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Abstract: This study aimed to investigate the physical and chemical properties resulting from the introduction of siloxane
or methoxy group substituents in four copolymers, which were synthesized using thiophene(T) or methoxy thiophene and
thienyl diketopyrrolopyrrole. Polymers containing siloxane group showed a wider absorption range and higher thermal
stability than polymers with hydrocarbons. These results can open a possibility to be used as materials for high stable

organic semiconductors.

Keywords: conjugated polymer, diketopyrrolopyrrole, thermal stability, organic semiconductor, siloxane.

o 3237 2K(conjugated polymer)2}ilE F-Er}t.'? %k
9 A71A BA, 71 AR, At 59 S e
A REA= F71d3 o] Q. = (organic light-emitting diodes,
OLEDs),’ 7] E%%1A] (organic solar cells, OSCs),”* 71
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A &I E A 2~E] (organic field-effect transistors, OFETs)," &
Z14=A}(organic thermoelectric device)’ 52| ThdFsh Axjol] &
&ol= A7t R ok 53], =2 Sl QlE &
o Al golshH -3 FA48S 7HAIAL o] AFH <L
F 52 Fo] @ glo] &9 7§ 2=H(solution casting),
EFE(roll-to-roll) 5] 7hst 3o = Axpol| 83
U] B2 FHES WAL YT

A7 B 2 g A= AR FRE Ak
7 (donor, D)2} A7 =3 AP (acceptor, Ay I
=2 48 2l e 35 A (alternating copolymer)E
zh= 724 EAS 2=t AAETIEE Ae] 2.3 (thiophene),
Aol ol ;zalo] @ H (thienothiophene, TT),'" o] @ Hujo' s}
©] 9 #((E)-2-(2-(thiophen-vinyl)thiophene, TVT)" 5] )&
o, AN 2= tho] A B3] & 2 9] E(diketopyrrolopyrrole,
DPP), o}e] 4?1 t] J(isoindigo, 1ID),” L} &&lit}o]ojnj =
(naphthalenediimide, NDI)"* 5-¢] $it}. 2 5 DPP= +3%4
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F7I9E=AE TDPP-T F589] ZAks X3 BElH, 33k EA4¢l e 4% 635
P84, BT 57, Y BolA, =& Hoolwr 52 ARg-sle] EALe] % EX8 &2 2 EE(chloroform,
AL 2] e tkgt D-A 2HeR f7] HA} LA CFyll =21 &< *JEH (solut1on state)2} =¥ STE{(spin coater
o] ZEE|IL Jlom o 4] tE P25 sl 3L EF-4op, ©]Z8 2, Korea)s ©]-8-5td Q¥ (quartz plate)°l
NS 7] WA 2R B2 HAS B ot o]¢t R dF LEHE 747y 24813tk AtAke] 4 Wt At

o
2
OO

Fol AAKE(side chain) =2 W9l =Z2] W3l
83 &= (solubility), FZZ ] (morphology), 1 35}°]
&=, LZV] A, B8HA e JEFS 7] vzl H2ol
A7) &) 8w 3 QIthiel E3) /‘]ikﬂol(sﬂoxane)?- =
s Aol =stds W Bl ee] e HEol” A
g718] A 2ol ofsf EAk-wAF b 7HAag A7t dsto]

T ol 7]oab wslea X819 Blwsils o
o7 &3k 317 (humid atmosphere)oll A Hg4S 2H7] o

T
N,
ﬂ

Bol| f7 e FHA], 571 AA EHENA2E | B-55) (water-
splitting)” 5ol &5 Qi) £ Aor= Brjze] ¥

N B A}o] FrAAE FA 0}782\—] 718}k A=A o

o=, 271

o gt P mX=A| AR | f18te] DPP 39| ol
o] Q#-S Zh= thienyl DPP 3¢} o] @3S &85
ME e 459 T EAR] PTDPPy,-Th, PTDPPoy-Meth,
PTDPP-Th, PTDPPs-MethS o] 2.2 gJo] B2 o] &3
Stille 59H o2 st g gt aiEAke] +25 g1ls)
7] $15ke] 21718 5 (nuclear magnetic resonance, NMR )3}
SFejol] HHgh 2 2] 2333 (Fourier-transform infrared spectroscopy,
FTIR)S 743t EAsI9.om, zpelad 33 419 (UVivis
spectrophotometry)c_’E BetA g SA T oS

9 (cyclic voltammetry, CV) ©]-8-35}] olU#] #9155}
Ko A T3} A2 nkE 123 (gel permeation chromatography,

GPC) g I3 B2 (thermogravimetric analysis, TGA)YS- &3]

VRIS e W g7 obgAS seldt 5= 9Tt

Al
=

o

Mgk XHE, 717]. 79} 18R} SXdol] T8 Aok A
Ir=2] X (Sigma-Aldrich, USAE, E38=31]4 78k Thermo
Fisher Scientific, Korea), =5333"4 (TCI, Japan) SlA
eI, %“5-4 F7F78A glo] AMgsIiTt. 1 5 Wk Svlle
ACS 552 A8} 2,5-bis(trimethylstannyl)thiophene(M1)
& Alarld=glx| oA kAL, (3-methoxythiophene-2,5-
diyl)bis(trimethylstannane)(M2), 3,6-bis(5-bromothiophen-2-
yl)-2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione(M3)= SunaTech Inc.(Chinal¥] 22}t Fullal$itt. 3,6-bis
(5-bromothiophen-2-yl)-2,5-bis(5-(1,1,1,3,5,5,5-heptamethyltrisiloxan-
3-yl)pentyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione(M4) =%
i3S Farste] gkt A3 Ak shsk e
600 MHz NMR(600MHz Agilent Superconducting FT-NMR
Spectrometer System, Agilent, USA)Z 43} ER151%
2] 714384 B34 =A|(OPTIZEN POP, mecasys, Korea)s

(M, THE:EA19(poly dispersity index, PDI)E polystyrene
& 7]F 0 2 313 tetrahydrofuran(THF) S o] 54 0 2 3o
GPC(Agilent 1200S/miniDAWN TREOS, Agilent/'Wyatt, USA)
£ 3l S48tk A715keha 542 CV(Versa STAT3,
AMETEK, USA)S 2 gRRI3IT}. 7|5 F (reference electrode),
2] %= (working electrode), “3t %= (counter electrode)>
Ag/Ag', glassy carbon(GC) disk, platinum(Pt) wire2 Z+z;
AHEBFA S H, 100 mV/se] £E 2 ZA skt dade
acetonitrile(ACN)®]| tetra-n-butylammonium hexafluorophosphate
(n-BuNPFo)E &3lIA1A 0.1 M9] FE=E Rhs0] ARS-3I3 L,
71 (Ag/Ag S H ZAN /3 2 M F (ferrocene/ferrocenium)
Arshehel Whgo 2 wAdsiglom, kst A ele Aerad o
-4.8 eVE 7102 73ttt Akl HOMOSE LUMO &
1= HOMO(eV) = -(E o™ - E1» (ferrocene) +4.8)F LUMO(eV)
= «(Bea™ " - Eyo(ferrocene) + 4.8)2] 2|02 7F7} A3t
SIEARe] HOMO/LUMO 591, #4220 228}, 35t 42
o= 52 &elslr] 98] Y= eh o] E(density functional
theory, DFT)(Gaussian 16, Becke three-parameter Lee-Yang-
Parr(B3LYP) function, 6-31G basis set)yS E-8-51o] #4319
o} arEARe] 3 B4 5% 4 TGA(TGA N-1000, 41
=, Japan)g AHE3t] A4 E917100A4 F2(F 16 C) ollA
g 900 T7HA¢] €592 10 C/mind] £52 %5
W el ME A% 2hee S
DRA EHM(SE). M1 = M2 283 M3 5 M4,
Pd(PPh;),, anhydrous toluene 5 mLE 30 mL m}o] Z= 9] o]
H Rk &7 A7t #Ee-E2 Anton-Paar Vlo] =
glo]BE ARg3l] 110 TollA] 1205 Fk ¥k}, 50 C
7] 55 W T 300 mL methanolol] AL, wlo]
=T (045 um TE| Fo))E AMg8le] GAlElA] e 2AIE
Ao 2§ il xekE Bt v EARS 2k
HES AASE] 9J8lA Soxhlet extractorsS ©]-&3}] methanol,
acetone?l| A Z}F 24717} ol Yo = FES ¢AIFoZ AA
3193, v eke 2 chloroform© 2 53 88 353210 mL)
3to] methanolol|A] A, vlo]|a2 o3} AFAZRE 3l 2
EAE A0
Poly[3-([2,2'-bithiophen]-5-yl)-2,5-bis(2-octyldodecyl)-6-
(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione]
(PTDPPqp-Th).
M1(120 mg, 0.294 mmol), M3(300 mg, 0.294 mmol)(5*
=75%) Pd(PPh;),(10 mg, 8.8 umol), M,=66.3 kg/mol,
M,=122.3 kg/mol, PDI=1.85. 'H NMR(CDCL,, 600 MHz):
S ppm 9.31-8.59(br, 2H), 7.21-6.67(br, 4H), 4.41-3.44(br, 4H),
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1.53-0.98(br, 66H), 0.97-0.70(br, 12H).

Poly[(4"-methoxy-[2,2-bithiophen]-5-y1)-2,5-bis(2-octyldodecyl)-
6-(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione]
(PTDPPop-Meth).

M2(130 mg, 0294 mmol), M3(300 mg, 0294 mmol)(FS5&
=70%) Pd(PPh;),(10 mg, 8.7 umol), M,=14.2 kg/mol, M, =
20.5 kg/mol, PDI=1.44. 'H NMR(CDCl;, 600 MHz): J ppm
9.34-8.39(br, 2H), 7.21-6.27(br, 4H), 4.38-3.62(br, 7H), 1.54-0.98
(br, 66H), 0.97-0.70(br, 12H).

Poly[3-([2,2'-bithiophen]-5-yl)-2,5-bis(5-(1,1,1,3,5,5,5-
heptamethyltrisiloxan-3-yl)pentyl)-6-(thiophen-2-yl)pyrrolo[3,4-
c|pyrrole-1,4(2H,5H)-dione] (PTDPP-Th).

M1(118 mg, 0.289 mmol), M4(300 mg, 0.289 mmol)(F5
£ = 50%) Pd(PPh;),(10 mg, 8.7 umol), M,=173.6 kg/mol,
M,=1080.0 kg/mol, PDI=6.22. '"H NMR(CDCl;, 600 MHz):
0 ppm 9.22-8.32(br, 2H), 7.03-6.13(br, 4H), 4.96-3.38(br, 4H),
1.50-1.07(br, 12H), 0.53-(-)0.28(br, 46H).

Poly[2,5-bis(5-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)pentyl)-
3-(4'-methoxy-5'-methyl-[2,2'-bithiophen]-5-y1)-6-(5-
methylthiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione]
(PTDPP¢-Meth).

M2(118 mg, 0.289 mmol), M4(300 mg, 0.289 mmol)}F=

- oA F

Pd,(dba)s, tri(o-tolyl)phosphine

ol

E =70%) Pd(PPh;),(10 mg, 8.7 umol), M,=173.6 kg/mol,
M,=1080.0 kg/mol, PDI=6.22. 'H NMR(CDCL;, 600 MHz):
0 ppm 9.10-8.20(br, 2H), 7.10-6.10(br, 4H), 4.33-3.50(br, 7H),
1.53-1.16(br, 12H), 0.51-0.06(br, 46H).
An o £2

TEXF 8. Scheme 1914 Bi= A3} 74| 2,5-bis(trimeth-
ylstannyl)thiophene(M1) == (3-methoxythiophene-2,5-diyl)
bis(trimethylstannane)(M2)3}  3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(M3) == 3,6-bis(5-bromothiophen-2-y1)-2,5-bis(5-(1,1,1,3,5,5,5-
heptamethyltrisiloxan-3-yl) pentyl) pyrrolo[3,4-c]pyrrole-1,4
(2H,5H)-dione(M4)Z 717} 1:1 &< H| &2 toluenedl] -3
Al#A Pd(PPh) 2 vl = AM8-38}] Stille T3 WH3-(Stille cross
coupling polymerizationy2 §3l 4%<| A=A FHA PTDPPyy-
Th(M1, M3), PTDPPyp-Meth(M2, M3), PTDPP;-Th(M1, M4),
PTDPP;-Meth(M2, M4)E ZH2} 75%, 70%, 50%, 70%2] +5
E=2 34439t} Gel permeation chromatography(GPC)2
Bl AT aAle] S EAR (M) SEEAL, 27t
66.3, 142, 173.6 Z12] 3L 16.7 kg/molZ =7 = S th(Table 1,
Figure S1, Table SI).

X
(/AR SII +
—=5n n—
T %
R1:
M1: X=H M3: R=R1
M2: X=0OCH; M4: R=R2

I_Céan‘ O

o CapHag A

toluene, 130 °C

Th
.S o

5
Re [0 PTDPPop-Th: R=R1; X=H

PTDPPgp-Meth: R=R1; X=OCH,
PTDPPg;-Th: R=R2; X=H
PTDPPg;-Meth: R=R2; X=OCH,

Scheme 1. Synthetic procedures for PTDPPyp-Th, PTDPPop-Meth, PTDPP-Th and PTDPP-Meth.

Table 1. Electrochemical Properties of Polymers

. uv CV (External) DFT (Excited state)
Polymer (e /ZZ)])" PDI¢ ({é) D™ A E™ Eromo™  Evomo® Egcv Enomo™" ELUMO?FT EgDFTA
(mm)  (mm)” (V) (V)Y (V) (V) (V) (eV)  (eV)
PTDPPq,-Th 66,255 1.85 410 812 837 1.36 -5.21 -3.48 1.73 -5.20 -3.92 1.28
PTDPPqp-Meth 14,215 1.44 383 795 821 1.22 -4.79 -3.64 1.15 -5.00 -3.43 1.57
PTDPP-Th 173,580 6.22 441 809 803 1.30 -5.08 -3.55 1.53 -5.13 -3.44 1.69
PTDPP -Meth 16,666 1.37 383 797 794 1.20 -4.94 -3.67 1.27 -4.93 -3.37 1.56

“M, and PDI of polymer were determined by gel permeation chromatography (GPC). 5% weight loss temperature measured by thermogravimetric

analysis (TGA) under N,. “Chloroform solution. “Spin-coated from chloroform solution. “Calculated from the absorption band edge of the polymer
film, E,™ =1240//lcdgcﬁ"“. eyclic voltammetry determined with (Epomo=—(Eei™—E»(Ferrocene) + 4.8 eV) and Eiyyvo=—(Ewd™ — E1n(Ferrocene) +
4.8 eV). *E,V=E ymo—Enomo; calculated. "HOMO. 'LUMO energy levels. /Band gap energy by TD-SCF DFT calculation.

Za)v, A)4978 A|535, 20254
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(b) ' e ] 1300

4 13 12 11 10 9 8 ¥ [3 5 4 3 2 1 o -1 -2
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1 (ppm)

-100

4 13 12 {11 10 3 8 T 6 L3 4 3 2 1 [ 1 -2
1 (ppm)

Figure 1. '"H NMR spectra for (a) PTDPPo,-Th; (b) PTDPPp-Meth; (c) PTDPP-Th; (d) PTDPP,-Meth.

IEX X BY. A3 wije) sleky 122 BAep)
91l 600 MHz 2]l 18+ H27] 9 w48 CDCL -8 E
ARg-31] 2188510 th(Figure 1). PTDPPop-The} PTDPPo,-The)
thienyl diketopyrropyrrole(DPP)2] #}o] @ # (thiophene)Z} L
Ho] Mo osle] Wk 2|9 T4 9.31-8.59, 7.21-6.67
ppm G997} 9.34-8.39, 7.21-6.27 ppm Gl zH2+ YeR =
g RN, GLARES] FA4E 4.41-3.44, 1.53-0.98, 0.97-
0.7 ppm 93} 4.38-3.62, 1.54-0.98, 0.94-0.7 ppm F A
ZpzF eh= 218 8111t PTDPP,-The} PTDPP-Meth

o] DPP & Mol ez} 71 1 A o] esle] Wk a1g)
o] AE 9.22-832, 7.03-6.13 ppm G} 9.1-8.2, 7.1-6.1 ppm
BN 47 dehbs S ER19Y, GaAE 2 AEA
0] Al&9] FAE 4.96-3.38, 1.50-1.07, 0.53-(-)0.28 ppm 4
3} 433-3.5, 1.53-1.16, 0.51-0.06 ppmell A YER}= A&
32135} %1 t}. PTDPPoy-Meth®} PTDPP-Meth= methoxy 2]
AR Qldl 4.38-3.62 ppm 4.33-3.5 ppmoll A ZHz} sharp
g ¥ 32E 1 4 USUAL, PTDPPq,-Thet PTDPP,-The]
4.41-3.44 ppm3} 4.96-3.38 ppmel A& - o3 v =An &

1
(a) PTDPPDD—MEIH § : (b) PTDPPsi-METh
. A .
> X
8 ()]
o
C [PTDPPg5-Th c
@© @ |PTDPP,-Th
E=4 = ~
172] 2 wn
c c
© @©
o
- = | +:1330 cm" C-O stretching
(0: 1249 cmr' C-N stretching <
#r: 1320 cm' C-O stretching #1034 em' 5i-O-5i stretching :
(: 1227 e’ C-N stretching <>t 834 cm' Si-C stretching T
'l 1 L 1

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 2. Fourier transform infrared (FTIR) spectra for (a) PTDPPop-Th, PTDPPop-Meth; (b) PTDPP-Th and PTDPPg¢-Meth.
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=] o] methoxy groupell W& 724 AolE AT = 2
Atk FTIRS &l S Akl #8719k 724 54
< SRISIFAL F igure 20]] VFERAATE. PTDPPqp-Th, PTDPPqp-
Meth, PTDPP,-Th ZZ2]3Z PTDPP,-Methe] sp’/sp® &4 &k}
F429] C-H AlZ(stretching) X5 335 3074/2920, 3065/
2920, 3066/2955 =12 3L 3074/2955 cm” F ol ZtzF BF
3193, DPP] ©]u|=(imide)el] 31E3h= C=0 2= 7
Z 1663, 1660, 1663, 1660 cm™ G Sl ztzt Folsiit).
DPP2] H}ak= ol (aromatic amine)ol] 1E3h= C-N A&7
5 937} 1227, 1227, 1249, 22] 3L 1249 cm” F ol &2

wlo] JEAte] 724 548 ST 4 )I9irt. PTDPP,-Thet

PTDPP -Methi= siloxane2 &2 Si-0-Si, Si-C A&3% 3
A7} L3 1034 ecm'9} 834 cm! F ol FEH AL,
PTDPP,,-Meth¢} PTDPP -Methi= methoxyZ <13} alkyl aryl
etherd] 3@38H= C-0 21&2% =7} 1320, 1330 cm™
Aof|A z}z} ZRlak3dt

&SHE 54, Methoxy 71¢] 2| &hol| wh& rEAfe] 354
AAS AZst7] Al ALl /7HA1 A 33 = A (UV-Vis

A R

(@) o 1.0 ——PTOPPoTh
= ——— PTDPP,-Meth
S 0.8] —FPTOPP.Th
© % ——PTDPP,-Meth
a
< 0.6
?

N 0.41
g
5 0.2
=z

0.0

600 800 1000

Wavelength (nm)

400

- oA F

ol

spectrophotometer)E ©|-8-5}c] -8l e o} wha} Adefjellx] 2z}
=73313aL 2 A#E Figure 30 YERASITE. 1ht ZAJefoll A
Tauc plotS 3l iEAFe] F3H4 wME]-S AAEsEal L,
PTDPP,,-Th, PTDPP,,-Meth, PTDPP,-Th, PTDPP,-Meth®]
MEMS 1.36, 1.22, 1.30, Z2]3L 1.20 eV ZH= 218 3R
3% THTable 1, Figure S2). PTDPPoy,-The} PTDPP,-Th
LA (a)oll A m—n* A3} F(r—n* transition) T IS A
Hoz e 3391 380470 nmeoll A ERISEI AL, PTDPPp-
Meth¢} PTDPP;-Meth= ZZH.t}F Y& 330-470 nmoilA] &<l
ST BFEIE (b)ellA = 71e] AR 25 350-500 nm
oA zr* IOl E(ma* transition) I IS SISALE &
AN Atel ettt o ] 27 3+ PTDPP,y,-Th, PTDPPop-Meth,
PTDPP,;-Th¢} PTDPP;-Meth®] 2 &34 (Anw)S 812,
795, 809, 797/837, 821, 803, 223l 794 nm= 18T
] yEAL wF gl Aej o) uhak Aol B} [s)
Zd<(intramolecular charge transfer, ICT) 32X §-3%=7}
HolAl = S dFE Ak 53], A T Aol
Hef electron-rich group?! methoxy7} X3+ FFEA = 1%

(b) 3 10 e PTDPP,-Th
e —— PTDPPyy-Meth
@ ——PTDPP,-Th
2 0.8 proPP, Meth
o]
3
< 0.6
D
N 0.4
g
5 0.2-
=
0.0 : : .
400 600 800 1000

Wavelength (nm)

Figure 3. Normalized UV-Vis-NIR absorption spectra of PTDPPy,-Th, PTDPPop-Meth, PTDPP-Th and PTDPP,-Meth: (a) in dilute chlo-

roform solution; (b) as thin films on a quartz plate.

(b) -3.2 -
(a) 0.4 [ PTOPP,,Th ——PTOPP,Th -3.48 eV -3.55 eV
R - 364 -3.64 eV -3.67 eV
0.3 .
E 02]{ = —— =~ 40
% Py | 2
c
g 0.1- kx| 441
o >
= E 48-
ok 1 I S (U S PO R S
20 -15 1.0 05 00 05 10 15 20 52 P -4.94 eV
Potential (V vs Ag/Ag*) 521 eV 5.08 eV

Figure 4. (a) Cyclic voltammograms; (b) energy diagram of PTDPPqp-Th, PTDPPqp-Meth, PTDPP-Th and PTDPPg-Meth.

Z2H, A|4998 A|5%, 20253



F7INHEAS- TDPP-T 55 5HAle] 2AlE A9kl w214, Fst4] 543 miAle 9% 639

A] 28 ARAHTE 0-0 peakoll X FapPgo R IA HoiA=
28 BRIk 4= IQItE 23 PTDPP,-Methi= vibrational peak
(0-0)2] F-5-0] °Fs|x]&= WA, PTDPP,,-The} PTDPP,-Meth
= 0-1 peak®] THEo] A= AL glant. g
glo A e] 4 z}o]E A B, PTDPPy,-Thet PTDPPy-
Meth®] vibrational peak®] == A2 JitE= S He
HHH | PTDPP,-ThS PTDPP,-Meth®} Tk=7] vibrational peak”}
WA 5, FBET QoA As #EE AP

M7|8tetY §4. =3 b /734 (cyclic voltammetry
curve)S S5t iAo A7|ske B8 EAEIHS
o, 2 gk AL AloF A=, 717] FaEell YERAIT
TAGH TG oA =] F9E ¥ st 23 Z= Figure
4@ (bl 22 e o, 7 aEAte] oux] E9E U
ERdl Az= Table 190 B3 2] (1), 2 201 tiYdskd
JEA}2] highest occupied molecular orbital( HOMO)S} lowest
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