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A facile synthesis of solid-emissive fluorescent dyes:
dialkylbenzo[b]naphtho[2,1-d]furan-6-one-type fluorophores with
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Abstract—A new type of organic fluorophores, dialkylbenzo[b]naphtho[2,1-d]furan-6-one-type fluorophores, exhibiting strong blue
and green emission in the solid state has been easily synthesized by an one-step reaction. The X-ray crystal structure demonstrated
that the structural form with a chair-shape with the sterical hindered dialkyl substituents and the 9-dibutylamino group prevents the
fluorophores from forming short intermolecular contacts and produces intense solid-state fluorescence emission.
� 2007 Elsevier Ltd. All rights reserved.
Recently, solid-emissive fluorescent dyes have been the
focus of considerable interest because of not only attrac-
tive materials for the fundamental research of solid state
photochemistry,1–5 but also their possible applications
in the optoelectronics such as light emitting diode and
photoelectric conversion.6,7 However, organic fluoro-
phores exhibiting strong fluorescence both in solution
and in the solid state are relatively limited because most
fluorophores undergo fluorescence quenching by mole-
cular aggregation in the solid state. In order to develop
strong solid-emissive fluorophores, many efforts were
made on inhibition of molecular aggregation state caus-
ing fluorescence quenching. Fluorescent dyes having
non-planar structures with sterical hindered substituents
prevent the fluorophores from the close packing causing
fluorescence quenching in the solid state and produces
intense solid-state fluorescence emission.5h,8,9 In con-
trast, we have designed a novel dialkylbenzo[b]naph-
tho[2,1-d]furan-6-one-type fluorophores (2a–c), which
consist of p-planar chromophore skeleton with sterical
hindered dialkyl substituents prevent the fluorophores
from short p–p contacts causing fluorescence quenching
in the solid state. In this Letter, we report the prepara-
tion of 2a–c by one-step reaction and their photophysi-
cal properties in solution and in the solid state.
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To elucidate the effects of the dialkyl substituents on
the solid-state photophysical properties, we have carried
out the measurement of the solid-state fluorescence
spectra and the X-ray crystallographic analysis of the
fluorophores.

The starting 1,1-dialkyl-1H-naphthalen-2-one 1a–c were
prepared according to the published procedure.10 Novel
dialkylbenzo[b]naphtho[2,1-d]furan-6-one-type fluoro-
phores 2a–c were easily obtained by the reaction of
1a–c with m-(dibutylamino)phenol in the presence of
FeCl3 (Scheme 1). However, when metal salt such as
NiCl2 or CuCl2 instead of FeCl3 was used, the fluoro-
phores 2 were not obtained. Compounds 2a and 2c were
obtained as crystals by recrystallization from n-hexane,
but the compound 2b was obtained as amorphous.

The spectroscopic properties of 2a–c both in solution
and in the solid state are summarized in Table 1.11
Scheme 1. Synthetic route of 2a–c.
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Table 1. Spectroscopic properties of 2a–c in 1,4-dioxane and in the crystalline state

Solvent In solution In the crystalline state

kabs
max=nm ðemax=dm3 mol�1 cm�1Þ kfl

max=nm U kex
max=nm kfl

max=nm U

2a Cyclohexane 394 (16,100) 440 0.48 446 478 0.40
1,4-Dioxane 403 (15,000) 489 0.53

2b Cyclohexane 394 (15,200) 439 0.50 444a 495a 0.37a

1,4-Dioxane 402 (15,000) 488 0.52

2c Cyclohexane 403 (15,100) 449 0.48 494 526 0.45
1,4-Dioxane 410 (15,500) 496 0.50

a Amorphous.
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The fluorescence spectra of the compounds were
recorded by excitation at the wavelengths of the longest
absorption maximum. In cyclohexane, the absorption
maxima at around 394–403 nm and the fluorescence
maxima at around 439–449 nm are both red-shifted by
conjugation with the substituent (R) in the order of
2a � 2b < 2c. From these results, it was considered that
the p-electron effect of the benzyl group for 2c caused
red-shift of the absorption and fluorescence maxima.
On the other hand, the fluorescence quantum yields
(U) are almost the same among 2a–c (U = ca. 0.5).
The absorption maxima of 2a–c show a small batho-
chromic shift of 7–9 nm from cyclohexane to 1,4-di-
oxane, while the fluorescence maxima show a large
bathochromic shift of 47–49 nm, so that the Stokes shift
values in polar solvent become larger than that in
nonpolar solvent. Similar spectral changes are generally
observed for most fluorescent dyes whose dipole moments
in the excited state become larger than those in the
ground state.

Interesting results have been obtained from the photo-
physical properties of the crystals. As shown in Figure
1, the crystals of 2a and 2c exhibit strong blue and green
fluorescence emission, respectively. On the other hand,
2b was obtained not as crystal but a solid like amor-
phous, which exhibits strong bluish green fluorescence
emission. The fluorescence quantum yields (U) of 2a–c
are 0.40, 0.37, 0.45, respectively, (Table 1). It is notewor-
thy that the U values of 2a and 2c were almost the same
in cyclohexane and in the solid state. Consequently,
these results also demonstrated that the solid-state
photophysical properties of 2a and 2c are approaching
to their photophysical properties in solution. However,
the U value of 2b in the amorphous state is smaller than
that of 2b in cyclohexane. This is presumably due to the
disturbance of light scattering of the aggregates in the
Figure 1. Solid-state emission spectra of the crystals of 2a–c.
amorphous state.12 On the other hand, the wavelengths
of the emission maximum of 2a (kem = 478 nm), 2b
(kem = 495 nm), and 2c (kem = 526 nm) are red-shifted
by 38, 56, and 77 nm compared with that in cyclohex-
ane, respectively. It was considered that the molecular
arrangement and orientation in the crystalline state
cause the shift of the wavelengths of the solid-state emis-
sion maximum.2–4

To elucidate strong solid-state fluorescence properties of
2a–c, the X-ray crystal structure of 2a have been deter-
mined.13,14 As shown in Figure 2, the packing structures
demonstrate that the molecules are arranged in a
Figure 2. Crystal packing of 2a: (a) molecular structure (b) a
stereoview of the molecular packing structure and (c) the nearest
contact between fluorophores.
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‘herring-bone’ fashion. The molecules are packed in the
structural form with a chair-shape because one of the
butyl group and the 9-dibutylamino group are located
on opposite sides of the molecular p-plane, we expected
that such stereostructures with sterical hindered substit-
uents (dialkyl and 9-dibutylamino groups) prevent the
fluorophores from forming short intermolecular con-
tacts causing fluorescence quenching in the solid state.
In fact, fluorophore 2a has only two edge-to-edge inter-
atomic contacts of less than 3.60 Å between the neigh-
boring fluorophores in the crystal structure.

In conclusion, we have designed and easily synthe-
sized novel dialkylbenzo[b]naphtho[2,1-d]furan-6-one-
type fluorophores with sterical hindered dialkyl substi-
tuents and their absorption and fluorescence properties
were investigated in solution and in the solid state. As
we expected, the X-ray crystal analysis has demonstrated
that the chair-shape molecular structure with the sterical
hindered dialkyl substituents and the 9-dibutylamino
group prevents the fluorophores from forming short
intermolecular contacts and produces intense solid-state
fluorescence emission. We believe that the design of fluo-
rophores with bulky dialkyl substituents of non-conju-
gated linkage to the fluorophore skeleton is effective to
develop strong solid-emissive fluorescent dyes.
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han, J. E.; Brüning, J.; Metz, T.; Bolte, M.; Schmidt, M.
U. Angew. Chem., Int. Ed. 2005, 44, 7783–7786.
5. (a) Yoshida, K.; Miyazaki, H.; Miura, Y.; Ooyama, Y.;
Watanabe, S. Chem. Lett. 1999, 837; (b) Yoshida, K.;
Ooyama, Y.; Tanikawa, S.; Watanabe, S. Chem. Lett.
2000, 714; (c) Yoshida, K.; Ooyama, Y.; Miyazaki, H.;
Watanabe, S. J. Chem. Soc., Perkin Trans. 2 2002, 700–
707; (d) Yoshida, K.; Ooyama, Y.; Tanikawa, S.; Wata-
nabe, S. J. Chem. Soc., Perkin Trans. 2 2002, 708–714; (e)
Ooyama, Y.; Nakamura, T.; Yoshida, K. New J. Chem.
2005, 29, 447; (f) Ooyama, Y.; Yoshida, K. New J. Chem.
2005, 29, 1204; (g) Ooyama, Y.; Okamoto, T.; Yamaguchi,
T.; Suzuki, T.; Hayashi, A.; Yoshida, K. Chem. Eur. J.
2006, 7827–7838; (h) Ooyama, Y.; Yoshikawa, S.; Watan-
abe, S.; Yoshida, K. Org. Biomol. Chem. 2006, 4, 3406–
3409.

6. (a) Tang, C. W.; VansSlyke, S. A. Appl. Phys. Lett. 1987,
51, 913; (b) Tang, C. W.; VansSlyke, S. A.; Chen, C. H. J.
Appl. Phys. 1989, 65, 3610; (c) Schi, J.; Tang, C. W. Appl.
Phys. Lett. 1997, 70, 1665; (d) Kraft, A.; Grimsdale, A. C.;
Holmes, A. B. Angew. Chem. 1998, 110, 416–443; Angew.
Chem., Int. Ed. 1998, 37, 402; (e) Mitschke, U.; Bäuerle, P.
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