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A solid-state, chiral, helical, columnar, organic fluorophore
having a π-conjugated phenylene ethynylene unit was pre-
pared by using 4-[2-(4-methylphenyl)ethynyl]benzoic acid
and 1-phenylethylamine. Such a chiral π-conjugated organic
fluorophore can be obtained from achiral and racemic com-

Introduction

Solid-state fluorophores have attracted considerable at-
tention in the field of optoelectronic devices, including or-
ganic electroluminescence (EL) devices, light-emitting di-
odes (LEDs), and optical sensors.[1] Several organic fluoro-
phores comprising a single molecule that has a phenylene
ethynylene unit have been developed to tune the fluores-
cence wavelength by extending the π-conjugated systems.[2]

Recently, solid-state supramolecular organic fluorophores
comprising two organic molecules have been developed.[3]

A characteristic feature of these supramolecular organic
fluorophores is that their physical and chemical properties
can be easily tuned by simply changing the component
molecules. Moreover, they offer novel functionality due to
the synergy effect between the two component molecules.
Recently, we succeeded in preparing a solid-state chiral sup-
ramolecular organic fluorophore comprising two types of
organic molecules � fluorescent 2-anthracenecarboxylic
acid and 1-phenylethylamine (1).[4] Although chiral func-
tional organic materials are usually prepared by using chiral
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ponent molecules, and it exhibits circularly polarized lumi-
nescence (CPL) in the solid state.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

molecules, this chiral supramolecular organic fluorophore
was obtained by using achiral 2-anthracenecarboxylic acid
and racemic 1-phenylethylamine (rac-1), because of the syn-
ergy effect between these two molecules in the solid state.
A disadvantage of these supramolecular systems is that it is
not easy to predict their formation, structure, and chemical
and physical properties when new component molecules are
used. Therefore, the crystal structure and chemical and
physical properties of supramolecular organic complexes
that are prepared by using basic supramolecular building
blocks are being studied extensively as a bottom-up ap-
proach to studying solid-state supramolecular chemistry.

In this paper, we report a novel supramolecular fluores-
cent system having a π-conjugated fluorescence unit. A ra-
cemic amine molecule, rac-1, is used as one of the building
blocks. As the other π-conjugated fluorescence building
blocks, 4-phenylethynyl benzoic acid (2) and 4-[2-(4-meth-
ylphenyl)ethynyl]benzoic acid (3), which are the most basic
units of the phenylene ethynylene unit, are used.

Results and Discussion

The 1/2-supramolecular organic fluorophore was studied
first. The formation of the supramolecular fluorophore was
attempted by crystallization from methanol (MeOH) solu-
tion. However, 2 had low solubility in MeOH. Therefore,
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the formation of the supramolecular organic fluorophore
was attempted by using the π-conjugated component mole-
cule 3 with a methyl group as a π-conjugated phenylene
ethynylene unit. A mixture of rac-1 and 3 was dissolved in
MeOH and left to stand at room temperature. After a few
days, colorless crystals of complex I comprising 1 and 3
were obtained.

In order to study the solid-state fluorescence of the sup-
ramolecular organic complex thus obtained, a solid-state
fluorescence spectrum of I was measured. Although the
most serious problem encountered in a solid-state organic
fluorophore is the quenching of fluorescence in the crystal-
line state, I showed fluorescence in the solid state. Complex
I showed a maximum solid-state fluorescence (λem) at
379 nm, and the absolute value of the photoluminescence
quantum yield (ΦF) was 0.58 in the solid state.

X-ray crystallographic analysis of I was attempted to
study the crystal structure (Figure 1). Interestingly, this
complex exhibited chirality. The stoichiometry of I was (R)-
1/3 = 1:1, and its space group was P21. This complex had
a characteristic 21-helical columnar network structure along
the b axis (Figure 1a,b). This column was mainly formed
by the carboxylate oxygen atom of the carboxylic acid
anions and the ammonium hydrogen atom of the proton-
ated amine. Moreover, benzene–benzene edge-to-face inter-
actions (2.96 Å, indicated by solid arrows A in Figure 1a)
between the hydrogen atom of the benzene ring in 3 and
the benzene ring of (R)-1 were also observed.[5] Complex I
was formed by the self-assembly of these 21-helical columns
by three benzene–benzene edge-to-face interactions (2.93,
2.73, and 2.75 Å, indicated by solid arrows B–D in Fig-
ure 1c, respectively).[5] This shows that this chiral supra-
molecular organic fluorophore is a spontaneous resolution
fluorescent system. In general, most chiral molecules are
not easily available and are more expensive than achiral or
racemic molecules. Therefore, chiral supramolecular or-
ganic fluorophores prepared by using achiral or racemic
molecules can be used for the industrial production of chi-
ral fluorophores by a preferential crystallization method
without using any chiral auxiliaries.

Complex I is a chiral crystal; therefore, it may exhibit
circularly polarized luminescence (CPL) in the solid state.
To study the solid-state CPL of I, its solid-state circular
dichroism (CD) spectrum was measured by using a KBr
pellet. Solid-state samples were prepared according to the
standard procedure employed for obtaining glassy KBr ma-
trices.[6] The solid-state CD and absorption spectra of I are
shown in Figure 2 (black line).

Peaks originating from the phenylene ethylene unit were
observed in the CD spectrum at 300 and 320 nm. The circu-
lar anisotropy (gCD = ∆OD/OD) factor of the last Cotton
effect (λCD = 320 nm) was approximately –1.0� 10–3. To
check whether the crystal caused any artifact in the spec-
trum, CD and absorption spectra of I�, comprising (S)-1-
phenylethylamine [(S)-1], were measured (Figure 2, gray
line). This CD spectrum was found to be a mirror image of
the CD spectrum of I. These results show that effective chi-
rality transfer occurred from 1 to 3 through complexation.
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Figure 1. Crystal structure of I: (a) 21-helical columnar network
structure observed along the b axis. The solid arrows A indicate
the intracolumnar benzene–benzene edge-to-face interactions. (b)
View along the a axis. (c) Packing structure observed along the b
axis. The solid arrows B–D indicate the intercolumnar benzene–
benzene edge-to-face interactions.

It is possible that the true CD spectrum of this supra-
molecular complex was not observed, because the complex
may have interacted with the KBr matrix. Therefore, diffuse
reflectance circular dichroism (DRCD) spectra of I and I�
were measured without using a KBr matrix (Figure 3). The
DRCD spectra were similar to the CD spectra, suggesting
that the KBr matrix did not affect the CD measurements
of this type of supramolecular organic fluorophore.

Next, the measurement of a solid-state CPL spectrum of
I with a positive Cotton effect was attempted by using a
KBr pellet.[6] We successfully obtained the solid-state CPL
spectrum of I (Figure 4). A negative CPL spectrum was ob-
tained for I. The circular anisotropy [gem = 2(IL – IR)/(IL +
IR)] factor of I was approximately –0.7 �10–3. This shows
that the chiral supramolecular complex I exhibited CPL in
the solid state. To the best of our knowledge, this is the first
example of solid-state CPL observed in a chiral supra-
molecular organic fluorophore comprising a π-conjugated
phenylene ethynylene unit. Thus, this shows that it may be
possible to measure the solid-state CPL spectrum of a sup-
ramolecular complex comprising a π-conjugated phenylene
ethynylene unit.
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Figure 2. CD and absorption spectra of I (black line) and I� (gray
line) in the solid state (KBr pellets).

Figure 3. DRCD spectra of I (black line) and I� (gray line) in the
solid state.

To study the effect of the phenylene ethynylene unit on
this system, the formation of a 1/4-methyl-4�-biphenylcarb-
oxylic acid (4) supramolecular organic fluorophore was at-
tempted by crystallization from MeOH in the same manner
as described before. A mixture of rac-1 and 4 was dissolved
in MeOH and allowed to stand at room temperature. After
a few days, a large number of crystals of complex II com-
prising 1 and 4 were obtained. X-ray crystal structure
analysis of II was carried out (Figure 5). In contrast to I,
this complex was a racemic complex. Thus, the stoichiome-
try of II was (R)-1/(S)-1/4 = 0.5:0.5:1, and its space group
was P1̄. This complex also had a characteristic pseudo-21-
helical columnar network structure comprising (R)-1, (S)-
1, and 4 along the a axis (Figure 5a,b). This column was
mainly formed by the carboxylate oxygen atom of the car-
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Figure 4. CPL and fluorescence spectra of I in the solid state (KBr
pellet).

boxylic acid anions and the ammonium hydrogen atom of
the protonated amine. Benzene–benzene edge-to-face inter-
actions (2.92 Å, indicated by solid arrows A in Figure 5a)
between the hydrogen atom of the benzene ring in 4 and
the benzene ring of (R)-1 and (S)-1 were also observed, sim-
ilar to those observed in I.[5] Complex II was formed by the
assembly of this pseudo-21-column by two benzene–ben-
zene edge-to-face interactions (2.84 and 3.00 Å, indicated
by solid arrows B and C in Figure 5c, respectively).[5] These
results suggest that the ethynylene unit of component mole-
cule 3 affected the chiral crystallization of this system.

To study the effect of the ethynylene unit on the fluores-
cence properties of the complex, a solid-state fluorescence
spectrum of II was measured and compared with that of I.
The maximum solid-state fluorescence (λem) and the abso-
lute value of the photoluminescence quantum yield (ΦF) of
II were 370 nm and 0.1, respectively. Comparison of the
solid-state fluorescence spectra of I and II revealed that λem

changed as follows: II (λem = 370 nm) � I (λem = 379 nm).
It is generally known that extension of a π-conjugated sys-
tem induces a redshift in the emission wavelength,[2] that is,
a small HOMO–LUMO gap induces a redshift in the emis-
sion wavelength. Therefore, the HOMO–LUMO gaps of the
single molecules of 3 and 4 were studied theoretically. The
theoretically calculated HOMO–LUMO gaps of the respec-
tive gas-phase molecules were 3.98 eV in the case of 3 and
4.67 eV in the case of 4. This shows that, in this system,
one of the reasons for the redshift in λem is the effect of the
ethynylene unit in component molecule 3.
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Figure 5. Crystal structure of II: (a) pseudo-21-helical columnar
network structure observed along the a axis. The solid arrows A
indicate the intracolumnar benzene–benzene edge-to-face interac-
tions. (b) View along the b axis. (c) Packing structure observed
along the a axis. The solid arrows B and C indicate the intercolum-
nar benzene–benzene edge-to-face interactions.

Conclusions

A novel, chiral, supramolecular, organic fluorophore was
successfully prepared from rac-1 and achiral 3. Thus, a
novel, spontaneous resolution, chiral, fluorescent system
was formed. In addition, although many organic fluoro-
phores lose their fluorescence in the solid state, this chiral
supramolecular fluorophore shows stronger CPL on com-
plexation in the solid state. This further enhances the poten-
tial of this fluorescence system, enabling its application in
the design of novel solid-state chiral supramolecular or-
ganic fluorophores having a π-conjugated phenylene ethyl-
ene unit.

Experimental Section
General Methods: Component molecule rac-1 was purchased from
Tokyo Kasei Kogyo Co. Component molecule 4 and MeOH were
purchased from Wako Pure Chemical Industry. Reported compo-
nent molecules 2 and 3 are prepared by a typical Sonogashira cross-
coupling reaction.[7]

Eur. J. Org. Chem. 2009, 5760–5764 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5763

Formation of Complex by Crystallization from MeOH: Compound
rac-1 (10 mg, 0.083 mmol) and the carboxylic acid derivative
(0.083 mmol) were dissolved in MeOH (3 mL) and left to stand at
room temperature in an open air atmosphere. After 3–5 d, a large
number of crystals [mixture of crystals of complexes I and I� for
1/3 system (15 mg) and crystals of complex II for 1/4 system
(12 mg)] were obtained. The reported weight of the crystal is the
total weight of the obtained crystals in one batch.

X-ray Crystallography: X-ray diffraction data for single crystals
were collected by using a Bruker APEX. The crystal structures were
solved by direct methods[8] and refined by full-matrix least-squares
by using SHELX97.[9] The diagrams were prepared by using
PLATON.[10] Absorption corrections were performed by using
SADABS.[11] Non-hydrogen atoms were refined with anisotropic
displacement parameters, and hydrogen atoms were included in the
models in their calculated positions in the riding model approxi-
mation. Crystallographic data for I: M = 696.24, monoclinic, space
group P21, a = 7.1842(7) Å, b = 5.9850(6) Å, c = 22.807(2) Å, β =
98.001(2)°, V = 971.09(17) Å3, Z = 2, Dcalcd. = 1.222 gcm–3, µ(Mo-
Kα) = 0.077 mm–1, 8445 reflections measured, 2430 unique, final
R(F2) = 0.0549 using 2053 reflections with I �2.0σ(I), R(all data)
= 0.0689, T = 115(2) K. Crystallographic data for II: C22H23NO2,
M = 333.41, triclinic, space group P1̄, a = 5.6712(6) Å, b =
12.0505(13) Å, c = 13.1250(15) Å, α = 80.777(2)°, β = 84.448(2)°, γ
= 84.448(2)°, V = 877.86(17) Å3, Z = 2, Dcalcd. = 1.261 gcm–3,
µ(Mo-Kα) = 0.080 mm–1, 7499 reflections measured, 3861 unique,
final R(F2) = 0.0686 using 3044 reflections with I�2.0σ(I), R(all
data) = 0.0890, T = 115(2) K. CCDC-733516 (for I) and -733517
(for II) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Measurement of Solid-State Fluorescence Spectra: A solid-state
fluorescence spectra and absolute photoluminescence quantum
yield were measured with an Absolute PL Quantum Yield Mea-
surement System (C9920–02, Hamamatsu Photonics K.K.) in an
air atmosphere at room temperature. The excited wavelengths were
332 and 331 nm for complexes I and II, respectively.

Measurement of Solid-State CD and Absorption Spectra: The CD
and absorption spectra were measured by using a Jasco J-800KCM
spectrophotometer. The solid-state samples were prepared accord-
ing to the standard procedure for obtaining glassy KBr matrices.[6]

Measurement of Solid-State CPL Spectrum: The CPL spectrum was
measured by using a Jasco CPL-200 spectrophotometer. The ex-
cited wavelength was 320 nm. The solid-state sample was prepared
according to the standard procedure for obtaining glassy KBr ma-
trices.[6] The power of an incident beam of the CPL spectrometer
was 8.0 µW/0.04 cm2 at the installation position of sample. The
CPL spectrum was approached by simple moving average (SMA).

Calculation Method of HOMO–LUMO Gaps of Component Mole-
cules 3 and 4: The HOMO–LUMO gaps of component molecules
3 and 4 were calculated by the hybrid density functional theory
(B3LYP functional[12]) with the cc-pVDZ[12] basis set. For calculat-
ing the HOMO–LUMO gaps of molecules in the isolated state, the
molecular geometries were fully optimized by using this theory and
basis set.
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