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a b s t r a c t

It is important to first determine the solid-state chiral optical properties of basic fluorescence supramolec-
ular building blocks that can form a network structure via intermolecular interactions. Although the
circularly polarized luminescence (CPL) properties of (R)-1,1′-binaphthyl-2,2′-dicarboxylic acid with axial
chirality could not be measured in either the solution or solid states, those of (R)-1,1′-binaphthyl-2,2′-diyl
hydrogen phosphate with axial chirality were successfully measured in both states. The solid-state CPL
eywords:
xial chirality
inaphthyl
ircular dichroism (CD)
ircularly polarized luminescence (CPL)

originates from the intramolecular interaction of single molecule, rather than intermolecular interactions
in the crystal.

© 2011 Elsevier B.V. All rights reserved.
luorescence

. Introduction

The potential application of solid-state fluorescence techniques
o organic electroluminescence (EL) devices, optodevice mate-
ials, etc., has attracted considerable attention [1]. Although to
ate, many solid-state organic fluorophores have been reported
2], recently, two-component supramolecular organic fluorophores
onstructed by weak intermolecular interactions such as a hydro-
en bond have attracted much attention. This is because their
ptical properties can be easily tuned by simply changing the com-
onent molecules, without the need for any additional synthesis
3]. However, most of the reported supramolecular organic fluo-
ophores do not have chirality, and there are few reports on chiral
wo-component supramolecular organic fluorophores that exhibit
olid-state chiral optical properties such as solid-state circular
ichroism (CD) and circularly polarized luminescence (CPL) [4].
enerally, it is not easy to predict the solid-state optical properties
f supramolecular organic complexes comprising new component
olecules. Therefore, for a bottom-up approach to designing novel
olid-state chiral supramolecular organic fluorophores, it is impor-
ant to first determine the solid-state chiral optical properties of
asic fluorescence supramolecular building blocks that can form

∗ Corresponding authors. Tel.: +81 06 6730 5880x5241; fax: +81 06 6727 2024.
E-mail addresses: y-matsu@apch.kindai.ac.jp (Y. Matsubara),

-imai@apch.kindai.ac.jp (Y. Imai).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.04.003
a network structure via intermolecular interactions. In particu-
lar, an investigation of the solid-state chiral optical properties of
binaphthyl derivatives with axial chirality, one of the most signifi-
cant basic chiral building blocks, is important. Unfortunately, thus
far, the solid-state chiral optical properties of axially chiral binaph-
thyl derivatives that can form a network structure, for example,
a hydrogen-bonded network structure, have not been studied in
detail.

In this study, the solid-state chiral optical properties of basic axi-
ally chiral binaphthyl derivatives that can form a hydrogen-bonded
network structure were investigated. Two chiral binaphthyl acid
derivatives were used: (R)-1,1′-binaphthyl-2,2′-dicarboxylic acid
[(R)-1] and (R)-1,1′-binaphthyl-2,2′-diyl hydrogen phosphate [(R)-
2] (Chart 1).

2. Materials and methods

2.1. General methods

Compound (R)-1 was provided by Mitsubishi Tanabe Pharma
Co., Ltd. Compounds (R)-2 and (S)-1,1′-binaphthyl-2,2′-diyl hydro-
gen phosphate [(S)-2] were purchased from Tokyo Kasei Kogyo Co.
Methanol (MeOH) for crystallization, poly(methyl methacrylate)

(PMMA) for film-coating, and chloroform (CHCl3) for measurement
of the solution-state optical properties were purchased from Wako
Pure Chemical Industry. (R)-1, (R)-2, and (S)-2 were used after crys-
tallization from MeOH solution.

dx.doi.org/10.1016/j.jphotochem.2011.04.003
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:y-matsu@apch.kindai.ac.jp
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Chart 1.

.2. Measurement of solid powder-state and film-state
uorescence spectra

Solid powder-state and film-state fluorescence spectra and
bsolute photoluminescence quantum yields were measured by
he Absolute PL Quantum Yield Measurement System (C9920-02,
AMAMATSU PHOTONICS K. K.) under an air atmosphere at room

emperature. The solid powder-state samples were ground in an
gate mortar before measurement. The film-state samples were
repared by using MIKASA SpinCoater Opticoat MS-A100 and
MMA. The excitation wavelength for (R)-2 is 335 nm for the solid
owder state and 324 nm for the film state.

.3. Measurement of solid pellet-state and film-state CD and
bsorption spectra

The solid pellet-state CD and absorption spectra were measured
sing a Jasco J-800KCM spectrophotometer. The solid pellet-state
amples were prepared according to the standard procedure for
btaining glassy KBr matrices [5]. The film-state CD and absorption
pectra were measured using a Jasco J-820 spectrophotometer. The
lm-state samples were prepared using PMMA.

.4. Measurement of solution-state CD and absorption spectra

The solution-state CD and absorption spectra were mea-
ured using a Jasco J-820 spectrophotometer in CHCl3 solution
5.0 × 10−5 M) at room temperature.

.5. Measurement of solid pellet-state and film-state CPL spectra

The solid pellet-state and film-state CPL spectra were mea-
ured using a Jasco CPL-200 spectrophotometer. The solid pellet-state
amples were prepared according to the standard procedure for
btaining glassy KBr matrices [5]. The film-state samples were
repared using PMMA. The excitation wavelengths for the solid
ellet-state and film-state 2 were 270 and 300 nm, respectively.
he power of the incident beam of the CPL spectrometer was
.0 �W/0.04 cm2 at the installation position of the sample. The CPL
pectrum was approached by the simple moving average (SMA).

.6. Measurement of solution-state CPL spectra

The solution-state CPL spectra were measured using a Jasco
PL-200 spectrophotometer in CHCl3 solution (1.0 × 10−5 M) at
oom temperature. The excitation wavelength for 2 was 302 nm.
he power of the incident beam of the CPL spectrometer was
.0 �W/0.04 cm2 at the installation position of the sample. The CPL
pectrum was approached by SMA.

.7. Theoretical calculation

The geometry of the (R)-2 molecule was optimized by hybrid

ensity functional theory (B3LYP functional) [6]. The excita-
ion energies and rotational strengths of the geometry-optimized

olecule were calculated in the time-dependent response func-
ion theory using the B3LYP functional [7]. All of these calculations
Fig. 1. CD and absorption spectra of (R)-2 (black lines) and (S)-2 (gray lines) in the
solid pellet state (KBr pellets).

employed the cc-pVDZ basis set [8]. The Gaussian 03 program was
used in these quantum chemical calculations [9].

3. Results and discussion

In order to study the solid-state chiral optical properties of (R)-1
and (R)-2, we first investigated the solid-state fluorescence prop-
erties of these compounds. Unfortunately, the solid powder-state
fluorescence of the dicarboxylic acid compound (R)-1 was very
weak. On the other hand, the hydrogen phosphate compound (R)-2
exhibited fluorescence in the solid powder state. The solid powder-
state fluorescence maximum (�em) of this compound is 358 nm and
the absolute value of the photoluminescence quantum yield (ФF)
is 0.31.

(R)-1 and (R)-2 are chiral compounds. However, the fluorescence
of (R)-1 was able to be hardly observed in the solid powder-state.
On the other hand, since (R)-2 had a solid powder-state fluores-
cence property, it may exhibit CPL in the solid state. Then, in order
to study the solid-state CPL of (R)-2, its solid-state CD spectrum
was measured by using a KBr pellet. The solid pellet-state CD and
absorption spectra of (R)-2 are shown in Fig. 1 (indicated by black
lines).

Peaks originating from the binaphthyl unit were observed in the
CD spectrum at ∼339 nm. The circular anisotropy (gCD = �OD/OD)
factor of the last Cotton effect (�CD = 325 nm) is approximately
|7.9 × 10−4|. In order to check whether the crystal caused any arti-
fact in the spectrum, the CD and absorption spectra of (S)-2 were
measured (Fig. 1, indicated by gray lines). This CD spectrum was
found to be a mirror image of the CD spectrum of (R)-2.

Next, the film-state CD spectrum was measured using a spin-
coated PMMA film. The film-state CD and absorption spectra of (R)-
2 are shown in Fig. 2 (indicated by black lines).

This film-state CD spectrum is similar to the solid-state CD spec-
trum, and peaks originating from the binaphthyl unit are observed
at ∼345 nm. The gCD factor of the last Cotton effect (�CD = 325 nm) is
approximately |1.5 × 10−3|. Although the film-state CD and absorp-
tion spectra of (S)-2 were also measured (Fig. 2, indicated by gray
lines), expectedly, this CD spectrum was a mirror image of the CD
spectrum of (R)-2.

Generally, the chemical and physical properties of organic com-

pounds in the solid state are considerably different from those in
the solution state. This is so because molecules are densely packed
and under the strong influence of neighboring molecules in the
solid state. In order to study the origin of these solid-state CD prop-
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Fig. 2. CD and absorption spectra of (R)-2 (black lines) and (S)-2 (gray lines) in the
film state (PMMA films).
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ig. 3. CD and absorption spectra of (R)-2 (black lines) and (S)-2 (gray lines) in the
olution state (chloroform solutions).

rties, the solution-state CD spectrum was measured using a CHCl3
olvent. The solution-state CD and absorption spectra of (R)-2 are
hown in Fig. 3 (indicated by black lines).

Interestingly, the solution-state CD spectrum is similar to the

olid pellet-state and film-state CD spectra, and peaks originat-
ng from the binaphthyl unit were observed in the CD spectrum
t ∼341 nm. The gCD factor of the last Cotton effect (�CD = 324 nm)

ig. 4. Calculated excitation wavelengths (�) and rotational strengths (R) for a single mo
lot [right]), and the CD curves (�ε) predicted from them. The CD curves were obtained
.3 eV.
Fig. 5. Theoretically optimized structure of (R)-2.

is approximately |1.6 × 10−3|. The solution-state CD spectrum of
(S)-2 (Fig. 3, indicated by gray lines) is also a mirror image of
that of (R)-2. These results suggest that solid-state CD spectra
essentially originate from the intramolecular interactions of single
molecules rather than intermolecular interactions between multi-
ple molecules in the crystal. Moreover, they also show that the KBr
and PMMA matrices do not affect the CD measurements of this type
of compound.

To investigate the origins of the CD intensities of (R)-2, the elec-
tronic excitations of this molecule were studied theoretically. Fig. 4
shows the theoretically calculated excitation wavelengths (�) and
rotational strengths (R) for a single molecule of (R)-2, as well as the
CD curves predicted from the calculated data. In Fig. 5, theoretically
optimized structure of (R)-2 is shown.

The calculated data suggest that (R)-2 should have positive
intensity at the longest wavelength edge (∼325 nm). Several minor
intensities are present at shorter wavelengths, forming − and +
peaks centered at ∼285 and ∼250 nm, respectively. These intensi-
ties, together with that at ∼325 nm, may form a single positive peak
if the peak width broadens. The experimentally observed CD spec-
tra of (R)-2 in the solid and solution states have positive intensity at
the longest wavelength edge. This intensity appears to correspond
to the positive intensity at ∼325 nm in Fig. 4. This CD intensity
mainly originates from the coupling of the HOMO–LUMO �–�*
electronic transitions over each naphthalene ring. The claim that
the solid-state CD spectrum of (R)-2 at around this wavelength orig-
inates from electronic interactions within a molecule is supported
theoretically. Actually, Fujii and Hirayama have previously reported
the crystal structure of (S)-2 by X-ray crystallographic analysis [10].
Since (S)-2 has the hydrophobic and hydrophilic regions in the
molecule, these regions segregate in the crystal to form hydropho-
bic and hydrophilic layers. The naphthalene rings aggregate into
the hydrophobic layers and their packing pattern is more complex
other within a molecule are involved in the packing.
The measurement of a solid-state CPL spectrum of (R)-2 with a

positive Cotton effect was attempted using a KBr pellet and spin-

lecule of (R)-2 (represented by vertical lines, small scale plot [left] and large-scale
by expanding each vertical line to a Gaussian function with a half-value width of
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Fig. 6. CPL and fluorescence spectra of (R)-2 (black lines) and (S)-2 (gray lines) in
the solid pellet state (KBr pellet).
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ig. 7. CPL and fluorescence spectra of (R)-2 (black lines) and (S)-2 (gray lines) in
he film state (PMMA film).

oated PMMA film. We successfully obtained the solid-state CPL
pectrum of (R)-2, as shown in Fig. 6 (indicated by black lines) for
he solid pellet state and Fig. 7 (indicated by black lines) for the film
tate.

In both cases, positive CPL spectra were obtained for (R)-2.
lthough the solid pellet- and film-state CPL spectra of (S)-2 were
lso measured (Figs. 6 and 7, indicated by gray lines), expectedly,
his CPL spectra were a mirror image of the CPL spectrum of (R)-2.
he circular anisotropy [gem = 2(IL − IR)/(IL + IR)] factor of chiral 2 is
pproximately |1.3 × 10−3| for the solid pellet state and |1.4 × 10−3|
or the film state. This shows that the chiral (R)-2 molecule exhibits
PL in the solid state.

In the same way, the measurement of the solution-state CPL
pectrum of (R)-2 with a positive Cotton effect was attempted using
CHCl3 solvent in order to study the origin of the solid-state CPL

Fig. 8, indicated by black lines).
Like the CD property, this solution-state CPL spectrum is sim-

lar to the solid pellet- and film-state CPL spectra and a positive
PL spectrum was obtained for (R)-2. In addition, the solution-
tate CPL spectrum of (S)-2 (Fig. 8, indicated by gray lines) is

lso a mirror image of that of (R)-2. The gem factor of chiral 2 is
pproximately |1.5 × 10−3|. These results suggest that the solid-
tate CPL of (R)-2 essentially emits from intramolecular interactions
Fig. 8. CPL and fluorescence spectra of (R)-2 (black lines) and (S)-2 (gray lines) in
the solution state (chloroform solution).

of a single molecule, rather than from the intermolecular inter-
actions in the crystal, the same as the solid-state CD property of
(R)-2.

4. Conclusion

Although many organic fluorophores lose their fluorescence
property in the solid state, (R)-1,1′-binaphthyl-2,2′-diyl hydrogen
phosphate [(R)-2] does exhibit this property in the solid state. We
successfully observed the CPL spectra of (R)-2 in the solid pellet,
film, and solution states. The CD and CPL of (R)-2 originate from the
intramolecular interaction of single molecule, rather than inter-
molecular interactions in the crystal. In addition, it appeared that
the KBr and PMMA matrix do not affect the CD and CPL measure-
ments of this type of compound. It is confirmed that this work
is useful for the design of novel chiral solid-state supramolecular
organic fluorophores composed of axially chiral binaphthyl deriva-
tives.
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