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2 AFgM = A2 FFE &9 EA 3-(5-(5,6-bis(octyloxy)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)thio-
phen-2-y1)-10-(4-(octyloxy)phenyl)-10H-phenothiazine (P1)Z} 3-(5-(5,6-bis(octyloxy)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-
4-ylythiophen-2-yl)-10-(4-((2-ethylhexyl)oxy)phenyl)-10H-phenothiazine (P2)5 ~*7] AZH W50 2 35t f-7]dtet
kA 2ol EAS gHolskith Push-pull 7% 182} HWAF7) B R phenothiazine F A4S, WA B4 7
benzothiadiazole =45 A3t AAE FH-5HA 3k, £314dS FJA1717] £3589 phenothiazine2] Z 4 Yk
of &FA AbEe] EYE WFE 18E X 3heto] 252 TRAKPL, P2)E ST Pl P29] BARS 47 4911,
5294011, T ZH2) 3219, 323.7 CE o] ZHE] d Aol $53E A3 on, FHulS53bd2 549, 566 nm
olltt. &xtE AlFste] frIHHE|SAA Y SAAE S At P13t P29 E&2 747} 0.96, 0.90%C] T

Abstract

In this study, a new series of conjugated polymer 3-(5-(5,6-bis(octyloxy)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-yl)thio-
phen-2-y1)-10-(4-(octyloxy)phenyl)-10H-phenothiazine (P1) and 3-(5-(5,6-bis(octyloxy)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-
4-yl)thiophen-2-yl)-10-(4-((2-ethylhexyl)oxy)phenyl)-10H-phenothiazine (P2) were synthesised and organic photovoltaics
(OPVs) properties were characterized. The push-pull structure polymer consisted of phenothiazine derivative as an electron
donor and benzothiadiazole derivative as an electron acceptor. The aliphatic chain substituted aromatic ring was substituted
at the position of N in phenothiazine for the electron-rich and improved solubility. Excellent thermal stabilities of P1 and
P2 were confirmed by measured Ty values as 321.9 and 323.7 C, respectively and the degrees of polymerization were 4,911
(P1) and 5,294 (P2). The maximum absorption wavelength of P1 and P2 were 549 and 566 nm, respectively. The device
was fabricated and the OPVs property was measured. As a result, the power efficiency of conversion for P1 and P2 were
0.96 and 0.90%, respectively.
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B el sHAlE 7HH3L JAtH13,14]. o1& 7HAEH] $13) intra-
molecular charge transfer (ICT)7-25 2t ARSI/ ZAARIA 7} vk
A o7 o]Fojzl Fol ;iAo AF7F Eis] Y3 9o, FA
ol %2 HOMO ©lu#] g A slo] OPVs ffol d32 71A1=
JscZ Vocths 3=017] 98 B2 =go] o]Fojx] 1L QIti15,16]. 5%
J7AFe] AR B2 benzodithiophene[17,18], carbazole[19], cy-
clopentadithiophene[20,21], dithienopyrrole[22,23] 5-°] 310, xgk
7N 2= quinoxaline[24,25], diketopyrrolopyrrole[26,27], thienopyr-
azine[28] 5©| o] 2:o] ATk thF-E hetero 112E TZE ZhaL
o] T2 S 2 Stk olF AVsk] QI &, Al AL
&5 EYsHAIRE A FHAdo] AstE i QlAPE el 55
T 7] dEel XY FRe $1A & ok gtk

Phenothiazine<- XA Q! hetero 12|32 B2 Z 3 Ax}e} A4
A= A3 ARpE FHste] & AT TS T o
LED, TFT 5ol Zo] A% a1 Qth29]. T3k A4 AA}of| side chain
= A3 5 9lo] LT B EEE 5E Alod = Qlth30].
Benzothiadiazole-= 2711¢] imine®ll Q& A7} 738k AAAdE o]
7] wizel Al EdE del o]gu 3 QT3]

£ Aol A<= benzothiadiazole®l| thiophenes =313 &< o]
& 7713, &3] @ Al ARE FREHA sk 9
2l phenothiazine] A4 Axpel] GFA7F E41 W= 18 & X3
3} side-chain®] &S LolH 1} 3T
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2.1. Alef

Acetic acid, chloroform, dichloromethane (MC), dimethylformamide
(DMF), methyl alcohol, HCI, K,COs, MgSOs, nitric acid, tetrahydrofur-
an (THF), thionyl chloride$} =2 URFAQ1 f7]gvle= i sl=)
AdsleroA 918k, N-bromosuccinimide (NBS), n-BuLi,
tris(dibenzylideneacetone)dipalladium(0) (Pdy(dba)s), tetrakis(triphenyl-
phosphine)palladium(0) (Pd(PPhs)4), phenothiazine, Sn(II)Cl,, sodium
tert-butoxide, tricyclohexylphosphine, triethylamine, 1-bromooctane,
1,2-dihydroxybenzene, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborol-
ane, 2-(tributylstannyl)thiophene, 4-bromophenol, anhydrous 7]-&1&
< Sigma-AldrichAMoll A 791813131, bromine< JunseiAtollA] 131
oh B8 AlokES FUhE GAISHA] kil ARSIt Benzothiadiazole
FE=ANQ ©eFA)] 4,7-bis(5-bromothiophen-2-yl)-5,6-bis(octyloxy)benzo
[c][1,2,5]thiadiazole (M3)[32]= #&l] wt S48kt

22. 2M H FHIY

et w9 aiate] F2E ERlEk] 8] 'H-NMR spec-
trometer (Bruker, AVANCE 250)& ©]8-3}31°™, GC-MS (Agilent
technologies) & &3t0] $3t GFAES €2F Rl8Iith 12419
FAF3} polydispersity index (PDI, THE4FA|9)+= polystyrene= 715
© 2 33 chloroforms ©]E 2% 3] GPC (Shimadzu GPC sys-
tem)= 45T 4 A2 thermogravimetric analysis (TGA,
Q50)= 10 C/min, A4 91719 2704 Ty (5% weight loss tem-
perature)E EHI3FATE UV-Vis (Beckman Coulter DU 730)S ©]-8-5F
o] FeA E4E gRlstalon, &9 Adeet A% el drop casting
o AF FE Al Sk A71sketA B cyclic

2 e RaA 2] B4 AT 625

voltammetry (ZAHNER IM6eX I mpedance analyzer)® 7|7
Ag/Ag’, A% A= 1TO, U= Pt wireE AHE38F 2™ scan rate s
50 mV/sE o] ElEkltt. Bledx| 2] 542 ITO/PEDOT:PSS/
polymer:PC7BM/BaFy/Ba/Al 7-%2] 2AHE AZbeto] ERlakglom,
A} PCBME 1:29] A2 Bllg s 248 29 5380

solar simulator® =743}t

2.3. B & XL &

2.3.1. 1-bromo-4-(octyloxy)benzene (1)

50 mL 2 E2}~F¢) 4-bromophenol (2.6 g, 15 mmol)S HA #
2171614 Y3, DMF (15 mL)ell 9+d3] 43lA1Z ) 1-bromooctane
(3.1 mL, 18 mmol)¥} K,CO; (3.11 g, 22.5 mmol)S €l 150 T4
15 h &<+ SFAZCE 202 YAAA wg-& TAAT F, 1%
13} a}o] chloroform © % FZ3I5ith F59& KOH €943} S5+
2 AojE &, ZAE a2 vulE 185 (eluent : petroleum ether) = 7 #| 5}
Atk A E-S colorless oil FEIE LFEFATE (vield : 76%) '"H NMR
(250 MHz, CDCL3) : & (ppm) 0.87-0.92 (m, 3H), 1.29-1.56 (m, 10H),
1.71-1.82 (m, 2H), 3.88-3.94 (t, 2H), 6.74-6.80 (m, 2H), 7.33-7.36 (m,
2H).

2.3.2. 1-bromo-4-(2-ethylhexyloxy)benzene (2)

19 33Ey 22 HHo R S35 0, colorless oil FENS] A
AES AUTE (vield : 79.2%) H NMR (250 MHz, CDCL) : & (ppm)
0.83-0.99 (m, 6H), 1.33-1.61 (m, 8H), 1.66-1.78 (m, 1H), 3.71-3.83 (t,
2H), 6.77-6.83 (m, 2H), 7.34-7.36 (t, 2H).

2.3.3. 10-(4-(octyloxy)phenyl)-10H-phenothiazine (3)

250 mL 27 Z&}~Fe| phenothiazine (4.049 g, 20.32 mmol),
Pd,(dba); (0.474 g, 0.518 mmol), tricyclohexylphospine, (0.198 g, 0.706
mmol), sodim tert-butoxide (2.425 g, 25.23 mmol)E HAF-9]7]A
Y37, anhydrous toluene (50 mL)oll &3|AI71 < 111 3}3HE(6.97 g,
24.44 mmol)& Yol 120 TollA 5 h £t SFAIALE A2og Wzt
ANA W& FANZ §, THA(50 mL)E Yol quenching AlA T
t}. Chloroform? TH52 &3 7, 75 MgSO.Z -3 AlAs L
SuE I SEAA ZHIZekE 729 (eluent : CHCly/petroleum
ether = 1/3)2 FASISI) 35HE2] A3/ yellow solid®] FEE X
SATE (vield : 88.6%) 'H NMR (250 MHz, CDCls) : & (ppm) 0.87-0.93
(m, 3H), 1.25-1.34 (t, 8H), 1.45-1.56 (m, 2H), 1.78-1.87 (m, 2H),
4.00-4.05 (t, 2H), 6.18-6.26 (t, 2H), 6.80-6.84 (t, 2H), 6.97-7.00 (t,
2H), 7.08-7.11 (t, 2H), 7.26-7.30 (t, 4H).

2.3.4. 3,7-dibromo-10-(4-(octyloxy)phenyl)-10H-phenothiazine (4)

39 3}5HE(4.015 g, 9.95 mmol)S A4 E917]el14] 250 mL 37+ &
gk =o Y1, DMF (50 mL)E Yol &3] &A1zt SY= 1t
S715 7 Ulg AdA ] F NBS (4.27 g, 24 mmol)E DMF (20
mL)°l 3501 0 CollA W3] A7}skar A-2ell4] overnight©= W Rk
AT Jh-go] FAE Y ethyl acetate 2} brine ©. = F+&3}3L PEA| 9k
SHTE Ao FAATE 7 MgSO, 5 ¥ol F2-5 AAst &is
AR Al Aske] 2 A2 ek 189 (eluent: petroleum ether) =
AABIATE AAHEL] /A2 yellow solid FEIE YERAL, (vield :
26%) 'H NMR (250 MHz, CDCl;) : 6 (ppm) 0.87-0.93 (m, 3H),
1.25-1.34 (m, 8H), 1.44-1.53 (m, 2H), 1.78-1.89 (m, 2H), 3.99-4.04 (t,
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Scheme 1. Synthetic route of polymers.

v

2H), 5.99-6.03 (d, 2H), 6.87-6.88 (d, 2H), 6.91-6.92 (d, 2H), 7.06-7.12
(m, 4H).

2.3.5. 10-(4-(octyloxy)phenyl)-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxabo-

rolan-2-yl)-10H-phenothiazine (M1)

100 mL 27 ZEpadel] A E710A 48 5E(1.46 g, 2.6
mmol)S Y3l anhydrous THF (50 mL)oll €-d3] S3lA3ch 255
78 CE 274t 7, 20 min -5+ WHSEY, n-BuLi (2.35 mL, 5.7 mmol)
< syringe® 3] Z718ke] 1 h F<F WAt 2-Isopropoxy-4,4,
5,5-tetramethyl-1,3,2-dioxaborolane (1.75 mL, 8.58 mmol)S ¥l 10

mingt WHIAZD ]| 204 overnight © 2 WHEAATE ¥H8-o] &

A 7R S5H(30 mL)E ¥l quenching A17]3L, chloroform
o7 FEIHUTE T4 MgS0sE Fol S AlAsta, Sl At
SHAIA acetone O Z AA7 O] brown oil FENS] AFES ASTh
(vield : 45%) '"H NMR (250 MHz, CDCL) : ¢ (ppm) 0.88-0.93 (m,
3H), 1.24-1.33 (m, 32H), 1.51-1.57 (t, 2H), 1.81-1.88 (m, 2H),
4.00-4.06 (t, 2H), 6.05-6.08 (d, 2H), 7.07-7.10 (d, 2H), 7.18-7.24 (m,
4H), 7.26-7.30 (t, 2H).

2.3.6. 10-(4-(2-ethylhexyloxy)phenyl)-10H-phenothiazine (5)
39 3etEy 22 W o g gHAEke] yellow solid HEIS] AAE
S A3tk (yield : 87.25%) 'H NMR (250 MHz, CDCls) : & (ppm)

, 253 o=, 2014

SY=tst,

OCgHq7
3

Pd(PPhy),
[ —————

toluene

0.93-1.00 (m, 6H), 1.32-1.59 (m, 8H), 1.73-1.80 (m, 1H), 3.90-3.93 (d,
2H), 6.20 (s, 2H), 6.77-6.93 (t, 2H), 6.97-7.00 (d, 2H), 7.09-7.12 (d,
2H), 7.26-7.29 (t, 4H).

2.3.7. 3,7-dibromo-10-(4-(2-ethylhexyloxy)phenyl)-10H-phenothiazine (6)
49 St e o R 4dE] yellow solid FE|S] A=
S Atk (yield : 22%) 'H NMR (250 MHz, CDCl;) : & (ppm)
0.91-0.99 (m, 6H), 1.33-1.59 (m, 8H), 1.72-1.78 (s, 1H), 3.91-3.93 (d,
2H), 6.01-6.02 (d, 2H), 6.98-7.07 (d, 2H), 7.10-7.12 (d, 2H), 7.17-7.19

(d, 2H), 7.20-7.22 (m, 2H).

2.3.8. 10-(4-(2-ethylhexyloxy)phenyl)-3,7-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-10H-phenothiazine (M2)

M1 IR 235k 01, brown solid BE ] WA =S
Atk (yield : 39%) '"H NMR (250 MHz, CDCl;) : 8 (ppm) 0.90-1.00
(m, 6H), 1.25-1.57 (m, 32H), 1.71-1.77 (s, 1H), 3.91-3.94 (d, 2H),
6.06-6.09 (d, 2H), 7.00-7.08 (d, 2H), 7.10-7.11 (d, 2H), 7.18-7.19 (d,
2H), 7.21-7.23 (t, 2H).

2.3.9. 4,7-bis(5-bromothiophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]
thiadiazole (M3)
W F3of whel d435K5 0 [32], A= light orange solid
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Table 1. Molecular Weights and Thermal Properties of the Polymers

Polymer M, (g/mol) M,, (g/mol) PDI Tq (C) Yield (%)
P1 5,440 4911 1.69 321.9 41.0
P2 5,390 9,018 1.67 323.7 48.0
Table 2. Optical and Electrochemical Properties of the Polymers
Amax (M) A edge (M) -
Polymer HOMO (eV) LUMO (eV) E,™ (eV)
Solution Film Film
P1 342, 523 350, 549 680.0 -5.66 -3.84 1.82
P2 342, 528 346, 566 684.0 -5.64 -3.83 1.81
= YePAth (vield : 30.8%) 'H NMR (250 MHz, CDCLy) : & (ppm)
1.0

0.87-0.90 (t, 3H), 1.30-1.32 (d, 16H), 1.42-1.46 (d, 4H), 1.91-1.94 (d,
4H), 4.09-4.15 (t, 4H), 7.17-7.18 (d, 2H), 8.35-8.37 (d, 2H).

2.4, TEX} &

2.4.1. 3-(5-(5,6-bis(octyloxy)-7-(thiophen-2-yl)benzo[c][ 1,2,5]thiadiazol-
4-yl)thiophen-2-yl)-10-(4-(octyloxy)phenyl)-10H-phenothiazine
(P1)

M1 (0.655 g, 1 mmol)¥} M2 (0.742 g, 1 mmol)E anhydrous toluene
(35 mL)°ll €3|A17]13, Pd(PPhs), (0.023 g, 0.02 mmol)= ¥o] WHHA|
Ztk 2 M K,CO; FE9(35 mL)S ¥al Aliquat™3362 20He ¥
90 CollA] 48 h B9t $-FAIA HEgo] FA =W bromobenzene (1
mL)& ¥ end-capping A17132, 50 Col4 0.025 M HCl 7895 ¢
o] quenching AAF3t}. Chloroform™} brine 0.2 %3 % methyl
alcohol, acetone, chloroform <=4]% Soxhlet FX%E FZE3FTh
Chloroform fractions Eo} £wlE 7522 #|A3}1, SPE tube
(PL-THIOL)Z ©]73} | methyl alcoholel] XA A|A TEAZS A9
o} EAFe] A4 dark brown solid HENE WEFATHyield : 41%).

2.4.2. 3-(5-(5,6-bis(octyloxy)-7-(thiophen-2-yl)benzo[c][ 1,2,5]thiadiazol-
4-ythiophen-2-yl1)-10-(4-((2-ethylhexyl)oxy)phenyl)-10H-phen
othiazine (P2)

M29} M3E ARE3o] P13 22 W o % F3telgion, TiAle

dark brown soild® ¥ % Thyield : 48%).
3. dut & nE

3.1 2 2 IEREe| 24

Phenothiazine¥} benzothiadiazole2] =4S WA= AFE3sto] &~

27| ALY e or 258 1EAE TSl G 34 2
A A ZE = Scheme 10 YERISITE BE EAFe] =70
AP 7HAEe] AREo] A]ghE 09l chloroform, THF, ortho-di-
chlorobenzene (ODCB)$} 22 F7]&wjo] & AL Rk
A3t tAke] F A= chloroform®]] %-OH*]ﬁ polystyrene= 7152
E GPCE ol g3te] 5431911, 71 A= Table 191 g2ttt Pl
3} P29] FHAEAE M) 22} 4,911, 5,9240]311, o]u] PDI:=
7Yz} 1.69, 1.67°0130 ). A3 AT-oll4 B3E$H33] phenothiazine] 4~
AApel] A= AREo] 218kl Ao A9 EARES 2200~ 58002
7 o]2 F3l AR Y Akzo] XFE aiEAbel] v]a] 7HAR Y Aol

0.8
0.6

0.4

0.24 _a pt.sol
{ —+—P2-sol
—a— P1film

0.0 —v— P2-film
T T T T

300 400 500 600 700
Wavelength (nm)

Normailzed absorbance

Figure 1. UV-Vis spectrum in chloroform solution and in film.

AE pEAS0 FIEL A G AL B S Qg

A L Lotrr] S8 TGAE 0]%0}0% TeE S43H30m,
P12 321.9 C, P2+ 323.7 C® phenothiazine2] 24 Ax}of 2=
ARzo] X 8d HAFATY] nRARTE 5~15 T AL w2 7k Ut
gtk o2 st éﬂr i o g ek a1 ARERTE A A
o] &= e W A Aol Folx= o= wekEth T2y Py,
P29] Tg7F 300 T o)de] & 4 A& Holuz, 13A 7H
Al A= 18] FErt FellEe As olgete], opvsel A8 = 9l
€ 7FsE EolE AoE ddEh34)

3.2. s £y
Figure 1] chloroformel] 51 §-H e e} 44 ol drop castingd}
o] A2t IE FE| R UV-Vis spectrum= 73t 1 ZE el
et Holgr J%%(Amax)f foNALEj oA P1E 342, 523 nm, P2
342, 528 nmZE SR =3, BF FEHIA A e P12 350, 549 nm,
P2 346, 566 mnO]aiP_U% Table 20l VERQITE 82} B Az}
FIWAZPRA 7} BEEE = push-pull T-%-9] Fo 182} EACA L
Efvh= 27019] 9135 #Ed o, &9 AdHelA 3 WAl I
Y A s AW AREO] X 3hE AYAT-] A)e} Pl, P2 B
K ERo] S 340~342 nme IS Ho|w, F WA w39
= W 8] Aol X|ghe Pl P27) 10~20 nm g &0
2 olZx AL F1E = ik s E Aol R HA A
T 345~350 nmE FARIRCH, F WA A i P27F PLETE 15
nm A9 %0 29| o]Fo] o]F7l Ag RIS A HA A
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Table 3. OPVs Properties of the Polymers

Polymer Voc (V) ( mijgmz) FF (%) PCE (%)
Pl 0.70 38 36.3 0.96
P2 0.64 4.1 345 0.90

& 182 7-7” transition &yl &) LR ol i}
N Aojof| e} depR B2, QA AFE AW Alzo] X|ghe 11
Zke} P1, P2 B 39 ZolE F7HA17]7] 918 thiophene©] X|$HE]
B 2AS 2] Wil fARE ghs dERd Zlo® wEtiss),
T 7 A 7319 Amaxs 3 LA AT AR
9] intramolecular charge transfer (ICT) A& 2-g-of wle} o] Fojx|m g
[36] phenothiazineol] ¥&= 112]7} 8% o] Azt FH-8)% P1, P2
7F AE AR 7R AR g 20w 9 ofgo] A o]
Foizl A0 FE AFZHETE A a2 PL, P27} 680.0, 684.0 nmE, ©]
ERE AR F8HE s e 1.82, 1.81 evolr], AalTtelA 9]
A= 1.81~1.90 eVO] P& A= S 7P nR ARt Wk
18] ARgo] X|3hel A9 M= Ao] wolx|= A& gl 3 5 glo
m, o]Z 13|l P1, P27} B 999 g 58 F S Zow U
=g

AREE] el Adagle] SN AERTE FE AdEjelA by Zo
Z o]Fd ZoF Holsolid HiolA awAke] Aol A ow
o]Fo|7] 7z -stacked FENE FJst7] wiiTell B4} 1 e Ago] F
7}k Zo 7 Akt 37,38].

© o

3
)

Ir
WY,

3.3. M7|gEE BN

dst aRake] Ar)ged EAS gRlgk] 9@l cyclic voltam-
metry (CV)2.2 Abs} 3hgl A91E S4ste] 2 A7E Table 201 4
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Figure 3. J-V curves of the polymer-based solar cells.
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