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Abstract: Recently many efforts have been made to develop a novel class of non-fullerene electron acceptor materials for high-

performance organic solar cells. In this work, anthraquinone derivatives, TMAQ and THAQ, were prepared and their availability

as electron acceptor materials for organic solar cells were investigated in terms of optical, thermal, electrochemical properties,

and solar cell devices. Compared to TMAQ, a significant bathochromic shift of absorption band was observed for THAQ owing

to intramolecular hydrogen-bond-assisted CT interactions. Thanks to the fused aromatic ring structure and benzoquinone unit,
both TMAQ and THAQ exhibited a high thermal stability and an efficient electron reduction process. In particular, the
intramolecular O-H---O=C hydrogen bond of THAQ plays an important role in improving the thermal stability and electron

reduction properties. In the P3HT:acceptor solar cell system, THAQ-based devices had more than ca. 6 times higher power

conversion efficiency than TMAQ -based devices. These results serve as a guide for developing high-efficient anthraquinone-

based electron acceptor materials.
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Fig. 1. UV/vis absorption spectra of BQ, TMAQ, and THAQ in THF

(inset images show the chemical structure and solution color of BQ,
TMAQ, and THAQ).
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tetramethoxyanthraquinone (TMAQ) % 1,4,5,8-
tetrahydroxyanthraquinone (THAQ) (2 Ed 1)9] g4
24738 SA 015 BAZE 7Y §7IENYAA G B
A 2789 ol2) WA 2712 FA0] YHT 2 Ak Ths
g sholatairt. mhaba 2 QoAE o5 24le) 7]
ElYAAI G At W BARA BE TF5He BIA,
A o Av|skebe £ WIS Eo AARCR Auy
0, AFHORL oS 2 28U I |HYAA| Ax}
£ Aststel T2 Bfebslxl 542 A Borstach

2.1 Al R ENTITI
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(semi-empirical computational calculation) ¥¥2
HyperChem Professional 8.0 T2 7288 o] &35}t
St 2 (cyclic  voltammetry, CV)
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shqirt.
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|
2 7t zjxi}q (8.60 g, 85.9%). 'H-NMR
(500 MHz, CDCls) é (ppm) 12.41 (s, 4 H), 7.32 (s, 4 H).
FT-IR (ATR, cm ’) v 1,695 (C=0), 1,270 (C-0). HR
Mass (EI, m/z); calcd for CuHsOs [M]": 272.0321,
found: 272.0317.

2.2.2 1,4,5,8-Tetramethoxy anthraquinone (TMAQ)2|
g2y

vt ZatA 30 THAQ (6.00 g, 22.0 mmol) ¥

K2CO3(31.00 g, 224.3 mmol)& 4 otNE 400 mLoj|

Y7 dimethyl sulfate (7.32 ml, 77.2 mmol)& 37} &

7}5h 5] 65°CollA] 24A17F =9t wylstc) vheE Aog

oAl A7l H, 3 572 &UiE AASH. o7

o 1
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ok, R4 Aol AXAM IAE At (5.79 e,
80.0%). '"H-NMR (500 MHz, CDCls) & (ppm) 7.15 (s, 4
H), 3.92 (s, 12 H). FT-IR (ATR, cm™) v 1,674 (C=0),
1,273 (C-0). HR Mass (EI, m/z); calcd for CigHis06
[M]": 328.0947, found: 328.0946.

2.3 ENSH X 2K} M=

15 Q sq 9] AL 7HKE AF 54 AeH2(indium
tin oxide, 1ITO) §-2l+= AMG tech2 2 & JLOfsA] At
5911, A} A 82X} 4191 Poly(3-hexylthiophene-
2,5-diyl) (P3HT) 11 2A}+= Solarmer Materials®] A=
= A glo] vtE Argstitt. i ITO f-2)= A st
5o ol&} £R4%, OMIE, ofolameE ¥Re 8O &
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ITO f8]& AJA/E A2l 5 107 ¢ it ITO &
2 % ool AF AYE wY BE Y2 s
PEDOT:PSS (Clavious P VP Al 4083) £9-8- 5,000 rpm
oA} 30& &Qt AW FESH, 160% 2= 04 10+ &2F
Axsteict. 1L AA} 57 DRA D Al 2L
=9l5t LA H]2 & dichlorobenzene £0jj(10 mg/mL)
o] =of 228 9rA Qtof|A 2,000 rpme] £ = AW 3

o o

gotolrt. TYH BEYEL 1202014 1087 54 &
Ae]g oFltt. 2/ S Holl= Poly [(9.9-bis(3'-(N.N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)| (PFN) (Ossila Ltd) 248 ¥tato 2 A
W FEstoich oAl o 2 ¢20jE5-2 10 torr o] 5to
A azAstect AR BYAe AR-HY 54
AM 1.5G (100 mW Cmfz) AR 75| A Keithley 42005
ol-gsto] Brlsteict. ofm AL&st LET AT ] 7 B
A2 0.04 cm’Hr}.

/g8 TMAQeF THAQY] FotA A& A 7] 5l
olg 249 AJA /7 54 2HER S HEZS
o]t 2 &2 (tetrahydrofuran, THF) 8- AFefjof| 4] BQR}
ulmsto] Edstect (1Y 1). S0]8AE TMAQSH
THAQ= Ul vlet &FebA 125 7HR|AL IAISE, F54
S92 the chache 212 B9 2 9I9ick B 29 %
o 2o 70| 2 QIs) S APz EAsti, Aok E4 WL
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278 nm F=qlct. 123 BQ @9 FEo] 1.4-Hul=
AIHIAL (1,4-dimethoxybenzene)o] gL = O ZH H A
2 Zo]7} ol TMAQQ] %-Lol= &4 utato] BQO
)5l el 405 nm £ 2 0]55tg AL, 500 nm F
oA E A2 &4 vic 2 JhA T 405 nm 2o A U
ERd §4 WL HERHE A ©919) n-x’ Holo] o
gk Z1o]t], 500 nmoj|Af YERd 4 SiE= AR 2 ©
A0 HulEA WA A] AR} A @]l BQR =2 o] 74}
U A3} o]=(intramolecular charge transfer) 34t
olst 1oz wotdt) [4,12]. o]of T2t TMAQw & 4
Efoll A 2442 7hr] = 2 Bl

SHA|9E BQ ©9] 2] 0] 5to] & &2 #+= (hydroquinone)
o] g% F2E 7IX]= THAQY| &4 Y=+ TMAQE
o} L Fupgo 2 o] Fgh 559 nm Fof|A] LERG L,
A= THAQ &2 Aot 23S 7T o]Z 7 TMAQ

u S 24 Jpgo R o] 54t 7

T A= AU Had o] A U
£x141717] Qgolc}. 5, THAQC] O-

9 5ol 45 &]a, olof w2t A5} o5 AT
o] 7rstr]of & A A W o](bathochromic shift)7} dojut
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=] ¥ 592 (vibornic)  Z5 2 o] Fo]A =] o] A
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TMAQeF THAQQ] FatA 57 Alolg F7HAo = &
Ha}7] 9l AARAL WS B8 A7 S Astect. o
710 AR&-5 RM1 8F-73 A AR AL BF 2 7] E0] AMI
S AFst Aoz AM1 W PM3E T @45 A S
M= Zow AR ot [14]. AlLtd Axtof] ofstH
TMAQ BQo} 1] 23 2] 7] H]H § 24} A& &4(lowest
unoccupied molecular orbital, LUMO) o\ A] Z¥< 7t

ARgE, TMAQY 1 Af &4 A= &4(highest
occupied molecular orbital, HOMO) o4 X] Z+& BQY]
HOMO o |qA] gt¥tt ot A= £ 0] HOMO-LUMO &R
EAZ 7R =l et [23 2(a)]. THAQ= TMAQO]| B3]
8% &otil HOMO-LUMO SREZRS 7HRI ). 2] 1 2] A
stel THAQ At +201A At Yl sol=z2f+= o



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 35, No. 4, pp. 366-371, July 2022: Hyun and An

(a) BQ

TMAQ THAQ
LUMO — -1.14
2 1.74
4
AE=8.39eV  AE=7.13eV

AE =9.34eV

Energy (eV)
&

w— -8.87

— -9.53 N
-10
s -10.77
2 %

25
(b);,]
1.5 e
1.0 4  / f?
0.5 - | |
1 .
-.;; 29
% il S o o~
. 1.5 -
y 1.0
FEN RS
8 g9
2.0 -
55 OH 0 OH
05 - I OH O OH *
o I | IR
150 200 250 300 350 400 450

Wavelength (nm)

Fig. 2. (a) Orbital diagrams of the HOMO and LUMO for BQ, TMAQ,

and THAQ and (b) theoretical absorption spectra of BQ, TMAQ, and
THAQ.
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3.3 9% 8y

BN YA Abol] AHEE = RAL WA A2 AR} AA

3t 270] 7] S YA WEA] 53t AR B
2 7bAof itk @4 TS E5) TMAQSH THAQ: 250

369

Weight Loss (%)

0 100 200 300 400 500 600

Temperature (°C)

Fig. 3. TGA curves of TMAQ and THAQ (heating rate 10°C min™').
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A UEpIch THAQUA ehd 3 Sl st 47)e
gt g2 2" 4(b)ofl BARSERITE ol=2fst TMAQS}
THAQQ9] \:}jfx} 2 ¥F-2(multi-electron reduction
process)Z AAL WA A 249] 452 FFAI7]= T
Lol "t [16].

J2]1 CV 2L E5A A WA &Y Z=A4 0] 309]
a0l BQ, TMAQ ¥ THAQ &A= Hold S &l 4
Al o= ol A2 AR Y §heo] o A A
of'd & Q1S3 oJulgtrt. CVollA dojZl ehd mElAd gk
LUMO=-(4.8+E"™")(eV) A]-2 [16] 0]&35}o] LUMO o]
Al &4 & ALt A3t TMAQ 9 THAQS] LUMO oY
R| Z0]L 717 -3.47 eV U -3.75 eV} E5] THAQQ]
LUMO o|x] &9+ A7IEGAX & AA oA 24 5
oM 7 783t &4 S0l shuel PCBM2] LUMO o
Al &4(-3.72 eV)Q} A9 v]&otdnt [17].
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Fig. 4. (a) Cyclic voltammograms of BQ, TMAQ, and THAQ in the
solution of CH2Clz (inset images show the reduction process of BQ)
and (b) postulated reduction mechanism for THAQ.
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Voc), @2 A 2 (short circuit current, Jsc) & 24 QAX}
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Fig. 5. J-V curves of the P3HT:acceptor-based solar cells.

Table 1. Photovoltaic parameters of the P3HT:acceptor-based solar

cells.
Acceptor  Voc [V]  Jsc [mAcm™?] FF PCEave [%]
TMAQ 0.28 0.49 0.43 0.06
THAQ 0.37 1.77 0.54 0.35
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