, 24.75, 22.83, 14.27. MALDI-
TOF m/z 1681.936(Co,H,3sBr;NeS¢ caled. for m/z 1680.320).

Poly(4-(4,4,4' 4'-tetrahexadecyl-4H,4'H-[2,2"-bi(cyclopenta
[1,2-b:5,4-b"dithiophen)]-6-y1)-7,7'-bi[1,2,5]thiadiazolo[3,4-
c|pyridine) P1.

M3(0.30 g, 0.178 mmol)¥} hexa-n-butylditin(0.10 g, 0.090
mmol)S- Schlenk flaskel] ¥ 10 mL2] anhydrous toluene®ll
473 LA Z T} ©]F Pd(PPhy), (6.10 mg, 5.36 umol)=
SohEo A7FSkal argon A 100 CZ 71E3PH 244]
F gt wHke FeYgiTh HES-E-S methanol(250 mL)ol 3
AL, vlo] A2 ARFA S ol &t 1A FAES
methanols} 2]ttt 4 Aol BAHEE Beet A
TAFS AASH | flste] S5l F2(Soxhlet extraction)s
methanol, acetone, hexane=O 2 7z} 24X 7F 52k 218513
a7, o] &&¥ F== chloroformel] o} U2 89S 5=
& % methanolell T JAAZTH 29 § mlo]a g of 2
A2 oAzt § 21 EolA 4847 AAxEle] A= P1S

2 Y ol

A BATHFEE=T5%). M,=89.3 kg/mol, M,=319.2 kg/mol,
PDI=3.57. 'H NMR(400 MHz): &(ppm): 9.54-9.46(br, 2H),
8.68-8.62(br, 2H), 7.17-7.12(br, 1H), 7.05-6.99(br, 1H), 2.05-
1.96(br, 8H), 1.58-1.07(br, 112H), 0.89-0.76(br, 12H).

Poly((E)-4-(6-(2-(4,4-dihexadecyl-4H-cyclopenta[ 1,2-b:5,4-
b'ldithiophen-2-yl)vinyl)-4,4-dihexadecyl-4H-cyclopenta[ 1,2-
b:5,4-b']dithiophen-2-y1)-7,7'-bi[ 1,2,5]thiadiazolo[3,4-c|pyridine)
P2.

M3(0.30 g, 0.178 mmol)2} trans-1,2-bis(tributylstannyl)
ethene(0.11 g, 0.178 mmol)= Schlenk flask®ll % 32 20 mL2]
anhydrous toluene®] 73] 83| At} o] & Pd(PPh,),
(6.10 mg, 5.36 pmolyE EFE 713l argon 7oA
12717+ E3F 100 CE 71gsbs wyks X9y, 28 & &
Y-S methanol(250 mL)ll A §, vlo] AR AR E
ol-gate] IAES FE st 38 HBoAM vtee B
3 ARAFE AAG] A EEd FZ(Soxhlet
extraction)2 XY} £&Y FZFS methanol, acetone,
hexanedl| A 22} 244)7F Eot 21883132, ©]% chloroform
o2 &5 FE% £9S 53 $ methanolol] THA] 3
AAZT AR R AR § g BelM Hxsle] H=
Ao ANES AANFEE=60%). M,=483 kg/mol,
M,=842 kg/mol, PDI=1.74. '"H NMR(CDCL;, 400 MHz, 348
K): d(ppm): 9.60-9.50(br, 2H), 8.75-8.65(br, 2H), 7.20-7.10(br,
2H), 4.99-4.80 (br, 2H), 2.00-0.50(br, 132H).

27 o =8

S| ¥ DEX g, M1 310 B o2 oiEf
70%2] 55 A5 TS Scheme 194 e A3} 7Fo]
M1} hexa-n-butylditin® 1:1 Stille 22 ASY W50 2
g SIS M2E 66%2] F5EE AT oY §
NBSE A}8-3}+= bromination WH3-2.2 Tk M3E 60%
TEERE st A S ARl AHelst
AT A At P1t P2E 2P dsh] flske] M3st
hexa-n-butylditinS- 1:0.55<7 H|&= AR-SIAL bis(tributylstannyl)
ethene?}+= 1:1EH]Z toluene®l 83| A1 Pd(PPhs), vl
Sfof| Stille 22~ =7 (Stille cross-coupling) W2 Z18Y
ated 75%9F 60%°] F5EE P13 P28 747 sttt
(Scheme 2). A=A 82} P17+ P2 CDT F-E 2719
hexadecanylZZAES 2-0H | repeating unitdll = & 4712] &
5}4=2~(hydrocarbon) AAFE (side chain)yS 2H7] witol] Lyt
oz @o| AgEe FER2YE, FZ29A (chlorobenzene),
THF(tetrahydrofuran) 5] 7] &vjel £ &3l=& H3A
o}, A EA}] F3F=(degree of polymerization)= GPCE =
3te] FEF polystyreneS 53l HZ3IATE P13} P29]
et TAFRFH( M)y 27 89.37 48.3 kg/molo| AL, Thihhe
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CigHaz CigHas N’s\ CygHas
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! ;1 W dh+ Br e
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CigHas_ CigHaapn-Sy
A/

i/ \ /A -
Biﬁ}w LT
{ o\
‘8" CygHi3 CigHas

M1

Scheme 2. Synthetic routes of P1 and P2.

(poly dispersity index, PDIy= Z+7}; 3.573 1.74%4t}.

TEX X H NVR 84, 7354 P13 P2o] 54 722
A7) flate] el wigk 3 2] 3 4R (H NMR)S:
CDCl, €998 AME-8195, NMR 22| E3 9] A3 Figure 1
(P} oFl (P2)e]l YERASITE P1 322k NMR 2=HE
H9] 9.50-9.40 ppmE Sl A 7l (broad) PTS] proton®] 1+
ERdth P2 EAe] A= FAIA PT proton©] 9.60-9.50

P1 RA Sy 'J
H. } H. N & &
E R
NN g 2
R : hexadecyl
H; Hy
hexadecy 1 chain
Hy R RH? N H,
¥ 8 s
A \
H. N N R 1
R : hexadecyl
H; H;
hexadecy alkyl chain

1 43 11 9 7 5 3 1 41 -3
ppm

Figure 1. 'H spectrum of P1 (up) and P2 (down) in CDCl;.

Zan, Al4778 A45, 20233

(Bu)3Sn—Sn(Bu)y

110+
Pd(PPhyyy 4 ' C

CigHas_ CrsHaan-Sn
)

‘S CygH33'CigHag
P2

ppmE Gl A BTt P1 CDTE thiophene protona 8.65-
8.55%F 7.20-7.10 ppmeld] 242t vERstth. P2 CDT®] thiophene
protonS 8.75-8.65¢F 7.20-7.10 ppmol A Z+zt vpebo ™,
vinyl71€] proton 4.99-4.801 L}ERTY.

SN, GYHATH o|FHAEE A 2= A=A 2
2 P13} P29 348 4d SAs7] Sl Ake)/7hAEAd
33 =AI(UV-Vis spectrophotometer)S ©]-8-51c] 8- 3l
(solution state)2} HHEFJE] (film state)2] 4 =5 =435It
4% S EY A= Figure 2(a) 8- E S} (b) WY
ol Agelsto] epiRieh. = A SEAF 25 350-1000
nm?] FHLT G F e FEHZ vAE e §
T 2 EYS AT Ao ® 2 932l 350-500
oA z-r* A8to]E(n-n" transition)yS YER = I E
&AL, 500-1000 nm g = B2 st A
(intermolecular charge transfer, ICT)S UER= F32E &1
sttt SIS ST S EQAEASSHE S4% &
HAeH] P19 HNFF I (Ane)S 776.2/777.4 nmO| UL,
P2= 691.0/776.6 nm= E181t}. ol de) ot AEde] =
T P29] HuErug2 P1ol] Hisl O S 2o = o)F
3 A4 Hol(blue shiftyals 23S e, T 2R}
R AEE Y] EAe SRl STt Hlgrubgol
SAJEET O 71 3O R olFgh A4 Hol(red shift)ys
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Figure 2. Normalized UV-Vis-NIR absorption spectra of P1 and P2 in chloroform. (a) solution; (b) film. Tauc plot; (c) P1; (d) P2.

Table 1. Optical and Electrochemical Properties of P1 and P2

uv CV (Internal) DFT (Excited state)
PO]ymer ﬂ'maxml ﬂ, film (l’]Il’l)b EgOPI EHOMOCV ELUMOCV Egcv EHOMOD_FT ELUMODFT EgDFT
(nm)* - (eVy (eV)’ (V) (eVY (eVy (eVy eV)
P1 776.2 777.4 1.26 -5.24 -3.36 1.88 -5.20 -3.76 1.45
P2 (trans) -5.10 -3.75 1.36
. 691.0 776.6 1.31 -5.25 -3.52 1.73
P2 (cis) -5.22 -3.77 1.45

“Chloroform solution; ”Spin-coated from chloroform solution; ‘Calculated from the absorption band edge of the polymer film, E,*= 1240/kedgem‘";
ICV determined with (Eyomo= -(Exi™ - E\x(Ferrocene) +4.8 eV) and (E ymo= -(En™ - E\n(Ferrocene) + 4.8 eV); cEgCV:ELUMO-EHOMO; calculated;
HOMO; ‘LUMO energy levels; “Band gap energy by TD-DFT calculation.

gRlskaitt. P13} P29] 3382 M= 74 (optical band gap)
747} 1.26, 1.31 eVE Tauc plotS 311 Figure 2(c)<} (d)l
YERHRIAL, 7 aiate] 3k 545 geleh A3k= Table
1] Aelekaict.

|88 8Y. CVE 435t 82 P13 2ol 7]
shehd EAS 4810, 2 A¥= Figure 30 VeI
o} CV AkslEk A91E A, 2] (1), el st P1t
P22] highest occupied molecular orbital( HOMO)<2} lowest
unoccupied molecular orbital(LUMO) olUA] =95 22t A
¥t P13 P22] ZHzEe] HOMO/LUMO UA] 5291 7k
-5.24/-3.38 eV, -5.25/-3.52 eVE AT}

HOMO(GV) = '(E(oxi)(msa' 12 E(Ferrocene) + 48)
L[JMO(CV) = _(E‘(rcd)msct T2 E(Fcrroccnc) + 48)

M
@

HOMOS} LUMO ol[u=] #ele] 2ke]l band gap P14
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