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Abstract: A V-shaped bisanthracene derivative with three butyl
groups formed two types of emissive solids that display bluish
green and blue fluorescence (FF = 72 and 32 %, respectively),
depending on the preparation conditions. The crystal and
powder X-ray analyses reveal that the highly emissive solid
adopts a head-to-head arrangement with discrete stacks of the
anthracene moieties, whereas the moderately emissive solid
adopts a head-to-tail arrangement without the stacks. The
obtained molecular arrangements are transformed by thermal
stimuli accompanying the change in fluorescence. Further-
more, large enhancements of dye emissions (12–45-fold)
through highly efficient host–guest energy transfer were
achieved in the solid state by adding minute amounts of
various fluorescent dyes (e.g. rubrene and Nile red) to the V-
shaped compound.

Polyaromatic compounds with peripheral substituents often
form well-ordered columnar stacks in the solid state (Fig-
ure 1a).[1] However, the emissive ability of the polyaromatic
moieties found in dilute solutions is apt to be lost or weakened
in such infinite structures owing to nonradiative decay of the
excited states through extensive aromatic–aromatic interac-
tions. Full encirclement of polyaromatic compounds by
molecular capsules[2, 3] or bulky substituents[4–6] can prevent
infinite stacking of the fluorophores (Figure 1b) so that most
of them show simple emissions from the monomeric species.
In contrast, dimeric stacks of polyaromatic molecules have
received considerable attention, because their structures
sometimes exhibit intriguing fluorescence behavior derived
from the formation of excimers.[7] However, there is no
general and rational approach to prepare highly fluorescent
dimeric stacks of polyaromatic compounds through non-
covalent interactions.[8] To exploit a new class of polyaromatic
solids with a greater emissive ability, we designed a V-shaped
polyaromatic compound bearing bulky substituents on the
convex side to engineer 1) the dimeric stack of the bent
polyaromatic frameworks (Figure 1c) and 2) the layered
arrays of the polyaromatic dimers through intermolecular
interactions between the substituents. Here we report the
unusual emission behavior of V-shaped bisanthracene deriv-
ative 1 with three butyl groups (Figure 1d) in the solid state.

The V-shaped compound forms two different types of solids
depending on the preparation conditions. The solid with
a head-to-head arrangement (Figure 1c) shows strong bluish
green fluorescence (FF = 72 %) as a consequence of finite
stacks of the anthracene moieties. In contrast, the other solid
with a head-to-tail arrangement shows moderate blue fluo-
rescence (FF = 32 %). The molecular arrangement and emis-
sive states can be changed by thermal stimuli. In addition, the
solid-state emission properties of various fluorescent dyes
(e.g. rubrene and Nile red) are greatly enhanced (12–45-fold)
by mixing them with the bisanthracene derivative upon single
irradiation with UV light (e.g. l = 368 nm), because of highly
efficient energy transfer from the anthracene moieties to the
dyes.

In this study, we initially focused on a V-shaped poly-
aromatic framework[9] composed of two anthracene panels
linked by a meta-phenylene spacer with hydroxy groups
because of its rigid and bent structure as well as appropriately
stable and fluorescent character.[10] We expected that the
functionalization of the bent framework with three alkyl
chains on the convex side could generate highly emissive
solids through engineered aromatic–aromatic (i.e. p-stacking)
and alkyl–alkyl (i.e. van der Waals) interactions. The n-butyl
group was employed as a suitable substituent to fully cover
the exo-polyaromatic surface of the V-shaped framework

Figure 1. Schematic representations of a) the infinite stack and b) the
isolation of planar polyaromatic compounds with substituents, and
c) the discrete stack of bent polyaromatic compounds with substitu-
ents on the convex side. d) V-Shaped bisanthracene derivative
1 designed herein and e) the optimized structure (DFT calculation,
B3LYP/6-31G* level).
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(Figure 1e), thereby enabling compound 1 to form a dimeric
stack between the endo-polyaromatic surfaces in the solid
state.

V-Shaped compound 1 was synthesized from 1,2,3-trime-
thoxybenzene in 60% overall yield (4 steps) and its structure
was confirmed by NMR spectroscopy, MS, and elemental
analyses (Figures S1–9).[11] A solution of 1 in CH2Cl2 showed
electronic absorption bands at l = 310–410 nm (Figure 2 a)

assigned to typical p-p* transitions of the anthracene moieties
and emission bands at l = 380–530 nm (Figure 2b; lex =

368 nm, FF = 43 %) originating from the monomeric species.
Interestingly, we obtained two types of fluorescent solids from
1 that display different spectroscopic properties.[11] Evapora-
tion of a solution of 1 in CH2Cl2 or CHCl3 gave rise to a pale
yellow solid (mono-1). On the other hand, a colorless solid
(ortho-1) was obtained by the same procedure from a solution
of 1 in CH3CN or CH3OH. The solid-state UV/Vis spectra
disclosed that mono-1 shows a broad absorption band around
430 nm, which is red-shifted (Dlmax = 56 nm) compared with
that of ortho-1 (Figure 2a). Solid mono-1 emitted strong
bluish green fluorescence with an emission band at lmax =

481 nm and with a high quantum yield (FF = 72 %) upon
irradiation at l = 368 nm. Notably, the fluorescence quantum
yield is 1.7-times higher than that of 1 in CH2Cl2 solution
(Figure 2b,c).[12] The emission band of solid mono-1 was
significantly shifted (Dl� 80 nm) compared with that of the
solution, most probably because of effective aromatic–
aromatic interactions between the anthracene panels. In
contrast, solid ortho-1 emitted blue fluorescence (lmax =

442 nm) with a moderate quantum yield (FF = 32 %) that is
2.3-times lower than that of mono-1 (Figure 2b,c). The

difference in the total emission colors of solids mono-1 and
ortho-1 was quantified by a CIE chromaticity diagram
(Figure 2d).[13] The huge differences between mono-1 and
ortho-1 in terms of the fluorescence wavelength (Dl = 56 nm)
and intensity (2.3-fold) originate from the solid-state molec-
ular ordering, as revealed by crystal and powder X-ray
analyses.

The detailed molecular arrangements of mono-1 and
ortho-1 in the solid state were elucidated by X-ray crystallo-
graphic analysis. Pale yellow crystals of mono-1 and colorless
crystals of ortho-1 were grown by slow concentration of
solutions of 1 in CH2Cl2/CH3CN (> 10 mm for mono-1 and
< 1.0 mm for ortho-1) at room temperature. In the crystal
structure (monoclinic space group) of highly emissive mono-
1, V-shaped compound 1 forms a head-to-head dimer, which
is arranged in a multiply layered structure composed of an
alternating polyaromatic layer with a thickness of about 10 è
and an aliphatic layer with a thickness of about 5 è (Fig-
ure 3a,b and Table S2a). Within the polyaromatic layers, one

of the two anthracene rings of 1 is partially p-stacked with
that of another molecule of 1 with an interplanar distance of
3.4 è and with an overlapping area of 27 % (Figure 3c).
Intermolecular CH–p interactions between the anthracene
rings are also found within the layers. The aliphatic layers
show that the alkyl chains are closely aggregated with each
other through van der Waals interactions without solvent
molecules. In sharp contrast, the crystal structure (ortho-
rhombic space group) of moderately emissive ortho-1 contains
one-dimensional columnar stacks with a head-to-tail arrange-
ment that are arranged in an antiparallel fashion (Figure 3d,e
and Table S2 b). Each of the anthracene rings is separated by
the alkyl chains, so that intermolecular p-stacking interactions

Figure 2. a) UV/Vis and b) fluorescence spectra (RT, lex =368 nm) of
solids mono-1 and ortho-1, and a solution of 1 in CH2Cl2 (10 mm).
c) Fluorescence quantum yields (FF) and d) CIE coordinate diagram of
solids mono-1, ortho-1, 2, and 3, and a solution of 1 in CH2Cl2.

Figure 3. X-ray crystal structures and molecular arrangements of
a) mono-1 (monoclinic space group) and d) ortho-1 (orthorhombic
space group). Schematic representations of b) the head-to-head
arrangement of mono-1 and e) the head-to-tail arrangement of ortho-1.
The stacking patterns of the closely located two anthracene panels of
c) mono-1 and f) ortho-1 (side and top views).
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between the anthracene moieties were completely prevented
(Figure 3 f).

In powder X-ray diffraction analysis, both solids mono-
1 and ortho-1 displayed crystalline powder patterns, which
resembled those obtained from the corresponding crystals,
respectively (Figures S24 and S25). Therefore, the molecular
arrangements of the bent polyaromatic framework greatly
govern the fluorescence features in the solid state. The high
fluorescence efficiency (FF� 70%) of solid mono-1 likely
stems from the increase in the structural rigidity of the
anthracene fluorophores through discrete, head-to-head p-
stacking interactions and CH–p interactions, as supported by
excited-state dynamics studies.[14] The fluorescence lifetime
(ts) of solid mono-1 was estimated to be 92.2 ns, whereas that
of ortho-1 is very short (5.3 ns). Solid ortho-1 shows a mono-
mer-like emission with moderate efficiency (FF� 30%),
similar to the emission properties of 1 in CH2Cl2, as
a consequence of the absence of p-stacking interactions
between the anthracene moieties.

The butyl groups on the V-shaped framework of 1 are
essential for the formation of the two types of solids with the
different fluorescence properties. We next sought to clarify
the effect of the substituents on the bent polyaromatic
compound by synthesizing analogues of 1 having longer and
shorter alkyl chains; this was achieved in one step from the
precursor of 1.[11] V-Shaped bisanthracene derivative 2 with
the longer n-hexyl groups afforded a fluorescent solid with
highly emissive properties (FF = 73%) similar to those of
solid mono-1 (Figure 2c,d and Figure S22). This result most
probably arises from the formation of a head-to-head
arrangement of 2 through enhanced, intermolecular alkyl–
alkyl interactions. On the other hand, bisanthracene deriva-
tive 3 with the shorter ethyl groups gave a moderately
fluorescent solid (FF = 17 %). The emission wavelengths and
quantum yields of solids 2 and 3 are insensitive to the
preparation conditions, in contrast to solid 1.

It should be noted that the solid-state emission properties
of 1 can be markedly changed by thermal stimuli. The
fluorescence maximum of solid ortho-1 moves from l = 442 to
l = 471 nm upon heating it at 110 88C for 15 min (Figure 4a).
The emission band of the resultant solid (mono-1’) is similar
to that of solid mono-1 (Figure 2b). Further heating of the
solid at 140 88C for 15 min resulted in it transforming into
another solid (amo-1) with a fluorescence maximum at l =

441 nm (FF = 12 %; Figure 4b). Differential thermal analysis
(DTA) over a range of 50 to 200 88C revealed that solid ortho-
1 has two endothermic peaks at 108 and 138 88C (Figure 4c),
which can be assigned to a phase transition temperature and
a melting temperature, respectively. Thermal gravimetric
(TG) analysis of ortho-1 proved that there is no decrease in
the mass at temperatures below 250 88C. The observed
structural deformations were further confirmed by powder
X-ray diffraction analysis. The diffraction pattern of solid
ortho-1 (Figure 4d)[15] changed upon heating it at 120 88C for
15 min, and the resultant diffraction pattern (Figure 4e) is
partially superimposable on that of solid mono-1 obtained
from the CHCl3 solution (Figure S26a).[11] Thus, we presumed
that the produced solid (mono-1’) adopts a head-to-head
arrangement similar to that of solid mono-1. Heating solid

mono-1’ at 150 88C for 15 min led to amorphous solid amo-1,
which exhibits considerably broadened X-ray diffraction
(Figure 4 f). Notably, solids mono-1 and ortho-1 were readily
regenerated by sequential dissolution (CHCl3 and CH3OH,
respectively) and evaporation of solid amo-1 (Figure S26b).
TG-DTA studies indicated that solids 2 and 3 show single
endothermic peaks at 123 and 211 88C, respectively, which are
assignable to the corresponding melting points (Figure S27).
Therefore, the suitable balance of intermolecular alkyl–alkyl
interactions enables 1 to adopt three transformable solid
states that display distinct emissivities (i.e. fluorescence
wavelength and quantum yield).

Finally, we examined the manipulation of the emission
color of solid 1 upon addition of minute amounts of
fluorescent dyes. Although common fluorescent compounds
such as DCM,[16] rubrene (Rub), Nile red (NR), and tetracene
(Tet) emit strong or moderate fluorescence in dilute solutions,
their solids exhibit relatively weak emissions (FF = 1–6 %)[17]

because of the notorious self-quenching effect (Figure 5a and
Figure S29). In contrast, mixed solid 1·(DCM)0.01, prepared by
evaporation of a THF solution of 1 and DCM (0.01 equiv),
displayed a strong orange emission (FF = 52%) upon irradi-
ation of the anthracene absorption band at l = 368 nm
(Figure 5b,c).[18] The emission efficiency of the DCM dye
was significantly enhanced (26 times) within the host solid of
1. The solid-state fluorescence spectrum displayed a new
prominent band at lmax = 584 nm derived from the incorpo-
rated dye and a very weak band around l = 420 nm derived
from the anthracene moieties of 1 (Figure 5b). These
emission bands indicate highly efficient fluorescence reso-
nance energy transfer (FRET) from 1 to DCM (96%, as
calculated from the fluorescence quenching data) in the solid

Figure 4. Solid-state fluorescence spectra (RT, lex = 368 nm) of
a) ortho-1 after heating at 110 88C for 1.5, 4, and 15 min and b) mono-
1 after heating at 140 88C for 2, 6.5, and 15 min. c) TG-DTA curves
(heating rate of 10 88C min¢1 from 50 to 200 88C) of ortho-1. d–f) Powder
X-ray diffraction patterns (RT) and schematic representations of
d) solid ortho-1 at RT and the resultant solids after heating at e) 12088C
and f) 150 88C for 15 min.
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state.[6, 19–21] Powder X-ray diffraction analysis of 1·(DCM)0.01

showed no crystalline peaks, thus indicating the formation of
an amorphous solid (Figure S33b), which might prompt the
strong fluorescence emission from the guest dye but not from
the host. Furthermore, mixed solids 1·(Rub)0.02, 1·(NR)0.01,
and 1·(Tet)0.01 emitted strong orange (FF = 74%), red (FF =

45%), and green fluorescence (FF = 35 %), respectively, even
upon irradiation with light of the same wavelength (lex =

368 nm; Figure 5b,c). The solid-state emission quantum
yield of 1·(NR)0.01 is 45-fold higher than that of NR under
the same conditions, and the FRET efficiency of the mixed
solid is more than 90 %. We emphasize herein that, upon
single excitation with UV light, polyaromatic solids with
various emission colors and relatively high emission inten-
sities could be obtained by simple mixing 1 with a tiny amount
(1–2%) of readily available fluorescence dyes.

In summary, we have developed novel polyaromatic
compounds with unique emissive properties in the solid
state. To avoid typical infinite stacks of planar polyaromatic
moieties, we designed a V-shaped bisanthracene derivative
possessing three butyl chains on the convex side. The bent
polyaromatic compounds afforded two types of emissive
solids, which display highly bluish-green (FF� 70%) and
moderate blue fluorescence (FF� 30 %) and are transform-
able by thermal stimuli. The crystal and powder X-ray
analyses revealed that the highly emissive solid adopts
a head-to-head arrangement with isolated, dimeric stacks of
the anthracene fluorophores through the assistance of inter-
molecular aromatic–aromatic and alkyl–alkyl interactions.
Thus, elongation of the alkyl groups on the bent polyaromatic
framework resulted in the formation of a highly fluorescent
solid (FF = 73 %) whose emission is insensitive to the
preparation conditions. In addition, we revealed that the V-
shaped polyaromatic compound acts as a host material to
enhance the solid-state emissivity of various fluorescent dyes

(up to 45-times) through highly efficient host–guest energy
transfer upon incorporation of the dyes into the solid. The
present results show a new strategy to engineer the molecular
alignment and interactions of polyaromatic compounds in the
solid state for the development of novel photofunctional
materials with superior emissive properties.
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