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A new and better generation of red-fluorescent dyes based on
a chromene-2-ylidene moiety, [7-diethylamino-3-(2-thienyl)-
chromen-2-ylidene]-2,2-dicyanovinylamine (ACY) and {10-(2-
thienyl)-2,3,6,7-tetrahydro-1H,5H-chromeno[8,7,6-ij]quinoli-
zin-11-ylideneg-2,2-dicyanovinylamine (CQY), has been de-
signed and synthesized, and has been proven to function as
excellent red-emitting dopants in high-performance red-emitting
organic electroluminescent devices.

Luminescent dyes have been receiving a great deal of
attention in view of both academic interest and application for
organic electroluminescent (EL) devices. Doping of a lumines-
cent material in a host matrix is an effective method for attaining
high brightness and desirable emission color in organic EL
devices.1 Among blue-, green-, and red-emitting materials that
are required for full-color display, few materials that emit red
light of high brightness and narrow emission bandwidth are
known. It is a subject of current interest and importance to
develop high-performance red-emitting materials that function
either as the recombination center for holes and electrons or as
dopants dispersed in a hostmatrix.We report here the synthesis of
a new and better generation of red-fluorescent dyes and the
fabrication of high-performance red-emitting organic EL devices
using these dyes as dopants.

Hitherto reported red-emitting materials include chelates2

and organic dyes.3 Europium complexes exhibit emission with
narrow bandwidths at around 610 nm; however, the luminance of
organic EL devices using europium complexes as red emitters has
been reported to be very low, being in the range from 30 to
460 cdm�2 at driving voltages from 9 to 26V.2a,2b Organic EL
devices using ruthenium complexes exhibit luminances from
1000 to 2000 cdm�2.2c,2d Red-emissive dyes, e.g., 4-dicyano-
methylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran
(DCM1) and 4-dicyanomethylene-2-methyl-6-[2-(2,3,6,7-tetra-
hydro-1H,5H-benzo[ij]quinolizin-8-yl)vinyl]-4H-pyran
(DCM2), have been used most extensively as luminescent
dopants for red-emitting organic EL devices.3a{3e The devices
using such DCM dyes exhibit relatively high luminances from
several hundreds to 4,000 cdm�2;3d,3e however, the full width at
the half maximum (FWHM) of their emission bands is wide,
being ca. 100 nm. In addition, the synthetic procedure of theDCM
dyes requires several steps. Organic EL devices using other red-
emissive dyes as dopants, e.g., tetraphenylchlorin and 6,13-
diphenylpentacene, have been reported to exhibit luminances of
100 and 1,000 cdm�2, respectively.3f,3g In addition to the above
fluorescence emitters, triplet phosphors such as platinum and
iridium complexes have also been receiving attention as emissive
dopants.4

In this work, we have focussed our attention to the design and
synthesis of a new class of red-fluorescent dyes based on a
chromene-2-ylidene moiety, [7-diethylamino-3-(2-thienyl)chro-
men-2-ylidene]-2,2-dicyanovinylamine (ACY) and {10-(2-thi-
enyl)-2,3,6,7-tetrahydro-1H,5H-chromeno[8,7,6-ij]quinolizin-
11-ylideneg-2,2-dicyanovinylamine (CQY). The incorporation of
diethylamino and dicyanovinyl moieties as the electron-donating
and electron-accepting groups is intended to provide intramole-
cular charge-transfer character, and hence, to bring about
significant red shift of the emission bands relative to those of
coumarin dyes. These dyes exhibit red emission with both high
brightness and narrow FWHM, functioning as highly efficient
red-emissive dopants for use in organic EL devices.

ACYwas synthesized by the reaction of 2-thienylacetonitrile
(TAN) with 4-(diethylamino)salicylaldehyde (DMSA) to give 7-
diethylamino-3-(2-thienyl)iminocoumarin, followed by the reac-
tion with ethoxymethylenemalonitrile. The synthetic procedure
of ACY is shown in Scheme 1.

The reaction mixture of TAN and DMSA was heated in
mesitylene at 120 �C for 1 h in the presence of piperidine, and the
resulting dark green-colored solution was cooled to room
temperature. To this solution was added ethoxymethylenemalo-
nitrile, and the reaction solution was again heated at 120 �C for
further 1 h. When the resulting solution was cooled, the product
precipitated from the solution. The precipitate was purified by
silica-gel column chromatography, followed by vacuum sub-
limation to yield dark blue metallic luster powders of ACY.
Likewise, CQYwas synthesized starting from2,3,6,7-tetrahydro-
8-hydroxy-1H,5H-benzo[ij]quinolizin-9-carboxaldehyde and
purified by the same procedure. The new compounds, ACY and
CQY, were identified by various spectroscopic methods, mass
spectrometry, and elemental analysis.5

Scheme 1. Synthesis of ACY.
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Figure 1 shows the electronic absorption and fluorescent
spectra of ACY and CQY in dilute THF solution
(1:0� 10�5 mol dm�3). ACY and CQY show two bands peaking
at 357 (" ¼ 4:94� 104 l mol�1 cm�1) and 550 nm (" ¼
5:69� 104 l mol�1 cm�1), and 365 (" ¼ 3:08�
104 l mol�1 cm�1) and 572 nm (" ¼ 4:57� 104 l mol�1 cm�1),
respectively. They exhibit intense red fluorescence peaking at 615
and 632 nm in dilute solution with high quantum efficiencies of
0.81 and 0.93 for ACY and CQY, respectively. The absorption
and fluorescence bands undergo red shift with increasing polarity
of solvents. Bright red fluorescence is observed when these dyes
are dispersed at small concentrations in a host matrix such as
tris(8-quinolinolato)aluminum (Alq3) film. The photolumines-
cence (PL) spectra of ACY and CQY (1mol%)-doped Alq3 films
(ca. 100 nm thick) show fluorescence emission bands with a peak
at ca. 645 and 655 nm originating from ACY and CQY,
respectively, by irradiation with 380 nm monochromatic light
which is absorbed by both Alq3 and the dyes. No fluorescence
emission attributable to Alq3 was observed. This result indicates
that efficient singlet excitation energy transfer takes place from
the host Alq3 to the guest ACY or CQY.

Double-layer organic EL devices using 4,40,400-tris[3methyl-
phenyl(phenyl)amino]triphenylamine (m-MTDATA)6 as a hole-
transport layer and ACY or CQY-doped Alq3 as an electron-
transporting emitting layer were fabricated by sequential vacuum
deposition of the organic materials onto an indium-tin-oxide
(ITO)-coated glass substrate (sheet resistance 50�=�) at
8� 10�6 torr, followed by vacuum deposition of an alloy of
magnesium and silver (Mg : Ag ¼ 10 : 1) (4mm2) onto the
organic layer.

The fabricated devices, ITO/m-MTDATA(50 nm)/ACY(1 -
mol%)-doped Alq3(50 nm)/MgAg (Device A) and ITO/m-
MTDATA(50 nm)/CQY(2.2mol%)-doped Alq3 (50 nm)/MgAg
(Device B), exhibited bright red light originating from ACY and
CQY, respectively. The red emission was uniform over the entire
active area of the devices. The EL spectra of both devices were in
good agreement with the PL spectra of ACY and CQY dispersed
in the Alq3 film, respectively. Neither green emission resulting
from Alq3 nor yellow emission resulting from the exciplex7

formed at the interface between the hole-transporting m-
MTDATA and electron-transporting Alq3 layers was observed.
It is indicated that efficient excitation energy transfer takes place

from the host Alq3 to the dopant ACY or CQY and that the
exciplex formation at the interface between m-MTDATA and
Alq3 is effectively prevented by doping.

It is noteworthy that the devices using ACY or CQY as the
red-emissive dopant exhibit the EL spectra with a FWHM of 68
and 60 nm, respectively, which are significantly narrower than
those of the reported devices using DCM dyes as dopants. Device
A using ACY as the dopant exhibited very high performance with
a turn-on voltage of 5V, a maximum luminance of 6,400 cdm�2

at 15V, a luminous efficiency of 1.3 lmW�1, and an external
quantum efficiency of 0.8% at a luminance of 300 cdm�2. To the
best our knowledge, the performance of this device, in particular,
the maximum luminance and luminous efficiency are of the
highest level among hitherto reported fluorescence-based red-
emitting organic EL devices. Although the performance of
Device B, which exhibited a maximum luminance of
1,000 cdm�2 at 15V, a luminous efficiency of 0.28 lmW�1,
and an external quantum efficiency of 0.12% at a luminance of
300 cdm�2, was lower than that of Device A, it is expected that
the selection of host materials whose fluorescence bands better
overlap with the absorption band of CQY will improve the
performance. The CIE coordinates for Device A and Device B
using ACY and CQY as the dopant were (0.68, 0.32) and (0.70,
0.30), respectively.

In summary, a new and better generation of red-fluorescent
dyes based on a chromene-2-ylidene moiety have been synthe-
sized and characterized. They exhibit bright red fluorescencewith
high quantum efficiencies and narrow bandwidths, and in
particular ACY has proved to function as an excellent red-
emitting dopant for high-performance red-emitting organic EL
devices. The present molecular design based on the chromene-2-
ylidene moiety will enable the synthesis of a variety of dyes
containing various functional groups, paving the way for the
exploitation of further new red dyes for organic EL devices.
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Figure 1. The electronic absorption and fluorescence spectra of ACY (a and
c, solid lines) and CQY (b and d, dotted lines) in THF solution
(1:0� 10�5 mol dm�3).
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