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Self-Assembled Anthracene Dimers Formed in
Aqueous Solution in the Presence of c-cyclodextrin

NAOYUKI MIYAKAWA, TAKAYUKI KIBA, AND
SHIN-ICHIRO SATO

Division of Biotechnology and Macromolecular Chemistry, Graduate
School of Engineering, Hokkaido University, Sapporo, Japan

We have studied the dimer formation of a series of mono- and disubstituted
anthracenes (1-methylanthracene, 2-methylanthracene, 9-methylanthracene, and
9,10-dimethylanthracene) in the c-cyclodextrin nanocavity, using electronic absorp-
tion and fluorescence spectroscopic techniques, as well as quantum chemical calcula-
tions. We have measured fluorescence spectra of anthracene derivatives in ethanol
and c-CD aqueous solution, and the excimer-like fluorescence was observed only
in c-CD aqueous solution. The fluorescence excitation spectra observed with the
excimer-like fluorescence showed an exciton splitting in the S3 S0 electronic tran-
sition of anthracene p-electron system. This splitting indicates that a self-assembled
dimer was formed in c-CD. The structures of dimers were estimated from the exci-
ton splitting energies with the help of Lennard-Jones potential calculations including
coulombic interactions.

Keywords anthracene; cyclodextrin; dimer; fluorescence; Lennard-Jones

1. Introduction

It is well-known that some molecules behave unusually when encapsulated inside a
nanometer-sized cavity. Such an encapsulation can change the physical and chemical
properties of guest molecules [1–3]. Cyclodextrins (CD) are attractive host molecules
providing a nanocavity [4,5]. It is a truncated cone-shaped molecule with a hydrophi-
lic outside and a hydrophobic hollow, the diameter of which is several angstroms.
Because of this unique structure, CD forms an inclusion complex with various
organic molecules in aqueous solution. The CD is even useful to investigate the
effects of spatial restriction because the cavity diameter varies with the number of
glucose units included in CD, e.g., a-CD (six units), b-CD (seven units), and c-CD
(eight units). Molecular structures of CDs are displayed in Scheme 1a. c-CD has
been shown to accommodate two guest molecules in its large cavity [6,7]. Control
of the intermolecular interactions of aromatic hydrocarbons is crucial for the exploi-
tation of organic supramolecular semiconductors and the incorporation of single
molecules into nano-engineered devices [8].
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In the previous study, we reported the dimer formation of 9,10-dimethylanthracene
(DMA) in c-CD nanocavity [9]. We also estimated the dimer structure of DMA on
the basis of exciton energy splitting observed in fluorescence-excitation spectra.
In present study, we investigated the substituent dependence of dimer structure
for 1-methylanthracene, (1-MA) 2-methylanthracene (2-MA), 9-methylanthracene
(9-MA). Molecular structures of DMA, 1-MA, 2-MA, and 9-MA are displayed in
Scheme 1b. Dimer formation for these anthracene derivatives in c-CD was confirmed
from their absorption and fluorescence spectra. The structure of dimer was estimated
from their S3 exciton-energy splitting in the fluorescence excitation spectra with the help
of LJþ coulombic potential calculations.

2. Experimental Section

9,10-dimethylanthracene, 1-methylanthracene, 2-methylanthracene, 9-methylanthra-
cene (Aldrich, USA) and c-CD (Kanto Kagaku, Tokyo) were used as received.
A Milli-Q system (Millipore, Bedford, MA) was used for purification of water.
DMA, 1-MA, 2-MA, 9-MA=c-CD aqueous solution was prepared by mixing
DMA, 1-MA, 2-MA, 9-MA=ethanol solution (200ml; 1� 10�3M) with 2.5� 10�2M
c-CD=water solution (20ml; 1� 10�3M), stirring for 12 hours.

Steady-state absorption and fluorescence spectra were measured at room tem-
perature with a U-3010 spectrophotometer and F-4500 fluorescence spectrometer
(Hitachi, Tokyo), respectively.

3. Results and Discussion and Conclusions

Absorption and fluorescence spectra of DMA, 1-MA, 2-MA, 9-MA in ethanol and
in c-CD aqueous solution at room temperature were displayed in Figure 1. The
absorption spectrum of DMA in ethanol solution showed the prominent absorption

Scheme 1. (a) Molecular structures of a-CD (n¼ 6), b-CD (n¼ 7), and c-CD (n¼ 8) (b)
DMA, 1-MA, 2-MA, 9-MA.

194=[470] N. Miyakawa et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
4:

21
 0

8 
A

ug
us

t 2
01

2 



band at 259 nm which is ascribed to the S0! S3 transition. The well-defined vibronic
bands ranging from 300 nm to 410 nm is assigned to the S0! S1 transition. The
absorption spectrum of 1-MA, 2-MA, and 9-MA in ethanol is very similar with that
of DMA in ethanol except for their slightly shifted peak positions. The fluorescence
spectrum of DMA in ethanol obtained with excitation at 376 nm (S1 absorption)
showed well-defined vibronic bands, indicating that DMA molecules exist as mono-
mers. In a similar manner, the fluorescence spectra of 1-MA, 2-MA, and 9-MA in
ethanol solution showed only monomeric S1 fluorescence, which indicates that
1-MA, 2-MA, and 9-MA molecules also exist as monomers.

In the S3 region of absorption spectra, peak splitting was observed for guest
molecules in c-CD aqueous solution, while the S3 absorption showed only one peak
in ethanol solution. In the case of 1-MA in c-CD, the line width of S3 band was broa-
dened compared to that in ethanol. This suggested that there is also energy splitting
at the S3 absorption for 1-MA=c-CD, although no clear splitting was observed.

The fluorescence spectrum of DMA=c-CD obtained with excitation at 381 nm
gave well-defined monomer vibronic bands (407, 430, and 456 nm) and broad
excimer-like emission tailed after 500 nm. In the case of 2-MA=c-CD, fluorescence
spectrum with tailing at longer wavelength which seems to be an excimer-like emis-
sion was observed. Though very weak excimer-like emission was observed for
1-MA=c-CD and 9-MA=c-CD, the excitation spectra observed at 525 nm showed
clear exciton splittings. These results indicate that all the guest molecules used in this
study forms dimer in the presence of c-CD in aqueous solution.

Figure 2 compares monomer- and excimer-like band detected fluorescence-
excitation spectra in the S3 region. The excitation spectra of DMA=c-CD showed
peak splitting in the region of the S3 transition, which was very similar to the absorp-
tion spectrum, while only a single peak was observed in the monomer detected

Figure 1. Absorption and fluorescence spectra of DMA, 1-MA, 2-MA, 9-MA in ethanol
(broken curves) and in c-CD water solution (solid curves). Inset: absorption spectra expanded
in S3 region.
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excitation spectrum. A similar tendency was observed for the other guest molecules.
From these observations, it is concluded that the excimer-like emissions do not result
from diffusive collisions of an excited guest molecules with another ground-state
guest molecules, following the classic mechanism for excimer formation in bulk sol-
vents, for which the excitation spectra of excimer species are essentially the same as
those of the monomer. On the basis of the characteristic splittings of the excitation
spectra observed with the excimer-like emission, the origin of the excimer-like emis-
sion can be ascribed to the excitation of the ground-state dimer species in the c-CD
nanocavity. The energy-level diagram of related states in guest molecules monomer
and dimer is displayed in Figure 3.

Figure 2. Fluorescence excitation spectra of DMA, 1-MA, 2-MA, 9-MA in the region of S3
band in c-CD water solution. The excitation spectra were recorded with the observation of
monomer emission (broken curve) and with the observation of excimer-like emission (solid
curve).

Figure 3. The energy-level diagram of related states in anthracene derivatives monomer and
dimer in c-CD.
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From the S3 peak splitting in the excitation spectra, the dipole-dipole interaction
energy (b) between each monomer units was calculated as 2b¼ 2230 cm�1 (DMA),
1316 cm�1 (1-MA), 1543 cm�1 (2-MA), 1165 cm�1 (9-MA). The calculated 2b are
tabulated in Table 1. From these 2b values, we calculated possible dimer structure
as following. The dipole-dipole interaction energy is expressed as

DE ¼ 2b ¼ 1

2pe0e
e2 Mj j2

R3
ðcos h12 � 3 cos h1R cos h2RÞ; ð1Þ

where e is the elementary charge, M the transition dipole moment, R the distance
between the centers of chromophores, e0 and e the dielectric constants of vacuum
of the environment (solvents or nanocavities), respectively, h12 the angle between
the transition dipoles of two chromophores, h1R the angle between the transition
moment of the one chromophore and the distance vector, and h2R the angle for
the other chromophore. We assumed that the structure of the anthracene derivatives
dimer will be of rotated parallel face-to-face type in the calculations. We further
assumed a dimer structure in which the centers of gravity of each anthracene deriva-
tives overlap. This assumption will be supported by the Lennard-Jones calculations
in the following section. With these assumptions, Eq. (1) simplifies to

2b ¼ 1

2pe0e
e2 Mj j2

R3
cos h12: ð2Þ

The transition moment can be calculated by the following equation:

M ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3hf

8p2mecenn
s

; ð3Þ

where me is the mass of an electron, c the speed of light, ~nn the wavenumber for the S3
transition, and f the oscillator strength for the transition. The oscillator strength is
given by

f ¼ 4:32� 10�9 � 1

n
�
Z

eðennÞdenn ð4Þ

where n is a refractive index of solvent and eðevvÞ is a molar extinction coefficient of
each anthracene derivatives. The oscillator strengths of DMA was calculated as

Table 1. Parameters of dimer orientation determined by LJ calculations

Sample / (deg.) R (Å) S3 spliting (cm�1)
Stabilization energy

(kcalmol�1)

1-MA 51 3.61 1316 �9.48
2-MA 45 3.59 1543 �8.97
9-MA 56 3.62 1165 �9.87
DMA 33 3.49 2230 �11.1
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f¼ 1.02 from the absorption spectrum. The transition moment of DMA was
calculated as M¼ 1.56� 10�10m, by substituting the f and enn values into Eq. (3).
The dielectric constant inside CD was assumed to be e¼ 5.0, which was employed
by Sato et al. in DMA=c-CD system [10]. The typical contour plots of DMA dimer
calculation are shown in Figure 4 (left panel) for the reasonable range of R and h12.
In order to determine the combination of R and h12 uniquely under the condition,
the intermolecular potential surface for the ground electronic state is calculated in
the following section.

From the well-known Franck-Condon principle, an electronic transition of
molecules takes place vertically from the ground state to an excited state. To
uniquely determine the structure of the dimers which gives observed exciton splitting
2b, we calculated the potential surface of the dimers for the ground electronic
state by an atom-atom Lennard-Jones (LJ) potential method including coulombic
interactions [11–13]:

VLJCðR; h12Þ ¼
Xmol:1

i

Xmol:2

j

qiqje
2

rij
þ 4eij

r12ij
r12ij
�
r6ij
r6ij

 !" #
; ð6Þ

where rij is an atom-atom distance between each monomer units, qi (qj) represents
a charge on the i (j)th atom of each monomer units, and eij and rij stand for the
conventional LJ parameters. For the values of eij and rij for the homo combina-
tions of atoms, we used the previously reported values [11] (rCC¼ 3.55 Å,
rHH¼ 2.42 Å, eCC¼ 0.07 kcal=mol, eHH¼ 0.03 kcal=mol), and the values for the
hetero combinations were calculated by the combining rules as rAB¼ (rAA rBB)

1=2

and eAA¼ (eAA eBB)
1=2.

Partial charge qs were obtained by the molecular orbital calculations (Gaussian
03W) [14] with the use of Merz Kollman scheme [15] for the each geometrically
optimized anthracene-derivative monomer unit. We calculated the potential surface
for each rotated face-face dimers. The right panel of Figure 4, the potential energies
of DMA are plotted against h12 and R. The potential energy of DMA dimer stabi-
lized at R¼ 3.6 Å, h12¼ 42 and 138 degree; it is noted that these two dimers are

Figure 4. Left panel shows the calculated contour plots of the exciton splitting (cm�1) of DMA
dimer. The bold line shows the exciton splitting of 2230 cm�1. Right panel shows potential
energy contour plot of DMA dimer caluculated by Lennard-Jones potential with Coulombic
interactions.
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the optical isomer each other. When R¼ 3.7 Å, the dimer stabilized at the orthogonal
position. In Figure 5, shows a contour plot (solid lines) of the LJþ coulombic poten-
tial energy of all anthracene derivatives dimers investigated, overlapped with the plot
(broken line) of the dipole-dipole interaction energy obtained from 2b. Based on the
crossing point, at which the LJ potential minimize along the h12 direction keeping the
interaction energy of the observed 2b values, the plausible structure of the dimers in
the barrel-type c-CD will can be estimated. The calculated interplane distance and
torsional angle of the plausible structure of dimers are summarized in Table 1.
Although LJ potential map of DMA dimer was symmetric with respect to torsional
angle, the other dimer was not symmetric. This is because DMA has C2 axis, but the
other dimers do not have C2 symmetry. It was found that the tendency that the inten-
sity of excimer fluorescence became small as the torsional angle incleased. This is
because the lifetime of excimer state decreases, when the torsional angle approaches
90 degree [9]. The torsional angle of disubstituted DMA was smaller than those of
monosubstituted anthracenes. This may be caused by the increased steric hinderance
between DMA molecules within CD nanocavity.

4. Conclusions

We have studied the inclusion phenomena of DMA, 1-MA, 2-MA, and 9-MA in
aqueous solutions in the presence of c-CD. DMA, 1-MA, 2-MA, and 9-MA formed
dimer in a c-CD nanocavity even in the dilute solution, which was evidenced by the
fluorescence and fluorescence-excitation spectra. The structure of dimers was esti-
mated from the S3 exciton splitting observed in the fluorescence excitation spectrum
with the help of LJþCoulombic potential calculations. In addition we could control
the torsional angle of dimers by changing of the position and numbers of substituent.

Figure 5. Potential energy contour plot caluculated by Lennard-Jones potential with Coulom-
bic interactions. The bold line represents the exciton splitting of DMA, 1-MA, 2-MA, 9-MA.
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