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Abstract

6-Substituted 2,3-dicyano-5-[4-(diethylamino)styryl]-7-methyl-6H-1,4-diazepines were applied as red dopants in single-layer
organic electroluminescence (EL) devices. EL maxima were observed at around 610 nm and the EL intensity of the 6-alkyl

derivatives was higher than that of the unsubstituted variant under fixed bias voltage due to increased current density and improved
hext in the devices.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

EL devices have attracted much attention for their
use in flat panel displays for which it is important to
develop red, green, and blue emitting materials in order
to realize full-color display; in particular, it is important
to obtain low-mass red emitters. Europium [1], iridium
[2], osmium [3], and platinum complexes [4,5], azome-
thines [6], pyrans [7,8], xanthenes [9], oxiazines [9],
cyanines [9], styryls [9], porphyrins [10], and 1,2,5-
oxadiazole[3,4-c]pyridines [11] are well known as red
dopants. 2,3-Dicyano-5-[4-(diethylamino)styryl]-7-methyl-
6H-1,4-diazepines have been reported to show red
fluorescence [12]. In order to secure dopants, it is of
significance to investigate substituent effects. In this
context, to our knowledge, no information concerning

* Corresponding author. Tel.: C81 58 293 2601; fax: C81 58 230

1893.

E-mail address: matsui@apchem.gifu-u.ac.jp (M. Matsui).
0143-7208/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.dyepig.2005.04.007
the substituent effects of dopants on EL performance
has been reported thus far. This paper concerns the
substitution effects of 2,3-dicyano-5-[4-(diethylamino)-
styryl]-7-methyl-6H-1,4-diazepines on their performance
in single-layer EL devices.

2. Experimental

2.1. Materials

6-Substituted 2,3-dicyano-5-[4-(diethylamino)styryl]-
7-methyl-6H-1,4-diazepines 1 were prepared as de-
scribed previously [12].

2.2. Fabrication of EL device

ITO glass was sonicated in water, acetone, and
isopropyl alcohol and the treated glass was kept under
an ozone atmosphere with UV irradiation. The ITO

mailto:matsui@apchem.gifu-u.ac.jp
http://www.elsevier.com/locate/dyepig


44 E. Horiguchi et al. / Dyes and Pigments 70 (2006) 43e47
glass was used as anode. To a toluene solution (3 ml) of
poly(vinylcarbazole) (PVK) (40 mg) and 2-(4-biphenyl)-
5-(4-tert-butylphenyl)-1,3,4-oxaziazole (PBD) (40 mg)
was added 2,3-dicyano-5-[4-(diethylamino)styryl]-7-
methyl-6H-1,4-diazepine 1 (1.1 mmol). The mixture was
spin-coated (1000 rpm, 10 s then 2000 rpm, 10 s) on the
ITO glass giving a film thickness of 1000 Å. A cathode
electrode of aluminumelithium (99:1) alloy was pre-
pared by vapour deposition (0.5 nm s�1). The corre-
sponding EL device as well as the chemical structures of
PVK, PBD, and 1 are shown in Fig. 1.

3. Results and discussion

The EL spectra of 1a are shown in Fig. 2. The EL
intensity around 610 nm was normalized. The weak
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Fig. 1. Structure of EL device and materials.
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Fig. 2. EL spectra of 1a.
emission peak based on PVK and/or PBD was also
observed at around 450 nm [13]; this peak decreased as
the concentration of 1a increased. When the concentra-
tion was 0.45 mass%, this peak disappeared.

Fig. 3 shows the relationship between bias voltage
and current density at various concentrations of 1a. As
the concentration of 1a increased, a large increase in
driving voltage was observed which suggests that 2,3-
dicyano-5-[4-(diethylamino)styryl]-7-methyl-6H-1,4-dia-
zepines trap charge carriers.

Fig. 4 indicates the relationship between the EL
efficiency and the concentration of 1a; maximum
efficiency was observed at 0.11 mass%, and then de-
creased with further increase in concentration. On the
basis of this result, the optimized concentration for 1a

was selected as 0.45 mass%, because the fluorescence
from PVK and/or PBD was completely disappeared at
0.45 mass% of 1a as shown in Fig. 2. Therefore, the
same molar amount (1.1 mmol) of 1b and 1c was used to
compare EL performance.
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Fig. 3. Relationship among concentration of 1a, bias voltage, and

current density.
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Fig. 5 shows the normalized EL spectra of 1a, 1b, and
1c; EL maxima of 1a and 1b, 1c were observed at 604
and 617 nm, respectively.

The relationship between the bias voltage and EL
intensity of 1a, 1b, and 1c is indicated in Fig. 6. The
6-alkyl derivatives1b and 1cdisplayedhigherEL intensity
than the unsubstituted compound 1a at fixed bias voltage.

To understand why the 6-alkyl derivatives 1b and 1c

possessed larger EL intensity than the unsubstituted
variant 1a, the relationship between the bias voltage and
current density was examined (Fig. 7). The current
density of 1b and 1c was ca. two times higher than that
of 1a at a fixed bias voltage.

The current density (J ) in devices is expressed by
Eq. (1),

JZð9=8Þ!3!30!meff!
�
V2=L3

�
ð1Þ

where 3, 30, meff, V, and L represent the dielectric
constant of the film, dielectric constant in vacuum,
carrier mobility, bias voltage, and film thickness,
respectively. Thus, current density is mainly affected
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Fig. 5. EL spectra of 1a, 1b, and 1c.
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Fig. 6. Relationship between bias voltage and EL intensity of 1a, 1b,

and 1c.
by the dielectric constant of the film and carrier mobility
at fixed bias voltage. When the trap sites of charge
carrier exist in the film, the carrier mobility decreases,
with the result that the current density falls in the
devices. Since compound 1a acts as a trap, the current
density of the device using 1a is lower than that of
a non-doped device under fixed bias voltage. Since the
same molar amounts of 1a, 1b, and 1c are doped in the
film, the number of trap sites is the same. When less
charge carrier, compared with 1a, is trapped by 1b and
1c, the current density in the device using 1b and 1c is
larger than that of 1a. The HOMO and LUMO energy
levels are scarcely affected, because the alkyl group at
the 6-position in 1b and 1c is not conjugated with the
chromophore. Meanwhile, the introduction of alkyl
group can change the size of molecule. It is known that
the carrier mobility of bulky tert-butyl-substituted
rubrene decreases due to the corresponding greater
distance between the molecules [14]. Thus, in compar-
ison with 1a, the bulky 6-substituted derivatives 1b and
1c may inhibit the carrier trapping from host PVK and/
or PBD, resulting in improvement of current density in
the EL devices.

The EL efficiency of 1a, 1b, and 1c is shown in Fig. 8;
the unsubstituted derivative 1a showed higher EL
efficiency than the alkyl derivatives 1b and 1c. As
compound 1a can trap larger amount of carriers than
either 1b or 1c, the EL efficiency of 1a may be higher
than that of 1b and 1c.

As EL intensity is proportional to the product of
current density and EL efficiency, it can be proposed that
the higher EL intensity of 1b and 1c can be attributed to
increased current density under fixed bias voltage.

The relationship between the EL intensity and
current density is indicated in Fig. 9; the difference in
EL intensity between 1a and 1b, 1c was not large as
anticipated. For example, the difference of EL intensity
between 1a and 1c at 1000 Am�2 was only 50 cd m�2
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whereas the current density of 1c is ca. two times larger
than that of 1a as shown in Fig. 7. Hence, when the
current density of 1a is 1000 Am�2, the EL intensity of
1a is estimated to be 350 cd m�2. Meanwhile, when the
current density of 1c is 2000 Am�2, the EL intensity is
estimated to be 500 cd m�2. Thus, the supposed
difference in the EL intensity between 1a and 1c is
150 cd m�2, being much larger than the observed one,
50 cd m�2.

To explain this result, the substituent effect on external
quantum efficiency (hext) was examined. The EL intensity
depends on hext, which is expressed by Eq. (2),

hextZg!hr!4F!hp ð2Þ

where g, hr, 4F, and hp represent charge balance factor,
fraction of total excitons, internal fluorescence quantum
yield, and light-extraction efficiency, respectively. The hr
value for fluorescent materials is usually estimated to be
25%. hp depends on the refraction index of the organic
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Fig. 8. EL efficiency of 1a, 1b, and 1c.
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Fig. 9. Relationship between current density and EL intensity of 1a, 1b,

and 1c.
layer and is same throughout this work. Thus, hext is
proportional to the product of g and 4F.

The 4F value is represented by the fluorescence
intensity in the PL spectrum. The PL spectra of 1a, 1b,
and 1c in the PVK-PBD 1:1 mixed film are shown in
Fig. 10. The PL spectra were similar to those of the EL
spectra as shown in Fig. 5. The film was doped with the
same molar amount (1.1 mmol) of 1a, 1b, and 1c, as
employed for the EL devices. The fluorescence in-
tensities of 1b and 1c were slightly larger than that of 1a
which indicates that the higher fluorescence intensity of
the 6-substituted 2,3-dicyano-5-[4-(diethylamino)styryl]-
7-methyl-6H-1,4-diazepines in the film could increase
the 4F value in the EL devices. Since the EL intensity of
1a was slightly higher than that of 1b and 1c, as shown
in Fig. 9, it is clear that the 6-alkyl group disorders the
charge balance (g) in the devices. Whilst it is not clear
how the 6-alkyl group disorders the charge balance,
it should be pointed out that the alkyl group at the
6-position could increase 4F, which could improve hext.

4. Conclusions

6-Substituted 2,3-dicyano-5-[4-(diethylamino)styryl]-
7-methyl-6H-1,4-diazepines acted as red dopants in
single-layer EL devices; EL maxima were observed
around 610 nm. The 6-alkyl group reduced carrier
trapping to improve the current density under fixed
bias voltage. In contrast, the inhibition of carrier
trapping in the 6-alkyl derivatives lowered EL efficiency.
However, as the 4F of the 6-alkyl derivatives was slightly
larger than that of its unsubstituted counterpart, the
improvement of hext, the difference in EL intensity
between 1a and 1b, 1c was not large as supposed.
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Fig. 10. PL spectra of 1a, 1b, and 1c in PVK-PBD film. To a toluene

solution (3 ml) of PVK (40 mg) and PBD (40 mg) was added 2,3-

dicyano-5-[4-(diethylamino)styryl]-7-methyl-6H-1,4-diazepines 1

(1.1 mmol). The solution was spin-coated (1000 rpm, 10 s then

2000 rpm, 10 s) on ITO glass and dried. Compounds 1a, 1b, and 1c

were excited at 491, 523, and 523 nm, respectively.
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Therefore, the EL intensity of the 6-alkyl derivatives was
higher than the unsubstituted compound under fixed
bias voltage due to increased current density and
improved hext in the devices.
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