
Dyes and Pigments 75 (2007) 479e482
www.elsevier.com/locate/dyepig
Density functional theory study of 9,10-anthraquinone
and its structural isomers

Farahnaz Nourmohammadian a, Issa Yavari b,*, Bita Mohtat c, S. Zia Shafaei d

a Department of Colorant Manufacture, Iran Color Research Center, Tehran, Iran
b Chemistry Department, Tarbiat Modarres University, PO Box 14115-175, Tehran, Iran

c Chemistry Department, Science and Research Campus, Islamic Azad University, Ponak, Tehran, Iran
d Technical University of Shahrood, Shahrood, Iran

Received 9 May 2006; received in revised form 19 June 2006; accepted 22 June 2006

Available online 28 September 2006

Abstract

Ab initio molecular orbital calculations at B3LYP/6-31þG* and B3LYP/6-311þG** levels of theory are reported for 9,10-anthraquinone
(9,10-AQ) and its structural isomers (1,4-AQ, 1,5-AQ, 1,7-AQ, 1,10-AQ, 2,3-AQ, 2,6-AQ, and 2,9-AQ). Relative energies, dipole moments,
HOMOeLUMO energies, lmax values, and charge densities for all structures are reported.
� 2006 Published by Elsevier Ltd.
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1. Introduction

9,10-Anthraquinone (9,10-AQ) is the parent compound for
a large palette of anthraquinone dyes and so it is the most
important starting material in their production. Furthermore,
anthraquinones are gaining importance as photoactive chemo-
sensors [1]. A number of 1,4-AQ and 9,10-AQ derivatives
have been studied as potential anticancer agents [2e4]. 1,10-
AQs (ana-anthraquinones) are a novel class of quinonoides
that have been the subject of several studies [5]. There are
only a few examples of naturally occurring 1,2-AQs such as
hallachrome and sinapiquinone [6,7].

Even though some of the structural isomers of 9,10-AQ are
not presently available for more studies, it is possible to carry
out ab initio calculations from which many properties and
structural features can be obtained with an accuracy that is
comparable with the experiment. Since the theoretical results
are free from intermolecular interactions, they are a valuable
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tool for the systematic study of structural effects in simple or-
ganic molecules. This study was undertaken to investigate the
structural optimization of 9,10-AQ and its neutral structural
isomers. The results from B3LYP/6-311þG**//B3LYP/6-
311þG** calculations are used in the energy discussions later.

2. Calculations

The ab initio molecular orbital calculations were carried
out using the GAUSSIAN 98 program [8]. Geometries for
all the structures were fully optimized by means of analytical
energy gradients by Berny optimizer with no geometrical con-
straints [9]. Initial geometry optimizations were carried out at
the B3LYP/6-31G* and B3LYP/6-311þG** levels, and zero-
point energies, obtained at this level, were scaled by a factor
of 0.9135. In light of the fact that correction for electron cor-
relation is often important in conformational studies, we have
made use of several methods for calculating this correction.
One approach involved the density functional theory at
B3LYP/6-311þG** level. This makes use of a three-parame-
ter functional that is a hybrid of exact (HartreeeFock) ex-
change terms, similar to those first suggested by Becke in
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Fig. 1. B3LYP/6-311þG**//B3LYP/6-311þG** calculated bond lengths (in Å) and bond angles (in �) for 9,10-AQ and its structural isomers.
Koch and Holthausen [10]. Geometry optimizations were also
carried out using B3LYP/6-31G* and B3LYP/6-311þG**.

HOMOeLUMO energies are obtained for fully optimized
geometries, therefore, lmax values are obtained by the equa-
tion: l¼ hc/DE¼ 6.63� 10�34 (J s)� 3� 108 (m/s)/DE�
4.36� 10�18 (J) then, l (nm)¼ 45.62/DE.
3. Results and discussion

The results of ab initio calculations for 9,10-AQ and its
structural isomers are shown in Table 1 and Figs. 1 and 2. Ac-
cording to these calculations, 9,10-AQ with D2h symmetry is
the most stable isomer. The C2v symmetric 1,4-AQ is
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Fig. 2. B3LYP/6-311þG**//B3LYP/6-311þG** calculated net charges on atoms for 9,10-AQ and its structural isomers.
9.9 kcal mol�1 less stable than the 9,10-isomer. The plane
symmetrical 1,10-AQ, 1,2-AQ, and 2,9-AQ isomers are
12.5e19.7 kcal mol�1 above 9,10-AQ. The remaining isomers,
namely, 2,6-AQ, 1,5-AQ, 1,7-AQ, and 2,3-AQ having 31e
48 kcal mol�1 more energy, are the least stable geometries.
Highly symmetrical isomers, such as 9,10-AQ (D2h), 2,6-AQ
(C2h), and 1,5-AQ (C2h) have no permanent dipole moments.
The dipole moments of 1,10-AQ and 1,4-AQ are about 2.0
and 2.7 debye, respectively, while other isomers are strongly
polar with calculated dipole moments of 6.8e8.3 debye.

The HOMOeLUMO energies calculated from B3LYP/6-
311þG** method were employed to obtain the lmax values
for 9,10-AQ and its structural isomers (see Table 1). All calcu-
lated lmax values are in the UVevis region of the electromag-
netic spectrum. The calculated lmax value for the most stable
isomer, 9,10-AQ, is 296 nm, which is in good agreement
with the experimentally observed value of 251 nm (in
EtOH). 1,2-AQ or 1,4-AQ has a lmax of about 370 nm. The
lmax for 1,10-AQ, 2,9-AQ, and 2,6-AQ have intermediate
values in the range of 426e456 nm. The high-energy isomers,
1,5-AQ, 1,7-AQ, and 2,3-AQ possess the longest calculated
lmax values.

9,10-AQ and its structural isomers are planar. The bond
lengths and bond angles for these compounds are shown in
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Fig. 1. The carbonyl groups exhibit fairly compressed bond
angles of about 116e118�, while the other bond lengths are
about 121e123� (for CeCHeC) and 117e120� (for CeCe
C). 1,2-AQ and 2,3-AQ possess vicinal dicarbonyl groups.
The OCeCO bonds are fairly long (1.560e1.566 Å); in fact
longer than the Csp3eCsp3 single bonds (l.530 Å). These un-
usual bond lengths are attributed to the repulsion of the lone
pairs on the vicinal oxygen atoms. The single bonds of the car-
bonyl carbon atoms in 9,10-AQ and its structural isomers are
also fairly long (1.437e1.550 Å). The other CeC bonds are
almost normal.

The charge densities of all carbon and oxygen atoms in
9,10-AQ and its structural isomers are shown in Fig. 2. Ac-
cording to these calculations, 2,6-AQ and 1,7-AQ possess
the most electron-deficient carbonyl groups.

In summary, ab initio calculations provide a picture of 9,
10-AQ and its isomers from both structural and energetic points
of view. The most stable structural isomer of anthraquinone is
9,10-AQ and the least stable structure is 2,3-AQ. The calculated
lmax value for isomers 2,3-AQ and 1,5-AQ are 845 and
634 nm, respectively.
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