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Abstract: Organic photovoltaics (OPVs) have shown great potential as a new generation of energy harvesters
because they possess many unique properties, including mechanical flexibility, lightweight, semi-transparency,
and low-fabrication costs. Recent advancements in molecular structure and device engineering have led to
achieving power conversion efficiency (PCE) exceeding 19%. However, these highly efficient active layer
materials have been hampered in their commercialization by complex synthesis steps that result in high
manufacturing costs. To address this issue, research is actively underway on low-cost active layer materials
with simple structures. This paper introduces such cost-effective active layer materials and strategies for their
synthesis.
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FZ ¥ ¥ 59 §7)89F A A (Organic photovoltaics,
OPVs)yi= 8o A] A|De] F83 U0 = HEA &
Astar glow, A, §A4, AHlE &H FF FHd
A 9 R A2 S&o = Qs B2 HAYE Holu
AT A 20 FRF BAAR HARI, &2 AR o
9 22 254 SHlA F7IEHFHA Y et 85
(Power conversion efficiency, PCE)S 3FAA17]7] Y5 &
2 go] o]Fo|A g} 11 A} A IHO= Q3|
g A A7 FHA Y] PCE= 19% oo = g7 0
2 FAERIE1,2]. ol= 483t 7IE o E HEE HA|
b3 PCEQl 15%E 233 om F7]E Y sto]EgE )
FAALLY AZE AH FS7FL T3]

F71HFAA ] PCEZ} 483t ool ol whetAl,
=4 H-E, tHd A4k A7) P83 5 Beld Aest
£ St 2240 FAPE AR o AL Qlo4-0]. AA
F7IHSAA7} 827 fsiAe A7) P88 HE

AYAE BlEZ B5= Aol 7MY 583 840|tH7.8]. 11
U @A 2 145 B 242 gt 1 &
d HAR Qs 83 olER2 AL ATk o
PM6, D18, Y6 J18]1 0|59 &4 59 1% =
o] 2 dutd o ® A} YRA 1584 o= B8
& 5fo] F o] W] fieo] A4 8 ARNE 555t
A ZRIHO-11]. oo w2k, 2 2 Azt |71 FAA] A
T 5 A Al #3E B Al 2 F

fu
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2o £3] P3HT (polythiophene, PT) THA} =i{of of
St HAJo] =obATH29]. 13U w2 highest occupied molec-
ular orbital (HOMO) levelZ} non-fullerene acceptor (NFA)
oto] T FAIR Q8] 5ol 1A YEht o] ZAIE
sidstz] Ysll, AFAES PT 7]6F A Zof A}
F7]= 15 (electron withdrawing groups, EWGs)S £
Sto] HOMO level:z W311, &4 W HTF AS52-E
(intramolecular non-covalent interaction)S =-9f NFA2}Q]
23S AR R S IA T MERE 7+
TAES ZPERTH29]. o= g 7 3o, binary 440
A AGHTFEO| 10%E YL, ternary 2ZFfA= 19%
ojldel stz AAE Hirstal irh42,43]. Al &
ofoJ A& M3t R E T} o] Fo| 2L Uk B 4 It
o] I3t fused WE Al non-fused ¥WiE LZE 714
non-fused ring electron acceptors (NFREAs)Q} -2 t}ofst
el Eo] /NUEATH44]. NFREAsOA] T A3ksingle
bond) 0.2 Q13 B4} 7h0] FIEY BAZL wAToL, Bt
W v ASAE =3 2 A Aofi(steric hindrance)
£ 7 ZAK&(side chain) E9) HERS 53f o] ZAIE 7N
AFCH45]. o|=3t ATEE B9l AEHEY AR HEE

ook, Hlg-2 &0, FEet AR % 5
diepste] F71E GRS 52 PR 22
23t B S5 ARGRE 771 B AA7E PCE 15%F =
Wote s SA5h FEEUAL JAH(57]. ol A+
AL F7IHSAA 71ee] Fh4 A8s 7ok Ent
oflzh, A&} H§ SHoAY oS Bl RIIHFA
A7k A& 7hst AU A] Aoz qgE HE 4
sid Aoz 7|diE. ofet 2 A+ T e 7]
HFA7E dez AT 4= A A% 7T vl o
T 7IHE &5 =olH, fE7t oA ZAIE dids] g
T e MZLZ 7FsAS AR

fr o
o 1l
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2. Synthetic Complexity (SC)

2015'd9] Pellegrino 135°] F&/35 A= H8= +
73171 §13 synthetic complexity (SC) A|<~5 “g 2| 5HiTt
(Fig. D[12]. SCAs= g DA +(35%), T&(25%), 7§
Al 2A(15%), FAE A3t 2 A=rtET Y] S5(15%),
AHEE 73l stskE el F(10%)012k= 57HA] B E
aEfste] AwHE 7H Hlashs Yol oA AEdt
UAES LT SCAF= FEAES =29 &4 584
2 AR HE2 BaT & Qe 7P EEA]] Hes
AL QAo o] A=) vlg AN AP e
AEler, A e Fshe A2 ofHE ¢ At
I o] ti=FARl ALk AAIA ol digt Al
71ES AT, FF 9 8= AT wU FES
o Agof =25 € AoIt3]. wetM £ 2lfollA= sC
g E&to] ARG LA = TAt JAE S
AN ¥ askLAr g

3. Ids w/[BSTX| W2 S

SAHFAA AT 2710l FBHYFOR PIHT TR
A =19} PCuBM OMATE THEAPL 9 A8 &
Aol Ads wE2A] YL 7FsekA sk Dojda
9 o ofdeuio] ApLEEA L Ro] B7H5lo] Heeger L
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Figure 1. Parameter for estimating the Synthetic Complexity
(SC) of photovoltaic materials [3].

F2 o Ar 258 A5, 202449



F/THFAA A& RS A= MY 5F 145

P3HT PCPDTBT PCDTBT PBDTT-TPD
/PCeBM /PCBM /PC;BM /PCy;BM

s e, ch o
D e on e
R z; oq%{i 0
| s N . s
iy
6.1% 6.8% 7.7%

PBDTTT-CF
/PCiBM

CiHy. CiHs.
et %u -
, |

4-5% 5.5%

2006 2007 2008

Figure 2. Chemical structure of polymer donors and efficiency
improvements over time [26].

23} Carroll 129 9J3] 5%2] T-80] = QATH13,14].
7% P3HT 1] et 6 e A7t olRelgA,
P3HTE] §4 5 o] o 650 nm Aol =] 3t
highest occupied molecular orbital (HOMO) level©] -5.2 eV
2 ol ¥ /MMEAEAUVoe) 06 VE 7HH & 88 &
& UEA] Sttt oldf et Higgs REdoE &
T 7 Qe M2 =8 7] digt 4ol S71skAL,
o]Z ¥ 2007d X E+= PCPDTBT (5.5%), PCDTBT (6.1%),
PBDTT-TPD (6.5%), PBDTTT-CF (7.7%) S-3} 22 a3t
e 43 & Y nEAS0] B HATHFig. 2)[15-
17]. 1 & AEAQ1 a8 gl sl 12%9] i a8
71551 HH18,19]. Fullerene A= =2 A4 %19+,
=& AR olsd A A Aot & EAH0E Qlsf oAl
B2 F2 AMEE o] AN EAE WP A =
< A% &4, 32 FFAS, F2 389 Y AV
ULt LA L Gt BAEE o] 7Hsste] oy
A2, F89Y, packing 4 HA 2ET 4= 3= non-
fullerene acceptor (NFA)Of| tjgt #+4]o] Z715F3iT). 20154
of] Zhan 135°] A2 NFAQ! ITICE 7Hst¥ 3L, o] NFA
= dE 7h9 18]7F 885 Fo(Indacenodithieno[3,2-b]
thiophene, IT)9] Qo] 7 7je] 72t A4 Gl 2ol
F(2-(3-0x0-2,3-dihydroinden-1-ylidene)malononitrile, IC).S.
2 o] 743 Bkt 45akgo] 7Hsa AD-ARRI
W 2A72E FHATHFR I20). F7IHPFAAY 4
5 PAS 1% NFAQ) BHAA S4t 17 72 Aol
5171 Y3l end group 2 fused core MNAYoF 5o w2
AZ=7F Q30ek; ITIC (1.59 V)2 end groupo] FE 2|35}
o] oA NFAQI IT-4F (Ey: 1.52 eV)7} BIE T, PM6:
ITIC-4F 7|5t A% = 13.73%9] =2 882 ZAAhFig.
3, Table 1)[1,21]. 2019¥°fl+= Zou 159] 93] Fofof ben-
zothiadiazole (BT) T+= benzotriazole (BTz)@} -2 A X7}
FE3 dd 552 =945te] A-DA'D-A ERQ] NFAC] of
S =2 AA o] L= o] Mo g MdH Yo
electron acceptor= 24 2] 4l (Near infra-red, NIR) &7}
A g Fo B2 oAU &4 s ago] AA
FFE & AAH11]. o]HT F-2 M= (Bandgap, Eo)&
ZH= NFAE©°| 7|4tE o]& &, 2D-conjugated benzodithio-
phene (BDT) 7|9t9] 2 Wi=74S ZH= PM6, PM7, D18
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Figure 3. Molecular structure of high-performance polymer
donors and small molecular acceptors.

TEAQL 3 AFRE| 0] 15.5% (PM6:Y6), 18.22% (DI18:
Y6)9] =2 78S X5 tKFig. 3, Table 1)[9,22]. o]&
ARAQ] 9 B4 B offel, oA A} S5
BAe) 37 S4Jo] 19ls}H, olF: oS0 SpEe 7]
wro g o= grlHerEAe] Bge vl Hek WA 9 ¢
g AR|oA 2+ 18.8% (PM6:L8-BO, PM6:BTP-eC9:BTP-
$9), 20% (PBDB-TF:GS-ISO/PBDB- TF:BTP-eC9)& tjj--
=2 71EL HIFTH2,23].

olggt EHES AT F T AHEHT oA g
S ZFAJ5H7] el fused hetero ring systemO. 2 HiE-S
S F QS mRo 2H BET B 72 4
A=o], 583t v& ZAIC A3t oS =T
o g8 ATEI e 8T IRA US4l o
A AmEe F27F Ay k4] Eeld o= l= SC
QIA=& X, PBDB-T 49.51%, PBDB-TF (PM6) 68.34%,
PBDB-TCI (PM7) 51.4%, PTB7-Th 47.44%, FTAZ 40.87%,
D18 75%, ITIC 54.52%, ITIC-4F 82.33%, Y6 74.78%= A}
39| =2 FAE Yehdith= A2 & 4= QUthFig. 3, Table
2)[12,24,25]. 22 B2 o= o] gl A== F
4TS 549 A ¥&E A7 Hs 4 A=
hadlols o s okt dytso] M= Sl

ik
%
I
Il

4. 2EHEt Px0| TEAL £l

P4 8ol e IEA TUE PN P £
M #8245 Tefsjof Btk AA, 71 A HEL
278K 28712 Mo} Gk oIS Sol, 201840] Hou
g Aol BRI F A]E 2 Ejviel PBDB-
TF (PM6)] F4H18-2 Fol7] S8 4ol o 7t I
< X 3A)7] TEAF PBDB-TCI (PM7)S X 11519 ch(Fig.
3)[27). PBDB-TCI A @duhao] o Zheket ut of
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Table 1. Photovoltaic parameters of OPVs

Active layer Ve (V) Jsc (mA/cm?) FF PCE (%) Ref.
High SC material
PCDTB:PC7BM 0.88 10.6 0.66 6.1 [15]
PBDTT-TPD:PC;BM 11.1 1.0 0.58 6.5 [17]
PBDTTT-CF:PCBM 0.76 15.2 66.9 7.73 [15]
PM6:IT-4F 0.87 20.02 78.81 13.73 [1]
PM6:Y6 0.848 24.5 74.6 15.5 [22]
PM7:Y6 0.875 24.2 72.8 15.4 [22]
D18:Y6 0.859 27.7 76.6 18.22 [9]
PM6:BTP-eC9:BTP-S9 0.861 27.5 79.34 18.8 [2]
Low SC polymer donor
P3HT:TrBTIC 0.88 13.04 71.9 8.25 [31]
PDCBT:ITIC 0.94 16.5 65.67 10.16 [32]
PDCBT-CLITIC-Thl 0.94 18.5 71.2 12.38 [33]
PTVT-T:IT-4F 0.75 20.78 0.72 11.28 [35]
PTVT-T:eC9 0.79 26.22 0.78 16.20 [35]
PPz-T:eC9 0.85 26.29 0.73 16.16 [36]
P5TCN-2F:Y6 0.85 25.07 0.75 16.1 [37]
TQ1:PC; BM 0.91 12.2 0.64 7.08 [58]
PTQ10:IDIC 0.97 17.81 73.6 12.7 [39]
PTQ10:Y6 0.83 26.65 75.1 16.53 [40]
PTQ10:PTVT-T:m-BTP-PhC6 0.885 26.41 80.1 18.74 [43]
Low SC small molecule acceptor
PBDB-T:DOC2C6-2F 0.85 21.31 73.15 13.24 [46]
J52:BN-2F 0.813 25.25 70.78 14.53 [47]
PM6:BDC-4F-C8 0.895 21.32 65.6 12.53 [48]
PM6:TPDC-4F 0.852 22.19 70.6 13.35 [49]
PTB7-Th:T2-ORH 1.07 14.72 59 9.33 [51]
PBDB-TF:PTIC 0.93 16.73 0.66 10.27 [52]
PBDB-TF:PTB4Cl 0.93 19.01 72.17 12.76 [53]
PBDB-T:2BTh-2F 0.84 24.02 72.14 14.53 [54]
D18:2BTh-2F 0.9 23.61 72.30 15.44 [54]
D18:4T-3 0.93 18.28 70.97 12.04 [55]
PBDB-TF:A4T-16 0.876 21.8 0.798 15.2 [56]
PTVT-BT:A4T-32 0.812 24.7 0.795 15.9 [57]

Ul PCEL 14.4%2 PBDB-TF (13.2%)X.t} © =9tch.
PBDB-TCI (SC: 51.40%)2] 34 A= PBDB-TF (SC:
68.34%)0] Blof FA 7kAStE| Rl o, BDT +29] §/go]
EB5t7] giio] 18] ARkAQl 3 TA7E o9
Zth(Table 2). B, 1A steh7t27t o=
ohesfiof ettt whebA P3HTO| et 728 M
TA o gt A7 EEs] AP ar, ofof wis tha

=1

oA dE ool

4.1. Polythiophene (PT) 7|¢t 12X} L

TR FAA] A 27]0] 122 =H 2 $8% o
-2 3tel P3HT (SC: 7.8%)7} st 122 Q13 vl&
2 ddA 38 SHAM 7P dA AEE = Ao AT

=~ O
Jato] 7Psgt TR F SR FERF 9JrkFig. 2, Table

>
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Table 2. SC of the polymer donor and acceptor materials
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Material NSS RY NUO NCC NHC SC (%) Ref.
Polymer donor

P3HT 3 1.10 4 0 4 7.75 [24]
PTQ10 4 2.33 1 1591 [28]
PBDB-T 12 5.30 25 6 20 49.51 [24]
PM6 15 19.79 34 8 24 68.34 [24]
PM7 12 7.13 25 6 21 51.40 [24]
PTB7-Th 11 6.94 21 6 18 47.44 [24]
FTAZ 9 6.13 17 5 18 40.87 [24]
D18 12 25.64 27 9 40 75 [25]

Small molecule acceptor
ITIC 10 4 22 6 17 54.52 [28]
ITIC-4F 10 2.5 20 16 51.91 [28]
Yo 15 8.9 28 6 25 74.78 [28]
BN-2F 13 24.21 11 32 78 53.2 [44]
TPDC-4F 18 45.6 12 36 90 64.8 [44]
PTIC 11.1 4 11 26 54.6 [52]
PTB4CI 9 11.11 5 20 46 33.5 [44]
2BTh-2F 11 10.3 6 23 54 383 [44]
4T-3 2.2 5 17 107 28.3 [44]
A4AT-16 9.61 5 21 45 332 [44]
PCs BM/PC7 BM 4 1.9 0 2 8 17.41 [28]

NSS: the number of synthetic steps, RY: the reciprocal yields of the monomers, NUO: the number of unit operations required for the isolation/purification
of the monomers, NCC: the number of column chromatographic purifications required by the monomers, NHC: the number o7f hazardous chemicals

used for their preparation, SC=35NSS/NSSyax + 2510gRY/10gRY max + 1SNUO/NUOpx + 15SNCC/NCCpax + 10NHC/NHC o [25]

2)[28]. wEbA FHE 2 | B9 AT 1FIA= pol-
ythiophene (PT) 7|9t 78| A 24| 535 A5 o
AE FEsH7] At 8S AlESEIE29]. w2 #= A
= 2= 8l A7 2 agingAlZE ©73S 3 P3HT 1124}
718k 229] m&o] 8.25%7FA] A= ATH30,31]. SHA|TE
P3HT9| =2 HOMORL oft]z} NFAQLS] A UA|A| =2
Z3h40] B8 AT, 1A olE ] A
2016A0°]] Hou 1&©°f 4] PT unito] alkoxycarbonyl Z-&7]
£ A¥A|A PDCBT IEAEHE F45t311, PDCBT
FEZ7L B 742 HOMO level (P3HT; -5.06 eV, PDCBT;
531 eV)2 Ko]3 PDCBTY 2491 carbonyl X|3H4|2}
ITICY] dicyanomethyleneindanone moieties7t2] dipole-di-
pole AT 280l o3 A4 E/4do] FAH], =2 Voc
(0.94 V)&t fibril XEZZ RS o] 10.16%2] 7|24 &&
= 84T 4 AUAKFig. 4, Table 1)[32]. Hou T1F°] I3
= B2 Geng J15F°] PDCBTS] W0 EWGSI Cl YA
=95l PDCBT-CIE 1451911, 242 HOMO leveld]
O8] &L VocE 21, ITIC-Th1}e] EAHE HEoJA A
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Figure 4. PT-based polymer donor structures.

S0 8-St face-on orientation¥} A A% S3AH LS H
o] 1238%9] =2 &8-2 ZAotATKFig 4, Table 1)[33].
I8 E o2 A8]E 18X THE 5] 1,2-di(thiophen-
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2-yl)ethene unit& -85t 417} Wo] B 1%} O™, Hou
JFONA SHA Tholl == AB]& PTVT-T &4 &
UE AASIH L, ester groupl] 02} vinyl group2] HE} H]
9 ZAsHnon-covalent bonding)sto] HHAIS GRS 4=
0910, NFAQl IT-4F9} BTP-eC9} EMEsto] 24zt
11.28%, 16.20%2] QA1 T8-S S5t thFig. 4,
Table 1)[34,35]. ©] Qo= Hou 1594l pyrazineS £
Sto] N axo] 9f5f] HgF o282 f8ste] BHd=
LX5t11, N9 electron-deficient £ 02 Z1-& HOMO
level 7} PPz-T 1EA} ZUE oy, 1 A3
PPz-T:BTP-eC9 7|8t AXE A&stA] 16.16%9] =2 §
28 2459 th(Fig. 4, Table 1)[36]. Cao L&A cya-
no-group< £%5}o] HOMO level& W31l S-C=N H|
A%l sl 278/d0] FdE PSTCN-2F 1EAF EU
E 5k, PSTCN-2F: Y6ARE AAs5Ha] 16.1%9] 9
25} 58S B 15FcKFig. 4, Table 1)[37]. ©] o= o
2 =2 452 A= @t #+29 conjugated IEA =
Y 7ol gk w0l H= ko] 7]&ofFlth Wang 15
of| A thiophene¥} 2,3-bis-(3-octyloxyphenyl)quinoxalinethio-
pheneZ 7|¥F0 2 o= TQIE AAI5H%3L, TQ1:PC;BM
719k A7 A 7%9] B8-S HATH38]. Li Z1FOIA qui-
noxalineo] F X|ZFA|A PTQ10S $H4J519aL, IDIC Al
= 12.7%, Y62I= 16.21%9] 1882 EAolH th(Fig.
4, Table 1)[39,40]. ©] PTQ10 TEH= 127} 71deir] &
SHARE 34 Wio] HFshE o2 e SC (15.91%)5
SRE 4 Q19rH28,41]. 3714 2. & Third componentZ
TEA B = QAEHE Tyt A= A1
Sk AE7F YA, 71 AT Yan TLFOIA PTQIO:
PTVT-T:m-BTP-PhC6 ternary -8-7]EjFZ x| of| A 18.74%9]
=2 8§88 X, solvent-vapor-assisted casting method
£ ARESHA] 19.11%9] 1 B&<3 E4J5HIth(Table 1)
[42,43].

4

5. Zitteh 10| P JHE S&

5.1. Non-Fused Ring Electron Acceptors (NFREASs)
QA A LA 5710 AHBEE oAl
£ H% Fused Ring Electron Acceptors (FREAs)©|™,
fused 2= HAZL M AT B3 44 H5S
Sl AHRs] 2 SCE Rl of: Beldom &
2 H[-&Z Zoto] f7IEFARS] AYGetoll & dHE0]
B}, wreba] P27} ekl 4ol Bolalel, Hlgo] A
gotal, FAA Feol w2 BAE /ol f3t A2
AA AZFS wAS|joF sty TEfA L £ fused ring
backbone©| o}d, Z-2 conjugated group O 2 HHE-S LA
SH= NFREAsO] g A H2o] A|Rb=|Qlth(Fig. 5)[44].
NFREAsE= £9370]9} Q1S nt groups, electron withdraw-

Y agtOete-
(a) g 5

- R % % E /d‘;f

¢ § =

, e v ¥
HENE A T

Diagram of non-fused ring acceptor

Diagram of fused ring acceptor

(b) A-ni-D-n-A type NFREAs

A m D m A A m - m A

{ Simple synthesis

A-ni-A'-m-A type NFREAs

Noncovalent interaction f- 77 ]
Steric hindrance side chains ~,f-\- A";S‘ { planar and rigid skeleton

Figure 5. (a) Diagram structures of fused ring and non-fused
ring electron acceptors [44]. (b) Illustration of A-n-D-m-A or
A-m-A'-n-A type NFREAs and the corresponding design stra-
tegies [45].

ing witg9] F2E HIFL 2N F74 54, A
7 a8a s 350 BEEAE dA A = W
mizol g Tie WAl 3t} FREAs®} H|15Ho], NFREA
o] wiZel T Zgto] EA. 9 A dE2 FH
2t 3)3d0] 7hsstol NFREAS] B g2 YA7-= oA
ZHstER 4 Wi st 5o E25id 7hs/dol &
gt} o=t £AIE siEshy] flet maba]l A=k A ®
+ FH, N8 5 S--09} 22 &4 W) vlgf 4o2ks

U5te] NFREAs®| FHl(conformation)& 117 5H= A °]
I RAE 2 QARE e 2AkeE Esk] 24
o] F2 HFE Ak Aolth4s]. o2t YHE
NFREAOA @ Z3}e] 3302 aa o= A3t co-
planar 25 F4T 5 loH, I A2 A} o]
54e PP A Wl A3t ol 52 FAE 4 U
oj2|gt M2 AMESto] 2 A8< K% NFREAsO|
sl A7fetet.

i

32

RUNIS

5.2. Semi non—fused ring electron acceptors
(A-n-D-n-A, A-n-A'-n—A structure)

Bo 1E©fA] electron donating groupQl alkoxy phenyl<
Foj2 ARESI= A-n-D-m-A FZRE 7FZ NFAQI DOC2C6-
2FE 5t 2ithFig. 6)[46]. ©] NFA= &4 W S0 4
2 g2 BH I &4 245 7St st
n-AA] H|HASHS 7F3l6to] conjugations ATFA O =
AT DOC2C6-2F29] neat =3} PBDB-T: DOC2C6-
2F blend 252 X% face-on orientationS UEFHE=T], o]
£ 971EFAA 1 Ast ol5e] felsA] AL5igict. of
#gt EAOo& QI3 DOC2C6-2F 7|8k {7 Fd A=
Jsc 21.35 mA/em’Q} WS A &A1 0.27 eVE 13.24%2]
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Figure 6. Chemical structures of semi-fused ring electron
acceptors.

PCEE A%, BAl 19 ZAiE AQItH(Table 1). £
3t Huang 159 A+ alkoxy phenyl #0]o] m-extended
end-groups (2-(7-fluoro-3-oxo0-2,3-dihydro-1Hcyclopenta[b]
naphthalen-1-ylidene)malononitrile, NC-F)& T ¢]5}o] BN-
OF (SC: 53.2%) NFAS SHJ511tKFig. 6, Table 2)[47]. BN-
2F= = 284S UL, =2 5891 14.53%E
HIKTable 1). o|&gF A7 252 alkyl chain?} end-
group engineering®] noncovalent conformational locko] &
TpHel HT AAS AAT.

T thE AR, EWGQI 5,7-bis(2-ethyl-hexyl)-4H,8H-
benzo[1,2-c:4,5-c'|dithiophene-4,8-dione (BDD)E T o2 A}
L3l= A-n-A’-n-A X CNFAQI BDC-4F-C8°0] A= 9
tHFig. 6)[48]. ©] NFALX -5.74 eV9] Z-2 HOMO levelZ}
1.41 eVe] ZE3t g 245311 91014 PM6 184} T}
ZF wj A=}t PM6:BDC-4F-C8 7]HF S-71e|9FA A= 12.53%
9] =2 882 ZAFKTable 1). Thieno[3,4-c]pyrrole-4,
6-dione (TPD)E Fo]=2 ARME-S= TPDC-4F (SC: 64.8%)=
A' core9] electron withdrawing 41} noncovalent intra-
molecular interaction®] 2]} PM62}2] 243t energy level
I 55 AHEYES B YH(Fig. 6, Table 2)[49]. Neat 2S5
o]|A9] face-on orientation¥} FAIE AR} o] 5AJ O 13.35%
9] =92 §82 HYrKTable 1). 37} 02 TPDC-4F2)
end groups®?} alkyl chins& A|HsHA HEdsto] FAAH &
A= binary A|AEIO| A= 13.21%, ternary A| A0 A=
15.62%9] H =2 882 GA5FAHH50].

5.3. Fully Non-Fused Ring Electron Acceptors
flollM 471El NFREAs= o173] fused ring 25 ARG
SRR SCZro| A 74AsHA] Y=t} 1#{EZ thiophene,
benzene 4= bithophened} 72 unfused single groupC. &
backbone2 g5h= 23 NFREAs9] 7ol g2 ¥4l
< 7HAA =St Lim 15004 /3% fully NFREAS

Journal of Adhesion and Interface Vol.25, No.l1 2024

T2-ORH+= bithophene F2]9} octyl X|Z+¥l rhodanine Tk
o7 FgHrhFig. NI51]. o] e = 221 eV W2 W
E783} -5.89 eV 72 HOMO levelS YERHH, PTB7-
ThE 1A ZHE ARG o, J7HE ARSSHA] giale
9.33%9] 582 245} tH(Table 1). T2-ORHS] Y& W
T NIR 99| 55 Agste] Jse S7H Witk
0]%o]| Chen 152 unfused 2,2'-(2,5-dialkyloxy-1,4-phe-
nylene) dithiophene F 019} IC-F 7| & ARE5}o] fully
NFREA PTIC (SC: 55%)2 $Hd3ch(Fig. 7, Table 2)[52].
o] NFREAs= %99] phenylene dithiophene unit®} 9173t
thiophene units 7+2] O---H intramolecular noncovalent in-
teraction® 53| coplanar conformation®] Qg 3l=| At
Alkyl chain& end group®] conformationS HEs}A -4
SH7] Q8 AFE-E a1, 11 A3 EA}9] conformational dis-
order’} A3 74819t PBDB-TF:PTIC 7|4l AX}=
& A3 AR A= 10.27%, HE AXAE= 13.97%=
HtHTable 1).

Fully NFREAs9] stacking¥} orientationd X]Z35ls}7]
23} 2D phenyl chain¥} halogenated terminalsE L3O
ZM4 E thE NFREAQ! PTB4CI (SC: 33.5%)2 $4J5HS
CH(Fig. 7, Table 2)[53]. Single crystallographic ZAMS &3]
PTB4CIC| © compact lamellar arrangementS Zi=Th=
AL 9151931, PBDB-TF:PTB4CI 7|9t A9 &<
12.76%% PTICHT} =2 82 HQtKTable 1). o] AF
& 53| 2D phenyl chain?} halogenated terminals®] A&
TS QA7 EHEA AstedZ wEA ke
AFE AgIth Non-covalent interaction 2]of| %=, steric hin-
drance7} & FH WIS AAE Edst= AT fully
NFREAS] planar conformation +AJ5h= © E3}4QU 3

& e
T2-ORH PTIC PTB4CI

——————
ccccc

4
A4T-32

Figure 7. Chemical structures of fully non-fused ring electron
acceptors.
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o]t} o]#gl ofo|t]o]E 7|¥O & bulky aromatic chain
2 7¥= of@] NFREAs7} 345911, Bo 152 2BTh-2F
(SC: 38.3%)2 FH3519ItHFig. 7, Table 2)[54]. ©] A
= S:--0%2} S:-:N noncovalent interactions &4J5}o] planar
molecular conformationg A5}, 3D network +FE §
AJ5te] E-82Q hopping channelZ A|3-5}H, exciton bin-
ding energyS ZrAA]Zth. PBDB-T:2BTH-3F 7|4l £%}+=
14.53%9] 888 don, 1EA TS DISS AMES
FE &= 15.44%9] 588 FASIH(Table 1). 1811
Bo 153} Hou 159 93| tetrathiophene 7]¥FS] fully
NFREA 4T-n (n=1~4) (4T3, SC: 28.3%)7} B 15,
thiophene ring 7+9] C-C @ A9 3AEZ JA5t7] 9
)| 2,3,6-tri-isopropylphenyl aromatic side chaing L5}
o] A4T-16 (SC: 33.2%)7} FI=I2ITkFig. 7, Table 2)[55,56].
1 A3 9AME 9 Uk 155 719 n-n interactionS =3
3D-interpenetrated network”’} @A F o] A4S 22T
+ A o7t A4T-169] FHEE <13 PBDB-TF:A4T-
16 719t Q7 HFARE 152%2 DISAT-3 (12.04%) 7|8t
AAHT} =2 JL9o BAKTable 1). ©] AT AIF= fully
NFREAs7} &35+ 913 2823 F71HSFHAE A%t
Sh= Hl 3lo] FREAS] tfiotdlio] & 4= QIS Hojdr) 3
= 22 15X 240l =& alkyl ether side chaing =%
5}o] fully NFREAs A4T-32% 15.9%9] 52 §82 H15
11, o] staggered molecular packing¥} brick-like quasi-
2D %9} Z713t Flory-Huggins interaction parameter=
QI EdE IE0] BERX] 7j4o] 7]RIgtH(Fig. 7, Table
1)[57]. ©]213t Fully NFREAs= ITIC, IT-4F, A1%]0] Y62}
22 NFREAs®} H|=3 &S 94T & AUSlH
6.4 E

2 =wollMe F7IHSAA Y A 2HE2 R7] /%
AHE FEHYT E4=2 lskelt 7129 1485 A
BEE2 A9 BHAS AA5H] 216l fused core®} 33
o] BT F A& ARGSIEE =2 oM &= =t
o} Folle 4 & 1HAsst] sl unfused groups
2 MRS ok A At o] 1FE 1Y sin-
gle bondof 2J3t 3]A-2 non-covalent interaction 28715
Tdsto] B FAIAATUTE NFAS] 3%, AAT
o7} & BAREE o] EFoEN EAE HEHS
osh= Aol mytAolint. ot MeEEs &85t
Z|* fully non-fused structureZ A E FEAIS0] 16%2]
2 382 245190 H, o= BTt 2 E 4= ITIC,
Y6 acceptors¥} -FAISITL. O|2M4, A B FEAHS &
o] /s B9l & AAE tadleto] BAA 5
EA0 2N A7IHGHA7E A& 7t vl oA
Aog WeE AC=E 7|gH.

> o 1
i o

as
=

71/\051 . o]%]_q
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