Design and Synthesis of Bipolar Phosphorescent
Host Materials for Highly Efficient
Blue- and Red-light emitting Devices
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Abstract

In this thesis, we have explored a new strategy for designing a
bipolar phosphorescent host: by introducing bulky electron-donating
(p-type) and -withdrawing (n-type) groups into the 9- and 2,7-positions of
fluorene, respectively. Through employing this strategy, three
accomplished molecules with various p- and n-type groups exhibited
three important features for being a phosphorescent host: (1) a high value
of triplet energy gap, because of the complete isolation of m-electron of p-
and n-type groups provided by the non-conjugated linkage; (2) the
capability of forming a stable amorphous thin film as a result of the
molecule’s bulky nonplanar structure; (3) bipolarity, resulting from the
coexistence of p- and n-type groups. This feature not only provided
suitable frontier orbital energies for facile hole and electron injection but
also improved the balance of charge fluxes in the emissive layer of the
devices. As a result, the corresponding devices doping with commercial
blue  bis[(4,6-difluorophenyl)pyridinato-N,C” Jpicolinate  iridium(III)
(FIrpic) (in part A and part B) or red tris(1-phenylisoquinolinolato-C°,N)

iridium(IIT) [Ir(piq);] (in part C) emitters showed impressive efficiencies.
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In part A and part B of this thesis, we presented the synthesis and
characterization of two hosts,
2,7-bis(diphenylphosphoryl)-9-(9-phenylcarbazol-3-yl)-9-phenylfluorene
(PCF) and 2,7-bis(diphenylphosphoryl)-9-(4-(N,N-diphenylamino)phe-
nyl)-9-phenylfluorene (POAPF). They were composed of the same
n-type diphenylphosphoryl-substituted fluorene and two different p-type
groups (9-phenylcarbazole for PCF and triphenylamine for POAPF).
The PCF-based device doped with 28 wt% Flrpic showed maximum
electroluminescent (EL) efficiencies of 14.8%, 26.2 Im W'and 30.8 cd
A", Besides, the POAPF-based device doped with 7 wt% Flrpic
exhibited superior EL efficiencies of 20.6%, 36.7 Im W 'and 35.4 cd A™".

In part C, the target molecule
2,7-bis(phenylsulfonyl)-9-(4-N,N-diphenylamino)phenyl-9-phenylfluo-
rene (SAF) was designed with two stronger electron-withdrawing
phenylsulfonyl groups attached to the fluorene ring. Consequently, SAF
exhibited a lower lowest unoccupied molecular orbital (LUMO) level
(-2.40 eV) relative to that of POAPF, which further facilitated electron
injection from the electron-transporting layer. The SAF-based device

doped with 7 wt% red phosphorescent dye Ir(piq); showed the maximum
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EL efficiencies of 15.8%, 22.0 Im W'and 19.6 cd A™".

In part D, through a step-by-step simplifying procedure, the
POAPF-based device (PO-m) with multi-layered configuration presented
in part B was simplified into the device (PO-s) with single-layered
architecture. The single-layered device exhibited the comparable
maximum external quantum efficiency (20.3%) as the multi-layered one
(20.6%). Moreover, as the brightness increased up to 1000 c¢d m?> the
performance of PO-s device remained high at 20.2%. In contrast, the
PO-m device possessed relatively significant decrease (18.8% at 1000 cd

m?).
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(- )Forster energy transfer :

. Forster transfer ook

.
Ro
- resonant dipole-dipole coupling / Acceptor

- donor and acceptor transitions (dye)
must be allowed

Donor
very fast <10-%

i s

Donor”  Acceptor Donor Acceptor’

only sinelet excitons participate

B] 1-4-1. Forster st & #& 4 3 41(B] & X p Prof. Forrest workshop notes
at IDMC 2003)

Forster energy transfer §_d 4 3 ¥ jEdiE 50~100 A 1&-18 1%

(dipole-dipole) i #* 4 #7275 & c2big bt iy & @A 2758 (Bl1-4-1) - & &
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Sk kY % #R § U Forster energy transfer = 3V iE {7 A £ # 45 o
CDER ET T E TR PECEL 1 R S R E T
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4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyry)-4H-pyran

(DCM) #3 32 & aluminum tris(8-hydroxyquinoline) (Alqs) &+ % & (8
1-4-2) » A ¥ 12 IDCME B # B FF > 97 § ek d ,T}éfﬁ_ IR
T a B 3% B Forsters £ # A dla § =% 2 £ #4 5/ DCMA 2z 1, DCM

Forster transfer - Example

1 Alg, LUMO

Alg, {DONOR}

ABSORPTION PL

200 300 400 500 &00 700 @8O0 900
Wavelength [nm]

Alg, HOMO
DCM (ACCEPTOR)
7N\
ﬁaBSORFiq'ION NL
! \

200 300 400 500 600 700 800 OOD
Wavelengih [nml]

FORSTER
ENERGY
TRANSFER

DCM HOMO

for efficient transfer
donor emission and acceptor
absorption must overlap

B 1-4-2. DCM #3 32 & Alq; = Forster & & # 45 #4(B ¥ X p Prof.

Forrest workshop notes at IDMC 2003)

11



(= )Dexter energy transfer :

Dexter energy transfer B4 # **# @4 (10~15 A)z 31 % &
o g3V k@vha £ o 0t 32345 8 d Dexter *1953 £ 3%
ﬂﬂ’ﬂﬁﬁiﬁﬁﬁﬁaﬁﬁaﬁﬁofﬂ’éiﬁﬁﬁﬁgi

Wigner-Witmer £ # % J] > » ,T}u{ﬁ —% R 3 P S B A B AR
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Dexter transfer

diffusion of excitons from donor to acceptor
‘Wigner-Witmer spin conservation rules’
A+B->C+D

total spin of reactants: (S,+Sg) (Sa+Sa-1)......|Sx-S4|

total spin of products: (Se*Sp).(S¢*Sg-1)......| Se-Sc)
reaction allowed if two sequences have a number in common

only singlet-singlet, triplet-triplet allowed
Acceptor

[ eg. phosphorescent
_l:‘——* speed? ____ + i dye )

Donor” Acceptor Donor Acceptor

B 1-4-3. Dexter & & #4540 £ 2542 (B & kX g Prof. Forrest
workshop notes at IDMC 2003)
AREOTF L R A MABRIER T o v a0 ) Forsteri$ 411:E & 7 2kat

£ ## ; ™ Dexter energy transfer?; ;% 3 2 dghk £ 48

Wi

o
=

Qb

z%%
&K
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CERFFIONE ORI ARBIBRERZ T(6~10%) 4 i F R
W e s o i3 H_F] 5 fp >t Dexter energy transfer{$ 4] @ = > Forster
energy transfersiiE A2+ A f-iE > i 2 ¥ KAk F OEFERF L o E AT

Flut it B ARKOBRER AR ER T R R R R

/..\
I
p—
W}
el
o
-
AN
=%
-\1"\'
=t
i
o
S
=
()]
(¢)
|
o
ie)
.
=)
()]
A

RS B A0 - RS kALY e R Rk iR o B
S P A AR R bldo Bl d B A kY ¥

FEEE BRI RS D EES AR LHE AP 8 R A

Flot - A B2 AR H R TR AR AP R
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Mo EdEfRELRES B AR Rliv e A2 PR T A
S P B LR A RE R BRI T URB R I LT RE
Setopk o Ega A AtH EQE, B AF IR S HBEF L E
TOAMALF R FARAEEHL A RDPTFA LA F AR

AL FRFHEITT R A RBED A2 i £ 50F (power efficiency,

.
es
S
=
-
@
%\t
=
o
-alc-
)—L
P
H
a...

AR RABAET F=
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1-5 74k 3 4K

- BB ML R E R T BRF

(- )F PR B30 3 dha i !

N

A
=

$P A SRR AR G B g R RS
BEZTANEET B B RS E o T Fanf T
T4 53 BHELET P E LR L g A

E AR gAY > Fl A S AN R 2 o § e

w

Bk T o ¥R REFRETEAL R AR OER

@ A 4 4p # 4t (phase separation) » &g'® ~ ek & o
(=) ® 0= £ i #e Mi(triplet energy gap, Et) :

AN E - REXTEH A RELR Ry @R

-

Ik

SRS LS EEN BRER ISR X VRN

@ »
o
= »
e

EAAE LRI RSN R E 2 @ g o

e B oA A AN RN g o AR B A o
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I

T, Host Trlplet
emitter Low Eq
\ Host
<D
\ Heat
So —_— So
Phosphorescence

Bl 1-5-1. i Z#ehi £ v 344
?éﬁfé} " ﬁomﬂb P

AR ek F R/ R AR A F L (highest
occupied/lowest unoccupied molecular orbital, HOMO/LUMO)

4o A B8 R K 90 HOMO # % 5 @ # 4 5 LUMO #n

3 TR o e 3 xer™d MO w2 B e [i(energy barrier) 0 & T

=H
4
%
&H
e
-
\_
g
__
=
N 3
=S
(g
&
(=i
W
~
>=i
S
o)
&
A
Pt

T ANF LT AP BT () iR DS
oAt e R §RVAITTF LR F Bk D0

G oo 4o Bl 1-5-2 2



z ) €
o *‘E I ? LiF/Al i3 'ﬁg % LiF/Al % | ke g LiF/A
ITO #&] & ITO Hiq % ITO 7H‘ %
% i & % g B it R
B 1-5-2. 7 I 577 i R0 L0k T

B k0 E R AR L fr i .

FE T BRI e BIEA L BHREL R bR £
HEHES gL RE FL 2T gk E§ 3% 1 Ep>
1 ¥ # ) X © ¢ Z, % ] H L
bis[(4,6-difluorophenyl)pyridinato-N,C” Jpicolinate iridium(III) (FIrpic)
R H ErBaE 2.62 eV Flptérig * 3 Ml an Fr & Jf § 30 -
WES R ELR T T BT S o RIS - B LT kR 3
mET:‘]%‘)Ei;? ¥®mehin-§ 3 2 & $e(conjugation) £ B > A ‘Eiin-§ 3 2
SR E R Ut PEOTER A A UAER AR
LTRSS LIR TR BB A Ea ko B AR ITT R
IS R AR PE A RILH 0 57 AR - LIl E s B
FRp @ sl e L as 52 o - B4 F Er (& 1512 11

HRR A LT R B IR e ] T ET S o bk B R
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U0 @ R F gk B ek (carbazole © TR 1-5-3 =4 Bip)) s A M
CBP’ > CDBP* > mCP'® > SimCP*' » CzSi** > TCz1*...%8 - @3 3 &
® = ¥ #%% (diphenylphosphine oxide > ™ W] 1-5-3 £ ¢ )5 1L #
PO1** ~ PO6™ ~ M** #2 SPPOI'(M] 1-5-3) = K igdt G 8 - 43 h

BHAF ¥ FL 2@kt Lo 2 N g 3 sk 2gp | iE 100

Qoo G, . 0,0

N CB N N 1) N mCP
> Sl

~ AR GEesG 2

58\

SimCP TCz1
CzSi

O —Er *66

C >
Q054 Qi Y
0

B 1-5-3. Tk @ﬁﬂ"t’g’—* @ﬁ%i"]iggﬁﬂi

 1-5-1. LA Bz & i g
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4

>

Et
Compound Reference
[eV]
© 3.65 38
2.94 35
N 3.04 39
N 3.04 40
O-8 O
Il \\
P P
% 9% el
TR M ERRRARIIR T ag el BiEr e, RE
BE XA B R Flm Kt
Hop o

“E

Z

P 5g Bk BT 0 M A
7r s e 3 §8(bipolor host) o &]4e > 2007 # > & i Leed 8 % £
P
g

d 2t £ 4,4°-bis(N-carbazolyl)-1,1’-biphenyl (CBP) =85 ¥ &

-

% = ¥R (CTP)& L2 ¥ 5 (CQP) & 3 4e 2 e
A3

19
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8 % erfac-tris(2-phenylpyridinato)iridium(III) [Ir(ppy)s]
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T s UCTPL AR end & Ak <27 i 51628 Im Whens: £ »x

% o

T OO0

CTP, n=1
CQP, n=2
2008 & - A F ki L% 4 g % g = (spiro-bifluorene)
L %4 > A B (fluorene) F ik P @R F ho FRE B F S o
phenyl-2-benzimidazolyl benzene(4-™ Bl#t7r) » & ™ H f eh~ i g
B 4% 32.5% e k44 HL[(fbi)yIr(acac)] T o2t & & 100 cd m”pE ¥ (¥ 1)
6.9%:EQE * 4.4 Im W'£20 cd A eh~ % 2%
<:E5‘v.u§ GD(E

&> p AKakimoto ™ Paad g £ 7 5 F i ¥
~ B ME @ gk eh= ¥ s=(triphenylamine) & iF & % 2 H(4r ™ B
#7157 )0 I 51 ~ @ § 5 ghphenyl-2-benzimidazolyl benzene - Eﬁ%’ﬁ d v
A A SR e R FEHT S Z 0 B2 LA o A
DM-TIBN % 2 4842326 mol % Ir(ppy);iri ¢ gk ~ 4 ¢ » # 5 < PE

5£3.6lm W' 4 3 %3t % (luminance efficiency, LE) % 8.2 cd A -

20



H
®/N/

R4
O :

O

TIBN: Ry=H, Ry=H
Me-TIBN: R{=Me, R,=H
DM-TIBN: R;=Me, Ry=Me

=z

A% - ¥ e¥§ @ F 3 inbathophenanthroline 5 ‘.*ﬁ S
S48 T ek A2 ¥ g (b WIS )e £ m-C2ZBP & A A
326 mol % Ir(ppy)s s~ = ¢ » H g % & B+ :£18000 cd m> > @ LE

4 41620 cd AT

0 ¥ - P A F4EKido' 7 3 3 ) 0t e e (pyridine » T F)
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WS Bebed (83 0F) DML f 4542 26DCzPPY £2 35DCZPPY > #5 fie

FoRen® + BT F B w488 11 wt% e Flrpichs » 11 26DCzPPY

-

T

» $o kT iE24.3%2246.1 Im W'

Sl

26DCzPPY, X=CH, Y=N
35DCzPPY, X=N, Y=CH

\3;
Rl

FRER |

PR A RS LY e & g £ 0 ek (oxadiazole 0 @ F 3 )il
A B BTk cwbek 53 #8(0-CzOXD) e %5 & 48 8 Ir(ppy)sshs %
Ak H A BEQE® #20.2% » it A% & 10000 cdm”T o v adE
F17.9%50k T 5 @ 2R 6 wt% 'z ¢ gk ZHpF » EQE™ 3 i

18.5% » PE+ § 11.5Im W

0-CzOXD
2009# > ¢ B #GaolE L E AT mF LT BT I
Bathophenanthroline & +% < 4 » & H 4875 > § @ 3% b ebedcnd §
3 (BUPHI) » &% 338% Ir(ppy)seh= 2 ¢ » & A& 10027 1000 cd m™

> ZPEf § 332220 Im W' e 4 3R o



N\ )
N N=
BUPH1




1-6 =3 &4

A R P R AR 2T H 0 R
—+ (electron- w1thdraw1ng)§§ P M ke LUMO » T3 4 2 @R 7 &
e 4 o PR AR IR O ELE 3~ 427 F (electron-donating) £ 0 i &

F A5 BT o Ao B 1-6-1 Ao

PCF POAPF SAF

B 1-6-1. & F s

RO BHRA TR T RIREE D &k 2 ehiE i

(- )4F e A T 21302 chad s
FiFrrapadfmT I P T I A REFLT EHD
A G F A T66~855 2 B o pteh o F]L 31 A R 2 B 4 chi
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BB ERLrF TG a3+ 2 5280 @ %303

P -

23 E g o

\ V>

(=)® HEr
F1% 3 4 R¥(electron donor)E_ = H(Er = 2.94 eV)* ¢
O i+ % sp iR & erpt i 3 i 4 AT 5 2 #(electron acceptor)
=8 - 2 g1t =R B A LR U (2 eI s S -

ARz & A e

—_
I

p—
e

T g ﬁiea]%] e egy fi

Fla A+ ¢ 25 % R+ (electron-rich)en® + & #2244 ¢
+ en(electron-deficient)ens + X R A B &t % &2 T 7 @ ﬁi.,?] R
# fe s HOMO/LUMO st Fg > " =4 & 2. B e [ o

(B)APT P 5 BT B

YRR AFGIFE BT I Y BT E T kR

i R DL FEF] A 5o o R ¢ DI { bechT o

AP AP F Y RED PR TFERT A T AN A
B2 Ca A BidhirT:

(- )A 282
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) ) OQ @* B
0 G0

CBZ1-F2 PO6
EAAY AP LA R BRTFAARO-FA
ek )2 B R T F A B (2 FEEE )G oA F
2,7-bis(diphenylphosphoryl)-9-(9-phenylcarbazol-3-yl)-9-phenylfluorene

(PCF) -
ke F R EE R A 3
1. 29z morgdden@oees® ¥, 0 CBZI-F2 it% 2 #44 »
BRH 8eniEsk LAY Flpic #r# (teh~ 2 7 023 3] 10.2%1 EQE-
2. 2 RARE TP 0 2 B 0¥ ekl AWMt £ PO6 A Flipic 4%
BT AT GER 2 a2 F (* EQE=8.1%) °
BL VA BAI N APIFH L PCF A LA RNES B
kAo K g E- HRA T ERAYHRFTADEUSG DE - FAE

A B ¥R et &4 9-(9-phenylcarbazol-3-yl)-9-phenylfluorene (CF)
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ST

(= )B 254

O &
e, O%e Q0.

OL O OO
STTE G0 AU

ABRNA P A Y - B T F B B = F v=(triphenyl

APF PODPF

amine) k B~ N g A A PCF &1 O-F fivkek A » 2k 25 & & )
2,7-bis(diphenylphosphoryl)-9-(4-(N,N-diphenylamino)phenyl)-9-phenyl-
fluorene (POAPF) 4 3 o F1 & = ¥ e HOMO st FE 28§ % 0 4 V=i
T PR R R B KT O 2 R T i
o RAFIFRME-H TR HF N FILF D~ 22 o gt o A
e B R E TR P ARE R FRABR DR MR
9-(4-(N,N-diphenylamino)phenyl)-9-phenylfluorene (APF) sy
2,7-bis(diphenylphosphoryl)-9,9-diphenylfluorene (PODPF) %k = = * &
H o

(=)C e
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N
0 LI () )
{ O :H:

SAF

A CERA > APt E B Bs POAPF 2 3 ch- ¥R B2 ¥
- MBI A L&A TIFa4 L% FM(phenylsulfonyl) » #  F A
EON A + AE 1 At e - G- = £
2,7-bis(phenylsulfonyl)-9-(4-N,N-diphenylamino)-phenyl-9-phenylfluore-
ne (SAF)~ &+ 2 LUMO % M » Ay 3= £ kil - £ 5
FHNEFRMET 2 fua [H(Q2.71 eV) ik fir T i > e F] 5 SAF E

Wk i D F R % 0 Flm 2 85k (Flrpic) & %_% % [Ir(ppy)s] £ 48

w

VENR T E R A G R B BET 2> o BRI R gk d {oi

Foo Fl gt o A p o SAF B R B a o d

¥

W R
tris(1-phenylisoquinolinolato-C*,N) iridium(ITI) [Ir(piq);] % i* & = ¢ &%
ki T g ghd W 4,4°-N,N -dicarbazol-biphenyl (CBP) %

- B3 A

(2)D #54
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A TR AT A AT R R R
- fEIF A % 8 3% B A2 (solution process) » A_H#-F & + (polymer)*® %> &
E_BH # (dentrimer)™ 73 2§ & <3 # ¢ 5 £ 1% 4 (5 (spin-coating)
£ Ef & Hkr(ink-jet printing) & F 44+ A2 R ¥ - AE AR E 3
TOTREFEASFARFELAH I FETI. 5w
A BE ARl sl R e pE - oy F Rk
EH P ff@:i&ﬁi ElEd R4k o Bl (5= B & (single layer)~ ¢ 5 @
IR R S R LR S LR

KR\ B R NR A KBRS W ES S AR

-
L
LN

R
Rl
e

ik
=

)

s

=H
4y

I

6”34

e o~ Bl aEs @Rk g ¢ e

FREI TR G BRI R E PR AR G # 2

PR F I AIBEA LI NI AF B N R AT E 2

— S RET A E - T AT EFE o BAeN R * 4o B 284 POAPF
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=H

YRR SRt RV R s A T I L PR e
EDNAY AP R @R AR -
Bt POAPF & 2 #end & o pik A it S E 3|8 K ehn i

B XA A AR

30



3
1y
el
p 1
AR
\4
N
2

2-1 &5
e L Ceng | EAT
Bromobenzene St F Acros
n-Butyllithium 2.5 M in n-hexane NI Chemetall
Cholodiphenylphosphine F it = F A | TCI
2,7-dibromofluorenone 2,7-= 57 fik | Acros
Fluorenone il Acros
Hydrogen peroxide (30 %) 2 PN Showa
Magnesium FE 2 Acros
9-Phenylcarbazole 0-% Fhrbrek Aldrich
Thiophenol F A fig TCI
Trifluoromethanesulfonic acid Z 4% 7 Ampe | Alfa Aesar
Triphenylamine = F® Alfa Aesar

Hepqg * A4 7|2 #5855 #8738 ¢ p * Merck ~ Aldrich -
Fisher Scientific ~ % 1 4= Showa % = @ » 72 % it @ & @& * o

tetrabutylammonium hexafluorophosphate (TBAPFs) S e pee fig £
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22 #* KRB

1 s REFR (NMR)

i# * Varian Unity Yinavo 500 MHz - Bruker-DRX-300 MHz % 2.
£ R -

2. ' 3# & (Mass Spectroscopy)

#* i~ FF RY v T-200 GC-Mass > 12 EI & FAB Z P53t
BE A FEAFF &Y e JEOL JIMS-HX 110 Mass Spectrometer
(F ric Ji¥ k) o
3. A% & & (Elemental Analysis)

~F A iR s M A B F &® < 5 HERAEUS CHN-OS RAPID
2 ¥~ % &¢ < Elementar vario EL 10 °
4. &k ¢ k»¥riz (TLC)

i¢ * Merck #li# #5554 DC Silica Gel 60 F254 3|4 % i & -

5. Lk 72
# * Merck %33 527734 Kieselgel 60 (60~230 mesh ASTM) & #

B

o

e

6. #c &£ # 4 + 3+ (Differential Scanning Calorimetry, DSC)

% % * #* SEIKO EXSTAR 6000DSC % Computer/Thermal
Analyzer » 12 10 °C/min == j§ & B 2 50 °C/min "% J§ & & 1§ Jp] -
7. # £ £ & #7 & (Thermogravimetric Analysis, TGA)

i * Du Pont Instrument TGA 2950 % % > &% 5 * 2 20 °C/min
e R sk R R o

8. Bz kFH R (UV/Iis)

33



e * HP-8453 k& 471k
9. ¥ & & (Fluroescence Spectroscopy)

¢ * Hitachi F-4500 g &% o e A s 2 % (quinine
sulfate)c110.1 N Fifiz -k 7% i% (@ = 0.53£0.02)7 5 %4 &8 4 kB ] 3 5
X 10°M ez 2 T Rl £ @ 18 o
10. &k sk 3

i# * Jobin Yvon, CCD-1024x256-open-1LS & 33 i% » £ 7% firsk af &
S5ms s 0 sk AL
11, BkEFF R (CV)

i * % & Bioanalytical Systems Inc. 3|5 100B 2. 7 it & & 47 % » 14
100 mV/s tig B4 ~Ag/Ag (0.0l MAgNO) : 24 248 » ¥ 11 - 548
(ferrocene) = M HE B AL & F 0 o
12. & § + k3 &k (photo-electron spectrometer)

R 3P BT LR 46 b X EF 3R i Riken-Keiki AC-2 67 3 k% » 1 &
B R B2 & o 2FE s (HOMO) ©
13. B &% &

¢ * HTF-30SJ % B % °
14, k%

AL 1 USI01 » E# # 5 5 1000 X > = FH%i>F Aad o
15. % 3 3 mégip

4185 : Auto 168(Junsun Tech co., LTD) o
16. R+ 4 5 B 8. (Atom Force Microscopy, AFM)

&% PN eIk BT 0 12 Digital Nanoscopellla (tapping mode)iB| £ o
17. =~ p

iz * Keithley 2400 Soouce meter ¥2 Newport = @ #7424 & 17 818ST
34



silicon photodiode # iz 2835C Optical meter » @ H & p|2. A~ RIE 5
silicon photodiode ¢ i ip] 7 i #7233k gy T -5k gy g fE 2 F oy 0 F
PEd Fachs ) B d e dicnky A F AR o
18. kd 4 B o F gty

N "\’»‘%‘*%F'H"“? R LB AR B i Bl E B Y o
19. £+ BB & R Rl E

RSP A4S 3 X TR B R R B AR B B iR £ o
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2-3 & %4

2-3-A A

2,7-dibromo-9-phenyl-9-fluorenol

0 5
&ﬂ@%ﬁ@*%%@%”o

2,7- dibromo -9-(9-phenylcarbazol-3-yl)-9-phenylfluorene (1)

'
PRelY,
Br .O Br

#-= & 7 AR FL(CF;SOsH, 2.14 mL, 24.4 mmol)f B ifF 4r:89-F
Akt (5.92 g, 24.3 mmol) ¥ 2,7-dibromo-9-phenylfluorenol (5.04 g,
12.1 mmol)e1100 mL= & P *=;3% ¢ > 38 T #4304 451 12100
mL 4 fes{ i & 4k ? foo 3 4 721100 mL-K 5 B~3 =X {8 A
Feds i > FRIESFIE BT (B e phe fa/m @ = =1/10)

Wit > v e d FHEE 3.74g0 A F48% o
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'H NMR (300 MHz, CDCl;) § 8.00 (d, J = 7.8 Hz, 1H), 7.85 (d, J =
1.8 Hz, 1H), 7.64 (s, 1H), 7.61 (s, 2H), 7.59-7.42 (m, 9H), 7.38 (d, J =
3.6 Hz, 2H) 7.32-7.21 (m, 5H), 7.19 (dd, J = 8.7, 1.8 Hz, 2H). °C NMR
(75 MHz, CDCl;) ¢ 154.03, 145.44, 141.57, 140.31, 138.39, 137.86,
136.27, 131.23, 130.20, 129.87, 128.91, 128.41, 127.84, 127.50, 127.33,
126.66, 126.46, 123.59, 123.41, 122.21, 121.96, 120.78, 120.29, 119.70,
110.29, 110.17, 66.10. MS (EI) m/z: 641 [M].
2,7-bis(diphenylphosphoryl)-9-(9-phenylcarbazol-3-yl)-9-phenylfluor-

ene (PCF)

LR/ E p TR T 4825 M E 2 %) 340 mL, 8.50 mmol)
BROF AR £51(2.61 g 4.07 mmol)s200 mL& -k 2 & rkem 3 iR

s gE B0 -60 °CF F TR B T 3]

L

B K304 A e 2 R

"
e
=
B
N
X
b
wht
Q.
3
F_L
&
[}
)/
Ay
-
|
o
[
&
Py
[—
i
(o]
=}
-
©
()]
\O
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TAE R M4 P oo 281512100 mLok 3 0k F O 0 ¥ 12100 mL
T g F B3 o S URRRAEICE  RRIEGHE MR G
BAIS0mLs & 7 %L 1150mL 30 % F kR R T 5
3P g v Ris > M100mLs & T B =0 F oK ETER4EC
oo R E 4 e B E g B Efey Lk 7(# % > ethyl acetate /MeOH
=50/1)ief74 it > ¥ @9 ¢ FEE2.56g > A FT1 % o

'H NMR (300 MHz, THF-dy) 6 8.05 (dd, J= 7.8, 2.4 Hz, 2H), 7.93 (s,
2H), 7.89 (s, 2H), 7.82-7.74 (m, 4H), 7.69<7.53 (m, 12H), 7.48-7.41 (m,
5H), 7.38-7.33 (m, 10H), 7.21-7.11 (m, 8H). *C NMR (75 MHz, THF-ds)
5 153.72 [d, J(C,P) = 12.1 Hz], 147.14, 143.91, 142.67, 141.38, 139.19,
137.81, 135.61 [d, J(C,P) = 101.6 Hz], 135.53 [d, J(C,P) = 101.7 Hz],
133.34 [d, J(C,P) = 9.5 Hz], 133.12 [d, J(C,P) = 10.0 Hz], 132.83, 131.69
[d, J(C,P) = 10.5 Hz], 131.69, 129.70 [d, J(C,P) = 11.6 Hz], 129.67 [d,
J(C,P) = 11.5 Hz], 129.23, 128.92, 128.36, 128.25, 128.04, 127.38,
124.69, 124.63, 122.57, 122.40, 121.76, 121.19, 120.17, 111.29, 111.00,
67.28. *'P NMR (202 MHz, THF-ds) 6 24.23. HRMS (FAB, m/z): calcd

for CsHuaNO,P, [M + H]', 884.2847; found, 884.2856.
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2-3-B IR &

2,7-dibromo-9-(4-(N,N-diphenylamino)phenyl)-9-phenylfluorene (2)

O
oo
Br 'O Br

b4 26 A B BT ARRA it S5 1l 24 7 AR AR (0.90
mL, 102 mmol) > = % *= (335 g 137 mmol) -
2,7-dibromo-9-phenyl-9-fluorenol(2.85 g, 6.85 mmol)f=100 mL=
Bz He § FHMW3.6lg A F82%-

'H NMR (300 MHz, THF-ds, 6): 7.75 (d, J = 8.1 Hz, 2H), 7.60 (d, J
= 1.5 Hz, 1H), 7.53 (dd, J = 8.1, 1.8 Hz, 2H), 7.25-7.15 (m, 9H),
7.07-7.03 (m, 6H), 7.00-6.95 (m, 2H), 6.91 (d, J = 8.7 Hz, 2H); °C
NMR (75 MHz, [Dg]THF, 0): 155.03, 149.17, 148.42, 146.35, 139.78,
139.24, 132.37, 130.75, 130.64, 130.26, 129.85, 129.33, 128.39, 126.08,
124.47, 124.09, 123.40, 123.10, 66.79; EIMS (m/z): 643 [M"].
2,7-bis(diphenylphosphoryl)-9-(4-(N,N-diphenylamino)phenyl)-9-ph-

enylfluorene (POAPF)
39



&
o
LD
OO
@ POAPF @

POAPF£ = ag,aﬁ:gqu»grz it £ 5HPCF w7 242 (4.00
mL, 10.0 mmol, 2.5 M in hexane)~ 2 (2.75 g, 4.28 mmol)~ = & rxrm 200
mL fr& = ¥ A A (2.00mL, 10.9 mmol) ¥ #v ¢ FE82.69g > &
ET71 % o

'H NMR (300 MHz, THF-dj, 6): 8.02 (dd, J = 7.8, 2.4 Hz, 2H), 7.81
(d, J=11.7 Hz, 2H), 7.75 (dd, J = 11.4, 7.8 Hz, 2H), 7.67-7.59 (m, 8H),
7.50-7.44 (m, 4H), 7.41-7.35 (m, 8H), 7.24-7.19 (m, 4H), 7.15-7.09 (m,
5H), 7.02—6.98 (m, 6H), 6.96-6.92 (m, 2H), 6.83 (d, J = 8.7 Hz, 2H); °C
NMR (75 MHz, THF-ds, 0): 153.30 [d, J (C,P) = 12.0 Hz], 149.21,
148.24, 146.35, 143.84, 139.88, 135.73 [d, J (C,P) = 101.1 Hz], 135.64 [d,
J (C,P) = 102.2 Hz], 133.34 [d, J (C,P) = 9.5 Hz], 133.19 [d, J (C,P) =
13.6 Hz], 132.84, 131.51 [d, J (C,P) = 10.5 Hz], 130.63, 130.04, 129.74,
129.66 [d, J (C,P) = 11.6 Hz], 129.18, 128.29, 125.77, 124.55, 124.33,

122.42 [d, J (C,P) = 13.1 Hz], 66.69; *'P NMR (202 MHz, THF-ds, J):
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25.98. HRMS (FAB, m/z): calcd for CqH4NO,P, [M + H]', 886.3004;
found, 886.3011. Anal. Calcd for C;H4sNO,P,: C 82.70, H 5.12, N, 1.58;
found: C 82.67, H 5.17, N 1.56.

9-phenyl-9-fluorenol

0 5/
-0

poiv gt F SRR Y

9-(4-(N,N-diphenylamino)phenyl)-9-phenylfluorene (APF)

v
Qe
Esa)

Or

APFeng = 4 Frag AR e it 310 = 4 7 A/t (0.90
mL, 10.2 mmol) ~ = ¥7%(3.93 g, 16.0 mmol) -~ 9-phenyl-9-fluorenol
(2.05 g, 7.94 mmol)fr100 mLch= % ¥ *=# tHo J F442.89 g A ¥
75%

'H NMR (300 MHz, THF-ds, 6): 7.80 (d, J = 7.5 Hz, 2H), 7.43 (d, J

= 7.2 Hz, 2H), 7.32 (dt, J = 7.5, 1.2 Hz, 2H), 7.24 (dd, J = 7.2, 1.2 Hz,
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2H), 7.21-7.12 (m, 9H), 7.08 (d, J = 8.7 Hz, 2H), 7.03—-6.99 (m, 4H),
6.97-6.91 (m, 2H), 6.88 (d, J = 8.7 Hz, 2H); °C NMR (75 MHz, THF-dj,
0): 152.93, 149.33, 147.88, 147.79, 141.73, 141.32, 130.55, 130.41,
129.46, 129.44, 128.93, 128.76, 127.81, 127.62, 125.71, 124.43, 124.16,
121.47, 66.53; HRMS (EI, m/z): calcd for C37HoN [M'], 485.2144; found,
485.2137. Anal. Calcd for C;7HysN: C 91.51, H 5.60, N 2.88; found: C
91.36, H 5.58, N 2.87.

2,7-dibromo-9,9-diphenylfluorene

oo
SRR AR Y AT AR

2,7-bis(diphenylphosphoryl)-9,9-diphenylfluorene (PODPF)

VT
;s 220 v
PODPF
PODPF: £ = ¥ ZRag in A8 4 chit £ 4-PCF @ 1 7 243 (4.00
mL, 10.0 mmol, 2.5 M in hexane) ~ 2,7-dibromo-9,9-diphenylfluorene

(223 g, 4.67 mmol)~ = & v%v 200 mL{c4 * = ¥ A4 (2.00mL, 10.9
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mmol) ¥ #d ¢ FHE2.61 g & F78% o

'H NMR (300 MHz, THF-ds, 9): 8.02 (dd, J = 7.8, 2.1 Hz, 2H), 7.79
(d, J = 12.0 Hz, 2H), 7.74-7.68 (m, 2H), 7.62 (dd, J=11.4, 8.1 Hz, 8H),
7.48 (t, J = 7.2 Hz, 4H), 7.41-7.36 (m, 8H), 7.17-7.03 (m, 10H); °C
NMR (75 MHz, THF-ds, 6): 153.07 [d, J (C,P) = 12.5 Hz], 146.33,
143.93, 135.76 [d, J (C,P) = 101.2 Hz], 135.62 [d, J (C,P) = 102.2 Hz],
133.34 [d, J (C,P) = 9.5 Hz], 133.20 [d, J (C,P) = 11.0 Hz], 132.83,
131.57 [d, J (C,P) = 10.1 Hz], 129.73, 129.65 [d, J (C,P) = 12.0 Hz],
129.21, 128.29, 122.41 [d, J (C,P) = 12.5 Hz], 67.16; °'P NMR (202 MHz,
THF-dg, 0): 25.52; HRMS (FAB, m/z): caled for C4,H3;,0,P, [M + HY',
719.2269; found, 719.2268. Anal. Calcd for C4,H;,0,P,: C 81.88, H 5.05;

found: C 81.58, H 5.03.

2-3-C 8 &

2,7-bis(phenylthio)fluorenone (3)
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H#-2,7-= 8 A (3.06 g, 9.05 mmol) ~ BfL4T (2.76 g, 20.0 mmol)

¥ F Fnfs(1.95 mL, 19.0 mmol) ¥ *t NN-= 7 A ¥ A (DMF, 150

mL)® > 4r# 3 130°C T 46 | FF o F s B3R 4T 38

b

L

Y

"

£ 5~ 600mL Z4G-k? > < 2enff d FHA A EpT B

TR fig/it e R S 0 VRS SR 294 g0 A5 82% e
'H NMR (300 MHz, CDCl;, d): 7.51 (s, 2H), 7.43-7.28 (m, 14H); °C

NMR (75 MHz, CDCls, 9): 192.83, 142.51; 138.85, 136.19, 135.19,

134.32, 132.44, 129.85, 129.31, 126.20, 121.12; MS (EL, m/z): 396 [M].

2,7-bis(phenylthio)-9-phenyl-9-fluorenol (4)

FI* 4% 45 (0.37 g, 15.2 mmol)£2 41 F(1.71 mL, 16.2 mmol) & 150
mL ¢ @ #® & & 2 5 2% (Grignard reagent) - £ #-14 & $ 3(5.08 g,
12.8 mmol) #rkip T E W4 » HELQRBHY o BF BAETETHFY
WA 8 pF{S o B3~ 150 mL 42 fr & 1t 4%-K3 7% > 2 100 mL
CEEL e R Pz st M K AR ITR 0 RBRRNE O AT
Fenit & (70 mL)FiE - 7 @i S AR 55080 A F 90%

"H NMR (300 MHz, CDCls, 6): 7.58 (d, J = 7.8 Hz, 2H), 7.38-7.24 (m,
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19H), 2.50 (s, 1H); "C NMR (75 MHz, CDCls, §): 151.62, 142.64,
138.28, 136.71, 135.84, 132.17, 131.30, 129.58, 128.69, 127.87, 127.76,
127.53, 125.62, 121.10, 83.74; MS (EL, m/z): 474 [M"].

2,7-bis(phenylsulfonyl)-9-phenyl-9-fluorenol (5)

oS

#eit & 4 4 (2.58 g, 543 mmol) 7% fF & 70 mL ekl d o 4
30%8 % 'k 30 mL o ¥ 7% 2 80°C T 24 | e F R4 E R
B Em (915 gteforkk o £ 2 70 mL = & T REBw 0 g
R R FRIEG ATFLENE /L e i Bh 7F ¢ F
1276g &% 95% -

'H NMR (300 MHz, CDCl, J): 7.94-7.90 (m, 5H), 7.87-7.84 (m,
5H), 7.77-7.73 (m, 3H), 7.56-7.42 (m, 8H); °C NMR (75 MHz, CDCl;,
5): 152.56, 142.98, 142.55, 141.38, 140.72, 133.61, 129.61, 128.97,
128.47, 127.86, 125.36, 124.64, 122.06, 83.60; MS (EI, m/z): 538 [M'].
2,7-bis(phenylsulfonyl)-9-(4-N,N-diphenylamino)phenyl-9-phenylflu-

orene (SAF)
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SAF
SAF et & % BAFIL A 314 ehit 4 Ltz £ 7 s (110

mL, 12.5 mmol) ~= ¥ "= (4.85¢g,19.8 mmol) ~i* &4 5(5.26g,9.78
mmol)fr 200 mL &= £ " %2 ¥ B ¢ H6.14g> & F 82% o

'H NMR (300 MHz, THF-ds, d): 8:11 (s, 2H), 8.07 (d, J = 8.1 Hz, 2H),
7.98 (dd, J = 8.1, 1.5 Hz, 2H), 7.89 (d, J = 6.9 Hz, 4H), 7.55-7.43 (m,
6H), 7.25-7.14 (m, 9H), 7.04—6.98 (m, 8H), 6.88 (d, J = 8.7 Hz, 2H); °C
NMR (75 MHz, THF-ds, 0): 153.48, 147.79, 147.33, 144.12, 143.05,
142.99, 142.69, 137.26, 133.08, 129.34, 128.72, 128.69, 127.89, 127.86,
127.69, 127.39, 125.89, 124.62, 123.18, 123.11, 122.35, 65.67; HRMS
(FAB, m/z): calcd for C4oH3sNO,4S,; [M + H]", 766.2086; found, 766.2073;
Anal. Calcd for C4H35sNO,S,: C 76.84, H 4.61, N, 1.83; found: C 76.46,

H4.70,N 1.72.
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¥R BEEHEH
3-1A AL
3-1-1 & =304
e
\;‘:{ X Oy 80O
Br Br CF3SO3H/CH2C|2 Br: Br 71 %
Q 48 % Q @ PCE @

Scheme 3-1-1-1. PCF e & = 2 j&
F@Fﬁ@#ﬁ%%ﬂwmw}LLl%ﬁ’i@%¢%%€$ﬂ
2,7-dibromo-9-phenyl-9-fluorenol £ 2 & ¢ 9-F fhebed 4 = £ 7 A
B e ehi v T 2 (% Friedel-Crafts & }@-ﬁh? FritEgrl-gRlen
TRBE MR TRFERF RS RS frE D FABEFF

e B g B b AWt By kg v

FEIPES PCFr 28 Mg HATA LR EZ B EDS NEFS

3-1-2 #PF

4o [ 3-1-2-1 chp @757 0 1 & % PCF chgh 55 #4518 & (glass
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transition temperature, 7,) 5 147°C-* & = ¥ i3 R e it £ 4 CF
v e U F 20 39°C e EBEEMA Fr - FRT ART ALY
B PCF A5 chT G 44 » 5 & A5 %8 { SehA - |t » PCF 2 % &
P e g R P A RRT A FREFEH R e g e R 3-1-2-1 0

TGA 4 15~ 8 7 PCF #4 % # 48 21 >

Nlud

5% % & f2 8 B
(decomposition temperature, Tg) = 440 °C» ot B #4& €5 2430350 &
2 RBESE > p AP RURLE FREBERLS V5o F B

$of 1 & RG] o

o 440 °C
= 80
S
S of
=9y § .
240F 2}
= E
20+ Y50 100 150 200
Temperature (°C)

100 200 300 400 500 600 700
Temperature (°C)

] 3-1-2-1. PCF 7 DSC £ TGA B
3-1-3 kB

T B 3-1-3-la % PCF gk *x v 4 rkea 212 3 573 T i fc

BIarht kBl od A FARMA A T R TR FH AT R 2R T T
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PCF 4 + # Franck-Condon j#c7¥ ik (excited state)? £k i (ground state)
Prerfi it 0L 2 & o F 20 Baxsf k@ Arg FA ARG LY P A
LBk E AR 2T L 374 nm w d rden T L 446
nmo Az % T L 472nm)e A PiE- H hw 4 ke AT 0 2o PCF

ik B 107 B 100 Mo 3 R 3 3 2% o 8% B i sk 3 e ) 302
BT F o W o ",/ffeﬁ i A I % Bk p oS 1 B (excimer)
B H AUE 1 45 & P (exciplex)e 3V RF £ G B IS A R ALY ok ko
B g T A £d > PCF R pEdE & 53 e 9-F Avked LW
BRI OE S FHE AR AR S s F TR T

=
;9

gh’{

#% (photoinduced electron transfer, PET) % #1(®] 3-1-3-2) %1 = - F] ;
FAPMEIPRARERT IES LD PCF A3 &L W X3 &L
AAREFRTER A sl Benin o AP B & Ak et o AR
1T BI(R) 3-1-3-3) » ¥ B3| - apbenh 40 B A K 5 -13200cm” >
SHEASEFLAPHRLLE DB REEEN T FES
(charge transfer) 4§ o I % OIR % - & @20+ chv 60.61 y
3R o a2 T > RE G R F A MO CF A G EH AT Ak
BHkc¥ o H 7 R HT ¥ wUIprfﬁm% P EE(# 3-1-4-1) - B

3-1-3-1b 3 PCF & 77K # i 2-7 v & vk T g 2ak k3o o
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BB ARk Ak g EVEH Er i 275 eVe '3 Er B E
TBeAr ARG RE D F R ORI g sp R e kil 4 9-F
ghoebek o I A FHN2T-8 50 2 FHEE o dopt - RO A R DY
rhek B R R -7 3 2 X BRI B ch Er o @) 3-1-3-1b 0 R
P A e 7 PCF ¢hi% ok &k 2z & (Photoluminescence, PL) 22 H =
# { 3%k (Electroluminescence, EL) Bl o & ' M BRI % #rg 0
% 7 wt%er Flrpic 4872 T > & 'E;/TJ"LHL—, % 2 & # | Flrpic X3z o 4
A% i 28 wt% e Flrpic 438 cnfiiw » H 2k LB im27 7 wt% - K 0 i
FTHP TR AFBRERET DAL E M ERAE SIS Lk
£ o B A0 PCR ana St 2848 0 Rk 3 agp it kA o AP

Bpf o & L LT § RS LR BACGL(AEM) SR ¢ R
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]

AF
] 3-1-3-3. PCF &7 Ie i3 A F d & 3% ke 73 Al 7] (A)ehiF

Bl o Af=[(e— 1)/Qe+ D] =[(n*= D)/@2n* +1)] s & 22 n i w] 4% H)

5 B e

31-4§ - BB

T B 3-1-4-1 5 PCF & CF i¢* CV £ 1 1 Ag/Ag'(0.01 M
AgNO3) 5 %4 § meng M BRT CRBH - Ar § w3z T ok
T PCFIIR- B kp >33 SWOIES FE R dm k)
fHARh T 211 Vv B RIE S B E o BT 3 Loy
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BiLLH CEFTRFHTI1-310V) MR FAMENR o B

=

F9%ZRTahy LT FHEY 0 PCF - CF ‘%"3 VIRAR g 3R
B HAzde T A W 0.99 47097 Vo Bl G H 43¢ R An ke

15 T AB—9-F fhobed o

Afpeig # sk 3 sk 2 (Riken-KeiKi AC-2) % ip| £ PCF £ CF ¥
W AR E 2 HOMO § 0 @ B % A w4 -5.86 £2-5.87 eV
TP iR B or A A B & 4 HOMO 30320 5 €+ 60 9-
FhAebek b o e P E CV R RIS - R od pizd BA
FLUMO 2 2 5 > A PR % A pantd > X4 PCFAS Y >
Fled P EERATET POABE > FAPRE CV AT R T
it [4.(energy gap, 3.10 eV)k & & H LUMO(-2.76 eV),m & CF &~ 3

PSR B R At B AR DR (344 eV) R R

# LUMO & (243 eV) » ¥ #H &5 fmt 4 3141 ¢ o
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/ A

35 30 25 20 05 1.0 15 20
Potential (V vs. Ag/Ag™)

#. 3-1-4-1. PCF {r CF e 12 |4 57

Host Aabs” (NM) Aem (D) Er E, HOMO? LUMO’ T,
c-Hex THF CH3;CN c-Hex THF CH;CN €V) (eV) (eV) eV) (°0)
PCF 293, 293, 292, 396 446 472

275 310" -5.86 -2.76 147
312, 312, =312,

345 345 345
CF 297, 298, 297, 353, 357, 358,

310, 310, 309, 367 372 372
348 348 348

2.88  3.44° -5.87 -243 108

“ Measured in cyclohexane (¢-Hex), tetrahydrofuran (THF), and acetonitrile (CH;CN); ® based on
electrochemical results; ¢ estimated from the optical absorption threshold; ¢ measured using a Riken-Keiki
AC-2 photoelectron spectrometer; ¢ calculated by adding the energy gaps to the HOMO energies.

3-1-5 & g e kL

2 PCR & it &4 CF 5 2 8448 > Flpic & Z #8448 »
9,9-bis(4-(N,N-diphenylamino)phenyl)fluorene (BPAF) 3 7. iF @ ﬁi%l R~

3-(4-biphenyl-yl)-4-phenyl-5-(4-tert-butylphenyl)-1,2,4-triazole (TAZ) &
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R R TE AR A A RS R T R Y FR AP AL e

T B/ 3-1-5-1 #7o7:

-2.00cV
2436V
2766y -2.70eV LUMO
BPAF 3-00e¥ LiF/Al
|(30 nm)| Firpic: m
CF |FArpic | TAZ
[Te (30nm) pCcF | (40nm)
-4.80eV
¥ ls.40ev {30 nm)
HOMO

-5.90 eV -6.30eV

] 3-1-5-1. PCF £ CF s i 3 4f 2a b codp it 1y ]
T B 3-1-5-2 548 Twit% Flipic ~ 2 i 2 B & B ¥ T3 R
TR d BlP AP EFRD - FF AR~ A AH T
FA 2GRS RDEARRETET DTRFARAE R AR
Pei+ CF e it fde k5 P &g ersii4e « PCE = 2 & < EQE ¥
£96% L CFehA @1 1% { £&8ch8H % PE W >4k 7
TR % & HPCF# £ 172 Im W' 2§ 9 CF = # t18.8 Im W

BT — B o

-~
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Current Density (mA cm'z)
Brightness (cd m'z)

Voltage (V)

B 3-1-52.PCF &2 CF ~ 2 chT i g & ~ R R HF TR TH
57— ErE PCF & CF @R T 5 &1 i s o 24 i 1% 7
T F H jb @ vE(hole-only)#? ¥ + H b i# 1f(electron-only) s~ it » H
A T e T
T H fpigiE A it ITO/BPAF(30 nm)/host (30 nm)/BPAF(40 nm)/Al
(100 nm)
T+ H jpEii < 2 1T0/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline
(BCP, 30 nm)/host (30 nm)/TAZ(40 nm)/LiF (15 A)/Al (100 nm) -

AR FEMBEAR > )% BPAF 8 LUMO(-2.00 eV)chi f+ -
PRI nT S0 A FIR B A N HBRIRT F L &
B e a AT FHE BB AEY > Pl BCP K
HOMO(-6.50 eV)IER % i chit » » Flpt 2 it £ B @B g 5 f i
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“15: o PCF "’t’ CF "] ‘*'3 3 }i @_\&aq_, /F?'m9- é“‘t'“‘fohztt’}@ ’ 5‘7]1«““ ’&.?_,
FHBPpSEA 2T mFEr > L2 T2 - K2 » 515 PCF £
T RRETF O FRE A RRAR > FlAa H LUMO(-2.76 eV)+t

CF(-2.43 eV B 3-1-5-1) & & 17 5 033eV> F]pt L ic 7 »a Fev T

4

FaArm AR

Hip@ig Lt o stypk sk (v R RT » PCF ihg

‘}ﬁ%)ifjﬁﬂg kg 0 CF~i23 ciptReNEREM T FEEE 51

(a) Hole-only (b) Electron-only
300 300
O —e— PCF o —8—PCF
£ —O0—CF = —O—CF
o (&]
<
< 200} £200¢
o =
= =
c c
[} 5]
8100} 9100}
c c
g o
S5 S
@) (©)
0 . 0 A
0 4 8 12 16 20 0 4 8 12 16 20
Voltage (V) Voltage (V)

® 3-1-5-3.PCF & CFRFHEBATHFEPGE~ DT R FRFT
Tl

PrbE S e g O F Y A ERB R R R R F Ik A

AR o AP e R MR AERED T3 28 wi%k @I A A

ER% o TH 3154 TIARBRERT > LI RAHTRUINE

ou

2 R (L-V)ehit @) » A3 §8 3 ek A o0 Flpic #8 % PCF ~ 2
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LV AT B A F R I T R H € HEF Flpic
BiRakRE A F 478 > F]5 Flipic 2 PCF % HOMO/LUMO i F¥
A0 F BT ATR 0 32~ 7| Flipic &% & PCF hit 1 & £4p e ¢ 0
RE > AAFRRBRT > RRIEFERG P HE DR > Fla & B0
28 wt% Flrpic e~ i# %+ EQE &2 PE ¥ £ 2 3 14.8%% 262 Im W'
(2R 121l cdm? T )o B sad T m® R HiTHEE H e A 5l | B
72T Bl 3-1-5-5 &2 & 3-1-5-1 ¢ o % 28 wt% 1 Flrpic 432 & » i

%1000 cd m” 1§ * & & * > 2 EQE & PE {7 maEFs 13.0 %2 19.6

-1
Im W™ -
500 20000

D @) () aa

E 400F —m— Firpic( 7 wit%) S 15000k AN

< —e— Firpic (14 wt%) £ S

E 300 —4— Firpic (28wtw) 8 / /.J"""w
> » 10000 a

: ol 2 /./ e

3 £ e

= S 5000} 2

§ 100t .

= 2

O 0 n=0 \ b ot el 1 1

0 2 4 6 8 10 0 2 4 6 8 10

Voltage (V) Voltage (V)

B 3-1-5-4. R 7+ k& Flrpic s PCF ~ 22 2% & ~ & B ¥

7 B e iT @)
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—&— —O— Flrpic ( 7 wt%)
—e——O— Firpic (14 wt%) 4100
—&— —/— Flrpic (28 wt%) ]

=
o

.H
o
PE (Im W™)

EQE (%)

n 1 n 1 n 1
0 20 40 60 80 100
Current Density (mA cm'z)

1 n 1 n 1

B 3-1-5-5. $8 % I )k & Flrpic 0 PCF ~ 2 2_ ¢t IRE 3 22F ~ it &
P TN A P
% 3-1-5-1. PCF & CF ~ i# g ¥ £ L
host PCF CFE
Flrpic 7 wt% 14 wt% 28 wt% 7 wt% 14 wt% 28 wt%
Viarn-on (V)* 2.6 2.6 2.6 3.7 3.7 3.5
EQE .y (%)" 9.6 11.9 14.8 8.6 10.7 11.8
LE oy (cd A 18.8 233 30.8 16.7 20.7 242
PE, 0 (Im W) 17.2 20.9 26.2 8.8 12.8 14.9
EQE (%)° 89(8.4) 11.2(10.2) 13.0(11.8) 8.4 (8.0) 10.2(9.5) 11.7(11.7)
LE (cd A 17.5(16.3) 22.0(20.0) 26.9 (24.5) 16.3(15.6) 19.8(18.3)  23.9(23.9)
PE(mW") 13.0(11.2) 153 (12.7) 19.6 (15.7) 8.2(7.4) 10.8(9.4) 14.4(13.0)
V (V) 4.3 (4.6) 4.0 (5.0) 4.3 (5.0) 6.2 (6.6) 5.8(6.2) 5.2(5.8)

CIE (v,y)  (0.13,0.32) (0.14,0.33) (0.13,0.35)

(0.13,0.32) (0.14,0.32) (0.15,0.35)

“Recorded at 1 cd m™; b EQEax, maximum external quantum efficiency, LE,x, maximum luminance
efficiency, PEmsx, maximum power efficiency; © recorded at 1000 cd m™; the data in parentheses were

recorded at 10 mA cm™; ¢ measured at 7 V.

- HRE o A BMa LAY R RO ERR S 5

(carrier) £ F & ER B € € g2 W 4o > @ FonF gz + A2 o B E
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WERY AT - TRRAL  LgF=
(concentration quenching)e Il % € % F { 4e i E > F @ € 22 T o

e H AP PCrReRBAY > TR EHMIBRER - B4 D B E 28
wt% > s F v g2 o H A8 R FE TG PCF ak|A fr 4R
B i B AR G 2 4T E M Flipic © 5 7 3 F A enipak o R
i A W] #4328 28 wit% Flrpic 9 PCF &5 * AFM %k €87 v 0%
& 25 & (morphology) » & ¥ & 3R e PCF & %i4p 7 L #2 o 4o ™ [
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58 - Riho fpfihs A PET Y B g 8o R
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0.0nm 5.0 nm 10.0 nm

Bl 3-1-5-6. (a) & 4% 2 #2 (b)3% 32 28 wt% Flrpic 7 PCF & %30 nm » £

F AR Rl )AFM Bl £ R

Adpie- Hrt i@t CF 4 45 8848 enfiin o 5§ ¥ Flrpic k&
s 4 2~ % EQE 7 8.7 wt%:11 8.6%3% v 31| 28 wt%e111.8% ; * *®
HE v B3 F DT F K Twthd16.6V T %3] 28 wthor1 5.8V
(iR 10 mA cm’) » F1 5 2B kR hFlpic BB T » T3 ¢ 2
i1~ 3# LUMO 0 Flrpic(-3.00 eV)d % & & Flrpic % @ g > #f
MR BT @ CF & A $reds a8 28 wt% Flrpic (7 AFM
Bl o 4ol PCF - o dAple T EF DL G (5 Hiedd o kR
RMS & % 0.39nm @ & 325 036 nm) iz % v #F H EQE

PR R Y H g%k > ¥ b i bgon PCF ac 3 LB Flpic #RER

LR LT Wb BT ¥ CF i) -
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3-2B ¥ A&

3-2-1 & %34

@ 1. nBuLi/THF @,,:Q
2

2. PPh,Cl

@% o : :
o O 3. Hy0,/CH,Cl, QFQ %@
BrBr CF3SO3H/CH,Cl,  Br Q'O Br 71 % @ Q.O @

0,
82% POAPF

P e
Q.O CF3SQ3H/CH,Cl3 Q'O

75 %

APF
ik
OO 3. HyO/CH,Cl, o O@
Br Q'Q 78 % é] z@
PODPF

Scheme 3-2-1-1. POAPF ~ APF & PODPF ¢ =32 j&

Bt 4 p &~ + POAPF & $+ /% » + APF 2 PODPF 24 =i /2
4 Scheme 3-2-1-1 #r 1 » % & B = /}% & =
2,7-dibromo-9-phenyl-9-fluorenol®™®  ~  9-phenyl-9-fluorenol® 2
2,7-dibromo-9,9-diphenylfluorene™ ’ 7 #-
2,7-dibromo-9-phenyl-9-fluorenol ¥2 9-phenyl-9-fluorenol 4 %] £ = F i

Bz &7 HE et T8 {7 Friedel-Crafts ;% ek 7@,7%? IR
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Ry 28%Re 3+ APFe 3 = i3 0P 4 3+ POAPF & 4 &~ +
PODPF R & 4] * ¢ 4 2 & 2,7-dibromo-9,9-diphenylfluorene 4 %] £
AL MRETREANFEENERF B frr V- FRIEFF
BED Zmen? Bffs AR RSy B s kg i

T 7 oo

3-2-2 ML

A BE A~ A7 R (TGA) & e £ 4 #5 + 3+ (DSC) % # 7
POAPF - APF £2 PODPF 4 & g i = f5d TGA £ £ ] » 5 i 5
Wt sl B M s FHEF ABE © ) POAPF & PODPF 4 =
RIRRE A S%BA fRE R 0 A B 466 2 428°C o Fp L 4 % #AE
T POAPF &3 i * Bz M AHELAUELEp, 7@ d 7o+
Afpg 2 enn 23k 47 A+ FEAME R A AL Ko
T [ 3-2-2-1 POAPF £ 4/ i* & 3+ APF~PODPF ¢ DSC | £ B ® >
CAFAF FOBRBRE AL I0CHLFRERT N E D BhAd
#3507 BRI PP R R IR AR R A B 5 129482 £ 120°C-POAPF

R BESEREE - BAFY KE iﬁ s BE T T BRen127-87 O-BE (- ¥
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T G g sk ok A S B eadady > Fla RFORBESER o F
= POAPF 3 ch# £ A B BESER 27 Tt &~ 2 iTER

ATERER R P A iR T > 07 POAPF 5 A fah i v ARV U A dE g

— POAPF

----- APF

—~——

9 =
Efo ... 82°C
OEFE @ T eLleeecieccceecaiacalL L.
e
8
ey AL A _ 120°C \

60 80 100 120 140 160
Temperature (°C)

] 3-2-2-1. POAPF + APF £ PODPF 1 DSC )

3-2-3 X E I

Bl 3-2-3-1 5 POAPF -~ APF & PODPF %% o3 & e fg 27 3%
SRR o AP RE ek B s 4 B R E Bedp BRI e T & 3-2-3-1 0 AR
3-2-3-1a ¢ > POAPF %3k e *x efms ok 3 % 7 7 APF 4 PODPF A

(W] 3-2-3-la | MI0A) fedp e 6 T S & {8 e R E o
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Bt 2 PR3 pdteF R L 0 SRA T A £ F] 5 - APF &2 PODPF =
JekFmM e EPFEEAF B 7 Rk (2 o oS % &t APF e07
F "% PODPF g & X8 2,7-80=- T /4% R a3 ¢ |
(chromophore)z. fF ¥ % ¢ 4p 3 258 o gt #b » POAPF sz k3% # 2
€ X AR PR M Bk kE g < k£ T RS B TR
¢ M2 442 nm fo A D B &% A& ¢ % e 554 nm( ] 3-2-3-1b) o

4 POAPF 2 3 &7 Fia &% b SRl £ TRl 8 7 2 s £33

o

(excitation spectra » B 3-2-3-2) - ic & 2 ik B (10°~10° M) & H %

SRR Rk BT TR D s ey S Sl i ) 4
T g B ATk ke A o Ft o AP E R 3k (7 L R FT Rk

RE BB IO D R T > 75 ¥ - s Bt
APF 22 PODPF H rx g3 k2§ AT ‘}Z’ﬁ A el o 4 (B

3-2-3-Tc~f) °
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¥ 3-2-3-1. POAPE ~ APF # PODPF &% ki3 4T [ 2 %(0): ¥
() = & rtva(@); = & 7 *=2(A)& 2 3 (W) Jg 2ok k3 o p

FEEE B AR FRE 2-7 w3 oekvm ek kG

1.0} _ @ 10}t (b)
a \ abs abs
0.8 \ - - -monitored at 400 nm 08F, \ = —monitored at 450 nm
— - =monitored at 500 nm

—-—-monitored at 450 nm .
= - - monitored at 550 nm

-------- monitored at 600 nm
in THF

o
)

0.6 —--— monitored at 500 nm

\  incyclohexane

Intensity (au)
o
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2 04}
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£ o2} 0.2}
0.0F oo}
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B 3-2-3-2. POAPF &(a)k e "2 22(b)r & vhva T 7 b Rl & s

813 ek 3
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#. 3-2-3-1. POAPF ~ APF £z PODPF &3k £ |4 7

host solvent Aabs [nm] %[e;n%ax Tobs [ns] @
POAPF cyclohexane 293. 305, 315 442 83 0.12
benzene 394, 306, 316 473 23.5 0.10
THF 294,304, 315 515 24.0 0.07
dichloromethane 294, 305, 315 517 42.5 0.06
acetonitrile 293,303, 314 554 16.7 0.01
APF THF 309 366 2.1 0.13
PODPF THF 295, 309, 321 345 1.9 0.98

T Bl 3-2-3-3 . POAPF & + & 5 fa7 e &L 185 & 7T ik <
o Hodtia AR F] S (TR f1 * ¢t Bl 22 Lippert-Mataga > 42 5% (3
1)F % POAPF F|% il # @ A 4 frkick chim 5 B0 T — T34 -

5 — pyvec 2 -3 - \2 -3 1)

v, =0/ —%(ﬂe—ﬂg) 7 Y I L (

LENOMEZVE RV AESAR RS 5 385 STy St U
bti ~;ac/4a\g7,1! * e /';\r:f it Sr;‘;}g"r('p“ d }%] P:}'@Sm fa)ﬂ’lﬁ*\”‘{%,ﬁ;ﬁ:ﬁ

T L @ v d B3LYP/6-31G Azt % md mat B R
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j’l;‘%‘ 7.4 ’ r‘&ar’ﬁ%#ﬁia r»" :E': ﬂm@:}é:?}i Afﬁ,.(%f;l‘?l
223 T e AR S R G

v e—1 Aol
A = f(6)— () = e 2)

26+1 2n"+1

Q)Y e EB M T K Beoon PGB BadTE S o d B 3-2-3-3
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¥ 5 41 POAPF &7 i3 #| ™ 00, 21 Af i § 2 AU R 0 2 4L 5
5-12300 cm™ > F]pt o A E 2B I H g L AL B RE LIRS
# 22D #APEF L POAPE & + dic k(7 3 £ AR T+ 45 4

B G AL P Ml RER el L K

cyclohexane
22} cCl

4

benzene CHCI3

ethyl acetate

18f CH,CN

emission maximum (x10*cm™)

0.0 0.1 0.2 0.3
Af

Bl 3-2-3-3. POAPF % I3 A1 $ 3k it #c¥Hia A& (Af) e iE

)

S

T W AR T POAPE & 3 7 e R A Tk (7 5 e 4 F

F 2 1 F POAPF a2z sk (7 5 dg H 2 kRT3 BH P4 P8 o

A i % pF R Ap BE GBS 25 #ie(time-correlated photo-counting) e ke 3k
T_POAPF % k3 4 fo& JE b 4 5§ > 10T [§] 3-2-3-4 POAPF ez

arkwm P ERRFAS S N & 0 A 350nm T SR EE T 0 4w Al

£ 5 400 2 515 nm ELE R 0 APV 02 (F Bk
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ER A 400 nm FF o H g fRd RE 4 25 B H 3 8ok R (single

exponential decay)e 4t > H 4 & 2 W 5<ISps ¥ 24ns; @ F R i
A E SIS nm) s AP R R ERIFIA AH S 24ns ehE R o x T{;” :
4 &I<15ps ek §_F L it & £.d Franck-Condon % ik S5 -1 &b

R TR R N ]

@ A 24ns ek g d R

<

N

Bl Bl EFERLAS T PN ELE- D AW

"3>S-

fais orid
P ipHEFARTIFIESBR R ET NGRS, F] L A POAPF & 5 ¢
TG HAR = FRA g RIR S SHAR 27 T

oo 4ot & 3:2-3-1 #m  f% & T POAPF ey & 4 & f &

T NN L) B T (3)
I # 4 3-2-3-10 A PP 2B 5 POAPF A 3 il zh & k4 S 4
. 70~1.6 ns 2. & > 4p >t APF & PODPF 4 =+
dopeE A A Ko Ft et e kv AT A Yk Ay

TR 5 o suER 218 19ns o

e --)

Bk % RT3 A e 2100% » POAPF % 5|33 )% j2 2.

—\\

g

kg F A AR A TR L = 0.12 ] B &2 4 a30.01 0 4p
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Bl 3-2-3-4. POAPF o & vhwa ¥ ch%f f2525(a) ik £ 400 nm ; (b)
A E SISnm TR o 4B (SR E Kk p ot R Bk &

(350 nm)

ptekb > d T §l 3-2-3-5 > POAPF #4378 7 wt% e Flrpic & » % i

FELER T Flrpic ek » 87 B & i+ e £t 2 274 POAPF i
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# 3] Flrpic k%% o @ &= £ 3 > 6 > o B 3-2-3-1 p cnMUE B
k%A 7 428 3 POAPF ~ APF 22 PODPF ¢ Ep 4 5] % 2,75
2.88 22 2.76eV o 55 POAPF 500 7Tk 9 85 1= % sp iR = #ud ihpl &
MR PR 2T PR P R tRiA F AR R DIEETZ F
B DT-C FREF PR n-TF 2R AP F hEp T

POAPF i; § »c#h

\\\
N
(m’r

fi e chi £ @ % Flipic © @ 4 i £ v @ ¢h

S %E);}b i °

1.0 —a— 1 Wt% Flrpic in POAPF
—&— 3 wt% Flrpic in POAPF
—a— 7 wt% Flrpic in POPAF
0.8} —— POAPF

0.6

Intensity (a.u.)

0.4

0.2

OO 1 N 1 N 1 M R
350 400 450 500 550 600 650 700
Wavelength (nm)

@] 3-2-3-5. POAPF & H 328 7 7 )k & Flrpic 7% %7(30 nm)3x 3k & ¥

(A & 335 nm muEw)

3-2-4 T EBF
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§ V% =% T POAPF 22 APF R I4p e ¥ 5 § (L3085 3
Fkp = *_{Hrrmig‘;gk(ﬁ 3 ibdqedem A b5 046 2 042V); 0 A
£ ¥y @A 3 PODPF ¢ > FH § it 2842480 £ 49(1.60
V) mizplE om w3 AR R T 24 Bl Y - POAPF
27 PODPF % RAn v i B R3Ls » 3 & § % p ¥t 27- - 4§

P ooom HBRAZAAR A W] 5-240 2242 Ve jpk s & 27-8F

$FiE R BROAPF 23 5 TRBRT =30 -3.30 Vo vk a2

Iy

Moo d TFRFBDEE G R Fd FIk OB sp R e
Rz FIRE 27 ¥R R RT RGN T DF RN
LRRT o FoEsn Pk 9 S E i § smady W[ 8

ik d o RSB RAFAQEE n A BT B

M 110 pA POAPF

N 110 pA APF

i % 110 pA PODPF
Z N\

3 2 1 0 1 2
Potential (V vs. Fc/Fc)

Current (uA)

] 3-2-4-1. POAPF ~ APF 2 PODPF 1§ i 2238 7 = B3
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# 3-2-4-1. POAPF - APF 2 PODPF 1§ i 8 [

E onset Eonset
ox red HOMO LUMO EgaCV [C] Eg,abs ET
[eV] [eV] [eV] [eV] [eV]

Host
[Vl  [V]
POAPF 046 240 -5.26 -2.40 2.86 3.59 2.75
APF 042 N/A -5.22 -1.62[b] N/A 3.60 2.88
PODPF N/A 242 -6.15[a] -2.38 N/A 3.77 2.76

[a] Energy level calculated by subtracting the optical energy gaps from the
LUMO energies. [b] Estimated by adding the optical energy gaps to the
HOMO energies. [c] Band gap estimated from CV results.

§eb > Aqen g % B3LYP/6-31G*4258 © 4 POAPF ¢ HOMO

Zihe ipthehg R B T FRIE gk £ - Repe A Z FARY
B % ehis FE S -48 eV K E @ Z 0 HOMO/LUMO » ¥ #-% % 4
P54 3-2-4-1 ¥ Bl 3T B 3-2-4-3 2 cp i FEBI(H ¢ Flpic
ShRc FE R B v;;ww DB R PR ER) AP T - #4a% POAPF
22 APF &2 PODPF Apfi™ » cdugic P PE§les 2 3+ B2 Tk il » > 3

LERREs G Rl B - e - S RV el s s L
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@] 3-2-4-2. POAPF % HOMO ¥ LUMO 1§ + 2 » % [l

-1.62 eV
-2.00 eV
-2.40 eV -2.38 eV
———————————————— 2.70ev LWUMO
-2.50eV
_ LiF/Al
BPAF :g:':; RS Pl -4.10eV
(30nm} e PODPF
ITD (30 nm) | (20 nm) TAZ
—_—1 (30 nm)
-4.80eV (40nm}
HOMO -5.26 eV -5.22eV
SO T
-6.15eV
-6.30eV

B 3-2-4-3. % Twt% Flrpic 42 /8 & » » 42 POAPF - APF #2 PODPF

AR gk AR A P B

wi

3-2-5 & it T pE R

i

1 3% POAPF ¥ 3 B4 RiH et » F & 0 A gl ie
TIEBETFEWOEAE B A BT

S+ Hpag it
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ITO/BCP (30 nm)/Host (30 nm)/TAZ (40 nm)/LiF (15 A)/Al (100 nm)
Tk EpEEA
ITO/BPAF (30 nm)/Host (30 nm)/BPAF (40 nm)/Al (100 nm)
dofe A A 3-1-5 & ¢ andcit 0 AR G H BB AR 5 A

* BCP #73 /& HOMO (-6.50 eV) Xk [edg+ 38Aa cng FiE » ~ 12
Pom R R E B2 Bl 8 %] 5 BPAF 0% LUMO (-2.00 eV)
F ek TS o A [Host]% 7 i+ POAPF 218 24 3
APF 4r PODPF » # | 5 ¥ 5 438 7 wt% Flrpic 22 & ¥~ 2 § |10
o APLAFE TR * 3 B(&EF Flipic)~ 2t B o 7+

H @ vE L 2 k(8] 3-2-5-1a) » APF ehd2 457 /& (turn-on voltage) P
kvt POAPF & PODPF 3 o &8 Fl5 APF &7 = F#k3 R F A
2 TAZ 2. & 4 % et » it R (1.08 eV)#r 33k ; 4p¥ 2. 7 > POAPF
¢ PODPF .7 + Hp @i~ @ L M AT en R in 43 F] 5 B P &
BRI AARDET T FE(F- TR GFR) . A HTFE
B @ yE it K (B 3-2-5-1b) PODPF F] % 4 7 @ 7 ik eh= ¥ =i
22 BPAF 2. FFeng 4 3 eyt » i ff(0.75eV)> B3R 7T Afple TR T 1
POAPF =t #_APF { - ehg /"% & ; @ POAPF & APF 7 F H jb

GEAE P EBSAR OGS TR PERE G AR BT 2
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Fiah o BF¥F AP R aBRFlpic A~ RPP T HT T H
Wil yE A 2 k(B 3-2-5-1a) > ¢ * POAPF ¥2 PODPF 3 i #gpF - 4%
MBEERERABNLYVE ARG+ % h%it > ¥ L33 Flipic % € #
R RE R M F1 L A ke 2 4 LUMO it 1 4p 1T (POAPF
=-2.40 eV; PODPF =-2.38 eV; Flrpic=-2.50eV) o e jp e Fig *
APF(LUMO = -1.62 eV) & 1 #if= » 422 % LUMO £ Flipic §% § i€

FE MR R E MO BT F e s o om FR VW AP RS

FETRIBS

=1

HLFEDBE~E a2 (B 3-2-5-1b) > $BR E 4
Flrpic $f POAPF 7 APF = i% $1 3 i i1 » § #r4]2c% » F] 5 Flrpic
£ HOMO(-5.60 eV)#GE ik i o &% PODPF(HOMO = -6.15 eV) =~
#m 2 > Flrpic e HOMO F m ¥ » m MR TINBE AR/ IFTT
BTG A adBR o R S B2 2R Flpic (hdg ~ § BT E L K o

Tongt s Ehd BT FlR R A A S INs gk B
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- 100 100
o (a) Electron-only « (b) Hole-only

% 80 | —{——a— g 80 N

< POAPF < —o——=—POAPF
= e = ———&— PODPF
> 0r  apr >, 60

$ 40} PODPF S a0}

(] [}

a) a)

T 20} G 20t

= S

O O licssccsssscatlolassssih

0 0 NTaer
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Voltage (V) Voltage (V)

Bl 3-2-5-1. POAPF ~ APF & PODPF z_(a)% + ¥ b2 (b)% ok 8 Jb @
WAEPRNRREFTRICE - F S BIp B2 BR D 7 CBIREE A

%% 7 wt% Flrpic s~

BEOAPR Y LW POAPF R & § ¥ chifd pisk
%48 Flrpic & %l ¥ = 2 44 5 ITO/BPAF (30 nm)/EML (30 nm)/TAZ
(40 nm)/LiF (15 A)/AL(100 nm)eH % & % L < 12 > B¢ EML % 7+
POAPF %8 7 wt%: Flrpic £ % = 2 ¢0% % & ; BPAF 22 TAZ A 4|
TLEKFETF @Ek R PET) S BPAF & TAZ £ & o Ex(BPAF =
2.87eVs M H A MGE FME 2-7 A & e ik kia g e @ TAZ
=270eV®) T i i T IdEA o B A ET BUAT KR g
AT QIR A kAN A e S R A hy

B e v B 3 ARk i ,?%f# » e 12 APF ~ PODPF &2 & %ot
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¥ * ¢ N,N’-dicarbazolyl-3,5-benzene (mCP) & i # e it o 4r
3-2-52 A chT BRET I HA L AR DIEH AT 0 e ERHR
POAPF p# » F] 5 POAPF ¥ r 3% # M e [F 17 5 T o P

Ao i Rt R ET o HIETT R A= H 4 APF - PODPF

By imCP ReniK o f e » 4 POAPF =~ it 7 » fix i el 17
TETREAIG DT HA P T LTI HTR LG kA T

Bz FlE R Y O R B R R kg Byt MRRT

ie 2 4t APE ~ PODPF 22 mCP { & 0% & o

500

- L 7 wt% Flrpic 10"
5400} —=— POAPF <
~\\B {10° ©
=300} —~— PODPF )
2 | ——mcP @
= 10° &
o 200 F =
= | ] ®
§ 100 | 3 10' @
5 ]

© ] 0

0 0
0 2 4 6 8 101
Voltage (V)

] 3-2-5-2. POAPF ~ APF - PODPF & mCP 2 2. T it % & ~ & & $4

7 B it @)

] 3-2-5-3 5% % < 2 chEQE # PE $1 75 % & chit ] » 3imin
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A gt £ AT 4 3-2-5-1 ¢ < # ¢ POAPF < i & 0.07 mA cm”
HF AR 24cdm? R AT > EQE ¥ % i 20.6 % 0 &2 APF(10.8
%) ~PODPF(13.2 %)% mCP(13.2 %)%+ P8 ‘e Apdiez. ™ » 2 #37  »
FARE RIS LB 20% 0 F L@+ 3 48 POAPF gk
LEBA R PR g kR hT e B4 F g ke o F
POAPF ~ i i< erd (T F B2 3 (hEQE> % {7 H & % PEV i 7] 36.7 Im

Wler g 4B B 100 21000 cd m™ > H k& 7+ 7 4w i 4 20.2 %

(33.8 Im W) 18.8 % (24.3 Im W )&hark & o

100 —m———r———r v 100 f———rmm
(@) g E (b)
[ : ;
. 10f H~'\’\'\-\_\ —
SN . ] =
g L 7 wt% Flrpic c
w 1L -=-POAPF \LI-J/
E  —o-APF o
b ~~PODPF
r <-mCP
01 PP | MY P S Ol PP | PP | PP
0.1 1 10 100 0.1 1 10 100

Current Density (mA cm'z) Current Density (mA cm'z)

B 3-2-5-3. 12 POAPF ~ APF ~ PODPF & mCP % 1§ d gk ~

N L
S

E v AR PIVEFRFHTIRFR S b)i EoFHTIE

&

%3

I

1T [B]
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% 3-2-5-1. 12 POAPF ~ APF ~ PODPF 2 mCP % 2 #8 e d gk 3

host POAPF APF PODPF mCP
Va] [V] 2.5;3.3; 42 3.0;4.1;5.5 3.9;5.0;6.3 3.8;5.3;6.6
EQE [b] [%] 20.6; 20.2; 18.8 10.8; 10.6; 8.7 13.2; 12.9; 10.1 13.2; 13.1; 11.2
PE [b] [Im W] 36.7; 33.8; 24.3 16.9; 14.6; 8.9 16.1; 14.3;9.0 14.9; 14.1; 9.6
LE [b] [cd A™] 35.4;34.8; 32.3 19.2; 18.9; 15.4 23.0;22.6; 17.8 23.7: 23.6; 20.1
CIE [c] [x, v] 0.13,0.27 0.13,0.28 0.13,0.28 0.12,0.29

[a] Order of operating voltages: 1, 100, 1000 cd m ~. [b] Order of measured values: maximum value, then
values at 100 and 1000 cd m 2. [c] Measured at 7 V.

POAPF ~ 7% 7 i fe PFR L 2 L reeidr b > H g o
Rl T N IR O R R e 7 zm%§\+ B B AF kg o H
3 TR SR R kK (] 3:2-5-4)it st A P AR Y B

B3 B~ 2z 3k & 474 nm’ Commission Internationale de L’Eclairage
(CIE ¢ A& 48)%0.135 027 % fi *t Flrpic % > ¥ 323 # # k

ik > ¥ L BPAF & TAZ FE R ic 33 3 »xenEsl R 82 2 F et > o

N

Aot g e P LR Ak e
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[ POAPF:7 wt% Flrpic
;_\ L
f.d/ B
>
i
S 2
% 9V, 17615cd m
o 7V, 14553 cd m”
w 5V, 3252 cd m>

3V,23cdm”
400 500 600 700

Wavelength (nm)

] 3-2-5-4. POAPF < (% (e 7 o4 (v TR T 17 s & k38 B

bbifens B 0 o R 2 £ RIS fREL B L B

i - B2 4R~ o F AR A

]

F% @ a4

\

FE#- POAPF 3 (F 1 A4 428 T+ @& (7 4o TAZ T+ B8 §
2 LiF £ 371~ )R 8 % < & 0 8 < % 245407 : ITO/BPAF (30
nm)/POAPF: 7 wt% Flrpic (70 nm)/Al (100 nm) - = B] 3-2-5-5 % »* &
k ~ e EQE & PE 3 i3 & chivH > # 5+ EQE & PE 7 i 7|
172 %2 21.2Im W' > & &2 & 1000cdm™ ™ » 73 17.1 %2 14.9
ImMW!' o B X R it 5 A AT o ok G BB TR 0 BT A
L5424 TAZE LiF B > 5 & 5 2 60§ el Loy L g 7

7t & F4Fi% 78 (quenching) 54 % » 52 @ gt »c 2 5 ¥ 2 APF~PODPF



%

FH @2 e ®lliem X ot (% 3-2-5-2) 2 i E

4=

d

G 1 A B4 POAPF Hfahm £1 g v o

S T+ s
A 3
10f -
— E 310 -
g 17
W | Al@oonm) | 1=
O ] A
w1t POAPF:Flrpic (7%, 70 nm) 11 L
BPAF(30 nm) .
| ITO Glass |
0.1 1 10 100

Current Density (mA cm'z)

Bl 3-2-5-5. POAPF f & = 2 ¢k 3R s F e iy 223 HT IR AR D

,,

EF - P ER AR

% 3:2:52. ¢ k¢ @ % Fhpic %M~ idocd

At 100 cd/m’ At 1000 cd/m’
Maximum Maximum
Host EQE (%) - | PE(Im W) EQE P EQE PE Ret
(%) (Im W) (%) (Im W)
CBP 6.1 7.7 n.a. n.a. n.a. n.a. 16
mCP 7.5 8.9 n.a. n.a. n.a. n.a. 16
CDBP 10.4 10.5 n.a. n.a. n.a. n.a. 30
CzSi 15.7 26.7 12 16 n.a. n.a. 32
TCzl1 14.7 28.4 13.5 17.2 n.a. n.a. 33
SimCP 14.4 11.9 n.a. n.a. n.a. n.a. 31
PO 10.1 25.9 n.a. n.a. n.a. n.a. 70
DCz 9.8 15.0 n.a. n.a. n.a. n.a. 71
BSB 14.7 7.4 n.a. n.a. n.a. n.a. 72
26DCzPPy 24.5 50.6 243 46.1 22.6 34.5 46
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3-3C R4

3-3-1 & 2A

O%E”SWQ -

2% 90%
o HO

O
H,0,/AcOH O Q
95% @ 0.0 @ CH%/CESJ;H QS 'O SO

82% SAF

Scheme 3-3-1-1. SAF i34 = i &

e R KE L kg o CA ISAF & + 282 A~B A 0A % 2 4p
F ¢h:PCF 22 POAPF £t #7 e 2 3 A4t A F k> L s
tPEEFA A ACIL I SAF & F Bl E_ AR-27-2 8RR A
B ARk fedr iz T ARE R 0 AR 2 FAR £ 30 B
FOORTREHF B &L L ASHEF R MV B
FAEE LA FAXET SEE L F Bz BR300 B
5 ) RSBz 3w Friedel-Crafts ¥ &3+t = ¥ 23 HTE

#3 P &4 SAF -
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3-3-2 MM T

Yo B 3-3-2-1 #4070 A g d BE 24 R(TGA) & Mo L #rds + 3+
(DSC) % # k] SAF s+ 7 o & TGA ch8 BT » 2 72 3L SAF 1

5%E 2R R B E430°Co 247 SAF TR AR T M RIET AR
PP T R AR PRSI ILD 3 D L R
Fmo e d MR ME R LM E FE 2 - /@ & 248 10°C 1
B R 5073 280°C &R R %R DSC Hfids B Y - ¥ i Eh
3 I SAF ek S 4% 8 & £ 127°C> v+ CBP +162°C” § 7 #4373 3
25 o etk B aplBESE R LR LFZ & SAF SR 2R K

Hhz 3'RAFHAR BREMA T HT g2 A3 7 F 53l
SR o B v B g g e B IREN B KRG B Fl A
BiEiTAL R PAEROPpRC AL ARIRRE IR

b3 fehd Fo gt b o SAF e B epiEfed o B 1) 280 °C 30k R

g

& > B SAF dur - B33 % 5 2% o
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=
o
o

430 °C
/-O\ 80 ™ T
S |

(&]

2 60 £ 127 °C
1 | B V
= £
S0t 5
G) L 1 1 1 1
2 Y50 100 150 200 250

Temperature (°C)

0 N 1 N 1 N 1 N 1 a 1 ry
300 400 500 600 700 800 900
Temperature ('C)

Bl 3-3-2-1. SAF e DSC £ TGA Rl

BB HEF L SAE G 1B eng LR R AR AR

SAF #:2 7 wt% Ir(piq); & %30 nm > & 5 F4E s L FIAH L)
i g2 CBP et e > 2 90°C 2§ § erdk i ™ % 12 ] p5 > 12 AFM
Wt S Lo ) R T o 4o ] 3-3-2-2a #2 b 47 0 SAF hE
BB BT A e o R G AR R 3 51T (RMS) g
& w5 0.42 22 0.45 nme4p >t CBP & %5() ¢ &2 d)> % :§ @ CBP
hiom A4 Bed B & Fin > 2 RMS Ed X443 ¢00.57 nm = 7

18.6 nme X Eg e SAF ¥ AKX E PR ehg BIRB A CBP 7 {7 |
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[ -
0.0 nm 10.0 nm ] 10.0 nm

|
0.0 nm 10.0 nm 50.0 nm

LO nm

! - 0
0 2 S3um 0 1 2

0
3pum

Bl 3-3-2-2. 4598 7 wt% Ir(piq)s 5% 9% AFM Bl(a)SAF % % ; (b)SAF

¥ (55 ()CBP 4w (d)CBP %% s

3-3-3 X F

4o ] 3-3-3-1a #$ 7 > SAF 4 A ~ B 284 &7 PCF & POAPF 4
R ARTIEHBIEE 2 @Ak £ AR
fo ek 3 NE F A AR Se & F BT ehie A TR B (& 3-3-3-1)0 H
bR T ek kR A10M E] 100 M £z F F LA gt
B OEow R H B B TR R B R F BRFA (R 3-3-3-2 SAF &

Gt G ke 3 A B TP b kb R o2 g k3L b)) ?#“f

et
S
K
X
&
T
>_L
o
A
’
h
bt
]
e
ﬁm
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Lig & b gp s P OH Bk ok



ket Bo¥A et T B (B 3-3-3-1b) 77 fadF Lippert-Mataga > #%
NENEER % 0 HA T 5-14240 om0 T EP SAF sk i i f chiF
AT TR DR

pLeb s od SAF GE SR AR T %k ¥ In(piq); PR fc e 4 £ Ap (]
3-3-3-1) > A i e TR SAF (hH £ f5 S ¥ Y ,‘{ﬁf d Foster it & @:iE
SR 30 0 F o Bei £ B Ir(piq)s XA Ir £ £ R o 0
ZE R R AP T Il 335 & ¢ 25 SAF R i 7 g ok sk
AT AT wit% Ir(piq); 38 T e SAF ~ 2 Hoaxskx > % p
2 Ir(piq)s » i2F BLEF] SAF eek» 2 7 B2 2 ¥ d SAF 27

Ir(piq); > @ SAF Bk 7 2 Er & & 271 eV +* Ir(piq); 1 2.0

v

3
s

17 - Y — — N » 2 = . a2 12 Ve 2
eV' B hF Lok H =& pF i £ 11 szend SAF B

[N

¢

1

Ir(piq); * # € 7 4t £ % Benp 47

=2t (b)
2.4} M®cyclohexane

2.3F
2.2¢
2.1¢
201

19}

Toluene

Absortion Intensity (au)

PL intensity (au)
emission maximum (x10* cm™)

8 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

" 500
Wavelength (nm) Af

B 3-3-3-1. (a)SAF &7 B3 #F[% 2 =(l), " (@), = i **ra(A)]
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e

% >
e E o

-

(/) 5 (b)SAF £ + 2kt #icg /3

1.0r - - absorption

——excitation

0.8

0.6

Intensity (au)

0.4

0.2

OO 1 1 1 1 =h
260 280 300 320 340 360 380 400

Wavelength (nm)

A F)F (Af)mntﬁ%]

AT (O) e 1;({\?“‘9:7'5 2% 22 Ir(piq)s B e Tk

] 3-3-3-2. SAF f.w & v vwd T gk fe s (i £ 560 nm T & )
ke ¥
% 3-3-3-1. SAF s 2 5k 5 {4 77
Host Aabs ¢ [nm] Aem; max [nM] Et T, /Ty
cHex Tol THF film  c¢Hex Tol THF film  [eV] [°C]
SAF 239291 23922 239293 égls 460 506 560 528 271 127/430

“ Absorption wavelength, measured in cyclohexane (cHex), Toluene (Tol) and

tetrahydrofuran (THF).

334 TP

T B 3-3-4-1 3 SAF #2 CBP #- Sahfi 4enf B R T = H

H o T SR AT £ 3-3:4-1

-~

A

[T RlanR R T BHY o SAF R IR

z&v
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Bl B(E B R Asde® A B 5-1.92 #2270 V) » i & £7] 5 SAF

R TR 2,7-m R @A BRED S AFAARN < R E R

A%

g izempA SAF & CBP *t= § P =2 H ™ & Plang 1§ B

AW
g™

P oSAF NI CBP { % 5 F b gi(H F v Az A w5 049
¥ 072V)> H R FEF 5 SAF % 73 AW = Fig > 3 v CBP
15 T3 AW rbek > L F R F et o AP - SBHE 7
P L 4.8 eV ki SAF ¥ CBP : HOMO/LUMO A %] 3|
-5.29/-2.88 eV £2-5.52/-2.10 eV © [§] 3-3-4-2 F_~ 2 ¢ #0i¢ % cipifdap

A B o BT g Fehg 4 SAF 3 ¢ CBP { % 52 HOMO £ { %

\3;
—
()
<
@)
=
=X
e
%
P
4y
9

(73~ o Tt o SAF £t CBP { 4 /&4

ehic ¢ sk 3 R o

SAF
=
8 1 " 1 " 1 " ,/,v " 1 " 1
o CBP

30 25 20 00 05 10
Potential (V vs. Fc/Fc™)
®] 3-3-4-1. SAF 22 CBP 7% i* 228 R 7 i~ B
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% 3-3-4-1. SAF &2 CBP e1¢ i & £ Py

st Ea Eii” HOMO  LUMO
[VI [V]  [eV] [eV]
SAF 049 -1.92 -529  -2.88

CBP 0.72 -2.770 -5.52 -2.10

-2.20 -2.10
LiF
-2.88 -2.90]] LUMO

adl
S
d80

Al
-4.30

ITO L

-4.80 310
HOMO

. I_
530 -5.29

..... Ir(piq); =1

uaydg

B 3-3-4-2. ™ SAF &2 CBP & i 8 enic d gk = i it [ B

3-3-5 & 1§ EH LB

BACETEFRY SAF O PREJHETFET KL D
o AT 02 SAF LA MT R EBPBES T I H higd

i 3 CBP $HREApT v @ B A1 BT
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Tk EpEEA
ITO/TPD (30 nm)/SAF or CBP (30 nm)/TPD (30 nm)/Al (100 nm)
T+ H pEg it
ITO/BPhen (30 nm)/SAF or CBP (30 nm)/BPhen (30 nm)/LiF (15 A)/Al
(100 nm)

m TR 3-3-5-1 EHRTIEFHE T ROITE AR FEHEE~
Eeng g (Bl a) » F]l 5 SAF s HOMO ¥ TPD #:i1 > 7 iF ¥ M

R F g 2~ 3 SAF ;@ CBP ¢ HOMO v TPD % ! 0.22eV > ©

\

# i3~ ] CBP 4p ¥t 2lfEeg » F]gt CBP ~ 2 enin % A& SAF
AEN AR R BT > KT F S om R F EpBEA 2T
et (B b)» 2. ¥ g F L R F A BPhen /X » 3] SAF bt In
(0.02eV) 2 »H CBP (0.80eV) /| 7 (%% » @ AR aipl 7B

T o SAF AR iR A CBP & ks o B BT AR %

=
&

EEOAPTED - B SAFF U PR EEE R AR

SR Y 2 EDE AP
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{a) Hole-only 00 (b) electron-only

100 1
& —=—SAF o~
E o}l ——cBP -
iy (1]
g 60} E 80
® ¥y
_3_. ol og 50
[ =
g 20} E 20
o 5
|
D2 486 8 1012 02 4868 1012
Voltage (V) Voitage (V)

Bl 3-3-5-1. 2 SAF# CBP 2 i # ()T FE B, (b)a + Hpimg~
I—mq_‘/u'-"%}i)‘i% if%rﬁ:}

FToRAPFN EEAFRFE (Time-of-flight, TOF) % £ | SAF

A

Fh R T AT REBER o d TH 3352 P EBERHTH
T 42 it B Pl @ aeo SAF e S B T ke B R 9 & 107

em’ Vs 5 @ CBP gk p TR E TR A 107 cm’ VST A

TFAr 10" em’ Vs o s A T 02 SAF G R e kR vt de

POSAF AR R BRTHHE T FBEARZRNRR AR AT T
Hpr AT FHEPHE~E 300 CBP F I35 5 etk R BT o
AT R AR R AT “?E&%ﬁﬁ¥’#ﬁ{ﬁ%ﬁ%+’§

Rt BU eI

.y
Qim
&
=g
A
2w
1 N
!
e
N
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|
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[ERN
S
[

" ® celectron
S O hole
~ 1 4|
Ei 0
an)
%
S 10°F
o
a
O
10'6 1 " 1 " 1 " 1
400 500 600 700

Electric Field " (Vl/2 cm'l/z)

f] 3-3-5-2. SAF ;’E;""i"f;,:?—? B g BT HET S 25 )

#‘EFNP #ql* SAF g2 CBP &4 i H L% 3 In(piq); Z R 17
§ g gy sk it o H oAt By be T ITO/TPD (30 nm)/host:7 wt%
Ir(piq); (30 nm)/BPhen (30 nm)/LiF (15A)/Al (100 nm) - %~ B 3-3-5-3

AT R R-TR-R R DR T R A P A H T

=

~eripenig e o L SAF S A M 2 AR gk (TR T VR
ER B T R R TP SAF R L e T RV KT 24V (1

cdm?®) > FliE9 * 2 A& 1000 cdm?pF > 7 F 3.6V o
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800
| 7 wt% Ir(piq),

| —=—SAF
——CBP

o
o
o
al aul
= =
o o
w £

Current Density (mA cm™)
S
o
Brightness (cd m™®)

0 1 N 1 N ] 0
0 2 4 6 8 1010
Voltage (V)

ok

Bl 3-3-5-3. 72 SAF &2 CBP Z Affichi-d gk A BT n B A-7 B-

B 1T )

Hgf sk~ 2 e EQE & PE # &k A& 0 e @] > 4o B] 3-3-5-4 #7
7o om H AR A ST & 33-5-1 7 o SAF R g £ 3 s
(15.8% > % & 21.9 cd m™®)+* CBP $P& = i*(8.5%>** % & 93.0 cd m™)
BT - R LA T Ed T A BFE (1) SAF hR 2 A

FEEY o RTGOT o s AP AT RSB R DT RF

m

J%E ¢ ;)g_pg ,(2) SAF g‘f‘l':_ ‘*“ Fé (2 71 ev)-rr it CBP i~ };Jc 80 /,‘_(2 55
eV)® 415 0.16 eV » it { § r»xeidrdlic £ % @R AL o d 3 SAF &

3 T LT U E R EE AN L1 & SRR £

\4
=N

SAF ehg 4 i Bock B 2§ 220 Im W' st £ p % AP e ot

PAPIT R ar g A AP M Y R F (R 3-3-5-2)
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100

100

10-’\“&""\-*-.._____
M

(a) (b)
| o)
~ 10} M -
EQ/ N ;
W £
o . ~
7 wt% |
w 1l o Ir(piq), E 1l
-=-SAF
-~CBP
0.1 L L 0.1
0.1 1 10 100 0.1

Current Density (mA cm'z)

1 10 100
Current Density (mA cm™)

B 3-3-5-4. 72 SAF 22 CBP 4 4 R chiz & Bk = % (a)*F 28 £ 5 225 (b)

= »

v BT HR IR A SITH

% 3-3-5-1. #® Twt%lr(piq)s; 7 SAF #2 CBP iz ¢ 5§ k3 & < i+ #icdp

Host SAF CBP
VeIV] 24:3.6 3.2;4.9
EQE’ [%] 15.8; 13.1 8.5;7.3
PE’[Im W']  22.0;14.4 8.4;57
LE"[edA"]  19.6;16.2 10.6; 8.8
CIE ‘ [x,y] 0.67,0.33 0.67, 0.33

“ Operation voltages recorded at the order
of 1 and 1000 ¢cd m> ° The measured
values are given in the order of the
maximum value and the value at 1000 cd

m™>. ¢ Measured at 7 V.
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+ 3-3-5-2. '\’}glct‘léq*{d‘? HE LY 2 Rz d Rk L it e d &

Maximum | At 100 cd/m’ At 1000 cd/m’
Maximum
Host Dopant PE EQE PE EQE PE Ref.
EQE (%) y
ImW?5) | (%) | ImW™h | (%) | ImW™)
9 wt%
CBP ) n.a. n.a. 10.3 8.0 n.a. n.a. 81
Ir(piq)s
10 wt%
CBP 15.5 12.4 n.a. n.a. n.a. n.a. 82
Ir4F5Mpiq
6 wt%
CBP 9.21 8.22 n.a. n.a. n.a. n.a. 83
Ir(piq),(acac)
0.3 wt%
(ppy)2lr(acac) ) 9.2 11.0 n.a. 8.2 n.a. n.a. 17
Ir(piq)s
10 wt%
Bebq, ) n.a. n.a. n.a. n.a. n.a. 6.9 18
Ir(piq)s
6 Wt%
0-CzOXD 18.5 11.5 n.a. n.a. n.a. n.a. 47
Ir(pig),(acac)

ook AR 4o B 3-3-5-6 #5or 0 12 SAF 3 A R eni=d FR
kA teh ok k¥ p A B ERORTRE FP T NIRAA B
AP o B X 3k 622 nm e CIE ¢ B A5 5 & 0.67, 0.33 7 Ir(piq);
tpfricd ek T @ H B 5 B gk BT APARER DT S 2
R BEA R BER Fehstach ) BT FG iR e gk
K¢ oo iptEang % #ehSAF A2 TR A4 1000cdm” HF AAT 0 H

o AR B A 131 %2 144 Im W a0k T o
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[ SAF:7 wt% Ir(piq),

9V, 33620 cd m”
t 7V, 25322 cd m”
5V, 9523 cd m”
r3V,90cd m?

EL Intensity (a.u.)

300 400 500 600 _ 700 800
Wavelength (nm)

B]3-3-5-6. SAF chi= & ik A & 4 7 R (F T BT HT o kLR
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3-4D %4

bofe AN A B IR dhdkit 0 B POAPF L a8 At
# # ITO/BPAF (30 nm)/POAPF:7 wt%FIrpic (30 nm)/TAZ (40
nm)/LiF (15 A)/A1 (100 nm) 7% & ¢ g%~ 2 (PO-m > H ~ i 44
LA FE BlAeT B 3-4-1 1) FOEERITE G B S B ot
Fok =~ EQE ¥ £ 20.6 % %~ PE 2 LE 7 5 36.7 Im/W £ 35.4 cd/A

POAPF BPAF
-2.0
-2.4
------- -2.7__LUMO
- -2.5 L
« m -~ g = LI
S 2 |8oF| _ Al
El 5 %g' 3 = 4.3
ITO = = E Bk
4.8 53 | 3
HOMO -54 "~ /.~
-6.3
PO-m

® 3-4-1. POAPF £ BPAF it & &4 {- PO-m ~ i+ cio4p 4 it 15 )
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DA AP A BIA T R E T REA Y R
¢ B s 0 POAPF &4 PR BET F &k chiE € 25 Al
APt E M POAPF G AMA AR S LR QLA S -@ -~
Az > B S PIH B A X ARG g koang o

BA O APRET 40T B 3-4-2 fon s BEE ~ 2  PO-dl &
PO-d2- &8 @ N5 & ~ 2 PO-m 13 + B:iEk TAZ &2 2 F Bif
K BPAF 4 u| % 3 % 4ple & & 0 41 POAPF © 4o §] 3-4-3 7
BT % R (V)T B 917 »PO-dl 22 PO-d2 ~ 2 A fp e 3% 17T R

=+ ﬁ?iﬁ‘)ﬁ%&‘ﬁm" PO-m =i+ ki) » B #- TAZ 2« §_BPAF % #

s

=~ POAPF (¢ » @ F+ 22 3 JF i » g\@ _‘Llfu

El B 1R~ JE A
5 T+ K_LIF(LUMO = -2.9 eV)ix » 3| POAPF it 15.(0.5 V)t i1 »
3| TAZ(0.2 eV)~ ; & .75 T F = POAPF(» + ¢ " 7 - 7 F &
VEA Bz ¥ wehimihig Bk BPAF(A F ¢ 23 Bz Fieg ok @
A BB T ER o it POAPF P~ % TAZ & £ BPAF 2. 15 2 %% 1 -V
% PR 2 b P kg enE o PO-d2 ~ i ¢ ehE B (] 3-4-3b)2r EQE(R
3-4-3¢c)¥ak tgy T > ARt i d F L §F & POAPF e @it

gt TP - L BPAF MBS TR B E LR o237

?XIEFED T EH R A T 0 LG 48R Flrpic 9 POAPF & » & f gt 1
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ARm oo PO-d3 ~iE P » APR-PO-d2 ~ & ¥ fg/%] 7 POAPF ‘,'5'3
#BRT T wt%eh Flrpic H VAT 2 PO-A2 ~ 22 24k > R AE
2 EQE 4ri522 PO-m Ap 4 (%% » A A A4 ~ 23 LR EF R

R

"'JH—

e 2 - S h e 2 A e 84, 85
A2 et AR TRIALTE L gk B

Y
"

3

Pl R AL o B R PR TR ] o A R

-‘JJa

PO-d3 =~ i e ITO £ ;2 4% Flrpic 9 POAPF & 2 [ » 1234 i % 7
7 %5 51 » 1 polymeric poly(3,4-ethylenedioxythiophene) : poly(styrene
sulfonate) (PEDOT:PSS, Baytron P VP CH 8000) & ki » & - % %7
PO-d4 ~ i o 4off] 3-4-2a #7775 » 4> PO-d3 7 3 » mip b TRT >
PO-d4 ~ i* erFg F] 5 PEDOT:PSS & 3l ~ » & ITO £ POAPF 2 /&
FED LIRS DI R a EFRFOTIARE FALTIF &
PO-d4 ~ ¢ §# PO-d3 ~ 2 F 4 rne { £ & » 23K E %
B (B 3-4-3b)z* &_EQE(R 3-4-3c)3a+ tpengk 2 » H 3 522 § g ~

i PO-m #p I ek T
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=24 LUMO 24 2.7 LUMO
— 25 | -2.5 h
w py I~ =~ LiF - [ > LiF
°3 (83 83 89 183z
35333 33 A 3> !353| & [
mo | = " |3F2) 2% [ 43 o |37 3%0| Sy |43
438 -4.3 438 5.3 3
HOMO 54 '~ -o HOMO 56
PO-d1 pod2 3
2.4 2.4
_____________ 2.7 LUMO R o271 LUMo
_28 L, LiF &3 28 - LiF
33 s o 8o72
S 2T ™~ Al 2 3 s 27T = Al
mo| 239 SE | _mo| o 33 3| 43
-4.8 -5.3 3 48— -5.3 3
HOMO “~"~"~"2""""1 HOMO ™' '"TTTmoommod
oMo 5.6 e -5.6
6.3 6.3
PO-d3 PO-d4
— S ) RIS R
®B] 3-4-2. PO-d1~d4 ~ i+ m.s,ﬂ‘#_#i’ AP ¥ A TE B
~ 100
N 4
£ 107
© 80 = (b)
<
> 3|
é < 10°F
z E
‘0 0 A2
o =
S 20 _§ 10'E
= m
> v Ve
O o 0 v L v A7~ )
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T = o Aol A A E_PO-m 3| PO-d]l & i ¢ At g A
R B #-PO-d4 ~ ¢ HTAZ T+ BE K B 4 + POAPF- J§ ¥ 4 *c
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K P A X R PO-dd g AL HEE Ao

o 0 AR AeT B 3-4-da ot 0 A B[R R S 20nm 3B G T wt%
Flrpic 7 POAPF & ¥ » B 485 & = 100 nm 7 POAPF £ ¢ 3% e >
E(x=0-20>40>60+% 80> ~ %75 5 7 2 PO-0° PO-20 » PO-40 >
PO-60 &2 PO-80)> & ~ 2B E R BIFApR cdrF R B R E T B
FHBl > Bl 3-4-4b i5F 0 fd PO-Xx v P s H LV WSS % >
(@ im® A s 10mAcm? - (P B4 60502 V) & 49§ 17
PO-s ~ (T imB AR 52 10 mA cm™PF > {H(ET R L 62V H A
FHFERT 2 ) op Flipic 3R ehi=§ Bk Rt~ 2 h S prd
PET X o g AV NERan, FL g kY Ao I 93
wt%e POAPF > ® Flrpic £ POAPF cjpdtac i3 x m/2 44 T
o 3f o -

F- 3§ POx ~t - 2im% AT S EQE - % B (F 3-4-4c)

g1t 7 VP RT I EL k(B 3-4-4d)fr (X hE B o Bdple
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T B R T » PO-0 ~ PO-20 ¥ PO-40 (7 EQE & %= R Ap 3% 11 PO-60
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£ PO-80 % > @B 7V THEL kT A440 nm =% kp
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Bl 3-4-4. ()PO-x ~ 2 ch i E Ap$Hi FE Bl 5 ~ 2 PO-x & PO-s #(b)
TP R-TRCEQE-mir R AE-2R 5 (D)ETV T EL kR

AR 5 POAPF & %k 325 & [

BEOAPRL RF ARER S 100 nm 7 POAPF & & 31T 133
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3 4v > Flrpic *ck et ) € 18 { 4e Pl 87 > o383 1\—1 24
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Bl 2o AR MARRE L AFAL LG TREF LA

S

ITO/PEDOT:PSS (35 nm)/POAPF: 7 wt% Flrpic(100 nm)/LiF (15 A)/Al

BAETHAR LR APYPFI 2 5 PO 0 H

(100 nm)sH8 & ~ 2 » 8 T R-T %A ~EQE-T /Mm% R-% &l 4

B H A7V T HEL KHR S v POx ~ i*— & B 7§ 344 ¢ o

2 ot g i g iF 0 2 @ 5 NN -dicarbazolyl-3,5-benzene (mCP)
LA A B4Rkt PO=s # PO-m 08 K (mCP-s)8? 5 A

(mCP-m)~ & > I # PO-s ~ PO-m £ mCP-m 7 i % % @7 4

3-4-1 7 o PO=s &~ EQE(20.3 %) " & % & 5 PO-m(20.6 %)~ i* 4p

oo P $2 mCP-m(13.2 %)~ 2 40T 7 F 54%edh 2 o 522X ok

)

LgBrxd b o PO-s A 2265 Im W) F 4 4% (58 BRent 2 a5 §
PO-m ~ i (36.7lm W) > i 7+t mCP-m(14.9 Im W) B ) #37— 3 2
o5 - 3G o A PREEMCPsEFEAL L FIHLATRIOV
TR ARTG 3edm® e gttt BEFL R SE S POs 2 EF L}
BR ehE % (100nm) > At A RS R AT B R A FT > i)
CERPABRRRESNE L S R E AR R 1000 cd/m”® T ek T g

Fed bR EAp TG 049%  4p¥ta 7 0 4 & 30 nm £ PO-m

EmCPm~© > BT Fowgds 8.74 %8 15.15% -
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3 3-4-1. #2 Twit%FIrpic 18 & 82 5 & Bk = 2 goed 4 1

Device PO-s PO-m mCP-m
VaIV] 3.0/5.0 2.5/4.2 3.8/6.6
EQE’ [%] 20.3/20.2  20.6/18.8 13.2/11.2
PE ’ [lm W] 26.5/26.2  36.7/24.3 14.9/9.6
LE’[cd A™] 42.2/42.1  35.4/32.3 23.7/20.1
CIE “ [x, ] 0.15,0.35 0.13,0.27 0.12,0.29

“ Measured operating voltages, presented in the order of the
values at 1 and 1000 cd m™. * Measured values, presented in
the order of the maximum value and the value at 1000 cd
m™. © Measured at 7 V.
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.33 # #5 8 A& (glass transition temperature, Ty), 48
¥ & $Ltr(ink-jet printing), 29
* #i (phenylsulfonyl), 28
% m A5 f& (morphology), 60
7 & 32 5 (luminance efficiency, LE), 20
7 ¢ @ (chromophore), 66
= 1242 /& (root-mean-square, RMS), 60
T ¥ jb @ £ (hole-only), 56
T+ H jp i 2 (electron-only), 56
¥ M (unipolar), 71
¥ 1p 3% ¥ (single exponential decay), 70
Tk i ﬁ%l % (hole transporting layer, HTL), 1
7 oA % 7~ i+ (Phosphorescent Organic Light-emitting Diode, PHOLED),
9
T ﬁs?l & (electron transporting layer, ETL), 1
7 <+ X $8(electron acceptor), 25
T+ P Y —FuE 48 & 1F % (spin-orbital coupling), 9
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T+ 1% £ (electronic coupling), 71
T+ & $¥(electron donor), 25

T J7 3 #ilcharge trapping), 10

A

% J7 #& # (charge transfer), 49

Lm

@ 3k 3k (Electroluminescence, EL ) , 50
% %@ 3 (electron-rich), 25

3¢ 7 + (electron-donating), 24

Ik

P 3R E 3+ 3z (internal quantum efficiency), 8

it [4.(energy gap), 53

it 2% (power efficiency, PE) , 14

it [& (energy barrier ) , 16

+ 7 + (electron-withdrawing), 24

£ &+ »x % (Quantum Yield, ), 4

¥ ¥ B > (spiro-bifluorene), 20

B %4 + (polymer), 29

% & B 4. (concentration quenching), 60
& 3 7 3+ # #% (photoinduced electron transfer, PET), 49
k& 32 2z sk (Photoluminescence, PL ) , 50
+ #=(conjugation), 17
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rHrd (carbazole), 18

& i 18 (excimer), 49

% 1 4 & 4 (exciplex), 49

#oi ik (excited state), 49

o £ 3¥# (excitation spectra), 66

#% it (ground state), 49

#r+ (exciton), 1

35 3 en(amorphous), 15

4242 7 /B (turn-on voltage), 76

#% 7 =+ c(electron-deficient), 25

% [ 4% (Intersystem crossing), 5

AP % #E(phase separation), 15

& % i+ (spin-coating), 29

P R 4P B 5E 5 2% #ic(time-correlated photo-counting), 69
7% 3% % #2 (solution process), 29

& 7 (dentrimer), 29

g4 2 %8 (bipolor host), 19

#1 2] 2.8 & (decomposition temperature, Ty), 48
p £ 2 re (spin-forbidden), 8
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BB B R/ MR 1B R & F i (highest occupied/ lowest unoccupied
molecular orbital, HOMO/LUMO), 16
7%%8,(quenching), 83

Commission Internationale de L’Eclairage (CIE ¢ & i 1%), 82

W

F "%(triphenyl amine), 27

W

¥ "%(triphenylamine), 20

Ju
|k
&=

¢ M. (triplet energy gap, Et), 15

- , /‘ _ »

f
N
(gr

"8 (triplet-triplet annihilation), 5

vk v (oxadiazole), 22

i (anthracene), 1

7 8 T % £ - &8 (Organic Light Emitting Diodes, OLEDs), 1
= ¥ #4 3% (diphenylphosphine oxide), 18

# %% (fluorene), 20

7k 3Rk § 3 s (external quantum efficiency, EQE), 1
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