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Abstract: Replacing inorganic semiconductors with organic semiconductors for photoelectrochemical water-splitting
(PEC-WS) has been challenging. In this study, a photoanode was fabricated by both n-type organic semiconductor,
poly{[N,N-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (N2200) and
a newly synthesized conjugated polymer, poly(4-(4,4-dihexadecyl-4H-cyclopenta[1,2-b:5,4-b"]dithiophen-2-y1)-7-(4,4-
dihexadecyl-6-(thiophen-2-yl)-4H-cyclopenta[ 1,2-b:5,4-b"|dithiophen-2-yl)-5-fluorobenzo[c][ 1,2,5]thiadiazole) (PCFCS)
as an additive and it has enhanced photocurrent density. Linear sweep voltammetry revealed that the addition of PCFCS
(5.0 pg) increased the photocurrent density up to 62.5% (1.12 to 1.82 pA/cm?).
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toanode.
M B 8} b, Ape] Al FhAEA el o] A gk 2 91RF(2.1-3.3
eV)E 7KL ST, 52 BjgAra WSk S (solar to hydrogen
Fslal gkl AEE s AsE AFedstel 22 8 efficiency, STHYS 7H&= &48le3 22 771223 At
L29E oplsigith! AAlo] AR HH adEortaL B3 71518 & 8l WA n-type S5ANSHE
7] wZel] sPAUAE A FA A 9] JHte wi= (TiO,, WO, Fe,05, BiVO, 5)2 B& 573l B2 e
Al Fgsith > teFst oluA e 7hed sae e 9 8l 3 AFE AMOE o]Fsl] 3 4kt RS Yozl & 4)
o] A71E AL 4 e FANUAI Aottt e B3l 25 A gk AR AR SR o]
&, Hle| i, & 55 o] &ste] A & AL, =5 o] = 2 WS doA FAE AL ey et A
ol FaE Aikeke WRddle A7, Sweid, 28 29l &2 A 2 3HE (recombination rate), & 7] M=%
a3 HE o] §8h= 1713818 £ 3l (photoelectrochemical (electrical conductivity), S 4k WHAIHES-(oxygen evolution
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7HA] | wfZol Fx7]8ek & a0 Al 2t
olyz} #7183 A] (organic photovoltaics, OPVs), 7] #
Alq3} EMX|2H (organic field-effect transistor, OFETs)" &
olg] Fofll M= ARE-SHC f7|WEEA = n-type, p-type, &
SAOZ vk N-type F7 WA= 37 59 Ak E
T 5ol oJal A AtstEo] A5 AR o]oA| AL, p-type
f7IeEAol Hlgl] g o= w2 Halolsks 7] o
ol AF7HA] 7 1REEA] A SIS p-type RE=A]7} n-type
HIEA| R o Bo] Y= ®2 Naphthalenediimide(NDI),”
naphthodithiophenediimide(NDTI),** isoindigo(IIG),”* diketo-
pyrrolopyrrole(DPP)” 719+] n-type -7 |WH=A 71 7R A5,
1 5 poly{[N,N-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis-
(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2"-bithiophene) } (N2200)->
O3E4<] ntype EHEN A2 & WolEd = NDI
T2E5 7 AL ok BEg AApt olFs] 4% v Fx
E 7L o] & ARl EEE THRITE S w2 HAto]
FEE o83l N22002 B YA oA HAE~55 (electron-
transporting layer)© 2 ARS-EIT}20 3R] 0F N22002 =2
Axfol ol HlaiA A og w9 e AgolsErt KB
A= o =

2 Ao e FH7|8l8r & Hallo] ARg-sle F7|9E=A]
£ tiAIS7] $18 N2200S fluorine doped tin oxide(FTO) -
2 Aol 29 F"ate] f7] LA ARSEE FSFES Al
243t AL, A=A 3252} poly(4-(4,4-dihexadecyl-4H-cyclo-
penta[1,2-b:5,4-b"|dithiophen-2-y1)-7-(4,4-dihexadecyl-6-
(thiophen-2-yl)-4H-cyclopenta[ 1,2-b:5,4-b"|dithiophen-2-yl)-5-
fluorobenzo[c][1,2.5]thiadiazole)(PCFCSYS A FA ¢Hd shed
A7 M4 (additive)2 AH8-5121T}. PCFCSE AAFE3 3] (donor)
2} AR=8A (acceptor)EA cyclopentaditiophene(CDT)} 5-
fluorobenzo[c][1,2,5]thiadiazole(FBT)S Z}Z} W2 Al-&-3}
o] BAF-EAF 7F 35 ag-o] S7VeHE FA-E(push-pull)
Z2 YARIEITH 3 3k FBTS] B4 (fluorine)2t CDTE)
Bh(sulfur) 7F2] H]F--(non-covalent) & 2Hg-0] A, B4
oF i Afolol e FF Aol EA s wwe] FRA =
Hol| A #A¥ SHplanarity) 7325 7HA= AL=Z deA ok
olg| gt g IEA T2 HAANS PIAA nn
stackings Y  UTHC o]k EAlx AAl9L Ak ZF
A2 AEe olF s TP AoRE et Al
7= /33 PCFCSE HA7HIE ARSS Fg=2 HA7HIE
ARESIA] 92 3=l Hisl @A (photocurrent density)
7} 62.5% S71eks AdE HATh
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IEA el s Al9F2 Sigma-Aldrich(St. Louis,
Missouri, USA), Acros(Geel, Belgium), TCI(Tokyo, Japan),
2|3 Alfa Aesar(Ward Hill, Massachusetts, USA) 3131
3L, 7t A §lo] ARsklT. 1§ Rk 8l ACS 5
HES A3 T (4,4-dihexadecyl-4H-cyclopenta[1,2-b:5, 4-
b']dithiophen-2-yl)trimethylstannane(M1)Z} 4,7-dibromo-5-
fluorobenzo[c][1,2,5]thiadiazole(M2)& #&-S ZFa1ate] 7z}
FPISISAL® 2, 5-bis(trimethylstannyl)thiophene(M3)2 Sigma-
AldichA 1A FaisEAT). 4,9-Dibromo-2,7-bis(2-octyldodecyl)-
benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone <
SunaTech Inc.(Jiangsu, China)ollx] o313 aL, F71 AA|§lo]
ARSI @A WhE A B AL Ake] 25 gRle)
7] {8l &AF48t71%9 UCRFOl #4] 9]=]sle] 'He} BC
NMR< 400 MHz Fr&]oll M3 alz}7] 3 339 (Fourier
transform-nuclear magnetic resonance, FT-NMR) (AVANCE
Il HD, Bruker, USA)S.2 =431t} whs F7H4| 9] Ha}
o UrEx A FEA(MALDI-TOF MS)(Ultraflex TII,
Bruker, USA)Z AR8-8l] Z7g3191rt. N22003} PCFCS®] %
b2 54 ety Sl A9 IABA BB
(OPTIZEN POP, MECASYS, Korea)s AF-31%1.2, chloro-
formel] 83171 8- el e} Aodatol] 23 57E] (spin coater,
EF-4op, ©]Z3d 2, Korea)s ©|-83l] I”3 I HHIE &
7 2k TRAe) 5 B BATOMYS HE A%
(poly dispersity index, PDI)i= polystyrene> 7122 3}aL
tetrahydrofuran(THF)S ¢80 2 3lo] 4l £3} A2nlE 1
2l 7] (gel permeation chromatography, GPC)(Agilent 12008/
miniDAWN TREOS, Agilent/Wyatt, USA)S E3 =43}
o} d718ke B4 3 A FH (cyclic voltammetry,
CV)(Versa STAT3, AMETEK, USA)S 2 Z243}%tt. 7153
F(Ag wire), ZHAF (A T2, oA SEEA) SR
ZVZh AMgsl oM, 270 S= 100 mV/sE SA ST &
3 APHAFH =798 2180 acetonitrile®]] tetra-n-butylammonium
hexafluorophosphate(n-Bu,NPF S &381A17 0.1 M2] 3=
Z ARSI 715AS (Ag wire)y B2 B 2415 (ferrocene/
ferrocenium) AFsHEH HH-0 2 WAL, 4ksk 9= 2
Y Wl 4.8eVE 7IFEoRE AL A1) highest
occupied molecular orbita(HOMO)2} lowest unoccupied
molecular orbita(LUMO) =%]+= HOMO(eV)=-(Eox)™"-E 1
(Ferrocene)+4.8)2F  LUMO(eV)=~(E{eq™"-E\ n(Ferrocene)+4.8)
o] Aoz 7p7} Axkalitt. k] HOMO/LUMO +9)
o} Az HA3tE gelet] Q) BEHEST o]
(density functional theory, DFT)(Gaussian 16W, Becke three-
parameter Lee-Yang-Parr(B3LYP) function, 6-31G basis set)
= ol&sto] ALteiint. FFFe FHAFLE i S-S 9
3l Versa STAT3E AR&-3to] Z73 381152, AM(air mass) 1.5
42} Al B2 °|E|(PEC-LOI1, Peccell, Japan)Z B =42 ZA}
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S| Y DEXEFM. 4,7-bis(4,4-dihexadecyl-4H-cyclo-
penta[1,2-b:5,4-b"|dithiophen-2-yl)-5-fluorobenzo[c][1,2,5]-
thiadiazole (1)

M1(1.50 g, 1.90 mmol)=} M2(0.24 g, 0.76 mmol)E- anhydrous
toluene(25 mL)oll $138] SalAHLE E=0] E0UE &
22T E argon H-9]712 YHE T bis(dibenzylideneacetone)-
palladium(0)(13.27 mg, 23.0 umol), tri(o-tolyl)phosphine(28.10
mg, 92.0 umolyS 715} 95°CE 71gst 3¢ FoF W
il S 255 Ao E U & SHRTE ¥
A BB S48 HESES chloroforms ©]-8-3t]
7155 FESAL FA vkl a(MeS0,)e o185t TS
AABR. AAAGRE o] &-ato] Gt miavlgS AA
3laL, 3355571 (RE301, Yamato, Japan)E ©|-8-3Fof &
| E A AL 2B 2bds] Azt Hdxst &
FHE-2 hexane¥} chloroforme ARE-gF A2|7H Ze] 32w}
E2) 9] (hexane?} chloroform®] #-3] H]: 100/05-E] 95/57}
ANz Fe] AAs 3HE1S 0.70 g AATHEEE: 66%).
'H NMR (CDCl;, 400 MHz) & ppm 8.18 (s, 1H), 8.02 (s, 1H),
7.75 (d, J=13.6 Hz, 1H), 7.25 (d, /4.8 Hz 1H), 7.23 (d, J=4.8
Hz, 1H), 6.98 (d, J=4.9 Hz, 2H), 1.96-1.84 (m, 8H), 1.33—
1.14 (m, 104H), 1.07-0.99 (m, 8H), 0.87 (t, /=6.7 Hz, 12H).
3C NMR (CDCl;, 100 MHz) & ppm 160.02, 159.48, 159.33,
159.22, 158.56, 157.51, 153.55, 153.44, 149.92, 140.29, 140.21,
140.06, 138.17, 136.87, 136.64, 133.15, 133.08, 126.52, 126.07,
125.73, 125.62, 124.56, 124.47, 122.75, 121.96, 115.41, 115.08
111.69, 111.54, 54.07, 53.95, 38.03, 32.15, 30.26, 29.91,
29.88, 29.83, 29.68, 29.61, 29.59, 24.82, 22.92, 14.35.
MALDI-TOF m/z 1403.117 (CgH30FN,Ss caled. for m/z
1402.953).

4,77-bis(6-bromo-4,4-dihexadecyl-4H-cyclopenta[ 1,2-b:5,4-
b'ldithiophen-2-yl)-5-fluorobenzo[c][1,2,5]thiadiazole (2)

3}3HE1(4.20 g, 2.99 mmol)= anhydrous THF(80 mL)®l|
HH 3] &3jA1Z1 T n-bromosuccinimide(NBS)(1.17 g, 6.58
mmol)E 3] H7IetAth EFE2 WS Awsie] 244]
Zh S8 oA HEGAIF T WhE SRTE WAL v
S %743 5 methylene chlorideZ ©]8-3t {715 #2
stk E2E f7152 Pklas ol8st s Al
AR, AFHAE o]&ste] Fintad|gE AAT £ 3
ASEEZ715 olgslod F71-8mE AAsIL 1lF 2ol
23] AxsldTh. Ax2g E3HE2 hexaneS o83 A
7H 24 AR2vtEIHuE o]&ste] ] Ak 3.50 ¢
o] Repd APES AATHTSEE: 75%). 'H NMR (CDCL,,
400 MHz) 6 ppm 8.15 (s, 1H), 7.99 (s, 1H), 7.74 (d, /=13.5
Hz, 1H), 6.99 (s, 2H), 1.94-1.81 (m, 8H), 1.25-1.13p (m,
104H), 1.03-0.96 (m, 8H), 0.87 (t, J/=6.7 Hz, 12H). “*C

NMR (CDCl;, 100 MHz) & ppm 159.99, 15827, 158.04,
157.87, 157.64, 15748, 153.37, 153.26, 149.76, 139.79,
139.71, 139.52, 138.62, 137.27, 137.03, 133.69, 133.62,
125.61, 125.50, 125.01, 124.38, 124.28, 122.53, 115.36,
115.04, 112.78, 112.24, 111.64, 111.49, 54.93, 54.83, 37.96,
32.16, 3025, 29.94, 29.92, 29.89, 29.86, 29.60, 24.81,
22.93, 14.36. MALDI-TOF m/z 1561.987 (CgH3;Br;FN,S;s
calcd. for m/z 1560.772).

Poly(4-(4,4-dihexadecyl-4H-cyclopenta[ 1,2-b:5,4-b"]dithio-
phen-2-yl)-7-(4,4-dihexadecyl-6-(thiophen-2-yl)-4H-cyclo-
penta[1,2-b:5,4-b"|dithiophen-2-yl)-5-fluorobenzo[c][1,2,5]-
thiadiazole) (PCFCS).

3}5HE2(150 mg, 0.095 mmol), M3(38.9 mg, 0.095 mmol),
bis(dibenzylideneacetone)dipalladium(0) (1.64 mg, 2.85 mmol)
S Schlenk flask®]] %37 anhydrous toluene(4 mL)ol| £+713]
B3IXFTE EFE-2 argon $P3 WollA tri(o-tolyl)phosphine
(6.72 mg, 11.4 mmolyS 713t 95°CE 7FE sk wRke
ZeYsiitt. EFE-S methanol(300 mL)ol| A7 3 o]
AR AHAE o]&ate] IHES TSIt B BAF
I EFES AASH] S8l 458l FZ(Soxhlet extraction)
S ARt &8 FE2 methanol, acetone, L8] 3L
hexaneol| X ZH2t 24117k 59t Zgsl3iet. o] F &£&58l =
2 chloroforme]] o} L}& &8 523k & methanolol] 3
et AR Z AFslar FgeBoll Axsted 106.5 mg
o] WAHES AJTHFEE: 71%). M,=42.8 kDa, M,=77.2
kDa, PDI=1.80. 'H NMR(CDCl;, 400 MHz, 348 K): & ppm
8.20-8.14 (br, 1H), 8.06-7.97 (br, 1H), 7.79-7.73 (br, 1H),
7.13-7.04 (br, 2H), 6.80-6.70 (br, 2H), 2.06-1.99 (br, 8H),
1.42-1.15 (br, 112H), 0.91-0.79 (br, 12H).

Ze=(Photoanode) M& R 3. N2200/FTO, PCFCS/
N2200 =2 chlorobenzene &7 2 FX7} 10 mg/mL<l
N2200 §4& THE & PCFCSE 77} 0, 2.5, 5.0, 10.0 g
93 93 SN SaE 2 el 942 FTO £
g Aol 50 LE =X 3000 pme 2 3027F ¥ =
g3le] st Z#| o] E(C-MAG HS7, IKA, Germany)ol 4]
220°C2 1082t 7FEsiie}. AtAs 2~ F98 FTO
2l A5, AgAgCl A=, MFAe 22 APA=, 71E4S,
A= oE ARSIt A S5A8-2 3d5S pHZE 13.6%1
I M FABREF (NaOH) sl 2ol ¥ojx &2} AlgdolH
£ ol&slo] 1 sunzollM HE AIS o) A= A
F o Z SH3ATE Exee Nemnst'87 2 (Erur=Fagacc
+0.0591x(pH)*+0.1976 V)& ARg-std Akttt J-V F412
Versa STAT37]7|o| A1 AP FAPASIH S AFE-31] 15 mVis
o 27 £E2 0.5 VellA 0.8 V7R A8 AR/ <
A4 HIZ2EE Versa STAT37]|7]12] A]7+t A 7 % (chrono-
amperometry)® 2 AM 1.5914 0.23 V&] 324 9]ol|lx A4
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CIBH 33 C‘EHSI! [

=S EW i h\_ar Pd(dbal, * ri{o-tolyljphosphine (9 KS\
Ls “gosh_ 4 R ) N Q_f?
| i g
N\S—N toluene, 95 °C CigHas™ ~CigHaa
M1 M2

F, F
A

AR 58 NBS gr._ S S Y S 5. g
/AR ? —_— \ﬁ‘_ W T / ) ::a I }'—
. THF, dark ‘S/ I \_Kg—’

‘,CH-;>'(CH» CoHar Crghys Mg
3 18H3: 16H3z 16H: 16Haz g

1 2

C‘EHS_/ C1EH31

R+
/ 5 /n

o
e E F(Na,COs)0l £3H pH 932 HAMY &8
(borate buffer solution)oll~] FTO 2] =, Ag/AgCl A=,
WS A, 71885, T o2 o) &gh 3158
1000 Hz 271202 Z4glom x84 D= (donor density)
E Ak S8l ot 22 WA o2 ALk

1 2 ( kT)
—= Ve Ve — o
& (gegNy) T

M

(C: &9 WAF ATPAE 2 (capacitance), ¢: 71713}, & Al
A Alole] §-A A g AF F-AE, Np AAEA] 9,
VA8 A9, Vg T WME AL, bk B2 AT, T RE)

g1 3 EE

S| H DEX Y. vk S 34 9 ke
’d7d 2= Scheme 19 YERATE AASE A& AP H
0] 2.2 AR 9 kA Aol Akt M1 M2E
2.5:12] E<FH]Z toluenedl =] k5 (Pd) Sl Slol| Stille
A7 AZFY(Stille cross-coupling) ¥H-S Z13Ysle] 55
o] 66%C1 =1 AT 8F5HE1, NBS, anhydrous
THFE AM&3&le] $550] 75%21 B 315HE22 $H4ds)
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e

3z age CigHag CygHaa

PCFCs

Aot 3529t M39] EFHIE 11 HER2 ARESkaL &
F(Pd) Zvl 3}l Stille coupling 3RS FdYste] 71%
o] FEERE AXE PCFCSE 3T N2200S 7159
e F3e Farste] s PCFCSSE N22002 7}
7F A3} 7EA o] AAbEe] X$kE o] 909 chloroform,
chlorobenzene 52| 7] €10 £& gL Bt 7&
Zke] F3== THFO 83lIA1A polystyreneS 715222 GPC
£ =439tk PCFCS9F N22002] M, ztHzt 42.8, 166.1
kg/molo] 2132, PDIE= Z+z} 1.802 1240t} §433F F7HA)
9 Rkl Harze el Wk 9 2] ¥ B
('H NMR, “C NMR)2.& FI5}3t}.

ZEN EM. N22003+ PCFCSS] #3H2 EAS 8els))
Q13 ARl 713 g3 =A1E o831 chloroformel =
Q1 go Ao} Mgl 27 I3l A2t D e
EEEE 2430 A 28 2= Figure 19 YERSL
o} &9 Fele dEAd IZEARE chloroformel] 5o 25 pg/
mLE 243133, & AE]E= chloroformol] AEA F7EA}
£ 59 S5mg/mL F%9] NS FA|9F FA] FE(030
mm, 045 um)E ©]-&3l APt =2 F 3000 pmS =
23 FE 53T N22002 PCFCSS] Ht T3 (e )&
gl AejollA] 2}z 387.5, 708.7 nmAL, BE AN A
£ 3923, 7155 nmSit}h. PCFCSe] &§334% =2 ekl

= PCFCS (solution)

----- PCFCS (film)
10F

08t

06}

0.4F

Absorbance (nom.)

0.2f

0.0
300

500 600 V0O 8OO 900

Wavelength (nm)

400

Figure 1. Optical properties of N2200 and PCFCS: UV-Vis spectrum of N2200 and PCFCS in (a) solution; (b) film, respectively.
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Figure 2. Electrochemical properties of N2200 and PCFCS: (a) internal; (b) external standard.

Table 1. Optical and Electrochemical and Property of N2200 and PCFCS

Ccv (0\%
uv (Internal) (External)
Polymer sol film opt cv Ccv
/‘Lmax j4max Eg P EHOMO ELUMO Eg EHOMO ELUMO Eg )
(nm)* (nm)’ (eV) (eV)’! (eV)’! (eV)’ (eV)’ (eV)’ (eV)
N2200 387.5 392.3 1.44 -5.88 -3.92 1.95 -5.85 -3.93 1.92
PCFCS 708.7 715.5 1.47 -5.20 -2.83 237 -5.12 -2.84 2.28

“Chloroform Solution, *Spin-coated from Chloroform Solution, ‘Calculated from the Absorption Band Edge of the Polymer Film, E,"'=1240/.4,."™™,
“Cyclic Voltammetry Determined with (Enomo=(Eoxiy"-E1n(Ferrocene)+4.8 eV) and (Epymo=-(Eea"-E12(Ferrocene)+4.8 eV), ?EgCVZELUMO-EHOMO.

Figure 1(b)ellX= &4 ele] o 573(708.7 nm)ell A
DEANM O] Apa(715.5 nm) .2 A2 31 0] (red-shift)el Z&
RIS = AATHY of= A AdEfellM A} 7He] S0l F
7¥e 21& yeRlH, E2F 71e] A A=A%S sk o
wolth i F8hA 7 9] X (optical band gap)= PCFCS<}
N2200 717} 1.4, 147 eVE HE.3L, PCFCSSF N22002] &
N Fejet F5 el Aol Fubdst 33 ASixke
Table 19 2|5l tE. PCFCSE 550-900 nm 3}gojl A £}
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Figure 4. (a) Front view; (b) side view of the DFT-optimized structures for model trimer of N2200 and PCFCS.
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