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Introduction

Solid-state organic fluorophores have attracted considerable
attention in the field of optoelectronics for application in
devices such as organic electroluminescence (EL) devices
and optical sensors.[1] Recently, two or more component
solid-state supramolecular organic fluorophores have gained
considerable interest because their optical properties can be
easily controlled by changing the component molecules
without synthetic processes.[2] On the other hand, most of
the previously reported supramolecular organic fluoro-
phores or organic fluorophores composed of a single organic
molecule were not chiral, and therefore, did not display
solid-state chiral optical properties such as solid-state circu-

lar dichroism (CD) and circularly polarized luminescence
(CPL).

Typically, to control the sign of the optical properties of a
given chiral compound, a chiral compound with the opposite
chirality is used. However, chiral compounds with opposite
chirality may not be easily available. Therefore, it is desira-
ble to develop a way of tuning the sign of the optical proper-
ties of a chiral fluorophore without using an opposite-chiral-
ity counterpart in the development of new chiral fluorescent
systems.

Herein, we report the nonclassical tunability of the solid-
state chiral optical properties of a new chiral two-compo-
nent supramolecular organic fluorophore. The solid-state
chiral optical properties of a 2-naphthalenecarboxylic acid/
1-arylethylamine supramolecular organic fluorophore are
tunable by changing the type of aryl unit in the chiral 1-ary-
lethylamine component molecule, but not the chirality of
the 1-arylethylamine itself. In this system, 2-naphthalenecar-
boxylic acid (1) was used as the fluorescent component mol-
ecule. Three types of chiral 1-arylethylamines, (R)-(+)-1-
phenylethylamine ((R)-2), (R)-(+)-1-(p-tolyl)ethylamine
((R)-3), and (R)-(+)-1-(4-methoxyphenyl)ethylamine ((R)-
4), possessing different aryl units, but the same chirality,
were used as the chiral (R)-(+)-1-arylethylamine component
molecule.
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Abstract: The solid-state chiral optical properties (circular dichroism and circularly
polarized luminescence) of a 2-naphthalenecarboxylic acid/amine supramolecular
organic fluorophore can be controlled by changing the aryl unit of the chiral 1-ary-
lethylamine component of the molecule rather than altering the chirality of the 1-
arylethylamine itself.
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Results and Discussion

The three versions of the chiral supramolecular organic fluo-
rophore, 1/(R)-2–4, were prepared by crystallization from a
solution containing 1 and (R)-2–4 in MeOH. Compounds 1
and (R)-2 (or (R)-3 or (R)-4) were dissolved in MeOH and
left to stand at room temperature. After one week, a large
number of crystals of complexes I (composed of 1 and (R)-
2), II (composed of 1 and (R)-3), and III (composed of 1
and (R)-4) were obtained.

The most serious problem associated with solid-state fluo-
rophores is the occurrence of fluorescence quenching in the
crystalline state. To study the solid-state optical properties
of complexes I–III, we first measured solid-state fluores-
cence spectra. The crystal form and solid-state fluorescence
spectral data of complexes I–III are presented in Table 1.

Complexes I–III all exhibit fluorescence in the solid state.
The solid-state fluorescence maximum (lem) for complex I is
observed at 349 nm and the absolute value of the photolu-
minescence quantum yield (FF) for complex I is 0.09 in the
solid state. The solid-state lem and FF values for complexes
I–III are similar, despite the use of 1-arylethylamine mole-
cules with different aryl units.

To study the trends in the solid-state chiral optical proper-
ties (CD and CPL) of the 2-naphthalenecarboxylic acid/1-ar-
ylethylamine supramolecular organic fluorophore, the solid-
state CD spectra of fluorescent complexes I–III were mea-
sured as KBr pellets. The solid-state CD and absorption
spectra of complexes I–III (indicated by black lines) are
shown in Figure 1. The shapes of these CD spectra are simi-
lar. Characteristic peaks of the naphthalene unit are ob-
served between 260 and 350 nm. The circular anisotropy fac-
tors (jgCD =DOD/OD j ; OD=optical density) of the last
Cotton effect (lCD =330 nm for I, 333 nm for II, and 329 nm

for III) for I, II, and III are approximately 5.6 �10�4, 7.2 �
10�4, and 3.7 � 10�4, respectively.

Abstract in Japanese:

Table 1. Crystal form and solid-state fluorescence spectral data of com-
plexes I–III.

Complex Crystal color Crystal shape lem [nm][a] FF

I colorless Plate 349 0.09
II colorless Needle 348 0.12
III colorless Needle 348 0.08

[a] Excited wavelengths are 329, 330, and 327 nm for complexes I–III, re-
spectively.

Figure 1. CD and absorption spectra of complexes a) I, b) II, and c) III
(black lines) and complexes I’–III’ (gray lines) in the solid state (as KBr
pellets).
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To check whether complexes I–III introduced any artifact
into the spectra, complexes I’–III’ were prepared, in which
compounds (R)-2–4 were replaced with (S)-(�)-1-phenyle-
thylamine ((S)-2), (S)-(�)-1-(p-tolyl)ethylamine ((S)-3), and
(S)-(�)-1-(4-methoxyphenyl)ethylamine ((S)-4). Then, the
solid-state CD spectra of complexes I’–III’ were measured
(indicated by gray lines in Figure 1). These CD spectra were
mirror images of the CD spectra of complexes I–III. These
results indicate that effective chiral transfer occurs from
chiral compounds 2–4 to complexes I–III through complexa-
tion.

Interestingly, although chiral complexes I–III (or I’–III’)
are composed of amine component molecules with the same
chirality, the signs of the CD spectra of chiral complexes I–
III (or I’–III’) are not all the same. That is, the signs of the
CD spectra of complexes I and II at the longest wavelengths
are negative (indicated by black lines in Figure 1 a and b),
whereas that of complex III is positive (indicated by black
lines in Figure 1 c). This shows that the solid-state CD prop-
erty of the 2-naphthalenecarboxylic acid/1-arylethylamine
supramolecular organic fluorophore can be controlled by
changing the aryl unit in the chiral 1-arylethylamine compo-
nent to another aryl unit with the same chirality.

To study the origin of the solid-state CD properties of
these complexes, X-ray crystallographic analyses of com-
plexes I–III were conducted and the resulting crystal struc-
tures of complexes I–III were compared. The crystal struc-
tures of I are shown in Figure 2.[3] The stoichiometry of com-
plex I is 1:1 with regards to the components 1/(R)-2 and the
complex is in the space group P212121. This complex has a
characteristic 21-helical columnar network structure along
the a axis (Figure 2 a and b). This column is mainly com-
posed of the carboxylate oxygen atoms of the carboxylic
acid anions and the ammonium hydrogen atoms of the pro-
tonated amine. Complex I is formed by the assembly of
these 21-helical columns (indicated by the dotted circle in
Figure 2 c) without major intercolumnar interactions (Fig-
ure 2 c).[4]

The crystal structures of II are shown in Figure 3. The sto-
ichiometry of II is 1:1 with regards to the components 1/(R)-
3 and the complex is in space group P212121, which is the
same as that of complex I. This complex also has a 21-helical
columnar network structure along the a axis similar to that
in complex I (Figure 3 a). Complex II is formed by the as-
sembly of these 21-helical columns (indicated by the dotted
circle in Figure 3 b) through three types of intercolumnar in-
teractions (Figure 3 b):[4] 1) naphthalene–benzene edge-to-
face interactions (2.80 �, as indicated by arrow A in Fig-
ure 3 b) between the hydrogen atom of the naphthalene ring
in 1 and the benzene ring of (R)-3 ; 2) benzene–naphthalene
edge-to-face interactions (2.95 �, as indicated by arrow B in
Figure 3 b) between the hydrogen atom of the benzene ring
of (R)-3 and the naphthalene ring in 1; and 3) naphthalene–
naphthalene edge-to-face interactions between naphthalene
rings in 1 (2.83 �, as indicated by arrow C in Figure 3 b). In-
terestingly, X-ray crystallography revealed that, although
the structures of the 21-helical columns in complexes I and

II are the same, the packing structures of the shared 21-heli-
cal columns are considerably different (cf. Figures 2 c and
3 b).

The crystal structures of III are shown in Figure 4. The
stoichiometry of III is 1:1 with regards to the components 1/
(R)-4 and the complex is in space group P1. In contrast to
complexes I and II, the component molecules 1 and (R)-4
form a pseudo-21-helical columnar network structure along
the a axis (Figure 4 a). This column is also mainly composed
of the carboxylate oxygen atoms of the carboxylic acid
anions and the ammonium hydrogen atoms of the protonat-
ed amine. As expected, the packing structure of this pseudo-
21-helical column in complex III is also different from that
of complexes I and II. In III, there are three types of inter-
columnar interactions (Figure 4 b):[4] 1) CH–p interactions

Figure 2. Crystal structures of I. a) 21-Helical columnar network structure
observed along the a axis. b) View along the c axis. c) Packing structure
observed along the a axis. The dotted circle represents a 21-helical colum-
nar network structure.
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between the methyl group in (R)-4 and the naphthalene ring
in 1 (2.58 and 2.55 �, as indicated by arrows A and B in Fig-
ure 4 b, respectively); 2) naphthalene–benzene edge-to-face
interactions (2.71 and 2.89 �, as indicated by arrows C and
D in Figure 4 b, respectively) between the hydrogen atom of
the naphthalene ring of 1 and the benzene ring in (R)-4 ;
and 3) benzene–naphthalene edge-to-face interactions be-
tween the hydrogen atom of the benzene ring of (R)-4 and
the naphthalene ring in 1 (2.94 �, as indicated by arrow E
in Figure 4 b).

Complexes I and II have negative CD intensities at 260–
350 nm, which originate from the electronic absorption of
molecule 1, whereas complex III has a positive CD intensity
in the 260–350 nm region. The origins of the chiroptical
properties of complexes I–III were studied on the basis of
the X-ray structures. As described earlier, we focused on the
CD intensities in the longest wavelength region, 260–
350 nm, because not all three complexes have the same sign
despite having component amine molecules with the same
chirality. The weak electronic absorption in this wavelength
region, apparently originating from component molecule 1,
suggests that the corresponding CD intensities are induced
by molecular structure fixation of 1 in crystals. To verify this
hypothesis, the chiroptical properties of single molecules of
1 in the three complexes were examined theoretically.
Figure 5 displays the calculated rotational strengths for 1 in

the three crystals, in which the rotational strengths at 230–
250 nm correspond to the experimentally observed strong
CD intensities at 220–240 nm, whereas those at 300–350 nm
correspond to the CD intensities in the longest wavelength
region 260–300 nm we have focused on. Although the corre-
lation to the experimentally observed spectra is not good,
the calculated rotational strengths at 300–350 nm reproduce
the main features of the CD intensities at 260–300 nm ob-
served for the complexes. That is, we find a negative intensi-
ty of I (Figure 5 a) and a positive intensity of III (Figure 5 c),
although the intensity of II is barely observed (Figure 5 b).
Complex III also has negative intensities (Figure 5 d), but
the positive contribution overwhelms the negative one upon
summation. These rotational strengths result mainly from
distortions of 1 around the C�CO2 bond: the OC�CC dihe-
dral angles are �18.6 (�15.7) in I, 3.9 (3.3) in II, and 34.9
(34.4) and �42.08 (�38.98) in III. These calculated data sug-
gest that the molecular structure fixation of 1 possibly con-
tributes to the experimentally observed CD intensities in
the 260–350 nm region.

Next, the solid-state CPL spectra of complexes I–III were
measured as KBr pellets and compared. The solid-state CPL
and fluorescence spectra of complexes I–III are shown in
Figure 6.

The fluorescence spectra of these complexes measured as
KBr pellets are similar to those of complexes obtained with-
out using the KBr matrix. This result shows that the KBr

Figure 3. Crystal structures of II. a) 21-Helical columnar network struc-
ture along the a axis. b) Packing structure observed along the a axis. The
dotted circle represents a 21-helical columnar network structure. Arrows
A, B, and C indicate the intercolumnar naphthalene–benzene, benzene–
naphthalene, and naphthalene–naphthalene edge-to-face interactions, re-
spectively.

Figure 4. Crystal structures of III. a) Pseudo-21-helical columnar network
structure along the a axis. b) Packing structure observed along the a axis.
The dotted circle represents a helical columnar network structure.
Arrows A and B indicate the intercolumnar CH–p interactions. Arrows
C (or D) and E indicate the intercolumnar naphthalene–benzene and
benzene–naphthalene edge-to-face interactions, respectively.
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matrix does not introduce any artifacts into measurements
of the spectra. As expected, a comparison of the CPL prop-
erties of chiral complexes I–III indicates that the sign of the
CPL spectra changes from negative for I and II to positive
for III. The circular anisotropy factor (gem =

2 ACHTUNGTRENNUNG(IL�IR)/ ACHTUNGTRENNUNG(IL+IR)) of complexes I–III is approximately �4.0 �
10�4, �2.5 � 10�4, and 7.6 � 10�4, respectively. To the best of
our knowledge, this is the first time that the sign of solid-
state CD and CPL spectra in a chiral supramolecular organ-
ic fluorophore composed of 1-arylethylamine has been con-
trolled by changing the type of aryl unit in the chiral 1-aryle-
thylamine component molecule without changing its chirali-
ty.

Conclusions

A chiral supramolecular organic fluorophore was successful-
ly prepared by forming a complex between achiral fluores-
cent 2-naphthalenecarboxylic acid and chiral (R)-(+)-1-ary-
lethylamines. By changing the aryl unit in the chiral (R)-
(+)-1-arylethylamine, the style of helical columnar network
structure and its packing arrangement was changed. As a
result, the signs of the solid-state CD and CPL spectra of
these supramolecular fluorophores could be reversed despite
using chiral amine component molecules with the same chir-
ality. These results show that the solid-state chiral optical
properties of the 2-naphthalenecarboxylic acid/amine supra-
molecular organic fluorophore can be controlled by replac-
ing the aryl unit in the chiral 1-arylethylamine component
molecule with another of the same chirality (that is, by
changing the style of helical column and its packing struc-
ture), instead of changing the chirality of the amine compo-
nent molecule in the solid state. Supramolecular organic flu-

orophores offering these func-
tionalities are expected to be
useful in the development of
new solid-state chiral supra-
molecular fluorophores.

Experimental Section

General Methods

Component molecule 1 and MeOH
were purchased from Wako Pure
Chemical Industries. Component mol-
ecules (R)-2–4 and (S)-2–4 were pur-
chased from Tokyo Kasei Kogyo.
MeOH was used directly without fur-
ther purification.

Formation of Complexes I–III by
Crystallization from MeOH

Compounds 1 (11.5 mg, 6.68 �
10�5 mol) and (R)-2 (or (R)-3, (R)-4 ;
6.68 � 10�5 mol) were dissolved in
MeOH (2 mL). After one week, a
large number of crystals (crystals of
complexes I (9 mg) for the 1/(R)-2
system, II (10 mg) for the 1/(R)-3

system, and III (10 mg) for the 1/(R)-4 system) were obtained. The mass
of the crystals was equal to the total mass of the crystals of complexes I,
II, and III obtained in one batch.

Theoretical Calculations

The excitation energies and rotational strengths of 1 were calculated by
the Zerner�s intermediate neglect of differential overlap (ZINDO)
method[5] from the molecular geometries in the complexes. In these cal-
culations, the deprotonated form of 1 was used instead of the neutral
form because the carbonate proton of 1 was transferred to the amine
molecule in complexes I–III. These quantum chemical calculations were
carried out by using the Gaussian 03 program.[6]

Measurement of Solid-State Fluorescence Spectra

The solid-state fluorescence spectra and absolute photoluminescence
quantum yields were measured by using the Absolute PL Quantum Yield
Measurement System (C9920-02, HAMAMATSU PHOTONICS K. K.)
in air at room temperature. The excitation wavelengths were 329, 330,
and 327 nm for complexes I, II, and III, respectively.

Measurement of Solid-State CD and Absorption Spectra

The solid-state CD and absorption spectra were measured by using a
Jasco J-800 KCM spectrophotometer. The solid-state samples were pre-
pared according to standard procedures for obtaining glassy KBr matri-
ces.[7]

X-ray Crystallographic Study of Complexes I–III

X-ray diffraction data for single crystals were collected by using a
BRUKER APEX diffractometer. The crystal structures were solved by a
direct method[8] and refined by full-matrix least-squares using the
SHELXL97 program.[8] Diagrams were prepared by using the PLATON
program.[9] Absorption corrections were performed by using the
SADABS program.[10] 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 approximation.

Crystallographic data for I : C8H11N·C11H8O2; M =293.35; space group
P212121; a =6.3454(5), b=14.4425(11), c =17.3736(13) �; V=

1592.2(2) �3; 1cald =1.224 gcm�3 ; z=4; m ACHTUNGTRENNUNG(MoKa)=0.079 mm�1; 9906 re-
flections measured; 3648 unique: final R(F2)= 0.0437 using 3194 reflec-

Figure 5. Calculated rotational strengths (in 10–40 erg esu cm Gauss�1) and electronic excitation wavelength for
molecule 1: a) and b) molecules taking the geometries in I and II, respectively; c) and d) molecules taking the
geometries in III (two crystallographically independent molecules).
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tions with I>2.0s(I); R ACHTUNGTRENNUNG(all data) = 0.0525; T =115(2) K. CCDC 822729
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic data for II : C9H13N·C11H8O2; M= 307.38; space group
P212121; a =6.0380(7), b=16.4105(18), c =16.7204(18) �; V=

1656.8(3) �3; 1cald =1.232 gcm�3 ; z=4; m ACHTUNGTRENNUNG(MoKa)= 0.079 mm�1; 10 358 re-
flections measured; 3774 unique; final R(F2)= 0.0577 using 3026 reflec-
tions with I>2.0s(I); R ACHTUNGTRENNUNG(all data) = 0.0758; T =115(2) K. CCDC 822730
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Crystallographic data for III : C9H13NO·C11H8O2; M=646.76; space group
P1; a=6.1134(7), b=7.2271(8), c=18.892(2) �; a=88.533(2), b=

88.910(2), g =88.428(2)8 ; V= 833.94(16) �3; 1cald =1.288 gcm�3 ; z=1; m-ACHTUNGTRENNUNG(MoKa) =0.086 mm�1; 7302 reflections measured; 5935 unique; final
R(F2)=0.0545 using 4641 reflections with I>2.0s(I); RACHTUNGTRENNUNG(all data) =

0.0740; T= 115(2) K. CCDC 822731 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.

Measurement of Solid-State CPL Spectra

The solid-state CPL spectra were measured by using a Jasco CPL-200
spectrophotometer. The excitation wavelengths were 329, 330, and
326 nm for complexes I–III, respectively. The solid-state samples were
prepared according to standard procedures for obtaining glassy KBr ma-
trices. The power of the incident beam of the CPL spectrometer was
0.3 mW cm�2 at the installation position of sample. The CPL spectrum is
approached by Simple Moving Average (SMA).
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