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Synthetic study of tetramethyljulolidine — a key intermediate toward the
synthesis of the red dopant DCJTB for OLED applications

Banumathy Balaganesan, Shih-Wen Wen and Chin H. Chen’

Department of Applied Chemistry and Microelectronics & Information Systems Research Center,

National Chiao Tung University, Hsinchu, Taiwan ROC 300

Abstract — The formation and characterization of a novel chiral sulfonic acid derivative obtained
during the synthesis of 1,1,7,7-tetramethyljulolidine (TMJ), a key intermediate towards the red dopant
4-(dicyanomethylene)-2-r-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4 H-pyran (DCJTB) used for
organic electroluminescent devices, upon bis-annulation of N,N-bis(4-methyl-2-butenyl)aniline is

described.

Organic electroluminescent devices are of growing interest in various display
applications due to their high luminous efficiency and capability of emitting many
colors throughout the visible spectrum. Commercial interest in organic light emitting
diode (OLED) technology has been the vital driving force in fueling the recent research
and development activities."
4-(Dicyanomethylene)-2-z-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4 H-pyran,
(DCJTB) is one of the best fluorescent dopants of choice for the red emitter of
tris(8-hydroxyquinolinato)aluminium hosted OLED’s including Pioneer’s recently
demonstrated passive matrix full color prototype and Kodak / Sanyo’s 2.4-in and
5.5-in low temperature poly silicon full color active matrix OLED displays. The cost of
manufacturing DCJTB is prohibitively high owing to the synthetic complications of
one of the key intermediates, 1,1,7,7-tetramethyljulolidine (TMJ), which can be
prepared in two steps from aniline and 1-chloro-3-methyl-2-butene (Scheme 1). The
low yield (~30%) obtained in the acid catalyzed bis-annulation prompted us to
reinvestigate the reaction and analyze the products of the above reaction.

* Corresponding author. Fax: (886) 03-575 0463; e-mail: fredchen@eic.nctu.edu.tw
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Scheme 1 Synthesis of DCJTB

N, N-bis(4-Methyl-2-butenyl)aniline 1 was prepared by the conventional N-alkylation of
aniline with two equivalents of 1-chloro-3-methyl-2-butene in the presence of K,COs
at reflux. This compound was then subjected to a bis-annulation in the presence of an
acid catalyst to form the key intermediate TMJ.

Different acid catalysts were employed to effect the bis-annulation. The starting
material was found to remain unaffected in the presence of weak acids like p-toluene
sulfonic acid, methane sulfonic acid and acetic acid. Strong acids such as aqueous
perchloric acid, trifluoroacetic acid and trifuoromethane sulfonic acid led to the
formation of TMJ in infinitesimal quantities along with an inseparable polar mixture. In
the presence of concentrated sulfuric acid at 0°C, TMJ was obtained in 37% yield in
addition to a major quantity of an insoluble material. To enhance the yield of TMJ, the
temperature of the reaction was raised to about 30°C. This, in fact, led to a further
decrease in the yield of TMJ (34%) accompanied with a proportionate increase in the
formation of the insoluble by-product (Table 1). Moreover, in both cases, conc.
sulfuric acid was taken in large excess (about three v/w equivalents), which led to a
voluminous precipitation during the basic work-up of the reaction, which in turn made
the process of filtration more tedious. Hence, we decided to use a combination of acids
to avoid the above said complexities.

Various proportions of methane sulfonic acid and sulfuric acid were prepared (v/v
equivalents - 1:1, 2:1, 4:1) to catalyze the formation of TMJ. A decrease in the
concentration of sulfuric acid resulted in a drastic decrease in the yield of TMJ (Table
1). However, the insoluble by-product 2 was obtained predominantly (59%) when a
1:1 mixture of methane sulfonic acid: sulfuric acid was used, which provoked our
interest in characterizing and studying its formation.
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Table 1. Yields of TMJ and 2 obtained by catalysis using various proportions of
sulfuric acid and methane sulfonic acid.

Entry  Acid / solvent Temperature Time  Yield of  Yield of 2 (%)
O (h) ™J (%)

1 Conc.H,SOq 0 0.5 37 20

2 Conc.H,SO, 0-30 3 34 22

3 H,SO, : CH;SO;H (1:1) 0 1 16 59

4 H,SO, : CH;SO;H (1:2)  0-30 3 10 22

5 H,SO, : CH;SO;H (1:4)  0-30 3 <5 -

The mass spectra of compound 2 showed peaks at m/e 309 (M) and at 229 M -
SO;H + 1), indicating that product 2 must bear a —SOs;H group in its skeleton. The
unsymmetrical nature of the 'H-NMR spectrum suggested that the compound might
have undergone an unexpected rearrangement during the acid-catalyzed bis-annulation.
The >C NMR showed three quaternary, four methines, five methylenes and two
methyls. A methylene at 116.88 ppm indicated the presence of an exocyclic double
bond whose protons resonated at 5.28 and 4.94 ppm as singlets. Based on a detailed
analysis of both one and two dimensional NMR spectroscopic techniques (‘'H-'"H
COSY, 'H-"*C HETCOR), the structure was found to be consistent with that of 2.” It
was further unequivocally confirmed by a single crystal X-ray diffraction studies.*

Single X-ray diffraction of compound 2

A plausible mechanism for the formation of
2-(4’,4’-dimethyl-1’-phenyl-3°-piperidyl)-2-propene- 1-sulfonic acid 2 is presented in
Scheme 2. '



Scheme 2

The mechanism is likely to involve an intramolecular “ene” reaction in the presence of
acid ° to form the intermediate 3. Subsequently the exocyclic double bond of 3
undergoes sulfonation in the presence of sulfuric acid to form the sulfonic acid 2.

To summarize, we have characterized and proposed a plausible mechanism for the
formation of the by-product, a novel chiral sulfonic acid derivative 2 obtained during
the synthesis of TMJ, a key intermediate towards the red dopant DCJTB for organic
electroluminescent devices upon bis-annulation of N, N-bis(4-methyl-2-butenyl)aniline
1. It was also found that 2 is a water-soluble compound and hence can be eliminated
easily to furnish highly pure TMJ.
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Abstract: An unusual synthesis of an indole derivative from N-methyl-p-toluidine and 1,3-
dichloroacetone is described. The mechanism of the formation of the indole derivative is proposed
to involve an annulation of the key iminium intermediate and the structure of which is elucidated
by means of one and two dimenisonal high resolution NMR spectroscopy and is confirmed by
single X-ray crystallography.

Keywords: Synthesis, 1,3-dichloroacetone, 2-methyl-3-(anilinyl)indole, iminium intermediate,

annulation.

Introduction

There is a continuing need for enhanced photosensitization in the field of silver halide photography.
Considerable work amply demonstrates the ability of certain organic electron donating molecules, when
incorporated into a silver halide emulsion, to provide a two electron sensitizing effect alone or in
combination with cyanine dyes [1]. In the course of our study towards the search for new two electron
sensitizing donors, we were interested in the synthesis of the novel 1,3-dianilinyl substituted acetones.
These type of donors are potentially capable of producing two electrons upon irradiation and
subsequent fragmentation as shown in scheme 1.

© 1999 MDPI. All rights reserved.
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Based on the consideration of redox potentials of the fragmented anilinyl radical, we targeted at bis-
1,3-(N-methy-p-toluidinyl)acetone. As there was no precedence in the literature on the synthesis of the
target compound, we decided to explore the direct synthesis by reacting two equivalents of N-methyl-p-
toluidine (1) with 1,3-dichloroacetone (2) in the presence of two equivalents of a tertiary base as an acid
scavenger, which in turn led to a novel indole derivative. The formation and mechanism of the indole
derivative is described in this paper.

Results and Discussion

Different bases such as triethylamine (TEA), pyridine, N,N-dimethyl-4-aminopyridine (DMAP), 1,5-
diazabicyclo[4.3.0]non-5-ene and 2,6-lutidine were employed to synthesize 1,3-(N-methy-p-
toluidinyl)acetone from N-methyl-p-toluidine (1) and 1,3-dichloroacetone (2). The reactant 2 was found
to form crystalline quaternary salts with both TEA and DMAP and could not be pushed further to react
with 1 in methylene chloride to form the expected product. Reaction with 1 did occur in presence of
other bases but led to inseparable complex mixtures.

When four equivalents of N-methyl-p-toluidine (1) was used in lieu of the additional acid scavenger,
a cleaner reaction product was obtained [2]. The crystalline colourless product exhibited a mass of 278
(M), 18 units lesser (corresponds to one equivalent of water) than the desired mass for bis-1,3-(N-
methyl-p-toluidinyl)acetone (M", 296). 'H NMR revealed five distinct methyl groups with no detectable
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alkyl protons in the upfield. The aromatic protons exhibited only one A;B, quartet (4H) with
overlapping signals integrating for three additional protons. The “C NMR showed seven quaternary,
seven methine and five methyl carbon resonances. It did not exhibit any peak in the downfield region
higher than 147.9 ppm, indicating the absence of a carbonyl group, which was further supported by the
absence of any discernible carbonyl stretching band in the IR spectrum. The unsymmetrical nature of the
NMR spectrum suggested that one of the aromatic protons might have undergone an unexpected
rearrangement during the alkylation. To assign the chemical shifts in the structural elucidation of the
newly formed reaction product, a combination of homonuclear and heteronuclear correlation
spectroscopic techniques (‘'H-'"H COSY, 'H-">C HETCORR) were employed. Based on the above data,
two structures namely A and B as represented in Fig.1 are found to be consistent.

Fig. 1

As the above NMR analyses could not differentiate the two structures A and B, the 'H-">C long
range corrleation spectroscopy (LRHETCORR) was analyzed for delineating the correct structure. A
long range correlation between H4 and C3 was observed which confirmed the structure A to be more
appropriate. This is also a more likely structure since the ring system of benzoazetidine with an
exocyclic double bond as in B is very strained and hence appears unlikely. The structure A was also
unequivocally confirmed by a single crystal x-ray diffraction (Fig. 2).

Fig. 2 Single X-ray Diffraction of compound A. (The atom labeling is different from the chemical
nomenclature of A.)
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A plausible mechanism which leads to the formation of the 2-methylindole derivative A is proposed
in scheme 3:

The mechanism is likely to involve the initial formation of the mono-N-alkylated derivative resulted
by displacing the first chloride, which undergoes a Mannich type reaction to form the intermediate 3.
Subsequently, 3 eliminates a water molecule to form the key enamine intermediate 4 probably by a
general acid catalysis. Displacement of the second chloride led to the formation of the key iminium
intermediate 5, which undergoes an ortho-annulation to yield the 3-(N-methyl-p-toluidinyl)-1,2,5-
trimethylindole (A).

CH,
0
LHs I _Na__OH
2 H,C N+ — H,C m
H Cl I
c N__ Cl
1 2 O/ CH,
H,C 3
CH,
|
o HC ON
I) -ClI
N CH,
|
CH, ClI
4
CH CH
HC N HC Hogl°
3 Z Iati 3
Ao, = dio
\
UI‘ CH, CH, t;l CH, CH,
CH, 5 CH,
H ?Ha
-H+ H3C N ~H+
. A
N”CH, CH,
CH,
Scheme 3

Due to pharmacological interest, substituted indoles are of importance to synthetic chemists [2,3].
Farfran et al reported the synthesis of 3-alkyl indole derivative from a secondary aniline and an ethanolic
- solution of glyoxal at elevated temperatures in low yields [4]. In our study, we could accomplish the
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formation of a 2-alkyl indole derivative, hitherto unreported, by reacting N-methyl-p-toluidine (1) with
1,3-dichloroacetone (2) at room temperature in moderately good yield.
Conclusion

We have showed an unusual reaction between N-methyl-p-toluidine (1) and 1,3-dichloroacetone (2) to
form the 2-methyl indole derivative and a likely mechanism has been proposed to explain the formation
of the product.
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Experimental

General

'H and ">C NMR spectra were obtained using a Varian Gemini 200 NMR and were recorded at 300
and 75 MHz respectively. All reagents and chemicals were obtained from Aldrich Chemical Company
(USA) and were used as received unless otherwise noted. The X-ray crystallographic data were
collected on an Enraf Noius CAD-4 diffractometer in the ©-2 0 scan mode using graphite
monochromated Mo K _« radiation. These structures were solved by direct methods using SHELXTL
package. All of the structures were refined on F* using SHELXL.93.

To a solution of 1.27 g (10 mmol) of 1,3-dichloroacetone in 10 mL of methylene chloride was added
5.15 mL (40 mmol) of N-methyl-p-toluidine. The reaction mixture which turned dark brown quickly
was allowed to stir at r. t. for several days. During this time, the colour of the reaction mixture slowly
changed from reddish orange to essentially colourless. After the complete disappearance of the starting
material (monitored by tlc), the mixture was washed with water, dried with magnesium sulfate and
concentrated on a rotary evaporator. The residue was subjected to a flash column chromatography
using CH,Cl, / heptane mixture (1: 4) as the eluent to yield a colourless solid A (1.9 g, 68%). M.p 97-
98° C (hexane).

Spectral Data
(1) 'HNMR (CDCL) &: 2.46 (s, 3H); 2.49 (s, 3H); 2.62 (s, 3H); 3.53 (s, 3H); 3.83 (s, 3H); 6.82 (d, J

= 8.0, 2H); 7.22 (d, T = 8.0, 2H); 7.24 (dd, T = 7.8, 1.4, 1H); 7.34 (s, 1H); 7.44 (d, ] = 8.0, 1H).
(2) C NMR (CDCL) &: 9.6 (CHs, C-8); 20.2 (CHs, C-15); 21.3 (CHs, C-10); 29.6 (CHj, C-9); 39.7

2-5



Molecules 1999, 4 18

(CH;, C-16); 108.5 (CH, C-7); 112.2 (2-CH’s, C-12, C-12°); 117.6 (CH, C-4); 120.3 (C-3); 122.4
(CH, C-6); 124.6 (C-3a); 125.0 (C-14); 128.3 (C-5); 129.4 (2-CH’s, C-13, C-13°); 133.1 (C-2);
134.0 (C-7a); 147.9 (C-11).

(3) Anal. caled for CioH,N, (278.39): C, 81.97; H, 7.97; N, 10.06.

Found: C, 82.03; H, 8.01; N, 10.09

Crystallographic Data
Crystal Data and structure refinement for A

Empirical formula CisH22N,

Formula weight 278.39

Temperature 298(2)K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=6.481(1)Aa=90°

b=11.936(2) A B = 94.12(3)°
c=21.181(4) Ay=90°

Volume 1634.3(5) A°

Z 4

Density (calculated) 1.131g/cc

Absorption coefficient 0.066 mm’

F(000) 600

Crystal size 0.2x0.2x0.4 mm

6 range for data collection 1.93 to 23.18°

Index ranges -7<=h<=7, 0<=k<=13, 0<=]<=23
Reflections collected 2324

Independent reflections 2324 [R (int) = 0.0000]
Refinement method Full matrix least squares on F
Data/ Restraints/ parameters 2324/0/19%4

Goodness of fit on F 1.057

Final R indices [I>2sigma(I)] R1 =10.0535, wR2 = 0.1504
R indices (all data) R1=0.0664, wR2 = 0.1643
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&t BII3EAS OLED BB =ELI HR4s
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SHREEF - —ECABENERERE - HEEHEEE /S (Organic
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LCD WA EERE - BHEERERE ? KIS +—tHCrRE—E »3C”
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745 OLED FRefEZl
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MR R S E—Fl ) -
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1E 1998 4F > SEERY Baldo ¥ ARRFEHILISKEBEE S (iridium complex )
BRI » TR S = BRI IR B RIEIRK » 19U OLED JTifRy
R ANEIRA =451 & BT OLED HiffiBa%e Fi—AZens -

F#* OLED %8528k LCD f&i8 » AR LCD By 30%~40% » KA S
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T ETERM—AEEL - R BTERR 2RSSR T - mRR#RIENT
H=825 1~ 252103 (color pixelation scheme ) #IF51iT > 2 ~ =fEATA (high
resolution ) EZEWIELRL » 3 ~ BRETEIAYEET °

(EE—IRHYRIE R - BIBF EAAFELIEB R - B
A]HEpH =AY OLED - B[ Flexible OLED - ti#8 £ FOLED - ZNSREENEF SRS -
HEENEAEAITHEEIRES (QE— ) BAFENFFIEER "Red Planet”
FRIRISHEE T -

OLED HHjZEFHKRERDI

1996 4 » H7K Pioneer B 256x64 FERAOLERBRE - BERHREREME
OLED fER{ER L » 71t OLED @i byl MRt RS &t - ZERAKRRTELE
B EBFHEMEZL - 1997 &£ > Pioneer &AEHET %720y OLED YR HEH
fi > AGAE 2000 FEEEEEFERER] (Motorola) &1F - %% OLED fER7E

“Timeport” FHEEMN L - B4t EBIRIFEN B2 OLED KL E L —
TMBiEE %1E OLED FHBREARHF] » EH7E 1999 FEHHZA =7 (Sanyo) &5{F
HEIFS 2 ERE — R AEE L& (LTPS) HiEE SLAEEREIN 2.4 I K 5.2 IF
FEIR 271 OLED B2 ° s T2t —fiS(Polymer Light Emitting
Diode ; f5§%8 PLED) 5 » ZEEAY CDT A FIF 1998 E#EH F Eh=(9 8 & PLED
S5 2% ° HZRY Toshiba A F]BIEARE 2002 4 4 H EEZFHY PLED #URES °
HA# SONY A F HRRIBREFEE » EAELE 2003 FEEHIRRGEAR
~THY 13 Iif OLED FHgERes o Mo BR3E H EMRA #HHELREmHmEA
OLED #HRHEZT (F—) MK —EHEENBIEHEFRE -

EBAWER LT  $FAMUFELNFETHKEAR - RoTEEEER
B BTt | FEEEMBERE - BEE BB EREL - BFDt
EETHB TR, - FREE T EAE - R - KENKEAT ~ &R
- BRECE - B RHY - FEEREY - S8ELE - KERIRFTEE AR &k
%+ A 18 OLED K PLED 5T ES (R WHREIFERI R
— B -

#R#% Display Search fJ75%r » OLED 85 ~as1E 2000 IR 240 EE4%
FEEZRY 1999 FE52FHT 100% - SZAAACtHTRH 2005 FULRRHZAE 33 X%
HRTREF SRR - B me2BE rEE -

B — - EHRARIE T
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&*— - H%} OLED fgr5

(e 22 M SR
& 2 INyF FEER)
Dow Chemical €] =7 PEMILRERS
UNIAX ) =
Dupont (€I —
Universal Display €] T
eMagin €D N 2001
CoT €y =7 FFEHEA
izl = =72l 20024/
fEEIBM =) =T 00055

176 (&) =T 0FEAA
LGEF () N 20014
=B /NEC (H®) N - 20015
SEIKO-EPSON (8) (= 002F R
—HER (H) M o 200259, BEEAR
Pioneer (2 N 19984F, B EHR20024EFX ZE
DK (B) At 20006, BYEER002G /A
HARSH (H) 1o 20024
Stanley TR, (8 =t 2001 -4k Eh=UEIRR
TOYOTAYRE =)} =T .
SONY (B) — 200348
L3 (H)  IaFlEsfs 2002F4F
FRET (8) I
HERAB (H) BT  RES
HLEE (8) INFF - MEMEES
REFIKBGE (5 RS
A B ZRENR] ((=D)]
F__ - & OLED f&iE

i 22 MEL BN
&E (&) IR FIESF 20004, BHETER20024E
e (#H) INFF
P23 (&) -
iz (&) BT
HE (&) N
T ® A
B & BT
B (=) 1N
TER &  =AT ]
2 VA (&) =aF
oS =3 (&) AN
M ) BT




FOLED JAf 5 Ml o/ Bl it B B A H AR L8 -

j#7= OLED BE88 ¥ LRI BR SRRy SL T B A - HRE — AR EHER
FEPE A - BRSNS  FE ST - B TR
i o SR - SRAUAGYEIR BT KA 2B E F 100-10" g/m® /day(25C) - HEEHKSE
ZIHRKE R E R BTIIETIEZ L YRR R T B E R ez
10000 /|\&F - [F it M E T S 783 FAOTER - B 5 FOLED ERRMBE
PSS S B R EAR SR - 5 TR RINERE K SR B HL R SRR
RN T R RS R R DU K B ABE B hEE - R R M S
HeAHE R SRR RIRE - Rt PR R A R R B B TE R T A RS et
Ffi5i(defect-free) ~ A& 4§11 (pinholes) ~ f 31 e B B3 AT RSLAIRIL > Tt
DA% [ BIAE 75 =S E R FOLED BEARMEFEE K -

(a)

high index metal oxide - . (b)
metallic conductor
High index metal oxide ITO
O: /misture barrier silicon oxide
Hardcoat _ glass substrate

Plastic Substrate

B - AIEEshEUERE B R RS ()RS EEHEREE O) -

FEHAR K E 1% (L (patterning)F ffir P B B 2B 2 5 I (AUE = For) » AHELHY
HiReZER FLERE T LT - B R BAITRE - ZHEEHBENR
R TERAREROERAERER B - HERENZ T AT EE R
HE - HEEREEEF SOABEENTREENFEEE - 5 SIRHK L EE

£ -
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Conventional Etch Laser Direct Write

Input CAD Pattern
Generate Mask

Coat Resist
Pre-Bake
Expose

Bake

’ Input CAD Pattern

Etch Conductor

Strip Photoresist ' Digital Laser Etch I

B = - (HEE RIS E RO R T e L -

HRSAREEVEREENEBEEERESOTIREE LK

] PO — k5 i RLLASE B R R AT OLED E20]#3( FOLED JT
HHERE LLBIE - TR EAR AT OLED g e T R BEMEE /RS
&) ETHEE - U8  EEEERE - EREARE - BEBAITO) RIEEEAR |
FRER A — AR M B PR I TT (44518 - FOLED REiERR T ZHIB/K - SR
BB EAEVARIBE RS, - HEpE e RRVNE

preseat Q11D film OL1D
hermetn, ) ‘ N
cal panhage s s prissrvation filn Bregstarpebisrries
1 A | “a fiim
i RS T R T
e
bt Substrate

waotive fayar

torany snrteriaing

aunde

clvctrosdy

M SRS %EEAN = OLED S8 FOLED TLAHiEZ Lek - -

[8 7 £ Michael S. Weaver & A LMEFEAESE /7 15A4F OLED /17757588
FIEA SRR EE RN (A K AEEHEEEBER(Y) TS < Ei-5E
BYERK-EEI-V-L)E - HE T ER-ER & ER- 2 ERRRE PRI RN
BB Fr SR A T SBE N A ER FMEAT 1TO BRIEFr SR TTH: - M /<EZH
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Uinversal Display Corp.(ff& UDC)LA 2B 8 75 Z IAHAR AT &y FOLED JTi%: -

FOLED on Barix™ OLED on glass

.

SO Q)

o
s

1009

§
Brighmess (edyn’)

LiEid

20008

Dol
<
¥

<O

ok

1 o 30
Curend (1A ')

Cuwrent (maAAm’)

3 4 o
¥ oy
2 a
v st
10 : 0 . ;:w-"/
¢ L4
r : M v ". .
e . PP I x RPN 1
0.1 1 10
Voltage (V)

[E7 - OLEDs 7E{#if ITO ERFEEHEEMNR(A) R IR EWNEEBBER
(VFTEEOT < BH(D-ERB(V)-ZEL)RIBRRHRE -

7 - Bl 128x64 ERHEOMBNEREERE - EREER 0.175 mm -
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FOLED 2B EARATAE

FOLED #& L8 — G B - RILEF SRt E g 2 BB EARE
BEEN > Mo AT - OFLREF EA- BRI ERY) mCOC
( Metallocene based Cyclic Olefin Copolymer * LI N8 mCOC) #FEHA 1954 £
Fi3€E DuPont 384 - KETEGBERNSLEN - SEWEENAN (B3
HEEREE) B - ERE - TMEARERIMIREMY - SiE - Bt T
FAEREK ~ FHRME R B A ISR it - KRR - £ - HERS R AR - B
Hoechst ~ BF Goodrich ~ Nippon Zeon * Mitsui * Japan Synthetic Rubber + Idemitsu
ELAR BN THBILIAT - A% A COC MLz i7ehiEE - M8 AREL
A TFTLCD - OLED - PLED %E/~as FIRVIHEEAR - ZF 2 BB AT HmER

%

ZEER - MMERT LCD ¥ AR BEBER T EME R polyester KIRFHIAE -

HERAGHEHFFHER - R=FIHBHAIFESR L& THHEK - S87

He#

FAA0 : polyether-polysulfones(PES) « PET - polyimide - polyether-polyimide J¢
polycarbonates(PC)&t1#E FOLED ¥ EZEAEARBFERITTIIH -

Sample

Ngtive 7 mil PET (DuPont
Teljin — LCD film
Polaroid — LCD film

arix 100

*38 T, 90% RH, 100% O,

-
- N
—

Oxygen Permeation Rate

(cc/m*/day)
23C 383°C

7.62 -

<2

<1.0 -
<0.005  <0.005*
<0.005  <0.005*
<0.005  <0.005*
<0.005  <0.005*

383C, 100% RH

Water vapor Permeation

(g/m*/day")
232°C 383C
<5
- 0.46"
- 0.011°
- <0.005"
- <0.005"

BHHELRA S FARMBGKALRATEE -

RN AE - BIIGER RN BRI FRERERRNZ
JIEHRET » 122001 4 5 BEBZERI - EEREESFRIIBENIGERE "Hif
BNATHRFERE » MERT —M—BEREES  F5EHAREZEULVAC)
# SOLCIET HralzZEH - RHAIGEEMARTEN—FTERE > 1R ITH
A OLED F FOLED ByWFe R /R - " v il T\ 3>t — %8 , (FOLED):EEX
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X HFBUCENEREHAIRAMHRREZ— MEERMBAESR
IFRIRT M BB EE BB ER ELGEFIRRE T T8 &/ -
A% %, NER - FIEENEESSIEIEEET  # " aEi=
AL R, JIAERRRITA - Bde ULVAC 1Y SOLCIET Z&EEHH
)W RTHE % B AR 72 KHY Flexible OLED (FOLED) ZFHEIBE/RITH ~ 7
B HEERBOERT - RS EERmT
® GAFEEVEERGRUEAE 1 il BV BB B SR2 SR -
® HEFBZEK - SRIEHEBBEBENC REBMFIEDTIHEEEET -
® Gt - SRCEEREOL ISR R BT ERREAE - LB i
BITERIELR -
® 217 FOLED SAZAERASIN - LSS FRE - R EAETE]

A3 A RAOFS I S -

B - 722001 £ AR EERBEIEAR T RESUTHREE
By , & ULVAC B SOLCIET Z#EHAH - B A\YHEMAGHRFR BTN
FxEEEE - EEFTE IR ABRSEER R HE TR TE - (RA
RE#HE TI2AEE S e R A

&

FOLED B3 T H{HA®) FPD SRESLEFR - HE - MERERTEHNT
KBRS T RERRFREEF TGSk - FOLED JTffFRYEIEE (packaging) B2 E # 1k,
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(patterning ¥ EPUE R AL ATRISE - BRALT K R BB A BB
BT RS TSR B TR -

U

1 ~ Michael S., Weaver et al., Information Display, Vol. 17, No. 5&6, pp. 26-29,
2001.

2 ~ Hagen K., Thomas N. J., Solid State Tech., vol. 43, No. 3, pp.63-77.

3 ~ Staff, Solid State Tech., vol. 44, No. 3, pp.32-42.

5-9



E R

HEBELEE 2001, 24, T8.
it ACHYRA B E R A BESROE T MRRS T EREN as B

4 BB AZ OLED HEESR=ELLI Wit
MRE# BIIZCEARZE FERLEMITATEIR/OLED MR 1T

P EEE R4 (Flat Panel Display - f&f§ FPD ) 2 HRIEEERDLEESZ —
HEOBE4ABNERERE  FEEERSERENTFE G IR
R ES » LB KESEEAITHRE - F AR EE RSt — BRI R iR e

( Cathode Ray Tube » f§f8 CRT ) BB anst BT T W inEE ey (Liquid Crystal
Display » f§if§ LCD ) - T HEEA T -+ttt - AFIFEHEELTF - FERF
BARREETRROFT—RTEmE RS JOIEERE “3C" (BIERE > Computer
38#A ° Communication ~ BEME T84 * Consumer Electronics ) & “3G” (H[
5 =ITENER R AIKER - [ARE = » A S X —#2( Organic Light-Emitting
Diodes » fijf OLED ) HEFGHE - # - & - 15 - & ~ £ ~ /NEWRM - B5&EE
FFERRATEF HERRHE R — B LR AR O EERRIER R
RS T — AW e8hE - BRI 2 AR IR AR B A JTEE SIS » B
FREEEEEREN  RE - T—iiaRREERY  —FEIRBRNE
=

FELEACEE S » $FI81#T OLED Wy R AR sh Bl ¥ ~ OLED RYZE IR - OLED
HeTERREERN - —TERINAE -

* OLED Ry RE 5 B[R
OLED IR TR B HE# &> ( Organic Electroluminescence ° £ HAKH
#FEES OEL) » S22 1E 1963 £ Pope HUXFrEH - ERFLIBE (R MR
BEJfE05Y Anthrecene H&LES b BEFIBHEHIRS - BEFHIRIEE - BHRN
HASHERENMENTOLNER  IEERFIRZEER - —E2 1987 FEEH
ZE/NFHY C. W. Tang J Steve Van Slyke 5% A H 222K F R 2 @ UAEH#EHY
OLED Jjtff » AI{F EFE TR E T 8 E B R R g < R EMha s
& KNS T THeitee - HERMFERESEENBEERE IR T2
ERHYE 5% - 1€ LR OLED EREEERIER - M 1990 R EIHE A2 Friend
FARTHIBARH LI M (spin coating) K53 FFERTE OLED L - HJI
Polymer LED - 75&%5 PLED » ¥f OLED By R EHKEBIR < ZN » thiF1F OLED
HIRKELEE -
OLED >ty FEEF A —EMSMIHRE - ERE 0 IR EE R EREE
(Hole Transport Layer ) EdEEF{#i5f& (Electron Transport Layer) % » £ A—E
FENTHERERYE  EHABGEGR B —"8EEF" (exciton) 1% > F
FSEAMTRIRVERIE » RREELIEEI BRI EIEIERE (ground state) » 401
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B —Fr - E SRR RREER B @ E BRSO EREE R E T HIER
5% (spin state characteristics ) * [H5 25% ( ELEEREZIEERE » singlet to ground state )
HIEER F] LARIZR B 1E OLED HYZEY » HERAY 75%( = EREEIHERE - triplet to ground
state ) ELABREECEIZ EIEFEIERE - AFATEERISEA R 5ERE (band gap )
RIR[E » \J{5E 25%R95E B LA RIBE R RIS B HZK -

/INg3F OLED RyTT R AR 22258 % (vacuum deposition ) 175 B H IR
fEZ'E (substrate) F - HETRE—MHIFEE RRTHESE R - DUED)
B8 (work function) HISEIREGE (10 1) FHEEtE - AlQ; RET{HE/E - NPB
REFERE - CuPc BEMFAR  LISThKE - HE H#EHRY ITO (indium tin
oxide ) HYHERIGHE » 7 AlQ; B NPB Z FHIRIIRE—FLE - BRI HEL
B#Y) (flourescent dopant ) 438% (disperse ) ZE ¥ &85 (host emitter ) JFtE
FRHY S ERVB Y ME R IS = e a0t - A LIRS SRR I E
OLED JLUFRVEFREE M - FEE 2RI 2K NI - THBEhEREE -
NEREAB I ER TR R -

* OLED HUZ BRI

OLED WIE & - BB H AT mMEE % Bk BARAEATE - BaTh - B -
=R ERBHEREERTIEZEERT  ERAIMRZEFI T2 T ARERT
¥ (ME=)  HEEEEHRERETY - R =FEB#rs - THEE
HRELH - BH AR REH—TER ST E R, - A ERE AR R R IR
ERSEERNE R - A RIERY BRTEXLEMENERHEER

7£ 1998 £ » £EHY Baldo & AWFFEH LISk E&BEEEY) (iridium complex ) &
FREITCAE - AT DAER e = ERE TR A RIRE B #ERREIZK » 1% OLED JTARIZ LR
AMEEA=MELLE - B OLED H{lii# EAY— KIS -

ERER - BEREAWFRUBBERINAEENR - BE TR
OLED - E[l Flexible OLED - t1f§£5 FOLED » HIT{SEMBEIUATT - WIREENE
FIRFEsRTh - BISELIERITHERENE S (OB ) BB RIEER

“Red Planet” HHJEILJIEET T -

HI> OLED Hy&f2#; LCD 8 » BA7RRHE LCD 1Y 30%~40% » L2 E5
FEFR)—AEES - T EITERRKRZH LERSNNET - ZERRNENE=
21 1. 281583 (color pixelation scheme ) #9577 » 2. ¥&/H (high resolution )
BRI - 3. BRENERIFER - SBINFEa0T ¢

1. 2LERNEN - BrSNEREHFSNEBRRFTEN - 2LV
TR ERSHRE —EGRENENERE (sub-pixel) FEFHAL - & - H=[FHERH
¢ (ZOE7S) - Bt = FEEiLE &R AT ST BB GRS - RILAMARER
ZFEEMEE - 2 OLED BRIMWEERES — - METSEHHE » 2K
BB RESEAANRE GERN KBEISE=E M NE— BRIRLE
MR AWM —EEEEREVES PRI = Ra2PEmtEEE - |’
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BILERIZO RIS B HER - (R S A LN E -

2. FEHERIE - BIEERRE - RIS Gl BER - FLE IR
RAESBRIFE - HRTLASEE] Kodak/H 7 Sanyo il H &K Pioneer HIFfilT 3% R# 5
AIh - WEEFR - 55940 EEIRY CDT /A E]E EPSON &1F » EiUE RETRIEL
fig (ink-jet printing) FERIEHGRZR L - RS IWFFEH -

3. BRE)EISHIE A —M2RER  OLED el BaE) 7 =5 B EN=( passive
matrix ° B[] PM-OLED ) Ed ¥ &=, (active matrix » B[] AM-OLED ) fi%H » HEFK
st IFREANE /\ AR - #REhEUE S FIE/NRSTRYERR » KSR 5T B e i
BEYIBACIELL BT EESIREER M ME EFEGENSHEE - ARER
BERIRR R AT E 2R (B AMEEE - BB R H—KEE - TH5
B ENTURF AR - BEARRAR S B - WIEREH (ILE TFT-LCD &5 ) BE
— B R E PEE GRSy - I AL EERENE ST - TR IREE R TR
R E EMALER BANART SRiTEZSEFEEN2F 1L OLED
BEURNEEMD ©

HBEATAD » EE e RERE——TLARCE Z K » OLED 2328 R 2815 B A RTE
KD BEIEEINE B A ERR R R EI K -

* OLED HEEARIBREBRD

1996 £ » HZK Pioneer B 256x64 RGBT~ - ER2EREXREME
OLED fER 7R L » #¢itt OLED @b HIIE MRl K2 8 - ERARRAELLE
5 FRYBRFE IR #YL - 1997 £ > Pioneer REMEHEH 2324 OLED (REZEH
R (B) - BRIEEFRI—IERES,  WAE 2000 FEEBEFLRER (Motorola)
&1F » %% OLED FERYE “Timeport” FHMHEE L (E) - S/ EEAIfE
NAEMZ OLED HifHIRES e E &« — » MEIEHE %18 OLED fHEREAEF| > thfE
1999 FFEAH A= (Sanyo) S{EHFERFE2IRE—ERAKESE (LTPS)
VR LR BN 2.4 N T EIR 254k OLED EEnes (B+—)  EfELHAH
ZEfn © 559ME PLED AT » HEBIHY CDT A& 1998 FHEH F Ef=(AY B & PLED
HTay BT I ERSEEE - HAR Toshiba A ERIEAAAFIE 2002 £ 4 B E
E 2K PLED ERes - HAR) SONY A5 HATRIF R RHBE  BEAELE 2003
FEEEHRZEREARTH 13 K OLED FHERE (B+=) - 24 EBEAS
BT E T HIE LR A OLED FEREZY (RZ) R —EEILEE
HIEZ USSR E - UL E TR - OLED 2\ &ML IR EfE— S H 00
i .

FEEARZERAH B ARSFEAFETHSKE AT HrEEEnE
FIBRTTEOE » BEEEMBRIZEERE - BEETHBIBERS - B LER
THBETERIE - FFEEE T ELE il KEHEBLARASE  DIEAE
B~ BIEDLE - IR - R - (KBRS TERAF BABERASL
% OLED i » #EITHHFCERS (R=) X WHREBIFERD Rey—IEEE -
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SOMERRNENTF G - BRI ZGE R EEBIRI RIS EIRE) « (REERERR
BIIFF AR RBIRE LT C.W. Tang Kyi&RG#E (B+H=) Z T RSF S H
ELERPHY - BEPHIEFROIRIIZGENS T RS UTHSRFERE > T
(BT —fE—FERAVEERER - ¥ 5[ HAEZeHY SOLCIET rEUZ R - R HAD
SRR RTEN—FTERE K2 AR A OLED K FOLED HyRfFCelss
B - MEMMER ~ FK - FHbt - THBE TSR Eaa - 7R BIR
OLED ZESELZ (T IRIR BRI A Y B ERIAERIRAFE AR -

OLED Hu{yEME L - SGEEE FRIFREA RN - BRHEEEHERE
FB B AT - AL TEHERY R RS | 2R L BRI R AR
¢ - 2Aif OLED B—IHBSMHRIESE - BfTBFY RS EE - AEZHET
BHIAT 5 TEE - SRR FHEFET  BiFEE -+t irRiRsh g
RETENARIREAR - FERAIBARAYET: » W/ AFIRYATEEINEREERERS -

EREY) EFELE

Bl— - OLED Zy¢LEHE

He B AR

E— - BrixREREEAN=/Es OLED JTiFitE
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Color __Eff.
cd/A
Red 5.0
o Green 16.0
//“f Blue 4.5
- — White 4.5
000 .10(R0(BO0I0.50(60(70.800
0 0

B= - Bl ~ & - # - 5IUE OLED JTHRYSEEREER

ETFANA
AR
By %
TCRtEAE
BKABER

[E/Y - FOLED JTi&E
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Ef - EREHIETFEL

0.17mm

A
y

BN - B—ERPEHERIE%



BRITHEARREE TG

+5 - Pioneer Ei Kodak A& 8L

TRECT Hh[E (PM) FETERE (AM)

Kl

_>

OLED

OLED

® EIFE

[&l/\ ~ #eE = ARk i+ B AR R B R R

[& /L - Pioneer A 1997 fEFTHE AR E S EHR
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B+ - ¥xFE %% OLED [ERKJ Motorola “Timeport” F-#¢

» MIEEE = EAE 1999 FEHEHIRY 2.4 I FBj=(2 %2 OLED

B+
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[B+—SONY ji&7£ 2003 5 8 & H B2 3R E AR #Y 13 I OLED

PHEEE T ES

[B+= - REFEL R C. W. Tang 2 2000 £ 12 B 3&R

FTTT2E AL OLED BE=E
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a +— BEOLED

@ DiIE%R=@EAJOLED
BGEEN

v 3 v
b. B ¥OLED
| 11 11 |«#®%¢ e LLOXOLEDES
EARTAFIZES
v A4 v

~ e @ LUEFOLEDSH
|~ BIEEF e

F—  AEGEAENEN UEEZEEE b ENEE
c BRI -
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gise 2 P REERA
L %) T FFEER]
Dow Chemical €] (7 FARMIERERS
UNIAX E)) =T
Dupont &) _
Universal Display €) AT
eMagin (E3) N 20014
CDT ) =i FPHERF
iz = =T 200245
fEEIBM = = WRFELE
FEFIE (faD) B NQRFERE
LG&E T ) N3 20014
=8 /NEC (A®) N 20014
SEIKO-EPSON (H) =2 W0EFEEL
—ZHER (H) NrF 200244), BhEEIR
Pioneer (H) N 19984, BHERHIMR2002F- Z
TDK (B) N 20004, EhEEER2002E A£G
B (=) N F 20024
Stanley 5, (=)} =T 2001 &h =\ ERR
TOYOTAYRE (8) =
SONY (H) B— 20034
2 (H) N AT 20024 H
FREL (=) -
ERZ (H) e FORHIERERS
HrEE (H) N PRI
RHInkBGE (=) PEMILIERS
KB ZELR (H)

K - B/} OLED &




gise = M BRI

HeE B8) A TIEST 2000£F, B EHR2002F
iR (B) T
EE (B) —
(g (B) NI
pior2 (&) INrF
T (&) Ui
EILE] (8 N> F
Bt (& T
iR (&) =T
1L (&) =maF
BES (&) N3
&R =)} harF
[E2EH] (&5 N

= - &I OLED R

6-12



i

ZEAERNRAF

— BYHER: S REEENREBRRNENTRERCEXBEYCER
RERKER

% X : Organic Electroluminescent Device with New Green

Fluorescent Dopants

=, BBA: % : 1.BRE€E  Chin Hsin Chen
2.# &%  Chin Hsiung Chien
H% 1L RERE
2HERE
& 1IFTTRBE 1061 R {LBFREFR

2FTH RSB 1001 HEALBHEFR

I
T
>

#£% : 1.IR{E  Chin Hsin Chen
2/&#%#  Chin Hsiung Chien

B LHERE
2FERE

{£7R : LT AR 1001 RERALBHRER
2T REEE 1001 RMERLBRHEFR

ARA : KeSE
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it 4 A\

RAEANRAE

— BELM BN FEGEERERRTR
FEAZ : Novel Green Organic Electroluminescent Materials

- 3: 1= [ N 4 - 1.BEE&E&E  Chin Hsin Chen
2.ZFZEE  Meng Ting Lee

w]

HE  LPERE
2 FERE

AT ¢ L EdbmUEERAE 64 51518
2EIEHEEEREES 13051218

|1l
1
5
7
i
th

:BE4€#{ZE  Chin Hsin Chen
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Tetramethyljulolidine — A key intermediate in the synthesis of the red dopant
DCJTB for OLED applications
Chin H. Chen, Banumathy, B and Shih-Wen Wen

(International Conference of Electroluminescence III, Los Angeles, (ICEL-3), Sep 5-9,
2001.)

Organic electroluminescent devices are of growing interest in various display
applications due to their high luminous efficiency and capability of emitting many
colors throughout the visible spectrum. Commercial interest in organic light emitting
diode (OLED) technology has been the vital driving force in fueling the recent
research and development activities.' 2
4-(Dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4 H-pyran,
(DCJTB) is one of the best fluorescent dopants of choice for the red emitter of
tris(8-hydroxyquinolinato)aluminium hosted OLED’s including Pioneer’s recently
demonstrated passive matrix full color prototype and Kodak / Sanyo’s 2.4-in and
5.5-in low temperature poly silicon full color active matrix OLED displays. The cost
of manufacturing DCJTB is prohibitively high owing to the synthetic complications
of one of the key intermediates, 1,1,7,7-tetramethyljulolidine (TMYJ), which can be
prepared in two steps from aniline and 1-chloro-3-methyl-2-butene (Scheme 1). The
low yield (~30%) obtained in the acid catalyzed bis-annulation prompted us to
reinvestigate the reaction and analyze the products of the above reaction.
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A Highly Robust Green Fluorescent Dopant
for Organic Light-Emitting Devices
Chin H. Chen’, Chin-Hsiung Chien and Tswen-Hsin Liu

Department of Applied Chemistry & Microelectronics and Information Systems Research Center
National Chiao Tung University, Hsinchu, Taiwan 300, Republic of China

Abstract: AA novel coumarin derivative, 10-(2-benzothiazolyl)-9-methyl-1,1,7,7-tetramethyl-
2,3,6,7-tetrahydro-1H,5H, 11 H-benzo[/]pyrano[6,7,8-ij]quinolizin-11-one, abbreviated as C-
545MT, when doped in AlQ; as green emitter in OLED has the unusual property of resistance to
concentration quenching and the sustaining of its EL luminance efficiency (~7.8 cd/A) over a
wide range of doping concentration (2— 12%) which is more than ten times that of C-545T.
Single crystal XRD evidence is presented that the difference in doping behaviors can be linked to
the difference in molecular packing as well as volume of unit cell of the perspective dopant
crystals. Twisted molecular geometry of C-545MT that is distorted by the steric effect of C (4)-
methyl substituent could prevent the undesirable molecular aggregétion from occurring at high
concentration thus delaying the onset of quenching.

Keywords: OLED, Electroluminescent, Green dopant, Coumarin, Concentration quenching,

Synthesis, x-ray crystallography, photoluminescence.

1. Introduction

Strategically substituted 7-amino-3-(2-benzothiazolyl)coumarins based on the laser dyes,
C-6 and C-545 have been widely used as green dopants in AlQs-hosted organic
electroluminescent devices [1]. Their popularity derives from the fact that these highly

fluorescent coumarin derivatives when doped at their optimal concentrations usually produce

*Corresponding author
E-mail address: fredchen@eic.nctu.edu.tw (C. H. Chen)
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very high EL efficiencies and a fairly sharp emission (FWHM ~60 nm) whose color and EL
pererties can be further refined by structural modifications. One notable example is the green
dopant, 10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H,11 H-
benzo[/]pyrano[6,7,8-i/]quinolizin-11-one, better known as C-545T (Fig. 1) which has an optimal
doping concentration in AlQ; about 1% and a flat cd/A curve over a wide range of drive current
is found to be particularly suitable for passive dot-matrix OLED display applications [2).

However, upon further examination of the relationship between EL efficiency (cd/A) and
doping concentration, it is revealed that the luminance efficiency of C-545T tends to drop rather
quickly after peaking at around 1%. Further, as the doping concentration gets too high, a
shoulder at the long-wavelength edge of its emission begins to grow which ultimately will result
in an undesirable shift of hue. This narrow window of optimal doping concentration and the lack
of robustness in process control for fabrication of the dopéd emitter can be disadvantageous in
production where high display quality assurance is required. It is believed that the early onset of
concentration quenching phenomenon is usually caused by the tendency of most coumarin dyes
to aggregate or dimerize at high concentration. Several studies have shown that the positions in
coumarin molecules that most likely to take part in a photo-induced [2+2] cyclization are the
C(3)=C(4) sp’ double bond [3]. As a result, all of these photochemical reactions will lead
invariably to products that are no longer fluorescent due to the destruction of the emissive
chromophore originally present in the coumarin nucleus.

To study the effect of substitution at the C(4)-position of C-545T on the possible
“delaying” of onset of concentration quenching, we report herewith the discovery of a very
unusual coumarin derivative, 10-(2-benzothiazolyl)-9-methyl-1,1,7,7-tetramethyl-2,3,6,7-
tetrahydro-1H,5H, 11 H-benzo[/]pyrano[6,7,8-ij]quinolizin-11-one, designated as C-545MT (Fig.

1), which possess the unprecedented property of resistance to concentration quenching and the
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sustaining of its EL luminance efficiency over a wide range of doping concentration from 2% to

12% (v/v) which is more than x10 that of C-545T.

2. Photoluminescence Studies of C-545MT and C-545T

The thermal and solution photoluminescent properties of C-545T [4] vs. C-545MT [5]
are compared in Table 1. In general, the melting point (Ty,), glass transition temperature (T,) and
thermal decomposition temperature (Tq) of C-545MT are lower than those of C-545T. While the
fluorescence spectra in CH;CN are similar at around 516 nm, their relative fluorescence quantum
yields are quite different with C-545TM being only 73% that of C-545T. From the absorption
spectra and cyclic voltammagrams, the HOMO/LUMO levels of C-545T and C-545MT are
estimated to be 5.24/2.80 eV and 5.28/2.80 eV, respectively. The donating nature of the methyl
group at C-4 of the coumarin nucleus lowers the HOMO of C-545MT for about 0.04 eV while
the LUMO level remains uneffected. As expected, the emission of C-545MT is slightly
hypsochromic with respect to that of C-545T due to a wider bandgap. However, the unusually
large difference of 31 nm in Stoke shift suggests that either the ground state or the excited state
geometry of these dopants may be quite different.

Thin film samples of solid-state photoluminescence of C-545T and C-545MT doped in
AlQ;s at various concentrations are prepared by vacuum co-deposition on cleaned quartz surface
and measured on the Acton Research Spectro Pro-150 Fluorimeter with the excitation set at 400
nm. For clarity, only PL spectra of optimally doped C-545T at 0.5% and C-545MT at 2% are
compared in Fig. 2. From this illustration, the advantage of C-545TM in delaying the onset of
concentration quenching (x4) over C-545T is already evident. The solid PL emission Am of C-
545MT at 517 nm is also slightly blue-shifted from that of C-545T at 522 nm. It is also

interesting to note that the emission (FWHM 63 nm) of C-545MT is actually 5 nm narrower than
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its corresponding solution spectrum, contrary to C-545T (FWHM 61 nm) which is broader as

what is normally observed for most other dopants.

4. Single Crystal X-ray Crystallographic Analyses of C-545MT and C-545T

In order to explore further on this unusual property of resistance to concentration
quenching by CH;-substituent at C(4) exerted on C-545T molecule, single crystal X-ray
diffraction analyses were performed on both dopants using the Bruker Smart CCD instrument.
Both single crystals can be grown from ethanol and their perspective 3-dimensional drawings are
depicted in Fig. 3 in which all hydrogens are omitted for clarification. Some of the significant
differences in structure, unit cell and packing distance are also compared in Table 2.

Twisted angle along the C7-C8 bond as defined by the planes occupied by the coumarin
ring and the benzothiazole moiety of C-545MT is 21.7° which is more than x2 of that of C-545T
(10°). With essentially identical C7-C8 bond length of 1.49 A, the larger twisted angle of C-
545MT can be attributed to the crowding effect of the neighboring CHs-group in order to relieve
the steric compression. The large deviation from planar configuration of the C-545MT
chromophore that is important for efficient fluorescence could also explain its lower quantum
yield with respect to C-545T.

The major difference appears to be in their perspective molecular packing with C-545T
in space group P2(1)/c and C-545MT in P2(1)/n. C-545T has 4 molecules per unit cell with a
volume of 2242 A*while C-545MT has 8 with a unit cell volume of 4835 A*. The calculated
molecular density of C-545T (1.275 Mg/m®) is therefore denser than that of C-545MT which has
a density of 1.221 Mg/m’. The tighter packing between molecules of C-545T is presumably
arisen from its near planar molecular geometry which allows for better stacking than C-545MT

as compared in Fig. 4. This difference in packing as observed by the x-ray diffraction analyses
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could be one of the key evidences for rationalizing the difference in doping behavior of C-

545MT vs C-545T in AlQ; hosted OLED:s.

5. Electroluminescence Studies of C-545MT vs. C-545T

The organic EL devices were fabricated by vapor deposition according to published
procedures [8]. The sequence of deposition and respective layer thickness were: [ITO (1000 A)/
CuPc (150A) / NPB (600 A) / v¥% dopant + AlQ; (375 A)/ AlQ;(375 A) /Mg : Ag (10:1, 2000
A)]. The EL device were completed with encapsulation in a dry argon glove box. The structures
of NPB and AlQ; have been disclosed previously. The EL luminance and C.1L.E. chromaticity

values were measured using a Photo Research PR-650 spectrophotometer.

The most striking difference between devices doped with C-545MT and C-545T is that
the former is extremely resistant to concentration quenching. Fig. 5 shows the I-V-L curves of C-
545MT doped at 7.5% level with insert showing the overlay of its similar EL and solid PL
spectra at their respective optimal doping concentration. The turn-on voltage is around 5.5 V and
the luminance at 100 mA/cm? is 8,170 cd/m? with a luminance efficiency reaching 8.1 cd/A. For
comparison, the corresponding EL efficiency of C-545T at concentration > 6% dopant level
would have fallen below 4 cd/A. The advantage in delaying of concentration quenching is further
illustrated in Fig. 6 in which the luminance efficiency of C-545MT vs C-545T is plotted over a
wide range of doping concentration from 0 to 12.5% (v/v). It is noted that although C-545T has a
higher efficiency of 9.3 cd/A at its optimal doping level of 1%, it tends drop to rather quickly at
higher concentration. On the contrary, the EL efficiency of C-545MT reaches a plateau of
around 7.8 cd/A which is sustained throughout the doping concentration spanning from 2% to as
high as 12.5%. This robustness in processing can be of great advantage in production where large

window of doping control may be necessary to maintain the highest display luminance quality.
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Further advantage of C-545MT in its capability of maintaining its emissive color over a
wide range of doping concentration is illustrated in Fig. 7 in which the luminance of the device
driven at 20 mA/cm’ is plotted against the doping concentration along with the corresponding
1931 C.LE. coordinates. The desirable flat cd/A response over drive current for passive dot-
matrix OLED applications has also been observed for C-545MT doped AlQ; emitter at

concentration range throughout 2-12%.

Summary

We have discovered an unusual green coumarin dopant C-545MT which is highly robust
and resistant to concentration quenching in AlQs; host matrix as doped emitter in OLEDs. The
luminance efficiency of C-545MT is sustained around 7.8 cd/A over a wide doping concentration
range of 2-12% (v/v) which is more than ten times that of C-545T. Single crystal XRD evidence
is presented that the difference in doping behaviors can be linked to the difference in molecular
packing as well as volume of unit cell of the perspective dopant crystals of C-545MT and C-
545T. Twisted molecular geometry of C-545MT which is distorted by the steric effect of C(4)-
methyl substituent could prevent the aggregation from occuring at high concentration thus

delaying the onset of quenching.
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Fig. 1. Molecular structures of C-545T and C-545MT.
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Fig. 3. Single crystal x-ray crystallographic structures of C-545T and C-545MT.
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Fig. 4. Comparison of molecular packing in unit cells
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Fig. 6. Comparison of luminance efficiency vs doping concentration of C-545T and C-545MT.
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dopant Tm Tg Td |abs. Amax |fl. Amax | FWHM | Stoke’s shift ] (DPLT
C-545T | 230°C | 100C |318C | 476nm 516 nm | 56 nm 40 nm 1.0
C-545MT| 158C 64°C |304°C | 444nm 515nm | 68 nm 71 nm 0.73

Table 1. Thermal and spectroscopic properties of C-545T vs C-545MT in acetonitrile.
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dopant |twisted angle [space group| unit cell vol. | Z value {C7-C8 bond| Calc. density
C-545T 10° P2(1)/c 2242 A’ 4 1.490 A [1.275 Mg/m’
C-545MT|  21.7° P2(1)/n 4835 A’ 8 1.486 A

1.221 Mg/m]

Table 2. Comparison of x-ray crystallographic data of C-545T and C-545MT.



4+ =

Design and Synthesis of New Red Dopants For Organic
Electroluminescent Devices

Shih-Wen Wen and Chin H. Chen*

Department of Applied Chemistry
and
Microelectronics and Information Systems Research Center
, National Chiao Tung University, Hsinchu, Taiwan 30500

'Fluorescent dopants play a key role in enhancing the EL efficiency, tuning the color and
inﬂﬁencing the operational stability of OLED devices that are fabricated by using Alq as the
 host emitter. To drive down the material cost and to achieve the highest possible EL grade
of purity, design of highly fluorescent dopants that can be readily synthesized in high yield,
purified-and scaled up to production scale become important. For co-deposition with Alq by
carefully controlled resistive heating, Tg and thermal gravimetric properties need also to be
considered. In this talk, highlights of our recent work at the OLED laboratory of NCTU in
the design and 'synthesis of several new red fluorescent dopants related to -
4-(dicyanomethylene)-2-t-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4 H-pyran (DCJTB)
will be presented along with their PL and EL properties used as red emitters in OLEDs.
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Design and Synthesis of DCJTB-Based Fluorescent Dopants
for
Organic Light-Emitting Devices

Shin N. Lee, Tswen-Hsin Liu and Chin H. Chen*

Department of Applied Chemistry
and
Microelectronics and Information Systems Research Center
National Chiao Tung University, Hsinchu, Taiwan 30500

-

Abstract:
4-(Dicyanomethylene)-2-¢-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl)-4 H-pyran
(DCJTB) has been widely used as red dopant in Alg-hosted organic
electroluminescent devices. In order to improve the colorimetry as well as the
efficiency of OLED device, synthesis of materials with high purity, good ﬂuorescence
quantum yield and low propensity for concentration quenching is important. Through
molecular design, several modified red dopants based on DCJTB by introducing a
steric donating group at the C-8 position of the julolidyl ring have been prepared and
fabricated as doped emitters in OLEDs. This poster will present their PL and EL
performance data in comparison with those of DCJTB.
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A New Green Dopant For Organic Electroluminescent Devices

Meng-Ting Lee, Chia-Kuo Yen, Wen-Ping Yang, Chin H. Chen*

Department of Applied Chemistry
and
Microelectronics and Information Systems Research Center
National Chiao Tung University
Hsinchu, Taiwan 300

Fluorescent dopants play a key role in enhancing the EL efficiency, tuning the color and
influencing the operational stability of OLED devices. In green emitting materials,
10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-tetrahydro-1H,5H, 11 H-benzo[/]pyrano-
[6,7,8-if]quinolizin-11-one, better known as C-545T, has been widely used as green dopant in
Alg-hosted organic electroluminescent device with high EL efficiency and a sharp emission
(FWHM ~ 60nm). In this paper, the design and synthesis of a new coumarin-based
electrofluorescent dopant C-545P will be presented' and its PL and EL properties will be
benchmarked with those of C-545T.
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Abstract

Blue EL emission of 9,10-di(2-naphthyl)anthracene (ADN) based emitter in OLED is highly dependent upon its thickness and
attenuated by the microcavity effect of the emitter. By carefully tuning the thickness of ADN and optimizing the doping concentration of
TBP, one of the highest efficiencies reported for the anthracene based blue emitter at 6.6 cd/A with a CIE of x =0.13; y = 0.21 is achieved.

Keywords: opto-clectronic devices, electroluminescence, thin-film structures

1. Introduction

Tetra(s-butyl)perylene (TBP) doped in 9,10-di(2-
naphthyl)anthracene (ADN) has been reported to produce
efficient blue emission in OLED with a luminance
efficiency of ~3.4 cd/A and a CIE coordinates of x = 0.15;
y = 0.23. This doped device is also one of the few blue
OLED:s that have been demonstrated to be stable [1] with a
half life of 4,000 h starting from an initial lJuminance of
636 cd/m®. Further studies of this blue ADN emitter
revealed however, that its EL performance was not always
reproducible nor was the nature of this device robust. Both
luminance and color were found to be dependent upon the
thickness of each of the organic layers of the device with
the emitting layer appeared to be the most sensitive. Slight
variation of the thickness of emitter could result in the
grow-in of two extraneous shoulders in the green region
around 500 nm and 540 nm in addition to the main EL
€mission at Ay, ~ 460 nm which corresponds to the solid
PL of ADN. Evidence will be presented in this paper
which supports that the variation in EL performances and
emission spectrum are mainly due to an optical effect
rather than what was commonly believed to be the
formation of exciplex [2] or the shift of recombination
zone within the emitter [3].

*Corresponding author.
E-mail: fredchen@eic.nctu.edu.tw
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2. Experimental

The device architecture was [ITO (1700A)/CuPc
(150A)/NPB (400A) /ADN + TBP (x A) /Algqs (200A)/LiF
(10A)/Al (2000A)] and the structure of this blue host and
dopant studied in this report is shown in Fig. 1 where CuPc
was the hole injection layer, NPB the hole transport
material, ADN was the blue host, TBP was the blue dopant
and Algs; was the electron transport backing layer. Prior to
organic deposition, the ITO coated glass plate was
thoroughly cleaned by scrubbing, sonication, vapor
degreasing, and oxygen plasma treatment. Devices were
fabricated under the vacuum of 10® Torr in a thin-fim
evaporation coater following a published protocol [4].

Al 200 nm)
LiF (1 om)
| Alg, 20 nm)
ADN:TBP (x am)
{___NPB (40 nm)
CuPc (15 nm) __ |
ITO glass

Fig. 1 Device structure and blue host and dopant materials.



Table 1. EL performance comparison of doped and undoped TBP/ADN blue emitters.

Thickness Concentration EL Luminance Lum. CIE Voltage Efficiency
CuPc/NPB/ADN/AlQ;, TBP peak at 20mA/cm? Yieid coordinates
(nm) (% ) (nm) (cd/m?) (cd/A) (x,y) (V) (Im/W)
25/50/30/40 2 465 636 3.4 0.15,0.23 9.7 1.10
15/40/30/20 0 456 763 3.8 0.16,0.17 8.6 1.39
15/40/130/20 0 456 550 2.8 0.15,0.09 18.2 0.48
15/40/30/20 ] 464 1311 6.6 0.13,0.21 8.9 2.33
0.1 1.2 :
6
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Fig. 2. EL spectra of ADN vs. film thickness

3. Results and Discussion

Fig. 2 shows the unnormalized EL spectra of the
undoped devices where the thickness of the blue ADN
emitter layer was systematically increased from 300A to
1300A. The blue emission at around 460 nm is noted to
broaden and its intensity dropped sharply as the thickness
of the emitter layer increased to 600A and 750A,
respectively. Further increase in thickness was observed to
recover the blue emission beginning at ~950A and
maximized at 1300A when the full EL spectrum of ADN
was restored with a narrower FWHM. This periodicity of
changing emissive pattern which can no longer be
explained by the shift of the exciton recombination zone is
best rationalized by the weak microcavity effects of the
ADN emitter in OLED (5].

To eliminate the possibility of exciplex formation in
interpreting the EL spectral behavior with respect to
thickness variations, we replaced the NPB (Ip ~5.2eV) with
TPD (Ip -5.5eV) in our device structure and fabricated a
series of devices by varying the ADN emitter thickness
accordingly. It was reasoned that if the broad emission at
around 540 nm were indeed produced by the exciplex
formation at the ADN/NPB interface, the replacement of
TPD with a higher Ip should alleviate it. The fact that
similar periodicity of emissive pattern remained for TPD
device suggests the exciplex emission does not appear to
play a role in the ADN based blue device.

These findings allow us to optimize the blue device
structure by doping with TBP at various concentrations in
ADN emitter with different thickness. Their EL device
performances in terms of luminance efficiency and CIE

16-2

380 430 480 530 580 630 680 730 780
Wavelength (nm)

Fig. 3. EL spectra of doped and undoped TBP/ADN blue devices

coordinates are tabulated and benchmarked against Kodak’s
recent result [1] in Table 1. Increasing the thickness of
ADN to 13004 resulted in producing a much saturated blue
emission at CIE x = 0.15; y = 0.09 albeit at a lower
luminance efficiency (2.8 cd/A) and a higher drive voltage
(18.2V) which could be due to the unbalanced carriers for
recombination in the thicker ADN layer. The optimized
doping concentration of TBP in the device with 300A of
ADN was determined to be around 1% which produced a
blue emission peaking at 464 nm with a CIEx =0.13;y =
0.21. At the drive current density of 20 mA/cm’and 8.9V,
this blue device achieved a luminance of 1311 cd/m’ which
corresponds to a luminance efficiency of 6.6 cd/A and a
power efficiency of 2.33 Im/W that are among the best ever
reported for electrofluorescent OLEDs. Fig. 3 shows the
comparison of this doped EL spectrum with that of the
undoped device with the insert depicts the relationship
between the luminance efficiencies (cd/A) and drive
currents of both devices. The near “flat” efficiency
response with respect to drive current is particularly
desirable for passive matrix OLED flat panel display
applications.

We thank the National Sciences Council of Taiwan, R.O.C.
for financial support of this research.
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Abstract

We have studied the device optimization of red
DCJTB dye doped Alq; emitters in OLED. By varying
the hole injection materials, thickness of hole-transport
(NPB) layer and by evaporation with rubrene as
co-dopant, efficiencies of 3.24 cd/A and near saturated
CIE color coordinates of x = 0.643, y = 0.354 was
achieved without needing additional doping of
hole-trap with NPB. From experiments with film
thickness variation, it is concluded that the improved
EL performance and color saturation are due to the
synergistic effects of microcavity, device structural
optimization as well as optimal doping of DCJTB with
rubrene. We believe this luminance efficiency for red is
by far one of the best ever reported for dye-doped
electrofluorescent OLED:.

1. Introduction )

Organic light-emitting devices (OLED) have
received considerable attention due to their potential
application in flat-panel displays. For full color display
applications, it is necessary to demonstrate a set of
primary RGB emitters with sufficiently high luminous
efficiencies of proper proportion and a matching set of
chromaticity in order to achieve a desired white
emission with the right CIE coordinates. Such emitters
can, in principle, be obtained using a guest-host doped
system utilizing a single host matrix dispersed with
various RGB guest dopants leading to EL of desirable
hues [1]. Typically, the green OLED emitter has the
highest efficiency [2] followed by the blue [3] which
leaves red as the weakest link in the triad whose
balanced overall luminance can be critical in the
making of a good full color passive matrix [4] as well
as active matrix display [5].

An archetypical red dopant material used for many
of today’s OLED displays on the market is
4-(dicyanomethylene)-2--butyl-6-(1,1,7,7-tetramethyl
julolidyl-9-enyl)-4H-pyran, better known as DCITB
[6]. Despite of the fact that DCJTB is an excellent red
fluorescent dye with solution PL Apa~620 nm and a
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quantum efficiency n > 90%, the optimally doped EL
in Algs tends to appear orange which is due to the
contamination of green emission from the host emitter.
Although the color saturation can be improved by
higher level of doping, its luminance is greatly
compromised due to the onset of concentration
quenching. As a result, red color approaching
chromaticity coordinates of CIE x,y = [0.65, 0.35]
could only be obtained at dopant concentration of
higher than 3% when the luminance has dropped well
below its plateau. By adding 5% of rubrene as a red
emitting assist dopant with 2% DCJTB in Algs,
Hamada and coworkers at Sanyo [7] was able to
achieve a luminance efficiency of 2.1 cd/A with CIE
X,y = [0.64, 0.35]. Subsequently, the Kodak/Sanyo
team discovered [8] that by adding ~6% of NPB as
hole-trapping dopant to the above emitting system
simuitaneously, the efficiency could be further
improved to 2.8 cd/A with a starting luminance of 550
cd/m’ at 20 mA/cm’ and near saturated red
chromaticity coordinates of CIE x,y = [0.65, 0.34].
The encapsulated device structure disclosed in that
report was [Glass/ITO (anode)/150 nm NPB (hole
transport)/37.5 nm Algs with dopants (emitter)/37.5
nm Alq; (electron transport)/LiF (e-injecting)/200 nm
Al (cathode)] which showed a remarkable projected
operational half-life of 8,000 h at ambient conditions.
It is believed that this EL performance was one of the
best for a red fluorescent dye-base OLED emitter
including the 1,1’-dicyano-substituted bis(styryl-
naphthalene) derivatives (BSN) recently reported by
Sony [9].

For full color display, the red emitter of OLED still
needs to be improved further to save power
consumption and the Kodak/Sanyo’s 3-dopant process
involving DCJTB, rubrene and NPB is also in need of
simplification. We have restudied the red emitter
based on DCJTB and rubrene in this paper by varying
the hole-injecting materials, film thickness of the
hole-transport layer and doping concentration. It was
found the luminance efficiency and color of DCJTB
doped emitters can indeed be greatly improved by
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DCJTB

_LiF (1 nm)

2% DCJTB:Alg;
(37.5 nm)
NPB (x nm)
HIL
ITO (170 nm)
SiO; (20 nm)
Glass (0.55 mm)

Figure 1 Structure of doped device and materials

device optimization without the additional doping of
hole-trapping material in the emitter.

2. Experimental

The device architecture was [ITO (170 nm)/HIM
(15 nm)/NPB (x nm) /x% DCJTB: Algs; (37.5 nm)
/Algs (37.5 nm)/LiF (1 nm)/Al (200 nm)] and the
structures of materials are shown in Fig. 1 where CuPc
and CHF; were used as the hole injection materials
(HIM), NPB the hole transport material, DCJTB was
the red dopant, Alqs; was the host emitter as well as the
electron transport backing layer. The ITO/glass used
was 0.7 mm thick which contained a passivation layer
of 20 nm of SiO, and its sheet resistance was about 10
Q/C. In this work, we used two different hole
injection materials of 15 nm of copper phthalocyanine
(CuPc) and CHF; plasma polymerized anode
modification layer [10] to study the effect on
luminance efficiency.

Prior to organic deposition, the ITO coated glass
plate was thoroughly cleaned by scrubbing, sonication,
vapor degreasing, and oxygen plasma treatment.
Devices were fabricated under the vacuum of about
10 Torr in a thin-film evaporation coater following a
published protocol [11]. All organic layers were
prepared by vapor deposition using resistively heated
tantalum boats. Typically, the deposition rate was 4
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Figure 2 Effects of NPB film thickness on the EL
spectra

AJs and the substrate to evaporant source distance was
about 30 cm. The dopant was coevaporated from
resistively heated graphite boat which was controlled
by a temperature controller and monitored through a
thermocouple attached to the side of the boat. By
careful control of the dopant boat temperature, it was
possible to precisely coevaporate a determined amount
of dopant dispersed into the Alg; emitter layer as
measured in v/v %. After the deposition of the organic
layers and without a vacuum break, the LiF and Al
cathode electrode were deposited in sequence on top
of the organic layers using separately controlled
sources. The active area of the EL device, defined by
the overlap of the ITO and the cathode electrodes, was
0.1 cm® The EL emission spectra (taken normal to
device) and current-voltage-luminance characteristics
of the devices were measured in a dry box with a
diode array rapid scan system using a Photo Research
PR650 spectrophotometer and a computer-controlled
programmable DC source.

3. Results and discussion

To determine if there was any microcavity effect on
the coupling out efficiency of the red emission of
DCIJTB doped device, we began by first studying the
basic device architecture using CuPc (15 nm) as the
HIM by varying the thickness of hole transport layer
(NPB). Fig. 2 shows the plots of EL spectra of 2%
DCIJTB doped device at various NPB layer thickness
that was varied from 60 nm to 210 nm at 30 nm
intervals. The red emission due to DCJTB was found
to shift gradually from 624 nm to around 648 nm and
back to 630 nm again as the NPB thickness increases
from 60 nm to 210 nm with corresponding change of
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Figure 3 Comparison of EL spectra of NPB [60
nm] and [110 nm] doped cells

FWHM from 80 nm to 100 nm to 88 nm. The EL
intensities in terms of radiance (W/Sr/m?) were
observed to also have changed in a cyclical fashion
along with the thickness. This periodicity of emissive
pattern can be rationalized by the optical
(multiple-beam) interference effect [12] caused by the
Lambertian nature of the emission generated in the
center of a half-cavity created by the reflective
cathode mirror and the transparent ITO/glass substrate
in OLED. At lower doping concentration of 0.5%
DCIJTB, this effect is more prominent as shown in Fig.
3 in which the EL spectrum of the device with thicker
NPB of 110 nm shows no residual Alq; emission (near
510 nm) while that of the device with 60 nm of NPB
is still contaminated with the host green emission due
to incomplete Forster energy transfer. From these
experiments, the best thickness of NPB layer was
therefore determined to be between 90 — 120 nm in
consideration of both coupling out efficiency and
emissive color.

Although the thicker NPB device of 110 nm can
improve the red emission at a lower doping
concentration of DCJTB, it was not without cost with
CuPc (15 nm) as HIM. As shown in the inset of Fig. 4,
the increase of NPB thickness will cause the drive
voltage of these devices to rise sharply. By replacing
CuPc with plasma polymerized CHF; polymer as hole
injection and anode modification layer, the situation
can be dramatically improved. By plotting the
luminance efficiency against NPB thickness of these
two devices, it was noted the amplitude of periodical
variance as revealed in their respective EL efficiency
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Figure 4 Current efficiency vs. thickness of NPB
layer for CuPc(o) and CHF;(m) devices. Inset:
drive voltage as a function of the NPB film
thickness.

appears also less for the device made of CHF; than
that of CuPc.

Next we turn to the task of device optimization in
attempts to maximize the luminance efficiency (cd/A),
power efficiency (Im/W) as well as color saturation of
DCIJTB doped device in terms of CIE,, coordinates.
This was accomplished by introducing 5% rubrene as
the co-dopant along with the systematic change of
dopant concentration of DCJTB. The structural
variations in device are depicted in Table 1 with
common features of anode of [ITO (170 nm)/SiO, (20
nm)/glass (0.7 mm)] and cathode of [LiF (1 nm)/Al
(200 nm)] omitted for clarification. Fig. 5 shows the
plots of luminance yield against doping concentration
of DCJTB of all five devices. With NPB at 60 nm and

Table 1 Structural variations in device: glass (0.7
mm)/SiO; (20 nm)/ ITO (170 nm)/HIL/HTL/EML/

ETL/LIF (0.1 nm)/Al (200 nm)

Device HIL/HTL/EML/ETL

A CuPc(15nm)/NPB(60nm)/Alg:+DCITB(x%)37.5nm)
/Alg3(37.5 nm)

B CuPc(15nm)/NPB(60nm)/Alqs+rubrene(5%)+DCITB
(x%)(37.5nm)/Alq3(37.5nm)

C CHF3/NPB(110nm)/Alqs+DCITB(x%)X37.5nm)/
Alg3(37.5nm)

D CHF3/NPB(1 10nm)/Alq;+DCITB(x%) 30nm)/Alqs
(55nm)

E CHF/NPB(110nm)/Alq;+rubrene(5%)+DCITB(x%)
(30nm)/Algy(55 nm) ’
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CuPc (15 nm) as HIM, both devices A and B as a
group either without or with 5% rubrene co-doping
showed dismally low EL efficiency as compared with
devices C where NPB was 110 nm and CHF; was
used as HIM. Dramatic improvement in Juminance
efficiency of device C at nearly all doping levels of
DCITB was noted by simply changing the thickness
of NPB from 60 nm to 110 nm without rubrene.
Further refinement of the thickness of the doped
emitter (to 30 nm) as well as the Alq; electron
transport layer (to 55 nm) to Dbalance the
charge-carriers resulted in further enhancement in
efficiency in device D and E. The presence of 5% of
rubrene co-dopant in the emitter layer of Device E
appeared to prevent the drop of efficiency at higher
doping region of DCJTB (from 1% - 2.5%). This is
clearly advantageous as a near saturated red emission
can be obtained only at DCJTB doping concentration
of ~2%. The comparison of overall EL performance of
2% DCITB doped devices of A — E is thus tabulated
in Table 2. The corresponding EL spectra of these

Table 2 Overall EL performance of 2% DCJTB
doped devices @ 20 mA/cm’

Device L‘é:‘d;’ :;‘d CIEx CIEy V‘zl\‘,‘;ge Efmgy
A 1.09 0.632 0.363 11.34 03
B 1.23 0.648 0.350 11.00 0.35
C 1.99 0.635 0.362 10.28 0.61
D 252 0641 035 923 0386
E 3.24 0.643 0.354 8.53 1.19
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Figure 6 EL spectra of 2% doped DCJTB devices

devices expressed in spectral radiance of W/Sr/m’ are
overlaid in Fig. 6. The best DCJTB doped red OLED
device based on the optimized device structure E can
achieve a luminance efficiency of 3.24 cd/A at a drive
current density of 20 mA/cm® with a near saturated
color of CIE,, coordinates of 0.643, 0.354.

4. Conclusion

We have successfully fabricated one of the best red
DCJTB doped OLED devices where a luminance
efficiency of 3.24 cd/A with CIE,, coordinates of
0.643, 0.354 and a power efficiency of 1.19 Im/W at
drive current density of 20 mA/cm’ and voltage of
8.53V was achieved. This jump in performance was
accomplished by co-doping with 5% rubrene without
needing the extra hole-trapping NPB present in the
Algs emitter. The dramatic improvement in efficiency
is believed to arise from the synergistic effects of
increasing the NPB film thickness, replacing CuPc
with CHF; plasma polymerized hole injection layer as
well as balancing of charge-carriers by device
optimization. The enhancement of luminous efficiency
in red emitter of OLED should prove to be valuable in
realization of the full potential of full color OLED as
one of the major flat panel displays of tomorrow.
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Abstract

We have discovered a new family of green fluorescent dopants
based on coumarin structure -- C-545P and C-545PB. When
Jabricated as doped emitter in Alg; hosted OLED devices, they
show significant improvement in thermal properties, luminance
efficiency and resistance to concentration quenching over the
commercial dopant C-545T.

1. Introduction

One of the prototypical green dopants that is found in many of
today’s organic electroluminescent displays (OLED) on the
market is  10-(2-benzothiazolyl)-1,1,7,7-tetramethyl-2,3,6,7-
tetrahydro-1H,5H, 11 H-benzo[/]pyrano[6,7,8-i]quinolizin-11-one,
better known as C-545T [1]. It has a solution PL of Apy., 514 nm
(in 1,2-dichloroethane) with FWHM = 40 nm and a quantum yield
~90%. At optimal doping in tris(8-hydroxyquinolinato)aluminum
(Alqg;), C-545T was able to achieve a luminance efficiency of 8.7-
10.5 cd/A and a power efficiency of 3.3-4.1 Im/W at 20 mA/cm?®
with CIE coordinates of x = 0.30-0.33, y = 0.63-0.65, depending
on device architecture and hole injection materials [2]. A
sterically hindered di-z-butyl derivative, C-545TB with improved
thermal and EL properties has also been patented later [3].

According to a recent market survey and cost analysis which was
based on the projected worldwide demand of future OLED
production, it was estimated that the total material cost of C-545T
to the manufacturers alone could run as high as $2.3 million by
year 2003 [4]. One of the reasons for this exorbitant price can be
attributed to the fact that most of these dopants are custom
designed and meticulously synthesized. Besides, they are also
protected by material patents and linked with various license
restrictions which could limit their general availability and wide
acceptability.

Nevertheless, on the road to commercialization of OLED flat
panel displays, it is by no means enough to just consider the EL
performance as the cost of various OLED materials that go into
the device can be crucial in driving down the panel manufacturing
cost and staying competitive in the marketplace amid the
ubiquitous and dominant LC displays. At the OLED materials
discovery laboratory of NCTU, we have been working on the
design and synthesis of alternative and improved dopants that
have the potential of replacing the proprietary materials on the
market that are either expensive or difficult to obtain. For the
purpose of designing a “plug-in” replacement dopant, it is
particularly important to pay attention to the quality of emissive
color as accepted by the customers at large. We define the
“replacement” dopant as one that can improve the thermal
properties, PL and EL efficiencies and aging characteristics of an
existing dopant in an OLED product but leave the color of the
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electroluminescent display unaffected by the replacement. In this
paper, we wish to report the discovery of two such replacement
dopants based on the generic structure of coumarin which are
hereby abbreviated as C-545P and C-545PB. It will be shown that
these new dopants fabricated as green emitters in Algs based
OLED:s could significantly improve the EL efficiency and thermal
properties over the corresponding C-545T without compromising
its emissive color.

2. Molecular Design and Characterization

The molecular design of this new family of dopants -- C-545P and
C-545PB, is based on five (penta) strategically placed “methyl”
steric spacers as contrasted to C-545T which only has four (tetra).
The “P” family of dopants has the unique feature of having two
gem-dimethyl groups situated alpha (a) to the nitrogen of the
Jjulolidine bearing the lone pair p-orbital. From the perspective of
stereochemistry, the lack of molecular symmetry in the pattern of
methyl substitution on julolidyl ring is expected to prevent
molecular aggregation and delay the onset of quenching at high
doping concentration as well.

The molecular structures of both C-545P and C-545PB were -
confirmed by single crystal x-ray diffraction crystallographic
analysis using a Bruker Smart CCD instrument and their synthesis
and additional spectral characterization are documented elsewhere
[5]. The purity was checked by TLC as well as HPLC (> 99%),
and their mass spectra revealed no extraneous peak other than the
desired parent m/e = 444 (M" for C57H2N,0,S) of C-545P and
m/e = 556 (M" for C35H,4N,0,S) of C-545PB, respectively.

Both single crystals of C-545P and C-545PB can be grown from
dichloromethane/methanol and whose unit cells were found to
belong to the space groups of P2(1)/c and P2(1)/n, respectively.
Their perspective 3-D drawings of dimeric packing pattern in each
of their perspective unit cell (viewed from the z-axis) are
compared with that of C-545T [6] in Fig. 1 along with their
corresponding chemical structures where all hydrogens are
omitted for clarification. From the outset, there appears to reveal
little difference or particular trend in going from C-545T to the
“P> series in terms of unit cell volume, number of molecules/cell,
calculated density or the nearest intermolecular packing distance
in Table 1. All of these coumarin dopants show a pattern of D-
A/A-D stacking where D represents the donor end of the electron-
rich julolidine while A represents the acceptor end of the
molecule. The most striking feature can only be observed by
looking through the stack of each dimeric pair in each of the unit
cell along the z-direction as graphically depicted in Fig. 1. The
two C-545T molecules are seen to stack with the p-orbital of
nitrogen of julolidine of one molecule pointing directly toward the
carbonyl end of the coumarin ring of the other and vice versa.
But, similar stack is made impossible by
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Table 1. Comparison of x-ray crystallographic data

5. | No. of molecules/ ) ,. | Nearest intermolecular
Space group { Volume(A®%) ) Density(Mg/m®) o
unit cell packing distane(A)
C-545T P2(1)/c 2242 4 1.275 42
C-545P P2(1)c 2291.5 4 1.289 34
C-545PB P2(1)/n 30774 4 1.202 5.2
1.2
the steric hindrance exerted by the gem-dimethyl groups X— C-STFL
substituted at o to the nitrogen as in C-545P and C-545PB. As a Iy 4 ——&— C-345PFL
result, their D-A/A-D stacks are shifted laterally from each other 3 ‘ —8— C-545PBFL
with the julolidyl ring over the benzothiazole in C-545P and di(s- 0.8 - : e UV-vis C-545T
butyl)benzothiazolyl rings over each other in C-545PB which % .
06 | —©— UV-vis C-545P

appears to be separated apart the fartherest in distance.

Figure 1. x-Ray single crystallographic images of C-54SP,
C-545PB and C-545T

3. Thermal and Photoluminescent Properties

By thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC), the weight loss (Ty) of C-545P and C-545PB
is less than 5% upon heating to 343°C and 385°C, which are 25°C
and 67°C thermally more stable than that of C-545T, respectively.
The T,’s of C-545P and C-545PB are 102°C and 156°C compared
to 100°C of C-545T.

Solution (1,2-dichloroethane) absorption and PL spectra of these
dopants are compared in Fig. 2. They are essentially identical with
absorption An,, at 480 nm and PL A, near 514 nm and FWHM
about 48 nm. The relative quantum efficiencies are also similar
with C-545PB slightly higher than those of C-545P and C-545T.
These data confirm that the “P” series dopants enhance the
thermal stability of C-545T but do not change fundamentally the
photospectroscopic nature of the dye chromophore.

2« SID00DIGEST
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Figure 2. Solution absorption and photoluminescent spectra

4. Device Fabrication

The electroluminscent (EL) properties of C-545P and C-545PB
are evaluated in the device structure of [ITO (170 nm)|copper
phthalocyanine  (CuPc, 15 nm)|l,4-bis[ N-(1-naphthyl)-N -
phenylamino]biphenyl (NPB, 60 nm)|v% dopant + Alg; (37.5
nm)|Alq; (37.5 nm)[LiF (1 nm)]Al (200 nm)], where ITO on glass
(0.7 mm) with 20 nm SiO; barrier layer was used as the substrate
with a sheet resistance of ~10 Q/o, CuPc as the hole-injection
layer, NPB as the hole transport layer (HTL), v% dopant +Alq; as
the emitter, Alq; as the electron transport layer and LiF as the
electron-injection layer.

By CV measurements and the onset of absorption calculation, the
bandgap energies of C-545P and C-545PB are estimated to be 2.4
eV with HOMO sits at —5.3 eV and LUMO at -2.9 eV that are
identical to that of C-545T as well. As shown in Fig. 3, these
dopants energy levels which lie right in between the LUMO (-2.7
eV) and HOMO (-5.5 eV) of host Alq; are ideal for Forster
energy-transfer by exciton trap from Alg;.

Prior to the organic deposition, the ITO coated glass plate was
patterned by conventional lithography and then thoroughly
cleaned by scrubbing, sonication, vapor degreasing, and oxygen
plasma treatment. All organic layers were prepared in a vacuum
chamber (about 10 Torr) by vapor depostion using resistively
heated tantalum boats. Typically, the deposition rate was 4 A/s
and the substrate to evaporant source distance was about 30 cm.
The dopant was coevaporated from resistively heated graphite
boat which was controlled by a temperature controller and
monitored through a thermocouple inserted into the bottom of the
boat. By careful control of the dopant boat temperature, it was



possible to precisely coevaporate a determined amount of dopant
dispersed into the Alqg; emitter layer as measured in v/v %. After
the deposition of the organic layers and without a vacuum break.
the ultra thin layer 10 A of LiF followed by 2000 A of Al was
deposited through a patterned shadow mask on top of the organic
layers using separately controlled sources to complete the
cathode. The active area of the EL device, defined by the overlap
of the ITO and the cathode electrodes, was 0.1 cm® The EL
emission spectra and  current-voltage-luminance  (B-1-V)
characteristics of the devices without encapsulation were
measured in ambient immediately after vacuum break with a
diode array rapid scan system using a Photo Research PR650
spectrophotometer and a computer-controlled DC source.
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Figure 3. Energy diagram of doped green OLEDs

5. EL Results and Discussion

The plots of doping concentration (v/v%) in Algs vs luminance
efficiency (cd/A) of C-545P, C-545PB and C-545T are compared
in Fig. 4. Both C-545P and C-545T have their peak efficiencies
found at around 1% with C-545P showing better luminance
efficiency of 11.3 cd/A. At the optimal concentration, the
emissive color of both devices expressed in terms of 1931 CIE
coordinates are essentially identical at around x = 0.31 and y =
0.65. From the profile of the curves, C-545P appears also to be
slightly more resistant to concentration quenching than C-545T,
particularly in the doping concentration range between 1 — 2%
v/v. The turn-on voltage of C545P doped device was 4.5 V and at
the drive voltage of 10 V, the device reached a brightness of
12000 cd/m?.

The best dopant to resist concentration quenching among the three
is found in C-545PB whose luminance efficiency reaches 11.1
cd/A at 1% and remains essentially independent of doping
concentration all the way through 4%. The robustness of C-545PB
with di--butyl substitutuents against concentration quenching is
consistent with the expectation of molecular design and the order
of molecular packing as illustrated by its single crystal x-ray
crystallographic analysis. At current density of 20 mA/cm® and a
drive voltage of 8.8 V, its luminance was 2319 cd/m? with CIE,,
coordinates of 0.33, 0.64 and the luminous power was 4.14 m/W.
The B-1-V plots of C-545PB at 3% doping level are shown in Fig.
5 in which the solid PL and EL spectra are overlaid in the insert.
The nearly superimposible spectra are indicative of their identical
nature of excited states and the extra di-r-butyl bulky spacers
appear to alleviate the problem of excimer emission.
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Figure 5. B-1-V of C-545PB at 3% doping in Alqs

Fig. 6 shows the comparison of devices doped with these three
coumarin dopants at the optimal concentration of 1%,
respectively. Like C-545T, both C-545P and C-545PB display a
nearly flat response of luminance efficiency (cd/A) with respect to
drive current densities from 10 mA/cm® to 100 mA/cm?® The
replacement dopants also show a much steeper rise and early
plateau in efficiency than C-545T at low drive current region. This
is particularly desirable for the passive-matrix displays where the
system would need to be capable of very high luminance at low
voltage and to have a "flat" cd/A response with respect to drive
voltage for IC chip design.

Finally, in Fig. 7, the emissive colors of C-545P, C-545PB and C-
545T expressed in CIE,, coordinates are plotted against their
respective doping concentration. The robust nature of the green
C-545P as well as C-545PB doped emitter in terms of color
variation is also comparable with that of C-545T which is well
accepted in the OLED display community.
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6. Conclusion

We have discovered a new family of green fluorescent dopant
based on the generic structure of coumrain -- C-545P and
C-545PB which can be used as “replacement™ dopant for the
commercial C-545T. When fabricated as doped emitter in Alg;
hosted OLED devices, these new dopants show significant
improvement in thermal properties and luminance efficiency as
well as in their resistance to concentration quenching over C-
545T.
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