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Ground and excited state self associations are observed in solution at room temperature in the case of the
9-oxa-2,3,4′-methoxybenzobicyclo[4.3.0]non-1(6)-ene-7,8-dione molecule. Depending on the solute concentra-
tion, the ground state associated forms are attributed to a dimer involving interaction between only two solute
molecules, or to an aggregate of higher order. The theoretical simulation, using the analytical atom-atom
pair potential described below, predicts several energy minima of the dimer. The two most stable dimer’s
structures are those involving a face-to-face slipped structure with head-to-tail orientation. An excimer emission
is also observed subsequently to the excitation by either the absorption monomer bands or by the absorption
band of the van der Waals dimer. The two adjacent molecules forming the excimer species are readily in
approximately parallel planes.

1. Introduction

Furan-2,3-dione derivatives have been widely studied because
of their biological activity as carcinostatic compounds.1 The
studies of the reactivity of these compounds via photolysis
experiments involve a good knowledge of their absorption and
emission spectra. In order to interpret correctly the electronic
transitions in the absorption spectrum of the 9-oxa-2,3,4′-meth-
oxybenzobicyclo[4.3.0]non-1(6)-ene-7,8-dione: C13H10O4 (com-
poundA), we have studied, in a previous work,2 the UV-vis
absorption linear dichroism (LD) spectra of this compound
aligned in uniaxially stretched polyethylene (PE) film. Such
measurements have provided experimental information on the
number, position, and polarization of the electronic transitions.
Nevertheless, because of its high permanent dipole moment (8.6
D), this compound can give rise to self associated forms in
solutions at room temperature.

In this work, at first, we have been interested in the
concentration effect on the absorption spectrum from 10-6 to
10-2 M, as well as a simulation of the ground state dimer using
the improved analytical Fraga’s atom-atom pair potential
(FAAP) described below.

Continuing the research on the self-association process of the
compoundA in solutions at room temperature, we have also
studied the concentration effect on the stationary fluorescence

and excitation spectra of this compound. We attempted thus
to detect excited dimeric species (i.e., excited van der Waals
(vdw) dimers or excimers).

2. Experimental Section

The synthesis of this compound has been reported elsewhere.3

The solvents used are of spectroscopic quality. The UV-vis
absorption spectra were recorded on a Shimadzu model UV-
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2100 spectrometer; the stationary fluorescence and excitation
spectra were measured on a PERKIN ELMER MPF-2A
spectrofluorimeter.

3. Results and Discussion

3.1. Room Temperature UV-Vis Absorption Spectra at
low Concentration. In Figure 1a and 1b are reported the room
temperature absorption spectra of the 9-oxa-2,3,4′-methoxy-
benzobicyclo[4.3.0]non-1(6)-ene-7,8-dione molecule, called com-
poundA, in chloroform and acetonitrile at the concentrationC
) 10-6 M. The spectrum, in both solvents, presents three main
bands. The highest energy bands are located respectively around
λmax ) 256 nm andλmax ) 290 nm; the lowest energy band,
broad and more intense, is situated aroundλmax ) 396 nm. This
band is red shifted of about 12 nm when the solvent polarity is
increased from chloroform (ε ) 4.7) to acetonitrile (ε ) 37.5),
while the formers remain unchanged. In the last work,2 we have
investigated UV-vis linear dichroism spectra of the compound
A aligned in stretched polyethylene (PE) film as well as
CNDO/S calculations. The UV-vis LD spectrum was resolved
into four electronic transitions differently polarized (Figure 1c).
The first transition atλmax ) 396 nm is polarized along the
long axis of the molecule. This band which presents some
intramolecular charge-transfer character corresponds to theππ*
transition of the C3dO22 carbonyl chromophore. The second
transition atλmax ) 360 nm, which is hidden by the first one in
solution, is clearly isolated in the LD absorption spectrum
(Figure 1c) and is polarized along some intermediate direction
between the long and the in-plane short axis of the molecule.
This transition is attributed to theππ* one of the C2dO21

carbonyl chromophore. The third transition atλmax ) 290 nm
and the fourth one atλmax ) 256 nm are polarized perpendicu-
larly each to other. They correspond respectively, to the1Lb

and1La transitions of the benzene part in the molecule.2

3.2. Room Temperature UV-Vis Absorption at High
Concentration. Figures 2 and 3 show the variation of the
absorption spectrum of the compoundA, in chloroform and
acetonitrile, with increasing the concentration from 5.10-6 to
10-2 M. At the lower concentration the spectrum corresponds
to that of the monomer described above in Figure 1. When the
concentration is about 5.10-5 M, the spectrum undergoes a net
red edge broadening around 460 nm (Figure 2b and 2c). As
the concentration of the compoundA is increased until 5.10-3

M, the room temperature absorption spectrum, in both chloro-
form and acetonitrile, shows a new band at 460 nm (Figures 3a
and 3b). The relative intensity of this new red edge band,

compared to that of the first monomerππ* transition located
at 396 nm, is very weak. This weakness does not permit to
observe simultaneously the new band and the otherππ* bands
of the monomer. We have attributed this new red edge
absorption band, at 460 nm, to the formation of a self-associated
dimer of the compoundA. The dimer is the first self-associated
form which can appear at the ground state without perturbing
much the absorption spectrum of the monomer. Numerous
experimental and theoretical studies of such systems have been
published.4-9 Otherwise, contrary to the lowest energy band
of the monomer, the dimer band, which is located at 460 nm,
remains unchanged when the solvent polarity is increased
(Figures 3a and 3b). This is indicative that the self-dimer of
the compoundA has a dipole moment inferior to that of the
monomer.10

At higher concentration,C ≈ 10-2 M, the spectrum reveals
a new band around 580 nm (Figures 3c and 3d). This new
band has an intensity so weak that it is impossible to observe
it all together with those of the monomer and the dimer.
Similarly to the dimer band, this new broad band located
between 520 and 620 nm, is independent on the solvent polarity;
this new feature is most probably du to the formation of a ground
state higher order complex, larger than the dimer and consisting
in the interaction of three or more solute molecules. Clusters
were also observed at room temperature in the case of
naphthalene.11-13

3.3. Theoretical Modeling of the Self Dimer Association.
Method. To modelize the self associated dimer of the compound

Figure 1. Room temperature absorption spectra of compoundA at
10-6 M: (a) in chloroform, (b) in acetonitrile, and (c) aligned in
stretched PE film.

Figure 2. Room temperature absorption spectra of compoundA at
(a) 5× 10-6 M in chloroform, (b) 5× 10-5 M in chloroform, and (c)
5 × 10-5 M in acetonitrile.

Figure 3. Room temperature absorption spectra of compoundA at
(a) 5× 10-4 M in chloroform, (b) 5× 10-4 M in acetonitrile, (c) 10-2

M in chloroform, and (d) 10-2 M in acetonitrile.
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A, we have used the analytical atom-atom pair potential
proposed previously by Fraga (FAAP)14-18 and improved by
Sanchez-Marin et al.19-21 In this pairwise potential, the
interaction energy∆E between two moleculesA andB, assumed
to be rigid sets of individual atoms, is obtained as summation
of atom i (of A) to atom j (of B) contributions (∆Eij) which
have the form of an expansion in powers of 1/Rij such as

with

whereq is the net atomic charge,R is the isotropic polarizability,
n ) Z - q is the effective number of electrons, andf andc are
parameters that were adjusted to reproduce Clementi’s po-
tentials.22-24 The superscripts a and b denote the classes to
which belong the atomsi andj respectively, taking into account
their environments in the respective molecule. Parameters (q,
R, f, c) for H, Li, C, N, O, Na, S, K, and Ca can be assigned to
82 classes reported in refs 15-18. Rij is the separation between
the two interacting atomsi and j. The interaction energy is
given in kJ mol-1 whenR is in Å3, c is in Kcal1/2 Å6 mol-1/2,
andRij is in angstroms.

To improve the behavior of the potential at short distances,
an empirical correctionEij

D of the dispersion energy term is
included by using a newR-6 term that is added to the original
potential like a secondR-6 term.19,25

This additional term has the same form and parameters of the
original R-6 one, but the scaling factorf are now set to one.
The total pair potential incorporating the new correction is then:

The version, of the program, used in this work is that adopted
by Torrens and co-workers.25 The program allows for the
determination of stable conformations of the association of two
molecules. These conformations are found by minimization of
the interaction energy between the two moleculesA andB. Both
systems are kept rigid throughout the energy minimization
process. The center of mass of moleculeA is always held in
the origin of the coordinates, and the orientation of this molecule
is kept fixed in the space. The position of the moleculeB is
expressed, in each new step of the optimization process, by
means of a 6-fold vectorR ) (x, y, z, R, â, γ). The three first
values indicate translations along the cartesian axisX, Y, and
Z; the three second values show successive rotations around
these axis, respectively. The crystallographic structure of the
studied molecule was reported by Bonnaud and Hnach.26

Furthermore, the atomic charges and the dipole momentµ, used
in this calculation, are those obtained directly from other
previous ab initio calculations.

Calculation Results.Table 1 collects the total interaction
energy as well as the geometric parameters of the two most

stable conformations of the dimer. Reported in Figure 4 are
the geometrical structures corresponding to the stacked dimers.
These arrangements of the homo-dimer are face-to-face slipped
structures with head-to-tail mutual orientation. Thus the
preferred configuration of the present dimer is the two displaced
parallel molecules with their dipole moments opposed. The
opposing dipole moments lead to stabilization of the dimer by
dipole-dipole interactions. A similar geometry was reported
by Lim27 in the case of dibenzofuran dimer and by Torrens20

in the case of some azine dimers. These face-to-face rotated
structures lead to a dipole moment for the dimer of about 5.9
D for minimum D1 and 8 D for minimumD2 (i.e., lower than
that of the monomer A which is of about 8.6 D). The two
stacked structures are important for the geometrical description
of the most stable arrangement of the two interacting molecules.
As shown in Figure 4 and in Table 1, the plane of the benzene
part in each molecule is exactly parallel to that one in the other
molecule. The equilibrium distances between the centers of
the two benzene parts are 3.32 Å for minimumD1 and 3.58 Å
for minimum D2. These values agree with that reported by
Torrens et al.19 for the face-to-face benzene-benzene dimer (i.e.,
3.8 Å) and close to the interplanar separation 3.4-3.6 Å between
two interacting porphyrins as reported by Hinter et al.28

The great difference between the dimersD1 andD2 consists
in the fact that their dipole moments are respectively 5.9 and 8
D. The observed non dependence of the dimer band on solvent
polarity (Figures 3a and 3b) seems to indicate that the geo-
metrical structureD1 is the most probable dimer configuration.
Nevertheless the relatively high dipole moments values obtained
for these dimers may be related to an eventual uncertainty of
the theoretical FAAP calculation. Furthermore, the calculated
interatomic distances, O1

(A) C10
(B) ) 3.670 Å and O1

(A) H10
(B) )

3.040 Å, between the two interacting molecules in the dimer
D1 are very close to those reported for a pair of neighboring
molecules in the crystal26 (i.e., 3.677 and 3.060 Å, respectively).

3.4. UV-Vis Fluorescence and Excitation Spectra: Con-
centration Effect. Figure 5 presents the concentration depen-
dence of the fluorescence spectrum of the compoundA from 5
× 10-6 to 10-3 M, in chloroform, when the sample is excited
by the monomer absorption band around 300 nm. The
fluorescence spectrum of the more diluted solution (i.e.,C ) 5
× 10-6 M) corresponds to the normal fluorescence of the
monomeric species (Figure 5a). As the solute concentration is
increased, a new emission band appears around 520 nm (i.e.,
at the lower energy side of the normal fluorescence spectrum).
Its intensity increases with increasing the concentration, and it
remains unchanged when the solvent polarity is varied from
chloroform to acetonitrile in which we have observed the same
behavior.29 Since the sample was excited by the monomer
absorption band located around 300 nm, the observed anomalous
emission at 520 nm (Figure 5) is characteristic of excimer
formation. In our previous work,29 we have found the excimer-
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TABLE 1: Calculated Interaction Energies, Dipole
Moments, and Geometrical Parameters for the two Most
Stable Dimer Structures D1and D2

mini-
mum Etot

a db Rc âc γc µd Φe ze

D1 -710.78 5.07 180.0 180.0-128.0 5.9 176.0 3.32
D2 -690.67 7.60 -238.0 -208.0 105.0 8.0 178.0 3.58

a The total interaction energy (in kJ/mol).b Distance between the
centers of mass of the two interacting molecules (in angstroms).
c Rotation angles around theX, Y, andZ axis, respectively, (in degrees).
d Calculated dipole moment (in debyes).e Φ (angle, in degrees) andz
(separation, in angstroms) between the planes of the two benzene parts.
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to-monomer emission intensity ratio, as generally expected,30

to increase linearly with increasing solute concentration in both
chloroform and acetonitrile, and to be more important as the
solvent viscosity is decreased fromη ) 542 cp (in chloroform)
to η ) 345 cp (in acetonitrile).

Since the absorption spectrum is also dependent on the solute
concentration (Figure 2 and 3), we have measured in parallel
with the emission curves the corresponding excitation spectra
(Figure 6), atλem ) 520 nm, in the concentration range of 5×
10-6 to 5 × 10-3 M. The major observation that can be made
consists in the large dependence of the excitation spectrum on
the solute concentration. For the more diluted solution (C ) 5
× 10-6 M) the excitation spectrum (Figure 6a) corresponds to
that of the normal fluorescence. It shows all the spectral features
observed in the monomer absorption spectrum, located respec-
tively around 256, 290, 360, and 396 nm. As the concentration
is increased, the above excitation spectrum changes similarly

to the absorption spectrum (Figure 2 and 3) of the studied
compound. At first this excitation spectrum, monitored atλem

) 520 nm, shows a large red edge broadening (Figure 6b). When
the concentration is aboutC ) 10-3 M, a new band appears
distinctly at 460 nm with a high efficiency (Figure 6f). At
concentrations above 10-3 M (Figure 6h) all the monomer
bands, located between 256 and 400 nm, are highly quenched
to the profit of the new band at 460 nm, which corresponds to
the absorption band of the ground-state vdw dimer of the
compoundA. Hence, we can conclude that the new band
observed at 520 nm in the emission spectrum is subsequent to
excitation by either the absorption monomer bands, located
between 250 and 400 nm, or by the dimer absorption band
situated at 460 nm. Therefore, it may be concluded that this
long wavelength emission band, around 520 nm, can originate
either from the excited vdw dimer or from a product of photo-
association (i.e., an excimer). The excited states of such
molecular clusters are classified as an electronically excited vdw
dimer or an excimer depending on whether the ground electronic

Figure 4. Structures of the two stable dimer minimaD1 andD2 viewed (a) from the axis perpendicular to the molecular plane and (b) from the
short in-plane molecular axis.

Figure 5. Room temperature fluorescence spectra of the compound
A in chloroform at different concentrations (excitation at 300 nm). (a)
5 × 10-6 M, (b) 5 × 10-5 M, (c) 10-4 M, (d) 2.5× 10-4 M, (e) 5 ×
10-4 M, and (f) 10-3 M. The spectra are normalized at the monomer
emission peak at 445 nm.

Figure 6. Room temperature excitation spectra of the compoundA in
chloroform at different concentrations (emission at 520 nm). (a) 5×
10-6 M, (b) 5 × 10-5 M, (d) 2.5× 10-4 M, (f) 10-3 M, (g) 2.5× 10-3

M, and (h) 5× 10-3 M.
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state is attractive or repulsive for the molecular configurations
corresponding to the excited species.31,32

Since the emission spectrum shows exactly the same long
wavelength emission band at 520 nm following the excitation
of the monomer or the ground state vdw dimer, leading
respectively to the excimer or to the excited dimer species, we
have made the hypothesis that one of these two excited clusters
is readily convertible to the other during the lifetime of the
emitting state.29

Other reported works33-37 underlined that excited vdw dimers
having two adjacent molecules in approximately parallel planes,
as it is the case, undergo relaxation into excimer states. This
implies a large coupling between the excited vdw dimer and
the excimer states.29

4. Conclusion

Room temperature self associations of the 9-oxa-2,3,4′-
methoxybenzobicyclo[4.3.0]non-1(6)-ene-7,8-dione molecule
are observed in solution depending on the solute concentration.
The first red edge absorption band which appears around 460
nm, at a concentration about 5× 10-5 M, is attributed to the
formation of dimeric forms involving interactions between two
solute molecules. The second band, which appears around 580
nm, at higher concentration (i.e.,C ≈ 10-2 M) is assigned to
the apparition of an aggregate, of higher order, involving the
association of three or more solute molecules. These bands
remain unchanged when the solvent polarity is increased from
chloroform to acetonitrile.

The investigated theoretical simulation of the dimer form,
using the improved Fraga’s atom-atom pair potential (FAAP),
suggests that the most stable geometrical structure of the homo-
dimer is the face-to-face with head-to-tail slipped one.

In parallel with the absorption spectra, we have also
investigated the study of the room-temperature emission and
excitation spectra in the concentration range 5× 10-6 to 5 ×
10-3 M. At sufficiently high concentrations, on top of the
monomer fluorescence band, an excimer emission band appears
subsequently to the excitation by either the monomer absorption
bands or by the absorption band of the ground state dimer. This
seems to involve a large coupling between the excited vdw
dimer and the excimer states.

In the near future we plane to undertake (i) CNDO/S
calculations in order to estimate theoretically the location and
the oscillator strength of the first absorption band of the two
possible dimersD1 and D2, (ii) the study of the temperature
effect on the formation of the self-associated dimer, aggregate,
and excimer of the present Furane 2,3-dione derivative.
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