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Abstract Organic red luminogens are seriously bound by that of the energy gap law, giving rise to severe

nonradiative decay of excited state and consequently low photoluminescence quantum yield (@, ). Herein, two
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red anthraquinone-based luminogens, AQ-2DPAC and AQ-2PDPAC, are synthesized by using different linking
modes between the electron donor and the electron acceptor (D-A) with or without the phenyl ring as n-bridge.
Their electronic structures, thermal properties, photophysical properties, and electroluminescent properties are
investigated systematically to assess the impact of the phenyl bridge on their photoluminescence properties. Both
highly twisted luminogens exhibit obvious aggregation-induced emission and delayed fluorescence features,
and the elongation of D-A separation distance via the introduction of phenyl bridge can simultaneously decrease
singlet-triplet energy splitting, enhance fluorescence decay rate and consequently increase @;,. Therefore, the
@, of D-n-A-type AQ-2PDPAC (52%) is much larger than that of D-A-type AQ-2DPAC (19%). The organic

light-emitting diode employing AQ-2PDPAC as emitter realizes a high maximum external quantum efficiency of

13.7%, and a maxima luminance of 12 260 cd'm .
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HHLR I W% (organic light-emitting
diode, OLED) K EAXLLEZ @, HAEJG. 4k
BRI, BRI RSSO A
RV, A2 H AT BT IS BRI s A B
AU, HAT, OLED #% 4/ i F 40 e k62
TR AR EGWE B ECM L. R
M1, fEH &SI BE A B2 {8 OLED 7R ) liAs
B, HIX RO an UK BB AMRHE = e FE
T S E I BCRIRE RS R . SRR
BHHEE, mTEARI TG Bt & 8 A HLR DGR BEEE N
e, F5, HENMNRKEARMKZESET,
SHILIISHM N E TR AT 25%°. Btz
Ahy ST B LG XIS, R RE R e
B, A VUM R N e ol e B N, AT
223056 & T 77 % (photoluminescence quantum
yield, @) HIXFEART™ o X+ 6 B 2R —
BAE 20%~30% HIJRKHT OLED #sfFifi &
Hoig KA &7 0% (maximum external quantum

efficiency, 7o me) 125 BT N & T &R M
Dp o HIL, FEEAPLLICH BN &5 2
Dy FEIRTF EIRHE OLED #3411 Ok

Ik, 2 A HLEGOE L E IR %Ok
(thermally activated delayed fluorescence, TADF)
ERLAR 45 3% 0 08 A1 IF R K . 2SR i
R E B S MR AL = E RS Z A Re R 7%
(singlet-triplet energy splitting, AEq) B/,
I 70 VR R FH e IA) £ 18] 85 i (reverse intersystem
crossing, RISC) i — i s s iUR A F =5
BWOREET, AT R ZO0, #Hig RN E T
SEALTE 100% """ . TADF ORI BT SR I8 5 2
B AR B s s 4 - #LIE (the highest occupied
molecular orbital, HOMO) FlifKA 54 73 1 HiE
(the lowest unoccupied molecular orbital, LUMO)
()93 B K R AK AEsr, SCHL TADF tRfE".
Rltk, KZ 40 TADF #EHE BA 401 N B %
# (charge-transfer, CT) V1) 5 B2 3L Ml 125 14/
4k (donor-acceptor, D-A) Bk &y, M,
D-A M5, %0 TADF #%HK) OLED &1t fe
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IS TR E, SN e =28 T
38%'7 N, ML R, T4t TADF MK
OLED # B R AR fG . 18 X — I R i A
FOREZ AT RN L, RIAEIE Dy, FEST
SRR T R R, T
TADF MEHMF: —5TH, AR T
58 L TR B B 2 S ETVR /- THUE I 25 [ B SR
FEWl N, NIRRT R, AR 2 oK B m]
B, RS AEBMSM T B0, RYE
REBSERE AT, Aol R R LR T,
DRI, FEi G IR IOV S A e AR, AR
NEGI L Dy S AR BB R R

AHEFE AR N L 13248, 9,9- oK F-9,10-
TANREN BTG, RO o iy, SRS PR
H T KRR D-n-A BUR M KL, fr 4N AQ-
2PDPAC. W HEHEEA 9,9- 4 F-9,10- ~ AN g H
BB R, AT D-A BRNME, ws
4 AQ-2DPAC. AQ-2DPAC Hl AQ-2PDPAC
RIS RIEFFIHRFRENE. HEMERSE
%5 K (aggregation-induced emission, AIE) Fll
TADF 4§, @i 5N o #F, D-A Z I HEEE1E
FIROK, R EGHEEN, HMBRER &,
M AQ-2DPAC f#] 19% #2F+ % AQ-2PDPAC 1)
52%. LA D-A %! AQ-2DPAC N KR IGZHI#% 145
% OLED 28F 1) Negimax S 4.9%, HEURK G RE
B—fk. #T AQ-2PDPAC K57 OLED #3141
Nexemax N 13.7%, #T AQ-2DPAC #344.
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2.1 ZIHRFLIINE

W He 2" kAR T 10- (4-HI B
M i 2 ) -9,9- 4 3£-9,10- &MY i (PDPAC-
Bpin) o HAth 5256 24 & A1 R 35 D 7 ol SR U
WSk e B, Rk —B2aifh. B
LI R (M5, | %K) Kok h: IR K

=AY (Bruker AM-500, A ET), Wiz N
VU H Jefik e s 284053 LT (Lambda 750,
FKEPLRRE) s "o P (GCT Premier
CABO048, %[EH Waters); %4 (Horiba
HA HORIBA) ; #iXiRGE T
PE RS TEAY (Hamamatsu C11347, HATER)
BORBEEKN 365 nm; BEA BRI
(Hamamatsu C11367-11, HAER), EERBEEN
340 nm, PRIMVEK FE 5 & H IEEUR K
Koy T (TA-TGA Q5000, 7 [H i k) ,
THE# % 20 °C-min s ZRHHER(DSC
Q100, fH[EfHI), FHEHEFA 10 °C-min ',
PR THE ) H H Gaussianl6 #4747,

OLED #+4/2 FHl AU R 4t (U5 51 FS-450)
FLAEPE A2 : OLED 2344 i 61 i vl
% USB2000+ JGLF IR CRAT, HL R B2 - -
SERERFME 2R A E 1 8% i PIN-25D FEb —
B F1 UL IE 1 Keithley2614B 3 U5 22 B¢ FH
12, FCRMARIHIE IR KAIEE N kAT, Ktk
REREEESE ST VOLIN
22 ABRSFRIE

AQ-2DPAC Al AQ-2PDPAC )& Bk £ 4n
1 s
2.2.1 AQ-2DPAC & 5 RAE

a9 2,6- — 1R B (0.73 g, 2 mmol) .
9,9- K H-9,10- &N e (1.47 g, 4.4 mmol) .
(PR EE AR — 4 (55.0 mg, 0.06 mmol) .
VU EA R =0T 3B (69.6 mg, 0.24 mmol) . #L
TN (0.58 g, 6 mmol) FlJTG/K K (80 mL) FY
REMAE R SR IR 24 he 58 %
&, BRAEWAHEER, A 50mL KH, H
AR (FRX 100 mL) $REL 3 K. AL
WHE G, UoamE/ & e (V CRmE) - V(=
SR =2 1 1) BRI, E i R A A4k 1
FIL R A AQ-2DPAC (1.31 g, 2% 75%) »
HmARE i (CDCLy) fEE IR, & 4% 0%

Fluoromax-4,
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+-BuONa, H 7K, [\, 24 h

O Q Pd,(dba),, P(-Bu),HBF,
deeos—u=
N
H

(0]
Br
O+
Br
(0]

&a:-%*

AQ-2DPAC

AQ-Br
Pd(PPh,),, K,CO;s
- K, [H19%, 24 h
,B\
%_{O\ AQ-2PDPAC O éQ
1 AQ-2DPAC 1 AQ-2PDPAC HI& A 8% 2k
Fig. 1 Synthetic routes of AQ-2DPAC and AQ-2PDPAC
=Rl (0), ZHA (s-HEIE, d-WE 100 mL) $&HL 3 K. AHAHBEERRSE S, DA
e, m-ZHEIE), P, BEFEW) 30N Tk — & e (7 Camtiig) @ V(&) =21 1)

'H NMR (500 MHz) 8.28 (d, J=8.3 Hz, 2H),
8.04 (d, J=2.3 Hz, 2H), 7.34 (dd, J=8.3, 2.2 Hz,
2H), 7.27~7.19 (m, 12H), 7.17~7.12 (m, 4H),
7.03~6.93 (m, 16H), 6.70~6.68 (m, 4H) ., "
NMR (125 MHz) 181.65, 147.56, 145.52, 141.36,
135.43, 133.56, 132.90, 131.14, 130.36, 130.16,
129.78, 127.73, 126.99, 126.55, 125.91, 121.93,
116.67, 57.26. Co,H,;N,0, [M-+H] " )55 2 #e i i
(m/z) SEE )y 871.332 3, SEEGHE )y 8713319,
2.2.2 AQ-2PDPAC & il 5 FRAE

¥ 2,6- R BAE (037 g, 1 mmol) . PDPAC-
Bpin(1.18 g, 2.2 mmol) « P (= 2RFER) £ (110 mg,
0.08 mmol) « FKERHF (1.10 g, 8 mmol) 7K (20 mL)
HTHZR (40 mL) BVR S W04E BRI # Bl
24 ho RIEHEIREMEINKS, H & H b (BRIK

Ve, R A Al A1 B R L %*ﬁﬁk AQ-
2PDPAC (0.68 g, =% 67%) . FMARIIA L H¢
(C,D,CL,) TEW RIS, & 4 A% kv (1) Ak 2 A R 1
(0), ZEE(-FHEE, d-WEE, m-ZEIE),
By, #awH () 25 8: '"HNMR (500 MHz)
8.69 (s, 2H), 8.52 (d, J=8.1 Hz, 2H), 8.19 (d, J=
8.1 Hz, 2H), 7.98 (d, J=8.2 Hz, 4H), 7.61~6.79
(m, 36H), 6.58~6.56 (d, 4H) . "C NMR (125 MHz)
153.52, 152.25, 142.98, 140.95, 140.62, 137.23,
136.21, 136.02, 135.51, 135.41, 133.72, 132.80,
132.68, 130.13, 127.31, 22.36. C,H,N,O0, [M+H]*
(R A TR (miz) SIS AE N 1 223.264 3, SEEGE A
1223.248 0.
23 HBHHE

K TRA 90 nm HYSEAL NS = R HLBE
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15~20 Q-m ™) (¥ BB HEAR 4K U AE B . 57 7
MEE K EAEES 10 min 5, HET 70 °C
MFEfE et . A5, HRASEE T
FEWEAT 10 min P TRALEE, JfK AL 2 5 i) 2
WM BREREN. BESTRENTERES
(<5X10* Pa) Z&HE % . AHAMEL LiF Al Al
AL 1~2 AsT' 0.1 AssT AT 5 AlsT! g
DU (1 A=10"""m) . % rh 48 PHAR AN A%+
T X & T AR THEAS B R OGS 1A ROR S
AN 9 mm’.

3 & R

ZWE ST AQ-2DPAC 1 AQ-2PDPAC

HOMO

AEsr=0.012 eV

LUMO

o Tas & 2 frox, BATI S R 2
K1 s T Eshid, # AQ-Br Al DPAC il
Buchwald-Hartwig 85X = ¥ & B I AQ-2DPAC,
M AQ-2PDPAC it th[A]f& PDPAC-Bpin 5
AQ-Br Z [8]31T Suzuki B NS . A
IR 77 AR R o o i I R R AR I 1S A 1
HEA TR0 LS AT RAE, A RERW, B
AT E A .

AR S B S i B R A B GE
%} AQ-2DPAC Fl AQ-2PDPAC [f)#vEa sE M1 T 1F
o 1A 3(a) fin, AQ-2DPAC Al AQ-2PDPAC
(A R FE (T, REN 5% I IREE) Bm,
Gy 453 °C 1 492 °C, YL & ¥ H A BT
e . REFAIHRFRE MU AQ-2DPAC

AEsr=0.001 eV

2 AQ-2DPAC #1 AQ-2PDPAC HI5rF&5#4, +HA HOMO. LUMO 775 AEg,

Fig.2 Molecular structures, calculated HOMO and LUMO electron distribution, and AE; values of AQ-2DPAC and AQ-2PDPAC
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—3.27 eV. Hrfr, E, NMNBHOETE T da i iF 5

F AQ-2PDPAC & H] Tl % OLED #5441 #A T
L2 HIFARMEEZ W] B B AR IR
Wil 3 () Pros. B JEH G T %4 (AC-3) 3k
73 AQ-2DPAC F1 AQ-2PDPAC ] HOMO #¢%%, 4¢
SN —5.95 eV fil —5.88 eV (H 4) . I LUMO=
(HOMO+E,) 77 # AT LAiHE H AQ-2DPAC i
AQ-2PDPAC ] LUMO #eZ o528 —3.63 eV #

HH G AR B
NIRN T T80, Aok HwE
2R AR TR IR B RS TL
o] S5 K AR IR 7 T 9TE o3 A o 1F ST H Iz R
#& PBEO, FEHEH 6-31G**. W 2 Fiw, X
PR S I e BEL AR LT AR, 9,9- K

105
85 1
T
o i
E@- ............ 2 e 00000000
45
—9— AQ-2DPAC
—0— AQ-2PDPAC
—0—AQ-2DPAC T,=453 °C %y
25 |~@—AQ-2PDPAC T,=492°C  ssdaag,
T T T 1 T T T T
200 350 500 650 800 50 100 150 200 250 300
B (°C) L (°C)
(b) ZEos iR A h 2k

(a) AE BT HIZE
3 AQ-2DPAC F1 AQ-2PDPAC HIFAE S A fE R & Hihk
Fig. 3 Thermogravimetric analysis and differential scanning calorimetry curves of AQ-2DPAC and AQ-2PDPAC
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Fig. 4 Photoelectron yield spectra of AQ-2DPAC and AQ-2PDPAC
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££-9,10-—E NV BE SAHARARIA Z [A %S 1 >80°,
AR T e HOMO 1 LUMO 75 .
Ilt, AQ-2DPAC A1 AQ-2PDPAC J HOMOs Al
LUMOs FE 5567 F 9,9- 2K H-9,10- ~ &Y
mE B L, KA EYESA CT $1E. Bt
Z4h, ALLE 1 AQ-2PDPAC i Ja) () B & 4
FETE /N, RZRIFMIINAE D-A (] FE 5 5 KR
o BHJE, BT W AR R ek B T AT
73 AQ-2DPAC 1 AQ-2PDPAC ] AEg 1853 51N
0.012 eV #1 0.001 eV. /N1 AE; AT RISC
R, T PR AR IR

PR 1A FR R TR P R 5 A0 AT RSO
WK 5(a) . AQ-2DPAC fE 461 nm &bH —4
R CT WU, 1 AQ-2PDPAC ) CT Wil
WIEEHE, AT 398 nm fftilr, FW] AQ-2DPAC K]
CT RUPIE 8. EAIHE RIS R BN 200
KAF, ORI R EIEN T 649 nm (AQ-2DPAC)
F1 600 nm (AQ-2PDPAC) . £ KB+, T
28 L BOE R, ARSI E . Bk, AQ-
2DPAC ] @y 1HIUN 1%, AQ-2PDPAC ff] @y
HA 13%. 240 D32 75 B ARG 1 1 PR R BE 4y
B PR DY AR IR (B 6) . H T fib AR 6

0.4 —a— AQ-2DPAC
9 —&— AQ-2PDPAC
0.3+
E)
&
P
£ 0.2
=S
0.14
0 T T
330 390 450 510 570 630

W (nm)
(a) EAMAT LIRS

N, AQ-2DPAC 1 AQ-2PDPAC 1E U & kR %5
W @y B2 00 BT B AR B H HUR S R
R =H RS 77 K RGBS
T AR AT 3RS, il 5 (b) P . il
—sB 1A 50, AQ-2DPAC Al AQ-2PDPAC B A5
BN AEq {B, 7799 0.06 eV 1 0.02 eV, %
/N AEgy AN KOG 53 1-# 0] LA i 24 RISC
R, Bk, AT CATRNEAT = E O ASBETT
DL AL B s UK A, AT S s )81 R
KUy BRR U TR R P B
Ji s AHEFIER T AN ] B K/ V0 g ke A
FI R E6RE (] 6) . AQ-2DPAC A1 AQ-2PDPAC
T 41 DY S5 R A 25 7K 2 0 DY Sk v el
Wit MK EBE BN, WG
RATE, HFrsshE ez 2 W), At
K, FEBEE R A K S EIARE M, Kb
5, R R M REF SRR
DN B R RLRL,  AHIE TR X Bl R
MBS IRAE 4,43 (N-FRIE) -1, 1'-1 K (4,4'-bis (V-
carbazolyl) -1,1'-biphenyl, CBP) 4k, Zikk
Fe# R R R HCN 3%. AQ-2DPAC Al AQ-
2PDPAC 5 AR JE (1) R B K 530 9 596 nm Al

1.0 4
AQ-2DPAC
—0—300 K %%
08 ] —&— 77K %A
—&— 77K
AQ-2PDPAC
- 9 —0—300K 7t
S 0.64 —e—77K %
b b —&—77 K Wit
i
2
K044
0.2
0 4 Y 7 T S e5% Y
450 550 650 750 850

WA (nm)
(b) TR RS i

5 AQ-2DPAC 71 AQ-2PDPAC 7E R FIR IR B S 5NAT AR 1 K S Mo & 5t e ik
Fig.5 UV-vis absorption spectra, and fluorescence and phosphorescence spectra of AQ-2DPAC and AQ-2PDPAC in toluene solution
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7 AQ-2DPAC 1 AQ-2PDPAC B HHE RN B & KA TEFBRFS B L S RANIE
Fig. 7 Photoluminescence spectra and transient photoluminescence decay spectra of AQ-2DPAC and AQ-2PDPAC
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6 AQ-2DPAC F1 AQ-2PDPAC 7E[E]7K/ SRKIEEL BIHYE &ia 7 h BB L S HIE
Fig. 6 Photoluminescence spectra of AQ-2DPAC and AQ-2PDPAC in THF/water mixtures with different water fractions

10°

—e— AQ-2DPAC
—&— AQ-2PDPAC

doped into CBP films

T (ps)

(b) B ROLHE

#1 AQ-2DPAC #1 AQ-2PDPAC KIS, seLRFnAFaE 4

Table 1 Photophysical properties, energy levels and thermal stabilities of AQ-2DPAC and AQ-2PDPAC

AT ApL DpL T Td ke kic krisc AEst HOMO/LUMO T4
(nm) (%) (ns) (us) () s () (eV) (eV) 0
AQ-2DPAC 596 19 21.6 2.5 4.6X10° 20.1X10° 7.4X10° 0.06 —5.95/—3.63 453
AQ-2PDPAC 570 52 37.0 4.1 9.0X10° 8.2X10° 3.9X10° 0.02 —5.88/—3.27 492

e A ABIRBREAIWAS; o, WETFAF T BRI AN BT 775 o, NBRBINBRETO R o MBREIEIR YO @ AEg N 7T KIN, AR4EE
AR C AP ST Ty R E 5% I (iR E
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570 nm, & 7(a) Frax; &ML, AQ-2PDPAC
) @p N 52%, KT AQ-2DPAC ] 19%, Wi 1
Frome XPRER B T RMAE N o 5] A5 m
T D-A G BEEES, (R iR, e e T
MR R ERCR . kA, 5 AQ-2DPAC 1 AQ-
2PDPAC [ HIZ M DY SR A A EE, 1T AQ-
2DPAC fll AQ-2PDPAC HIEEF S KIEMERE, K
oy FAEMR T s Z R, Kk, AQ-2DPAC
H1 AQ-2PDPAC B[] @, 153 1 R K527t .

[FI R, 38 45 A I A B TR EA BT [ Ik
BB RO, RIS . W
K& 7 (b) Fizx, AQ-2DPAC Fll AQ-2PDPAC i i
Hh S I DR RO, X 530 T RS O AT AT
IR . BEASDOLR P EBESE T HiEE
AR BFEAT AR, TR IR 5O = RS
T4 RISC 8 FHALBI PR EBAS, HELE
FEAM AR Y, AQ-2DPAC WA 75 6
& 21.6 ns, FEIRTNTFAm 2.5 ps; AQ-2PDPAC
FRIIE A AL IR %) 73 i 73 7l & 37.0 ns H1 4.1 ps.

R, EfIEEAA R ERe. Kl 8 M klkf
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Y
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£
1072 4

0 5 10 15 20
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VE: AQ-2DPAC 1 AQ-2PDPAC [ &/ $H 3%

TADF KOtHLE . AR, BEE RN 77 K 7
= E] 300 K, ZEBH B, uEsk el
#7Y () TADF #4 8}

NEE— T OB RE, MREE Zhao 257V
75 TR ORI 5 24 Ve P S 6 47 3 440 T o B HE A
KEPDCY R E L, W 1 PR, S5REY:
AQ-2DPAC (7.4X10° s~ ') Al AQ-2PDPAC (3.9 X
10° s~ 1) [ RISC SHREK, FkAE RISC itf2.
U4k, AQ-2PDPAC [FifE#Ht & A% (9.0X10°s )
Y1 AQ-2DPAC (4.6 X10° s~ ") [ £, i W3
K D-A Z (A1 B3 B 25 T 386 nde 5 52 &l K .
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Fig. 8 Temperature dependent photoluminescence decay spectra of AQ-2DPAC and AQ-2PDPAC doped into CBP films
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Table 2 Electroluminescence performance of AQ-2DPAC and AQ-2PDPAC devices

RIHT Von (V) Lo (cd'm ™) pemax(€dA™)  fpmax (Im-W ) Nextmax (%) JpL(nm) CIE
AQ-2DPAC 3.5 7360 7.7 6.7 49 616 (0.58, 0.41)
AQ-2PDPAC 34 12 260 362 316 137 584 (0.49, 0.50)
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Fig. 9 Electroluminescence spectra, plots of external quantum efficiency—luminance and luminance—voltage—current density

of AQ-2DPAC and AQ-2PDPAC devices
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Table 3 Electroluminescence performance of representative anthraquinone-based OLED

KT gL (nm) Von (V) Nextmax (%) CIE 23R
AQ-2PDPAC 584 3.4 13.7 (0.49, 0.50) AT
AQ-2DPAC 616 3.5 49 (0.58,0.41) AHWF
Cz-AQ 572 3.5 5.8 (0.50, 0.49) [22]
TPA-AQ 612 3.8 7.5 (0.60, 0.40) [22]
AQ-S-DPA 606 3.5 4.7 (0.53,0.45) [23]
AQ-S-DMAC 586 3.5 7.2 (0.49, 0.47) [23]
AQ-S-Cz 582 3.5 5.7 (0.49, 0.49) [23]
bl 624 12.5 (0.61,0.39) [16]
b2 637 9.0 (0.63,0.37) [16]
b3 574 9.0 - [16]
b4 584 6.9 - [16]
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