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Abstract

This study investigates thermally activated delayed fluorescence (TADF)
materials in organic light-emitting diodes (OLEDs) to enhance external quantum
efficiency (EQE). Traditional development methods often rely on costly and time-
consuming synthesis experiments, limiting efficiency and scalability. To address this,
the research integrates machine learning techniques to create a more systematic and
effective approach to material development. Database was established, covering TADF
material data from 2000 to 2023. This database includes structures, optoelectronic
properties and device performance metrics like EQE. Using gradient boosting
regression algorithms, predictive models were developed to analyze and optimize the
relationship between these variables. The results highlight photoluminescence quantum
yield (npL) as the most critical factor influencing EQE, underscoring its significance in
improving OLED efficiency. Further analysis using structure descriptors identified key
structural fragments, such as B_Aromatic, Spiro, and Triazine, that enhance radiative
efficiency and suppress non-radiative decay, providing actionable guidance for
designing high-performance emissive materials. By directly linking molecular
structures to EQE performance, the study also revealed the positive impact of structural
fragments like B Aromatic and Triazine on device performance. In addition, it
examined the inhibitory effects of fragments such as Methyl Group and t-Butyl Group
on exciton quenching, proposing modification strategies to mitigate the influence of
negative fragments. This study systematically analyzes the relationships between TADF
material structure, optoelectronic properties, and device performance. It offers
predictive tools and actionable insights, providing a rapid and reliable guide for material
screening and optimization in experimental research.

Key words : Machine learning, OLED, TADF
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(a)RF: Random Forest Regression, % # # /% & /% ; GBR: Gradient Boosting Regression
Tree, # & # = #+/% & /2 ; KNR: k-Neighbors Regression, #iT k #% & & & ;2 ; KRR: Kernel
Ridge Regression, 174 v §F /% % i ; LR: Linear Regression, #{+® jFii & i#; XGBT:
Extreme Gradient Boosting Tree, &% & 3% = % & /2 ; SVR: Support Vector Machine,

* #E w £ 1%, Lasso: least absolute shrinkage and selection operator °
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(Material 276/ 2% &: 0.19/3g #] & 0.2) ~ 8MeDM-B (Material 297/ 5 & :0.29/7¢ ip]
#:0.26)71 2 Me-PABS (Material 1792/ 5 t: 0.23/75 i ©:0.23) » 3% 2 B #5388 N eh
HEF U LY ASFAER - SHLAEFRY L ETNERAZNFB L
&% EQE i M7 kR4 5 2 245 2 » ¥ & > bl4c B_Aromatic ~
Triazine ¥ Spiro %ﬁ_‘;‘& s B R ffee] > RIFRBRAAVELS TG
Fer M AT RENY R nn 0 R B RS R n %
[100,101] » 32800 T 304 o Bhiwig fo 2P 2224975 55 7 e giie 3 o
# = EQE > |4 pDTBPZ-DPXZ (Material 106/ 2% i#:0.14/3f ] :0.16) ~ B-oCz
(Material 393/ 2% & 0.08/3g p| £:0.15)12 2 24CT (Material 958/F % &: 0.22/3¢ ip|
2:0.16) » ¢ » BBIFEAHEEE N Lpnz F AP Z kR T3 XM
AR ERIVEFSIF L LI P REERE AR E U E I 2 EQE (h3 R
FIFR? AT Mkl e ie PR B4 BHEREKI [102,103] 4
a5 7 R R T t-Butyl_Group 4+ Methyl_Group ¥4 ¥ LeB-R i » &
AEQE- 6 ARNE PP CHEPRBFHL R PRSP E - TP AR
HEFREZY REE PERLFOEEER  FELBNFFEFLL s BEIR -
FIT B BEAGEY de it i BV G BRE e P RIEE T R HR
»x F e84 (Cyano_Group ~ BFCz)» B H B ERARP LI NP L™ 2 L 4
PRl e e PR ae ] L BERNE %Sk o 25 Cyano_Group % £t
i s ATHdmr > ¢ 4% SpiroAC-PyoCN (Material 289/F 2% 18 :0.34/3F i
#:0.3)~ TrzCNTrx1 (Material 359/ 2% #:0.19/3¢ iB] ©:0.2) 2 2 BzITz (Material 840/

B 2% 5:024/3F R E:021) - BF LPTIRGABR BEFFLTF LM

Tl
N
~E

B3l MRS a0 29 5 2R AU A PR T Ao B o SR P 2 e R R S
[104] » gt *hig HfL P BE N L R L LA 5 ehlk % ¥ K > 4o Spiro ~ Triazine £ %
o BFAEHPEOEQE 2 RRAFARLIINEEL » ¥ MY FE - ¥ * & BFCz
FHTH Bl Y 0 3% 8 A & d SH-benzofuro[3,2-c]carbazole #7i= » B ¢ & iE I g

46

doi:10.6342/NTU202404808



L & 3 oBFCzTrz (Material 221/ % 2% & :0.23/%¢ | i€ :0.2) 2 2 BTPBFCz-D1
(Material 1381/F % #&:0.21/7g R E:0.2) & % & [F‘Je ¥ 3% F BFCz ' 4= Carbazole
’;'L;’LJ): { 5% [105]> £ 2 BFCz ! ch§ 331 » 1 g4 enfT 3 £4 > 8 BFCz
afH Y BRNLRARTLF AL FIL EEH T RS RS [106] 7 0
TR A e PRt R e BEe PR AL APRRIEE PR
AER R AL R LR m e R BRI RS T & P Es RO A T

APR L f e P ERLE S - RBREF AP LR S P B EQE (il o

R 167 B3 L3 f e Y (9 7 Benzene_Core~Carbazole~Carbon_chain»
n-spacer)2. EQE % 5 £ 7RI 405 ] > 527 AMUE L A4 F AL

b4

= 1} % Benzene Core » 3% 7 B2 F T 5 4L en? o ¥ B » 40 BTPBFCz
(Material 1380/% = i:0.16/3% 8] £.:0.18) ~ BTPBFCz-D2 (Material 1382/ % 1%:0.2/
FERE0.18) HEHF FIEZ AR ALFRE > R FEKRTF FHE
LR LERBEATFES LA TE AR AP EQE MK o 25 4 Y

hl

B % Carbazole » Z* B3 § 1 ~%T & {£7% & » 4o M-BPCZ4 (Material 240/%

N

T

% E:0.16/3E R E:0.17) 2282 Hw PR A4 i 7 0 FREF BR [107]
BT BEEERE [97] &A@ FAEOH 3 EQE T3so gt 21 - 2
g5 B3 Carbon_chain » £ gddds 51 » F444 ¢ 2 & § 5 7 scd HR a93 f2 1 ~
v 4% > 4o PCzZAQCO.5 (Material 131/ 2 ©:0.12/5g B 8:0.13) » H R F1E £ &
2 5 BB R RBEFM A I B IR IBE KT 48 [108] 0 KA &
ARSI > g0 WL TP RFEW O NBLFHT I B Eg A1

MM ERIPFHHEL A~ ZHEQE £#43R [109] - # %L v th¥ K 5 n-spacer ®
Ay EEHEDREEWMSE XN &0 M-BPCZ4 (Material 240/ % & :0.16/3f ip)

©:0.17) > TR HF P EFRBAEHEpd R > PrF| A TP TIFES IF T F R

GHERESF B HHEEFRKAEQE AR [110]- ¥ R 16¢ 7 ug o+
M E oM B 7R A H R & A PRET &3 EQE S

47

doi:10.6342/NTU202404808



PR g LED el » P E 0 Bl4e TRZCzPh-BNCz (Material 270/% %
i :0.32/%F | ©:0.26) ~ BTPBFCz-D1 (Material 1381/ % ®:0.21/%¢ ] ©:0.2) ~
SF120Tz (Material 1472/5 % 1©:0.22/3g ] ©:0.2)¢ 137 B_Aromatic ~ Spiro %
Triazine ¥ > iz PR L I 1w P PP EH KT E EQE chi > 5 g HifY »
M e PR RHEB /A EQEM R 4 s { S RN LRI NI PR
[111L,112] - B g2 f » ¥ R & EQE 2 R¥ B7 Nehf & Tt > € &3 EQE
Hple AP mRERFGEHEYE $# L% 58 % ¥ & (40 B_Aromatic »
Spiro 2 Triazine) > T2 PR LEANhi v PR ERIHFA LR L5 FF T
POFAH AR LASPE R PR R LG BEPNRDL B P RauTRTRY 0 2

- HRE T PROERP o

48

doi:10.6342/NTU202404808



(a) %5%?

-Cb-B
(Material 120) O

05

Structure Without B_Aromatic
»  Structure With B_Arpmgftic
~=~ Prediction Average={.17)

04}

Predicted EQE
=)
w
T

o
1
T

a.4 o5
DPACpBA
(Material 1374)

o I

¥

Exparimental EQE

Bl 13 (a)EL’ﬁ B _Aromatic ~ (b) &

a1 I‘L‘Z\'-}%‘_)i Z PR fg&-f‘l“‘%/ﬂ [ Z PR A d ARG 1E/E

(Material _1409)
oy, 46
\

Predicted EQE

Triazine ™ % (c) £ 7

dBFCzCNTiz

Y
BFA Trz b

(Material _707)

BSS -SpAc

iy (Material 1454)
05 . ITTSEAN
Slruc «mmo t Triazine 4 Siucture Without Spiro
= Structul With TNazine P = Striture With Spiro
~ =~ Predictio\Averagex0.17 /' ~—~ Predityjon Average=0.17
;
04 A 1 04} 7
; ;
5 ’/ .
#
P
= 4 2
2 0f ot
= .
-3
.E A
2 B .
9 ® 59 b o .
02 ‘E 02 o £fa o
2k
q*AT .
Ry
0.1
Ly

AC CNImPyr Expe imental EQE DPQM
(Mateual 204) (Mateual 949)

‘1

BI mPyPXZ
(Material 224)

Q

Splro T &2 EQE

(Material 1366)

RN A T )

'__1 i—;}@i o

49

doi:10.6342/NTU202404808



(2)

BA-BFICz

(Material 112)

f%

BO-tCZPhICZ

TPA-APQDCN-C \—
(Material 280) DPPM-SFAC

(Material 1028) P (Material 466)
Vi
S - g o ————
Structure Without N_Donor ,/' Structdxe Without Fused_N_Ring /'
H = Structum&th N_Donor 2% L - StrucN Fused_N_Ring P g
—== Prediction Ayerage=0.17 /’ === Prediction Ax¢rage=0.17 of
04 ’/, 1 0.4
@ 03f 3 0.3
= -
T T
£ i £
Z02fF e 02
B TIPS il R S B
‘.' i
(L3Y 0.1
in
V” 2 2 1 2 L L ' 3
000 / ol 0.5 b r—— o3 05~ 05
E t lE E E t IE E
M-BPCZ4 Ry T C7BN-0-mCP APPT- ?PXZ Rl RS DBBPZDPXZ
(Mateual 240) (Material 516) (Matena _1493) (Material 105)

@{ N o i

(Material 307) -

</ ;2/ \?

\ 7/ \—
5 20
O O
Bl 14 (a)% 7 N_Donor © % (b)% 7 Fused N_Ring 51 5 £ 2. EQE 7 % & g Rl 4T Bl -
CEBER AT PR FRAZAFEME A mRIIFPETIZE o

50

doi:10.6342/NTU202404808



Q
BN—T? /
(Matenal 162 .

Q%s

DPA-MeTRZ
(Material 276)

Me- PAB@

QA -3 (Materi
aterial 297)
(Material_127) = (Matenal 1792)
0sp- ' oS\ _ ' / »
Strizgure \\Ithoutl B yl_Group Stragture Without Methyl_Gro ,/
= StructureyVith t-Buty Group Ll = Strucyre With Methyl_Group, P
o Predictiun AV e=0.07 === Predicting Average=0.17 %
0.4 04
3 0.3 8 0.3
= =
= =
£ S
] ]
-] S
02 £ 02F o ’
= SR JONERPC - Q.
&
..‘.‘ '.
0.1 oafp L T
e /.,
- ,/ .
2 A /:’, A 1 )
040 0.4 0.5 050 0.1 0.2 0.3 0.2\ 0.5
ExperlmentalE B-0oCz Experimental EQE
pDTBPZ-DPXZ

DBFCztCN

Ry

® 15(a)£ 7 t-Butyl Group ~ (b)£

B A Y

(Material 393)

*@5}5 (Material_1145)
s @gj&

7 Methyl Group %1 % £ 2 EQE 7
-F)s ’ *f':ﬂ,hl‘l“ ~ /)» }i ‘:%’2 1

PXZoB
(Material 958)

be U%@jﬁ

(Material 106)

o "J’ $riw B
B d psEIRETS °

51

doi:10.6342/NTU202404808



§(Mate1 1al_1472)

TRZCzPh-BNCz
(Material 270) "

A%’##Z FAarzEf R &

E@ ’

sF120Tz

2CPTCB
(Material 495)

™ ‘ 1 ’
\ Structure Withoufd Negative | Facature ’/
Ll =\ Structure With Negative_Ffeature pid
-— diction Averagel0.17 / ,/’
I,
P ’
4
4
4
sbe
'
/ .
o 0o
L]
N . /’" . ®
e e, ..
? = "
L
e ’ ¥ -0 .
L. @ 8 3%
(] o) s
LK T
% £ l
®
o
-
&
®
-
b
0.3

0.4
S 03
=
E
=
=
02
=]
0.1
,— — — o
| BTPBFCz-D2

l(Matel ial 1382)

B 16 &
BB P2

“Benzene Core ~

Fh e R(S

$C i W

S BE ik

(Material 240)

BTPBFCz ()
(Material 1380)

M-BPCZ4

— e e o o o s e o e e -

Carbazole ~ Carbon_chain ~ m-spaceréy #1 #¢

z Benzene Core ~ Carbazole ~ Carbon_chain ~ n-spacer)z. EQE

Lt U tE S FRRLRTHYE A BRLTERETE -

52

doi:10.6342/NTU202404808



HE 4 EQE cha A e g T S ippell - £8P EQE hy
EEPFPE P L= Lol P E4e B Aromatic ~ Triazine f= Spiro ¥ EQE 7 &
Fofg o ipdt P E A ‘%!],,EL\”}% TP g 3P HFEEFZ LI R 7 T kg

FRAGGHERE S BN G o2 M R RE A IR A L
IR M LR R H B EQE (AR 8- HEP npL & EQE 2 [ eh
Ed - wapp s Ao 2 f e ‘;‘ﬁié‘ﬁﬁ‘f&é‘;‘ B ¥ %% » 4- Benzene Core ~
Carbazole ~ Carbon_chain ~ m-spacer & § w % L #71¢ & e7'% et ﬁ"] T~ 3 4

i E R FEM LM EQE £ > ¢t Fused N Ring ek $7¥30 - 6 & 22 4
F i gp et ik 0 AW R BE SR KA s F R R
R g BER B e PERARBHE 6B KA FRMEDERRET H
Z A A A EQE ¥ ¢h€ & (£ 5 4o Methyl Group -~ t-Butyl Group » iz B~ % 2 e
R R B & A F BPEESE 0 3 2 f# - Aggregation-Induced Quenching(AIQ)
fr Aggregation-Caused Quenching(ACQ)% I % » i > e+ e ehgf 4 » 8 3 =
EQE # 3 o %} #rif » 8248 EQE 4 & nmpL 5 &— Tephi it @ EQE 9
BAZEARL S FIE > o BRE M EITE (Now) * B B kR
Fused N Ring 8225t & L A 477 T2 2w > it & EQE A 47 7¢ fr¥j+ &
AE RIS £V R R LG 0 T 2B BQE R4 4 B R BHER
A e BFR T AT AT T AP iR DR o

3 enn 4T T o @ § PR TIR eehd R R e L Sk S b

s

~iEpN 2 ?“g
ITH &

i

T 5 AT g Do B s R BN ek 3 R bt

«H‘

Mh o FEIFHAFHERA2ES BEQE 2 M AN % 2B I npL S o A
B2 PR AT E K F EQE ac X f b 0 kTP g ke
ek kg ¢ oche S ) [2]0 0B G vtk 0 A 1 v R4 £ (o) M A £
EQE %3~ ke prs Wit 3|3 i v pra® L4 L8 T 6 hdfic 53 5 »cit = EQE
i I [T7,113,114] » 28 A F 7 h® g 2 R F B A 400 - B b4

53

doi:10.6342/NTU202404808



B Aromatic ~ Triazine & & » ,f%f# PEBER D LSS REE T g T e
Frdlpe T e o B ack 3 AR D] b IReiE AR Y G A E WAL 0 Flpt i 5 Ap B
élgj%”ﬁﬁ? oINS K AT R Rk ol "f PORCE R el 0 R
RFU LR F OB RERFERI N BB AT P ET g N1 B E
B G P EQE frmpL iR F A R R R AR B i
{5 TADF ApM ey k- A2 370> 2 > Hu|fH P % SHAP &£ 7€ & 4
PR LR RE PR R m?ﬂ’ R R RS G 4 iy L 4
P REF L SR e AR H iRt > AP R RS Y %5 TADF #

#t OLED A8 ¢ A1 € % ehif > TR a7 B e e mz 7 o

54

doi:10.6342/NTU202404808



yr®  B#%

AT R BBEY e o p B EHER ¢ sok 9 TADF 2k F
PR (73 A w2 T A I B 2 B & el 1
247 TADF & 3 B4 w0 e L menf 0 - F§ £ P § 2000 # 1 2023
# [ IF (Impact Factors) & + % 3.0 e 72 jex > W 3|5 3143 [ F e pr > H @ @
APPSR FF AR BT R TR ERTEEFEZFE N6
fa12 2 EQE e shdicdy 0 £ 93] 1588 27 Ip fhsg e kR s dicdy o 14
ERET S AR M DA 4715 > B e &2 EQE F R B hAUEM o 8T
npL ¥ dv A4 EQE 74 & F1F o R FAPE O 16 A S8 L BT @ 1
B w i Bk 2 2 03 SRR BQE 0 3% 03 Flap B 7 8(R)0.928 #1357 43
4 (RMSE)0.032 » B8 22 % JAp b < oot RS T 1 AR BB AR E S
# Gini Importance 3 3% € & Ponfp g L A 5 - s ne &4 P e
3% EQE ehig pliic 3 AR % B FIt F A1 A3 B (7 e DR R] 0
P M S P B R e 2 IR o s F B AR meL PIRRIHEA] Y A
e i BRI S RN RN TR FARRA VAR 2
{73050 i TADF 4788 ¢ s g v RO e )0 50 6FE U8 el R R

BE o AT 1% SHAP Hme (7447 » TP E 2k L P Eice B EH
FLnpL e IR B -k S e 4 0 e g b R R 5 {rdrd 2 e R R S5 4

WHRAMPLIMEL R AFEHERIDERANPT L EE R DT POX Y

fa

¥ %48 > 4v Fused N_Ring {r Triazine ; ¥ *hjdrf|2Lig st R 3 chd A7 g 2
31~ B 78 (B_Aromatic) ~ 51 » k|4~ + % B (Triazine ~ N_Fused Ring)¥ 31 » i
7 % H(Spiro) & vk ¥R 0 A F hp B AR k& ] SHAP $iea FTes 20 i d
FNEp e PR BREFELROERIBAP T S YRZBOIIT EY o h

(530 PR YR e TSk MR i i B LR EQE } o X AR

55

doi:10.6342/NTU202404808



% EQE g R3] - i¢ % TADF Ag 3¢ 7 chi g = ;];Jex}gz_pe% g bl il
*%Eﬁﬂwﬁﬁﬁ%@i’ o SHAP A 47 # 3V ik o) 2 45 & S 7 BT i )
T e F AR £ &Y £4e B_Aromatic ~ Triazine fr Spiro i & ¥ #% -
EQE izt P KT o 54+ k2T FiafFlt jah G ree
g 2gg ST % AR H X f o P £ 4 Benzene Core ~ Carbazole {r m-spacer
FEEMTT AR AR MRS LV LE BRI PR RS
KRB EBE S SR T TR R S BRI R R A
Methyl Group v t-Butyl Group i ° =+ i sag™ o H AL 4T - 8- ¥
# EQE LR a3 AT ET B ES Y AR hig <
A4 o 2 W2 T TADF #aten@ g » R 5 A X § »c OLED #4leniénE &

BiE R Rms B A

56

doi:10.6342/NTU202404808



$1% REep

[1]  Tonnel¢, C.;Stroet, M.;Caron, B.;Clulow, A. J.;Nagiri, R. C. R.;Malde, A. K.;Burn,
P. L.;Gentle, 1. R.;Mark, A. E.Powell, B. J. Elucidating the Spatial Arrangement
of Emitter Molecules in Organic Light-Emitting Diode Films. Angewandte
Chemie International Edition 56, 8402-8406 (2017).

[2] Tenopala-Carmona, F.;Lee, O. S.;Crovini, E.;Neferu, A. M.;Murawski, C.;Olivier,
Y.;Zysman-Colman, E.Gather, M. C. Identification of the Key Parameters for
Horizontal Transition Dipole Orientation in Fluorescent and TADF Organic Light-
Emitting Diodes. Advanced Materials 33, 2100677 (2021).

[3] Han, J.-H.;Kim, T.-Y.;Kim, D.-Y.;Yang, H. L.Park, J.-S. Water vapor and
hydrogen gas diffusion barrier characteristics of Al203—alucone multi-layer
structures for flexible OLED display applications. Dalton Transactions 50,
15841-15848 (2021).

[4] Giovanella, U.;Pasini, M.Botta, C. in Applied Photochemistry: When Light Meets
Molecules (eds Giacomo BergaminiSerena Silvi)  145-196 (Springer
International Publishing, 2016).

[5] Yang, Z.;Mao, Z.;Xie, Z.;Zhang, Y.;Liu, S.;Zhao, J.;Xu, J.;Chi, Z.Aldred, M. P.
Recent advances in organic thermally activated delayed fluorescence materials.
Chemical Society Reviews 46, 915-1016 (2017).

[6] Uoyama, H.;Goushi, K.;Shizu, K.;Nomura, H.Adachi, C. Highly efficient organic
light-emitting diodes from delayed fluorescence. Nature 492, 234-238 (2012).

[7] Evans, E. W.;Olivier, Y.;Puttisong, Y.;Myers, W. K.;Hele, T. J. H.;Menke, S.
M.;Thomas, T. H.;Credgington, D.;Beljonne, D.;Friend, R. H.Greenham, N. C.
Vibrationally Assisted Intersystem Crossing in Benchmark Thermally Activated
Delayed Fluorescence Molecules. The Journal of Physical Chemistry Letters 9,
4053-4058 (2018).

[8] Pope, M.;Kallmann, H. P.Magnante, P. Electroluminescence in Organic Crystals.
The Journal of Chemical Physics 38, 2042-2043 (1963).

[9] Kim, K.-H.;Moon, C.-K.;Lee, J.-H.;Kim, S.-Y.Kim, J.-J. Highly Efficient Organic
Light-Emitting Diodes with Phosphorescent Emitters Having High Quantum
Yield and Horizontal Orientation of Transition Dipole Moments. Advanced
Materials 26, 3844-3847 (2014).

[10]  Gibson, J.;Monkman, A. P.Penfold, T. J. The Importance of Vibronic Coupling for
Efficient Reverse Intersystem Crossing in Thermally Activated Delayed
Fluorescence Molecules. ChemPhysChem 17, 2956-2961 (2016).

[11] Parker, C. A.Hatchard, C. G. Triplet-singlet emission in fluid solutions.

57

doi:10.6342/NTU202404808



Phosphorescence of eosin. Transactions of the Faraday Society 57, 1894-1904
(1961).

[12] Berberan-Santos, M. N.Garcia, J. M. M. Unusually Strong Delayed Fluorescence
of C70. Journal of the American Chemical Society 118, 9391-9394 (1996).

[13] Endo, A.;Ogasawara, M.;Takahashi, A.;Yokoyama, D.;Kato, Y.Adachi, C.
Thermally activated delayed fluorescence from Sn(4+)-porphyrin complexes and
their application to organic light emitting diodes--a novel mechanism for
electroluminescence. Adv Mater 21, 4802-4806 (2009).

[14] Hirai, H.;Nakajima, K.;Nakatsuka, S.;Shiren, K.;Ni, J.;Nomura, S.;Ikuta,
T.Hatakeyama, T. One-Step Borylation of 1,3-Diaryloxybenzenes Towards
Efficient Materials for Organic Light-Emitting Diodes. Angewandte Chemie
International Edition 54, 13581-13585 (2015).

[15] Chen, W.-C.;Lee, C.-S.Tong, Q.-X. Blue-emitting organic electrofluorescence
materials: progress and prospective. Journal of Materials Chemistry C 3, 10957-
10963 (2015).

[16] Zhang, Q.;Li, B.;Huang, S.;Nomura, H.;Tanaka, H.Adachi, C. Efficient blue
organic light-emitting diodes employing thermally activated delayed fluorescence.
Nature Photonics 8, 326-332 (2014).

[17] Kondo, Y.;Yoshiura, K.;Kitera, S.;Nishi, H.;Oda, S.;Gotoh, H.;Sasada, Y.;Yanai,
M.Hatakeyama, T. Narrowband deep-blue organic light-emitting diode featuring
an organoboron-based emitter. Nature Photonics 13, 678-682 (2019).

[18] Kumar, A.;Shin, H. Y.;Lee, T.;Jung, J.;Jung, B. J.Lee, M. H. Doubly Boron-Doped
TADF Emitters Decorated with ortho-Donor Groups for Highly Efficient Green
to Red OLEDs. Chemistry — A European Journal 26, 16793-16801 (2020).

[19] Chen, Z.-P.;Wang, D.-Q.;Zhang, M.;Wang, K.;Shi, Y.-Z.;Chen, J.-X.;Tao, W.-
W.;Zheng, C.-J.;Tao, S.-L.Zhang, X.-H. Optimization on Molecular Restriction
for Highly Efficient Thermally Activated Delayed Fluorescence Emitters.
Advanced Optical Materials 6, 1800935 (2018).

[20] Zhou, D.;Ryoo, C. H.;Liu, D.;Wang, S.;Qian, G.;Zheng, Y.;Park, S. Y.;Zhu,
W.Wang, Y. Cruciform Molecules Bearing Bis(phenylsulfonyl)benzene Moieties
for High-Efficiency Solution Processable OLEDs: When Thermally Activated
Delayed Fluorescence Meets Mechanochromic Luminescence. Advanced Optical
Materials 8, 1901021 (2020).

[21] Wu, K.;Zhang, T.;Zhan, L.;Zhong, C.;Gong, S.;Jiang, N.;Lu, Z.-H.Yang, C.
Optimizing Optoelectronic Properties of Pyrimidine-Based TADF Emitters by
Changing the Substituent for Organic Light-Emitting Diodes with External
Quantum Efficiency Close to 25 % and Slow Efficiency Roll-Off. Chemistry — A

European Journal 22, 10860-10866 (2016).
58

doi:10.6342/NTU202404808



[22] Hu, D.;Zhu, M.;Shi, C.;Yuan, W.;Sun, N.;Huang, B.Tao, Y. Manipulating
peripheral non-conjugated substituents in carbazole/oxadiazole hybrid TADF
emitters towards high-efficiency OLEDs. Journal of Materials Chemistry C 9,
13384-13391 (2021).

[23] Ahn, D. H.;Kim, S. W.;Lee, H.;Ko, L. J.;Karthik, D.;Lee, J. Y.Kwon, J. H. Highly
efficient blue thermally activated delayed fluorescence emitters based on
symmetrical and rigid oxygen-bridged boron acceptors. Nature Photonics 13,
540-546 (2019).

[24] Liang, J.;Li, C.;Zhuang, X.;Ye, K.;Liu, Y.Wang, Y. Novel Blue Bipolar Thermally
Activated Delayed Fluorescence Material as Host Emitter for High-Efficiency
Hybrid Warm-White OLEDs with Stable High Color-Rendering Index. Advanced
Functional Materials 28, 1707002 (2018).

[25] Kim,J. H.;Lee, D. R.;Han, S. H.Lee, J. Y. Over 20% external quantum efficiency
in red thermally activated delayed fluorescence organic light-emitting diodes
using a reverse intersystem crossing activating host. Journal of Materials
Chemistry C 6, 5363-5368 (2018).

[26] Tao, Y.;Yuan, K.;Chen, T.;Xu, P.;Li, H.;Chen, R.;Zheng, C.;Zhang, L.Huang, W.
Thermally Activated Delayed Fluorescence Materials Towards the Breakthrough
of Organoelectronics. Advanced Materials 26, 7931-7958 (2014).

[27] Masui, K.;Nakanotani, H.Adachi, C. Analysis of exciton annihilation in high-
efficiency sky-blue organic light-emitting diodes with thermally activated delayed
fluorescence. Organic Electronics 14, 2721-2726 (2013).

[28] Karthik, D.;Jung, Y. H.;Lee, H.;Hwang, S.;Seo, B.-M.;Kim, J.-Y.;Han, C.
W.XKwon, J. H. Acceptor-Donor—Acceptor-Type Orange-Red Thermally
Activated Delayed Fluorescence Materials Realizing External Quantum
Efficiency Over 30% with Low Efficiency Roll-Off. Advanced Materials 33,
2007724 (2021).

[29] Nagqgvi, B. A.;Schmid, M.;Crovini, E.;Sahay, P.;Naujoks, T.;Rodella, F.;Zhang,
Z.;Strohriegl, P.;Brise, S.;Zysman-Colman, E.Briitting, W. What Controls the
Orientation of TADF Emitters? Frontiers in Chemistry 8 (2020).

[30] Song, J.;Kim, K.-H.;Kim, E.;Moon, C.-K.;Kim, Y.-H.;Kim, J.-J.Yoo, S. Lensfree
OLEDs with over 50% external quantum efficiency via external scattering and
horizontally oriented emitters. Nature Communications 9, 3207 (2018).

[31] Komino, T.;Nomura, H.;Koyanagi, T.Adachi, C. Suppression of Efficiency Roll-
Off Characteristics in Thermally Activated Delayed Fluorescence Based Organic
Light-Emitting Diodes Using Randomly Oriented Host Molecules. Chemistry of
Materials 25, 3038-3047 (2013).

[32] Nayak, A.;Panda, A. R.;Pal, D.;Jana, S.Mishra, M. K. in 2023 OITS International
59

doi:10.6342/NTU202404808



Conference on Information Technology (OCIT). 732-737.

[33] Varoquaux, G.Cheplygina, V. Machine learning for medical imaging:
methodological failures and recommendations for the future. npj Digital Medicine
5,48 (2022).

[34] Ghoddusi, H.;Creamer, G. G.Rafizadeh, N. Machine learning in energy
economics and finance: A review. Energy Economics 81, 709-727 (2019).

[35] Kim, J.-M.;Lee, K. H.Lee, J. Y. Extracting Polaron Recombination from
Electroluminescence in Organic Light-Emitting Diodes by Artificial Intelligence.
Advanced Materials 35, 2209953 (2023).

[36] Yan, W.;Lin, S.;Kafka, O. L.;Yu, C.;Liu, Z.;Lian, Y.;Wolff, S.;Cao, J.;Wagner, G.
J.Liu, W. K. Modeling process-structure-property relationships for additive
manufacturing. Frontiers of Mechanical Engineering 13, 482-492 (2018).

[37] Gomez-Bombarelli, R.;Aguilera-Iparraguirre, J.;Hirzel, T. D.;Duvenaud,
D.;Maclaurin, D.;Blood-Forsythe, M. A.;Chae, H. S.;Einzinger, M.;Ha, D. G.;Wu,
T.;Markopoulos, G.;Jeon, S.;Kang, H.;Miyazaki, H.;Numata, M.;Kim, S.;Huang,
W.;Hong, S. 1.;Baldo, M.;Adams, R. P.Aspuru-Guzik, A. Design of efficient
molecular organic light-emitting diodes by a high-throughput virtual screening
and experimental approach. Nat Mater 15, 1120-1127 (2016).

[38] Lee, M.-H. Identification of host—guest systems in green TADF-based OLEDs
with energy level matching based on a machine-learning study. Physical
Chemistry Chemical Physics 22, 16378-16386 (2020).

[39] Shi, H.;Jing, W.;Liu, W.;Li, Y.;Li, Z.;Qiao, B.;Zhao, S.;Xu, Z.Song, D. Key
Factors Governing the External Quantum Efficiency of Thermally Activated
Delayed Fluorescence Organic Light-Emitting Devices: Evidence from Machine
Learning. ACS Omega 7, 7893-7900 (2022).

[40] Li, P.;Wang, Z.;Li, W.;Yuan, J.Chen, R. Design of Thermally Activated Delayed
Fluorescence Materials with High Intersystem Crossing Efficiencies by Machine
Learning-Assisted Virtual Screening. J Phys Chem Lett 13, 9910-9918 (2022).

[41] Friedman, J. H. Greedy function approximation: A gradient boosting machine.
Annals of Statistics 29, 1189-1232 (2001).

[42] Rogers, D.Hahn, M. Extended-Connectivity Fingerprints. Journal of Chemical
Information and Modeling 50, 742-754 (2010).

[43] Yang, L.Shami, A. On hyperparameter optimization of machine learning
algorithms: Theory and practice. Neurocomputing 415, 295-316 (2020).

[44]  Yu,Y.;Tan, X.;Ning, S.Wu, Y. Machine Learning for Understanding Compatibility
of Organic—Inorganic Hybrid Perovskites with Post-Treatment Amines. ACS
Energy Letters 4, 397-404 (2019).

[45] Hu,J.;Zhu, K.;Cheng, S.;Kovalchuk, N. M.;Soulsby, A.;Simmons, M. J. H.;Matar,
60

doi:10.6342/NTU202404808



O. K.Arcucci, R. Explainable Al models for predicting drop coalescence in
microfluidics device. Chemical Engineering Journal 481, 148465 (2024).

[46] Im, J.;Lee, S.;Ko, T.-W.;Kim, H. W.;Hyon, Y.Chang, H. Identifying Pb-free
perovskites for solar cells by machine learning. npj Computational Materials S,
37 (2019).

[47] Lundberg, S. M.Lee, S.-I. in Proceedings of the 31st International Conference on
Neural Information Processing Systems 47684777 (Curran Associates Inc.,
Long Beach, California, USA, 2017).

[48] Adachi, C. Third-generation organic electroluminescence materials. Japanese
Journal of Applied Physics 53, 060101 (2014).

[49] Yang, T.Liang, J.;Cui, Y.;Li, Z.;Peng, X.;Su, S.-J.;Wang, Y.Li, C. Achieving
34.3% External Quantum Efficiency for Red Thermally Activated Delayed
Fluorescence Organic Light-Emitting Diode by Molecular Isomer Engineering.
Advanced Optical Materials 11, 2201191 (2023).

[50] Bui, T.-T.;Goubard, F.;Ibrahim-Ouali, M.;Gigmes, D.Dumur, F. Recent advances
on organic blue thermally activated delayed fluorescence (TADF) emitters for
organic light-emitting diodes (OLEDSs). Beilstein Journal of Organic Chemistry
14, 282-308 (2018).

[51] Madayanad Suresh, S.;Hall, D.;Beljonne, D.;Olivier, Y.Zysman-Colman, E.
Multiresonant Thermally Activated Delayed Fluorescence Emitters Based on
Heteroatom-Doped Nanographenes: Recent Advances and Prospects for Organic
Light-Emitting Diodes. Advanced Functional Materials 30, 1908677 (2020).

[52] Yang, M.;Shikita, S.;Min, H.;Park, 1. S.;Shibata, H.;Amanokura, N.Yasuda, T.
Wide-Range Color Tuning of Narrowband Emission in Multi-resonance
Organoboron Delayed Fluorescence Materials through Rational Imine/Amine
Functionalization. Angewandte Chemie International Edition 60, 23142-23147
(2021).

[53] Liu, F.;Cheng, Z.;Jiang, Y.;Gao, L.;Liu, H.;Liu, H.;Feng, Z.;Lu, P.Yang, W. Highly
Efficient Asymmetric Multiple Resonance Thermally Activated Delayed
Fluorescence Emitter with EQE of 32.8 % and Extremely Low Efficiency Roll-
Off. Angewandte Chemie International Edition 61, €202116927 (2022).

[54] Oda, S.;Kawakami, B.;Kawasumi, R.;Okita, R.Hatakeyama, T. Multiple
Resonance Effect-Induced Sky-Blue Thermally Activated Delayed Fluorescence
with a Narrow Emission Band. Organic Letters 21, 9311-9314 (2019).

[55] Xu, S.;Yang, Q.;Zhang, Y.;Li, H.;Xue, Q.;Xie, G.;Gu, M.;Jin, J.;Huang, L.Chen,
R. Solution-processed multi-resonance organic light-emitting diodes with high
efficiency and narrowband emission. Chinese Chemical Letters 32, 1372-1376

(2021).
61

doi:10.6342/NTU202404808



[56] Matsuo, K.Yasuda, T. Boronate- and borinate-based m-systems for blue thermally
activated delayed fluorescence materials. Chemical Communications 55, 2501-
2504 (2019).

[57] Nasu, K.;Nakagawa, T.;Nomura, H.;Lin, C.-J.;Cheng, C.-H.;Tseng, M.-R.; Yasuda,
T.Adachi, C. A highly luminescent spiro-anthracenone-based organic light-
emitting diode exhibiting thermally activated delayed fluorescence. Chemical
Communications 49, 10385-10387 (2013).

[58] Gan, L.;Xu, Z.;Wang, Z.;Li, B.;Li, W.;Cai, X.;Liu, K ;Liang, Q.Su, S.-J. Utilizing
a Spiro TADF Moiety as a Functional Electron Donor in TADF Molecular Design
toward Efficient “Multichannel” Reverse Intersystem Crossing. Advanced
Functional Materials 29, 1808088 (2019).

[59] Huang, Z.;Lei, B.;Yang, D.;Ma, D.;Bin, Z.You, J. Modified Intramolecular-Lock
Strategy Enables Efficient Thermally Activated Delayed Fluorescence Emitters
for Non-Doped OLEDs. Angewandte Chemie International Edition 61,
€202213157 (2022).

[60] Wu, L;Wang, K.;Wang, C.;Fan, X.-C.;Shi, Y.-Z.;Zhang, X.;Zhang, S.-L.;Ye,
J.;Zheng, C.-J.;Li, Y.-Q.;Yu, J.;Ou, X.-M.Zhang, X.-H. Using fluorene to lock
electronically active moieties in thermally activated delayed fluorescence emitters
for high-performance non-doped organic light-emitting diodes with suppressed
roll-off. Chemical Science 12, 1495-1502 (2021).

[61] Yang, D.;Huh, J.-S.Hong, J.-I. Spiro—type TADF emitters based on acridine
donors and anthracenone acceptor. Dyes and Pigments 197, 109873 (2022).

[62] Wang, Y.-Y.;Tong, K.-N.;Zhang, K.;Lu, C.-H.;Chen, X.;Liang, J.-X.;Wang, C.-
K.;Wu, C.-C.;Fung, M.-K.Fan, J. Positive impact of chromophore flexibility on
the efficiency of red thermally activated delayed fluorescence materials. Materials
Horizons 8, 1297-1303 (2021).

[63] Zhang, Y.-L.;Ran, Q.;Wang, Q.;Liu, Y.;Hanisch, C.;Reineke, S.;Fan, J.Liao, L.-S.
High-Efficiency Red Organic Light-Emitting Diodes with External Quantum
Efficiency Close to 30% Based on a Novel Thermally Activated Delayed
Fluorescence Emitter. Advanced Materials 31, 1902368 (2019).

[64] Jiang, R.;Wu, X.;Liu, H.;Guo, J.;Zou, D.;Zhao, Z.Tang, B. Z. High-Performance
Orange—Red Organic Light-Emitting Diodes with External Quantum Efficiencies
Reaching 33.5% based on Carbonyl-Containing Delayed Fluorescence Molecules.
Advanced Science 9, 2104435 (2022).

[65] Maeng, J. H.;Braveenth, R.;Jung, Y. H.;Hwang, S. J.;Lee, H.;Min, H. L.;Kim, J.
Y.;Han, C. W.Kwon, J. H. Efficiency enhancement in orange red thermally
activated delayed fluorescence OLEDs by using a rigid di-indolocarbazole donor

moiety. Dyes and Pigments 194, 109580 (2021).
62

doi:10.6342/NTU202404808



[66] Ji, S.-C.;Zhao, T.;Wei, Z.;Meng, L.;Tao, X.-D.;Yang, M.;Chen, X.-L.Lu, C.-Z.
Manipulating excited states via Lock/Unlock strategy for realizing efficient
thermally activated delayed fluorescence emitters. Chemical Engineering Journal
435, 134868 (2022).

[67] Data, P.;Zassowski, P.;Lapkowski, M.;Grazulevicius, J. V.;Kukhta, N. A.Reghu,
R. R. Electrochromic behaviour of triazine based ambipolar compounds.
Electrochimica Acta 192, 283-295 (2016).

[68] Zhang, W.;Zhu, C.;Huang, Z.;Gong, C.;Tang, Q.Fu, X. Electrochromic 2,4,6-
triphenyl-1,3,5-triazine based esters with electron donor-acceptor structure.
Organic Electronics 67, 302-310 (2019).

[69] Varga, Z.;Miiller, C.Nyulészi, L. Significant n-stacking effect between 2,4,6-
triphenyl-1-phosphabenzenes. Structural Chemistry 28, 1243-1253 (2017).

[70] Kang, Y. J;Yun, J. H.;Han, S. H.Lee, J. Y. Benzofuroacridine and
benzothienoacridine as new donor moieties for emission color management of
thermally activated delayed fluorescent emitters. Journal of Materials Chemistry
C17,4573-4580 (2019).

[71] Lee, Y.;Woo, S.-J.;Kim, J.-J.Hong, J.-I. Blue thermally activated delayed
fluorescence emitter using modulated triazines as electron acceptors. Dyes and
Pigments 172, 107864 (2020).

[72] Lim, J.;Choi, D.-Y.;Jang, W.;Choi, H.-H.;Kim, Y.-H.-Wang, D. H. Tris(4-(1-
phenyl-1H-benzo[d]imidazole)phenyl)phosphine oxide for enhanced mobility
and restricted traps in photovoltaic interlayers. Journal of Materials Chemistry C
9,3642-3651 (2021).

[73] Kuroiwa, T.;Asai, D.;Hashimoto, S.Tahara, K. Linear n-conjugated polycyclic
compounds consisting of four-, five-, and six-membered rings:
benzo[1",2":3,4;4",5":3',4"|bis(cyclobuta[ 1,2-c]thiophene). RSC Advances 13,
4578-4583 (2023).

[74] Kim,J. U.;Reddy, S. S.;Cui, L.-S.;Nomura, H.;Hwang, S.;Kim, D. H.;Nakanotani,
H.;Jin, S. H.Adachi, C. Thermally activated delayed fluorescence of Bis(9,9-
dimethyl-9,10-dihydroacridine) dibenzo[b,d]thiophene 5,5-dioxide derivatives
for organic light-emitting diodes. Journal of Luminescence 190, 485-491 (2017).

[75] Kong,J.;Zhang, W.;Zhang, X.;Liu, B.;Li, Y.Xia, A. Conformation-related excited-
state charge transfer/separation of donor-m-acceptor chromophores. The Journal
of Chemical Physics 156, 174902 (2022).

[76] Bibi, S.Zhang, J. The ratio and topology effects of benzodithiophene donor-
benzooxadiazole acceptor fragments on the optoelectronic properties of donor
molecules toward solar cell materials. Phys Chem Chem Phys 17, 7986-7999

(2015).
63

doi:10.6342/NTU202404808



[77] Wei, X.;Li, Z.;Hu, T.;Duan, R.;Liu, J.;Wang, R.;Liu, Y.;Hu, X.;Yi, Y.;Wang,
P.Wang, Y. Substitution Conformation Balances the Oscillator Strength and
Singlet-Triplet Energy Gap for Highly Efficient D—A—-D Thermally Activated
Delayed Fluorescence Emitters. Advanced Optical Materials 7, 1801767 (2019).

[78] Tanaka, H.;Shizu, K.;Miyazaki, H.Adachi, C. Efficient green thermally activated
delayed fluorescence (TADF) from a phenoxazine—triphenyltriazine (PXZ-TRZ)
derivative. Chemical Communications 48, 11392-11394 (2012).

[79] Lee, Y.-T.;Tseng, P.-C.;Komino, T.;Mamada, M.;Ortiz, R. J.;Leung, M.-k.;Chiu,
T.-L.;Lin, C.-F.;Lee, J.-H.;Adachi, C.;Chen, C.-T.Chen, C.-T. Simple Molecular-
Engineering Approach for Enhancing Orientation and Outcoupling Efficiency of
Thermally Activated Delayed Fluorescent Emitters without Red-Shifting
Emission. ACS Applied Materials & Interfaces 10, 43842-43849 (2018).

[80] Yuan, W.;Yang, H.;Zhang, M.;Hu, D.;Wan, S.;Li, Z.;Shi, C.;Sun, N.;Tao, Y.Huang,
W. Molecular engineering on all ortho-linked carbazole/oxadiazole hybrids
toward highly-efficient thermally activated delayed fluorescence materials in
OLEDs. Chinese Chemical Letters 30, 1955-1958 (2019).

[81] Zhao, T.liang, S.;Tao, X.-D.;Yang, M.;Meng, L.;Chen, X.-L.Lu, C.-Z.
Dihydrophenazine-derived thermally activated delayed fluorescence emitters for
highly efficient orange and red organic light-emitting diodes. Dyes and Pigments
211, 111065 (2023).

[82] Feng, Q.;Qian, Y.;Wang, H.;Hou, W.;Peng, X.;Xie, S.;Wang, S.Xie, L. Donor
Arylmethylation toward Horizontally Oriented TADF Emitters for Efficient
Electroluminescence with 37% External Quantum Efficiency. Advanced Optical
Materials 10, 2102441 (2022).

[83] Nakao, K.;Sasabe, H.;Komatsu, R.;Hayasaka, Y.;Ohsawa, T.Kido, J. Significant
Enhancement of Blue OLED Performances through Molecular Engineering of
Pyrimidine-Based Emitter. Advanced Optical Materials 5, 1600843 (2017).

[84] Qiu, W.;Liu, D.;L1, M.;Cai, X.;Chen, Z.;He, Y.;Liang, B.;Peng, X.;Qiao, Z.;Chen,
J.;Li, W.;Pu, J.;Xie, W.;Wang, Z.;Li, D.;Gan, Y.;Jiao, Y.;Gu, Q.Su, S.-J. Confining
donor conformation distributions for efficient thermally activated delayed
fluorescence with fast spin-flipping. Nature Communications 14,2564 (2023).

[85] Cho, Y. J.;Yook, K. S.Lee, J. Y. High Efficiency in a Solution-Processed
Thermally Activated Delayed-Fluorescence Device Using a Delayed-
Fluorescence Emitting Material with Improved Solubility. Advanced Materials 26,
6642-6646 (2014).

[86] Turro, N. J. Modern Molecular Photochemistry. (University Science Books,
1991).

[87] Hao, X.-L.;Ren, A.-M.;Zhou, L.Zhang, H. Theoretical Research and
64

doi:10.6342/NTU202404808



Photodynamic Simulation of Aggregation-Induced Thermally Activated Delayed
Fluorescence Materials for Organic Light-Emitting Diodes. The Journal of
Physical Chemistry A 127, 9771-9780 (2023).

[88] Wu, Y;Ni, F.;Chen, Z.;Yang, W.Xiang, Y.;Gong, S.;Cao, X.Yang, C.
Aggregation-Dependent Thermally Activated Delayed Fluorescence Emitters:
AIE or ACQ? Advanced Optical Materials 11, 2300186 (2023).

[89] Li, L.;Kamal, S.;Polgar, A. M.Hudson, Z. M. Triplet-Triplet Annihilation
Upconversion from Red to Blue Light Using a TADF Sensitizer Based Polymer.
The Journal of Physical Chemistry B 128, 8997-9004 (2024).

[90] Lee, H. L.;Jeon, S. O.;Kim, I.;Kim, S. C.;Lim, J.;Kim, J.;Park, S.;Chwae, J.;Son,
W.-J.;Choi, H.Lee, J. Y. Multiple-Resonance Extension and Spin-Vibronic-
Coupling-Based Narrowband Blue Organic Fluorescence Emitters with Over 30%
Quantum Efficiency. Advanced Materials 34, 2202464 (2022).

[91] Lee, Y. H.;Lee, D.;Lee, T.;Lee, J.;Jung, J.;Yoo, S.Lee, M. H. Impact of boryl
acceptors in para-acridine-appended triarylboron emitters on blue thermally
activated delayed fluorescence OLEDs. Dyes and Pigments 188, 109224 (2021).

[92] Yun,J. H.;Lee, K. H.Lee, J. Y. Propeller type dibenzofurocarbazole as a new rigid
donor moiety for highly efficient and long living thermally activated delayed
fluorescence emitters. Chemical Engineering Journal 400, 125940 (2020).

[93] Dey, S.;Hasan, M.;Shukla, A.;Acharya, N.;Upadhyay, M.;Lo, S.-C.;Namdas, E.
B.Ray, D. Thermally Activated Delayed Fluorescence and Room-Temperature
Phosphorescence in Asymmetric Phenoxazine-Quinoline (D2—A) Conjugates and
Dual Electroluminescence. The Journal of Physical Chemistry C 126, 5649-5657
(2022).

[94] Zhao, L.;Duan, C.;Ding, D.;Liu, S.;Xia, D.;Guo, Y.;Xu, H.Baumgarten, M. Super
rigid tris-spirobifluorenes: Syntheses and properties. Chinese Chemical Letters 32,
397-400 (2021).

[95] Braveenth, R.;Lee, H.;Park, J. D.;Yang, K. J.;Hwang, S. J.;Naveen, K.
R.;Lampande, R.Kwon, J. H. Achieving Narrow FWHM and High EQE Over
38% in Blue OLEDs Using Rigid Heteroatom-Based Deep Blue TADF Sensitized
Host. Advanced Functional Materials 31, 2105805 (2021).

[96] Hwang, J.;Koh, C. W.;Ha, J. M.;Woo, H. Y.;Park, S.;Cho, M. J.Choi, D. H. Aryl-
Annulated [3,2-a] Carbazole-Based Deep-Blue Soluble Emitters for High-
Efficiency Solution-Processed Thermally Activated Delayed Fluorescence
Organic Light-Emitting Diodes with CIEy <0.1. ACS Applied Materials &
Interfaces 13, 61454-61462 (2021).

[97] Tu, Z.-L.;Lu,J.-]J.;Luo, X.-F.;Hu, J.-J.;Li, S.;Wang, Y.;Zheng, Y.-X.;Zuo, J.-L.Pan,

Y. Blue Axially Chiral Biphenyl Based Thermally Activated Delayed
65

doi:10.6342/NTU202404808



Fluorescence Materials for Efficient Circularly Polarized OLEDs. Advanced
Optical Materials 9, 2100596 (2021).

[98] Wu, K.;Zhang, T.;Zhan, L.;Zhong, C.;Gong, S.;Lu, Z.-H.Yang, C. Tailoring
Optoelectronic Properties of Phenanthroline-Based Thermally Activated Delayed
Fluorescence Emitters through Isomer Engineering. Advanced Optical Materials
4, 1558-1566 (2016).

[99] Xie, F.-M.;Li, H.-Z.;Zhang, K.;Wang, H.-Y.;Li, Y.-Q.Tang, J.-X. Rational
Multidimensional ~ Shielded Multiple Resonance  Emitter  Suppresses
Concentration Quenching and Spectral Broadening for Solution-Processed
Organic Light-Emitting Diodes. ACS Applied Materials & Interfaces 15, 39669-
39676 (2023).

[100] Di, K.;Guo, R.;Wang, Y.;Lv, Y.;Su, H.;Zhang, Q.;Yang, B.Wang, L. Achieving
high-performance narrowband blue MR-TADF emitters by suppressing isomer
formation and extending m-conjugate skeletons. Journal of Materials Chemistry
C 11, 6429-6437 (2023).

[101] Feng, Z.-Q.;Yang, S.-Y.;Kong, F.-C.;Qu, Y.-K.;Meng, X.-Y.;Yu, Y.-J.;Zhou, D.-
Y.;Jiang, Z.-Q.Liao, L.-S. Indirect Control of Donor/Acceptor Interactions for
Highly Efficient Space-Confined Thermally Activated Delayed Fluorescence
Emitters. Advanced Functional Materials 33, 2209708 (2023).

[102] Chen, J.-X.;Xiao, Y.-F.;Wang, K.;Sun, D.;Fan, X.-C.;Zhang, X.;Zhang, M.;Shi,
Y.-Z.;Yu, J.;Geng, F.-X_;Lee, C.-S.Zhang, X.-H. Managing Locally Excited and
Charge-Transfer Triplet States to Facilitate Up-Conversion in Red TADF Emitters
That Are Available for Both Vacuum- and Solution-Processes. Angewandte
Chemie International Edition 60, 2478-2484 (2021).

[103] Lee, Y. H.;Park, S.;Oh, J.;Shin, J. W.;Jung, J.;Yoo, S.Lee, M. H. Rigidity-Induced
Delayed Fluorescence by Ortho Donor-Appended Triarylboron Compounds:
Record-High Efficiency in Pure Blue Fluorescent Organic Light-Emitting Diodes.
ACS Applied Materials & Interfaces 9, 24035-24042 (2017).

[104] Yi, C.-L.;Lin, C.-Y.;Tang, Y.;Wang, C.-Y.;Huang, C.-W.;Gong, X.;Gong, S.;Wu,
C.-C.Wong, K.-T. A Rational Molecular Design Strategy of TADF Emitter for
Achieving Device Efficiency Exceeding 36%. Advanced Optical Materials 10,
2101791 (2022).

[105] Jung, M.Lee, K. H.Lee, J. Y. Molecular Engineering of Isomeric
Benzofurocarbazole Donors for Photophysical Management of Thermally
Activated Delayed Fluorescence Emitters. Chemistry — A European Journal 26,
4816-4821 (2020).

[106] Bian, C.;Wang, Q.;Ran, Q.;Liu, X.-Y.;Fan, J.Liao, L.-S. New carbazole-based

bipolar hosts for efficient blue phosphorescent organic light-emitting diodes.
66

doi:10.6342/NTU202404808



Organic Electronics 52, 138-145 (2018).

[107] Liang, Q.;Han, C.;Duan, C.Xu, H. Blue Thermally Activated Delayed
Fluorescence-Emitting Phosphine Oxide Hosts for Ultrasimple and Highly
Efficient White Organic Light-Emitting Diodes. Advanced Optical Materials 6,
1800020 (2018).

[108] Yang, Y.;Li, K.;Wang, C.;Zhan, H.Cheng, Y. Effect of a Pendant Acceptor on
Thermally Activated Delayed Fluorescence Properties of Conjugated Polymers
with Backbone-Donor/Pendant-Acceptor Architecture. Chemistry — An Asian
Journal 14, 574-581 (2019).

[109] Wang, Y.;Zhu, Y.;Xie, G.;Zhan, H.;Yang, C.Cheng, Y. Bright white
electroluminescence from a single polymer containing a thermally activated
delayed fluorescence unit and a solution-processed orange OLED approaching
20% external quantum efficiency. Journal of Materials Chemistry C 5, 10715-
10720 (2017).

[110] Kothavale, S.;Lee, K. H.Lee, J. Y. CN-Modified Imidazopyridine as a New
Electron Accepting Unit of Thermally Activated Delayed Fluorescent Emitters.
Chemistry — A European Journal 26, 845-852 (2020).

[111] Liu, Y.;Xiao, X.;Huang, Z.;Yang, D.;Ma, D.;Liu, J.;Lei, B.;Bin, Z.You, J. Space-
Confined Donor-Acceptor Strategy Enables Fast Spin-Flip of Multiple Resonance
Emitters for Suppressing Efficiency Roll-Off. Angewandte Chemie International
Edition 61, ¢202210210 (2022).

[112] Lee, H. L.;Chung, W. J.Lee, J. Y. Selective efficiency boosting in thermally
activated delayed fluorescence emitters by a secondary donor. Chemical
Engineering Journal 408, 127293 (2021).

[113] Salehi, A.;Fu, X.;Shin, D.-H.So, F. Recent Advances in OLED Optical Design.
Advanced Functional Materials 29, 1808803 (2019).

[114] Liu, M.;Komatsu, R.;Cai, X.;Hotta, K.;Sato, S.;Liu, K.;Chen, D.;Kato, Y.;Sasabe,
H.;Ohisa, S.;Suzuri, Y.;Yokoyama, D.;Su, S.-J.Kido, J. Horizontally Orientated
Sticklike Emitters: Enhancement of Intrinsic Out-Coupling Factor and
Electroluminescence Performance. Chemistry of Materials 29, 8630-8636 (2017).

67

doi:10.6342/NTU202404808



e

(a)
High
Feature 106 oo 6 com=m==
Feature 1298
Feature 342
Feature 538
Feature 1652 coom @ o cee omoe oome smme
Feature 1159
Feature 1984 o emmm
Feature 378

Feature 1714

Feature 289 ° ®oEDe o > @ SwoH

Feature 1747 =

Feature value

Feature 543 oo @ o oo o

Feature 1717 00® © wne o oo smme

Feature 192 ]

Feature 935

Feature 443 ° ¢ @msee o comow

Feature 525

Feature 1025 ® owm umommme o

Feature 1855 e

Feature 1049

-0.25 -0.20 —0.15 -0.10 —0.05 0.00 0.05 0.10
SHAP value (impact on model output)

- ()2l SHAP #0445 1% 20 & B meL sPM AR B B KR E
Bpd bR TRAEAE BV mBR AL ERRLG

doi:10.6342/NTU202404808



(b)
_B\ * >< 5 \ N/A A'/ Y v/’\ _.
106 1298 342 538 1652
Y o R -
* B * * * N
1159 1984 378 1714 289
* \\ * . ‘\! . ' L‘\ V
1747 543 1717 192 935
N ) e i
443 525 1025 1855 1049

- (b)HEA] @ ¥ SHAP #5445 4% 20 -8 % npr shB AL HE ¥ B 2 S Bh 2 7

Bl e

69

doi:10.6342/NTU202404808



(2) (b) (©)

LOf i LOf i Lo ¥
Structure Without DMAC g Structure Without m-spacer Structure Without N_Donor e
= Structure With DMAC ,ﬁ ' = Structure With a-spacer «  Structure With N_Donor ,( .
~== Prediction Average=0.67 o === Prediction Average=0.67 - 1 ~== Prediction Average=0.67 .
osf ke
/ -
= = = sav’ 0% e
2 0.6} - ) T 0.6 1 2 0.6f A
1S ™ < 1S5 N s .
3 A 3 3 b
g g T 1
& 04 ] 0.4 4 & 04 4 -
. o
.
- .
0
[5] S 02 02
. ,’
%
{ 4
,
2
;
0.0 5 ] L n 1 J 0. 1 & L J 0.4 A " i " J
0.0 0.2 0.4 0.6 0.8 Lo 0.0 0.4 0.6 0.8 10 0.0 2 0.4 0.6 08 1.0
Experimental np

Experimental npp Experimental Npg

(d) (e)

q Lo .
Structure Without OXD Structure Without Phenazine .
«  Structure With OXD = Structure With Phenazine bt 4
~== Prediction Average=0.67 —== Prediction Average=0.67 - T -
~ Fa -
. 0.6 QL 0.6 &
< < ? a
3 3
-] -] .
£ 04 1 £ o04f 4
& ™ & 5"
4
/
02
,
-
" . i n I i 0. = " " " " : |
0.0 0.2 04 0.6 0.8 Lo 0.0 0.2 0.4 0.6 0.8 1.0
Experimental npg

Experimental npp

‘t4= (a) &3 DMAC ~ (b)n-spacer ~ (c)N_Donor ~ (d)OXD -~ (e)Phenazine 2 mpL

FHRBAPIZATTH > LB AP PR FRRAZAT IR A mRG

EI R

70

doi:10.6342/NTU202404808



(2)

Feature 106
Feature 378
Feature 1714
Feature 1724
Feature 680
Feature 1554
Feature 1326
Feature 1298
Feature 1391
Feature 439
Feature 146
Feature 1751
Feature 199
Feature 1449
Feature 843
Feature 191
Feature 1457
Feature 1221
Feature 1384

Feature 1832

=
\\
I
A
\-/
—»t-
ub

High
¢ SO EEEtETYe ©
..M. L ]
Q
=
)
-
(5]
2
<
L
I
e ® O @ oW ®
Roeeviiieitso e ®
CABEIERED 02
T T Low

] ¢ * SHAP #7447 1% 20 &

—0:01 0.60 0.61 0.62 0.63
SHAP value (impact on model output)

-0.03 -0.02

P HEEQE M dtsi P B T

E
TRERE B B AL LGSR PR R

p %

71

doi:10.6342/NTU202404808



(b)

B B
106 378 1714 1724 680
o | X | | M
L ) . : ; \“< N\ VL
1554 1326 1298 1391 439
\>7N ; \)%[/ )/C \ ) , /@
Y, : "= \ N
‘ e e ,
146 1751 199 1449 843
r E: [ %af'
191 1457 1221 1384 1832

P2 = (b)BCA] & % SHAP #7445 4% 20 %

N

72

P EQE M 4L B4 5 B2 hih e

doi:10.6342/NTU202404808




(2) (b)

Predicted EQE

Predicted EQE

f T T T T 1 r T T T

0.5 N 0.5 L,
Structure Without Benzene_Core ’/' Structure Without Carbazole ,/’
Ll =  Structure With Benzene_Core ¥l 1| = Structure With Carbazole .
—== Prediction Average=0.17 ,/ —~=~ Prediction Average=0.17 ,/
’
04 Vi . B
7
’
’
L b0
4
7’
I’ m
P2 (]
03 A o 4 o 4
»’ ° =
@ =]
- e’ <
LA N
<9 2
fﬁ- g
o <
0.2 4-' - - -~ 4
.»I £

o e '.‘! HARE
-
N S o - -
A %
., 0]
[ o e
.
0‘0 ' 3 1 1 1 1 ' e ' 1 1 i X o
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Experimental EQE Experimental EQE
05 S 05 e
Structure Without Carbon_chain /' Structure Without n-spacer ,/
| =  Structure With Carbon_chain i | = Structure With n-spacer it
——~ Prediction Average=0.17 /' ——~ Prediction Average=0.17 /'
7’ 4
04 g b 0.4 P 4
7 A 7’
7’ 4
4 4
< ‘<
- 4 o 4
7 7
4 7
/’ = /' e
03 e § S 03 %% :
7/ 7/
Ve ofts = v
4 ~ 4
[ ® /’ % [ /’
- - - -
0.2 I,‘l E &3 :/, at .
L2 ’ E »A 28 .
L % c: .ﬁ’/" e,
————————————— S SR Gl = == o= = o o o o o o e o "'-_-"""-'.'-i',._'v-;—"_-"'"_""-'__—'—""'
/ « Sn oW
I Xile i s.4 %
28 o 2t et e
° 8% TP aa 8%
B P ; oaf asTeog 1
» y’. ae, d
| 7’
8”e &
% "y
0.0 % L L " 1 L L L 1 " ' 0.0 % L 1 " 1 " 1 L 1 L J |
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Experimental EQE Experimental EQE

‘itz (a) & 3 Benzene_ Core - (b)Carbazole ~ (c) Carbon_chain ~ (d) m-spacer 2
EQE # %2 g2 4ci B > Bt 247 S0 FRALZIFEYE e B
LR TSR .

73

doi:10.6342/NTU202404808





