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its derivatives employing ab initio and DFT methods
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Quantum mechanical calculations have been carried out to determine the structural and electronic properties of the
electron donor-acceptor complexes of C60 and C70 with azulene and some of its derivative, viz, 1,3-dichloroazulene,
2-hydroxyazulene and 4,6,8-trimetrhyl azulene. The molecules studied are optimized first with semi-empirical molecular
orbital theory at the third parametric level, and, then further optimized by Hartree Fock method. The optimized geometries,
calculated energies, spatial distribution, HOMO and LUMO energies along with the electrostatic potential maps of the
individual molecules and the electron donor-acceptor complexes are obtained by ab initio and density functional theory
methods. The results suggest that the LUMO state of these complexes is localized on the fullerene moiety whereas the
HOMO state is positioned on the azulenes. The energy difference of localized LUMO levels strongly depend on the
functional group attached to the azulene and the structure of the fullerene-azulene molecular complexes.
Keywords: Theoretical chemistry, Ab initio calculations, Density functional calculations, Azulenes, HOMO–LUMO energy,
Molecular electrostatic potential maps

The non-alternant azulene and its derivatives have
been of interest to the theoretical chemists because of
their properties, such as a large permanent dipole
moment (for a hydrocarbon),1,2 intense fluorescence
from S2 to S1 state3 and large hyperpolarizability4,5.
The molecular dipole moment and electron densities
of azulene have already been ascertained employing
semiempirical quantum chemistry method1,2,6,7.
Morley suggested that the dipole moments of the
azulenes can be tuned by a careful selection
of substituents3,4. Moreover, the results of various
aromaticity theories8-10 indicated that azulene
possesses much lower aromatic delocalization energy
(e.g., 4.2 kcal/mol from Dewars result8) compared
to benzene (20 kcal/mol), thiophene (16.1 kcal/mol)
and naphthalene (30.5 kcal/mol). Thus, the
physico-chemical properties of azulene-containing
hydrocarbons are to a large extent controlled by the
aromaticity of the tropylium cation cyclopentadienyl
anion mesomeric form, which rationalizes facile
electrophilic attack at C1 (to form vinyl tropylium
cation) and nucleophilic attack at C4/C6 (to form
1,2-divinyl-cyclopentadienyl anion) positions. As a

result of this, azulene occupies a place of special
importance in molecular spectroscopy. Strong
emission from its S2 state occurs in violation of
Kasha’s rule11. It is observed that the S1 state of
azulene is found to be almost non-fluorescent12
(φf(S1) ~ 10−6) and very short-lived13 (τ(S1) ~ 1 ps),
whereas relatively long-lived14 (τ(S2) ~ 1–2 ns) and
strong fluorescence14 (φf(S2) ~ 0.04) are observed
from its second excited state. Asato et al.15 reported
several novel and thermally stable azulene-containing
donor-acceptor chromophores with significant
second-order non-linear optical properties.
On the other hand, C60 and C70 have attracted
considerable attraction during the last decade16.
Fullerenes have been used as a good electron
acceptor, and can be chemically bonded with other
organic molecules without changes to their electronic
properties. In particular, the reorganization energy in
electron transfer reactions for fullerene C60 was found
to be small due to their unique structure and
symmetry17,18. Thus, fullerenes are actively involved
in the molecular design of photoactive donor-acceptor
systems19-22. Very recently, Rahman et al.23 have
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reported that azulene and derivatized azulenes
can undergo very strong binding with fullerenes
C60 and C70 resulting in a very large value of
association constant. However, an unified approach
regarding theoretical interpretation on the nature
of molecular interaction between fullerenes with
azulene and derivatized azulenes is long overdue,
and according to the best of our knowledge, there
are no such theoretical reports on elucidation of
electronic and structural properties of the fullereneazulene systems.
The purpose of the present work is to investigate
the genesis of the complexation phenomena between
fullerenes and various azulenes, namely, azulene
(1), 1,3-dichloroazulene (2), 2-hydroxyazulene
(3) and 4,6,8-trimethylazulene (4) by ab initio
and density functional theory (DFT) quantum
chemistry methods. The existence of the electrostatic
interactions between fullerenes and azulenes has
been discussed from the results obtained on frontier
molecular orbital and electrostatic potential maps
(MESP) calculations.
Methodology
The geometries of the molecules were optimized
first using the molecular mechanics force field
calculations from which the lowest energy
conformations were obtained. The final optimized
geometries of the complexes were obtained by
performing the semi-empirical molecular orbital
calculations at the PM3 level of theory followed by
ab initio calculations using STO 3-21G basis set. All
the structural variables have been obtained using the
self-consistent Hartree-Fock (HF) and density
functional theory (DFT) methods. Calculations were
done using the SPARTAN’06 Windows version
software24. Localization of the frontier orbitals were
investigated by a single point energy calculation using
3-21G basis set for ab initio, 6-31G* and 6-311G*
basis sets for DFT levels of theory. The spatial
distribution of frontier orbital (highest occupied
molecular orbital and lowest unoccupied molecular
orbital) provided a strategy from which the electronic
structures were predicted.
Results and Discussion
Preliminary theoretical studies on azulene and substituted
azulene

To understand the electronic nature of the azulene
molecules, we first focused our attention on the

optimized geometries of a number of azulene and
their derivatives with donor and acceptor ligands,
employing HF/3-21G, DFT/B3lYP/6-31G* and
DFT/B3LYP/6-311G* levels of theory25,26. The
results of the ab initio and DFT calculations for the
HOMO and LUMO energy values of various
uncomplexed azulenes are listed in Tables S1 and S2
and Table 1. For our present investigations, good
descriptions of the LUMO states are very important,
as the incoming electrons are assumed to pass through
it. These data demonstrate a comparison of the
HOMO-LUMO energies of different azulenes with
electron donation and electron-withdrawing groups.
It is clear from the above tables that when electrondonating group, such as −OH is attached to the five
membered ring of azulene, the HOMO and LUMO
energy levels increase. The converse is true when
electron-withdrawing groups like -Cl is attached to
the five membered ring of the azulene. This effect is
due to the increase in electron density in the aromatic
ring by the introduction of electron-donating groups.
Therefore, one can imagine that the substitution in
the five- and six-membered ring of azulene by an
electron-withdrawing group can make the azulene to
behave like a p-type molecular device while presence
of electron-donating group results in an n-type
molecular device. It should be mentioned at this
point that for better understanding of the HOMO
and LUMO energies, we have done extensive DFT
calculations for all the fullerenes and azulenes
independently employing 6-311G* basis set for
B3LYP model. HOMO-LUMO energy gaps (HLG)
for C60 and C70 corroborate fairly well with
the reported HLG of C60 and C70, i.e., 1.6-1.7 eV,
determined by photoemission measurements27.
The energy difference between the LUMO energies
of individual n-type and p-type molecules (ELUMO(∝))
Table 1 – Comparison of the five highest occupied and five lowest
unoccupied orbital levels (eV) of azulene and functionalized
azulenes obtained by DFT/B3LYP/6-311G* calculations
State
HOMO – 4
HOMO – 3
HOMO – 2
HOMO – 1
HOMO
LUMO
LUMO + 1
LUMO + 2
LUMO + 3
LUMO + 4

1

2

3

4

-9.2371
-9.1610
-8.3695
-6.5132
-5.3762
-2.1168
-1.1904
0.8811
1.5260
1.8655

-8.6618
-8.5312
-8.5206
-6.8953
-5.4289
-2.5708
-1.6353
0.6917
1.1170
1.3060

-9.2187
-8.6952
-8.2900
-5.9228
-5.4865
-1.8326
-1.1339
0.7838
0.9804
1.5691

-8.9120
-8.6247
-7.6272
-6.1168
-5.2244
-1.8724
-1.0642
1.1229
1.5608
1.6192
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can be used as an approximate measure of the
potential drop across a molecule chemically bonded
by n-type and p-type molecular subunits. These
results show that the HOMO and LUMO energy
levels of the molecule 4 (-CH3 substitution), increase
by 0.1326 and 0.2205 eV, respectively, as compared
to the azulene molecule as revealed by HF
calculation, and by 0.1591 and 0.2297 eV as
estimated by DFT/B3LYP/6-31G* calculations.
Expectedly, for the -Cl substituted molecule (2), the
HOMO and LUMO energy levels are lowered by
0.1982 and 0.5574 eV, respectively, obtained at
HF level of theory. Although, DFT (B3LYP/6-31G*)
calculation predicts lower HLG, i.e., 0.0664 and
0.4566 eV, the effects of both electron withdrawing
and electron donating groups are found to be
dissimilar with respect to the HLG. In the case
of 4, it has been observed that there is a reduction
of 0.0879 eV HLG as compared to the unsubstituted
azulene estimated by HF calculations. However, DFT
results predict much higher value, i.e., 0.0706 eV
in terms of HLG for the same molecules under
consideration. But, when an -Cl or OH group
is substituted in azulene moiety, the HLG of the
azulene molecule (originally 8.3886 eV) is increased
to 8.0264 and 8.9755 eV, respectively as determined
by HF calculation. DFT calculations at B3LYP/
6-31G* level, however, give a much lower HLG in
the case of unsubstituted azulene, i.e., 3.282 eV.
Similarly, DFT calculations at B3LYP/6-31G* level
estimated lower HLG in the case of 2 and 3 (2.8918
and 3.6698 eV, respectively). The accuracy of
B3LYP calculations can be enhanced considerably
applying 6-311G* basis set. Using this basis set,
we have got very reliable HLG values for azulene
and derivatized azulene. For example, DFT/B3LYP/
6-311G* calculation predicts 0.0226 eV lower HLG
for 1 (3.2594 eV) in comparison to DFT/B3LYP/
6-31G* calculations. The most interesting feature
of the present investigation is a similar sort of
effect is reflected when both electron withdrawing
and electron donating groups are added to the
azulene. For example, HLG value for 2, 3 and 4
are estimated to be 2.8581, 3.6539 and 3.3520 eV,
respectively. The above results clearly demonstrated
that DFT approach at B3LYP/6-311G* level of
theory gives results of high accuracy comparable
to those from sophisticated ab initio treatments
justifying the validity of such calculations in our
present investigations.
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Geometric and electronic structure calculations on C60 and
C70 complexes of 1, 2, 3 and 4 in ground state

Figure 1 shows some typical optimized ground
state geometric structures of the fullerene (C60 and
C70) complexes of azulene and derivatized azulenes
obtained after DFT calculations using 6-311G* basis
set at B3LYP level of theory. Optimized ground state
structures of various fullerene-azulene molecular
complexes using ab initio and DFT/B3LYP/6-31G*
method are provided as Supplementary Data (Figs S1S6). The perfectly planar structure of all the azulenes
is retained even after complexation with fullerenes as
revealed by both ab initio and DFT calculations. The
distance between the nearest carbon atom of the
fullerenes and azulene in the above complexes lies
within the 3 – 3.25 Å. It has been envisaged that upon
complexation with C60, the bond distance of C-Cl and
C-CH3 for 2 and 4 molecules, respectively, undergo
little change. Thus, for C60-3 complex, the C-Cl bond
distance changes from 1.657 – 1.655 Å, whereas for
the C60-4 complex, the C-CH3 bond distance has
negligible change from 1.497 Å – 1.496 Å in ab initio
calculation. DFT calculations on the above two
systems reproduce similar results. However, for C60-2
complex, DFT calculations failed to make any
significant contribution regarding C-O distance in
respect to uncomplexed azulene. The bond distance
practically remains same, i.e., 1.354 Å. The above
features strongly suggest that presence of different
substituent groups of varying electron density may
lead to a strong propensity in the perturbation of
electronic charge for azulene and derivatized azulenes
upon complexation with C60 and C70. From the above
discussions, it is quite clear that orbital interaction
energy arises mainly due to molecular interaction
between occupied and unoccupied orbitals.To
understand the electronic nature of the EDA
complexes of azulenes with C60 and C70, we have
investigated in detail the spatial distribution of the
frontier orbitals of the optimized C60, C70 and
azulenes, (1, 2, 3 and 4) independently, along
with various fullerene-azulene molecular complexes.
In our present investigations, the existence of the
electrostatic interactions between azulene and
fullerene moiety was evidenced by the results
obtained on HOMO and LUMO using HF and DFT
methods. Position of HOMO on the azulene and
substituted azulenes certainly indicates that they
act as donor molecule during formation of EDA
complexes with fullerenes. Tables S3, S4 and 2 show
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(b)

(c)

(d)

(e)

(f)

Fig. 1—Stereoscopic structures of the C60 complexes of [(a) 1, (b) 3, (c) 4] and C70 complexes of [(d) 1, (e) 3, (f) 4] obtained after
DFT/B3LYP/6-311G* calculations.
Table 2—Comparison of the five highest occupied and five
lowest unoccupied orbital levels (eV) for the C60 complexes
of 1, 3 and 4 obtained by DFT/B3LYP/6-311G* calculations
State

C60/1

C60/3

C60/4

HOMO – 4
HOMO – 3
HOMO – 2
HOMO – 1
HOMO
LUMO
LUMO + 1
LUMO + 2
LUMO + 3
LUMO + 4

-6.3725
-6.3703
-6.3694
-6.3674
-5.4094
-3.5425
-3.5389
-3.5385
-2.3310
-2.3246

-6.3669
-6.3651
-6.3638
-5.9560
-5.5215
-3.8586
-3.5348
-3.5346
-2.3272
-2.3209

-6.3781
-6.3721
-6.3704
-6.1758
-5.2946
-3.5491
-3.5447
-3.5434
-2.3355
-2.3311

comparison of the five HOMOs and five LUMOs
for the optimized structures of the EDA complexes of
azulene and functionalized azulenes with C60 in vacuo
using 3-21G, 6-31G* and 6-311G* basis sets for
ab initio, DFT/B3LYP/6-31G* and DFT/B3LYP/
6-311G* calculations, respectively. However, it has
already been reported that C70 favors end-on
orientation over side-on during its complexation
with another molecule22. For this reason, we have
presented the results of HOMO and LUMO at various
electronic states for the optimized C70-azulene

Table 3—Comparison of the five highest occupied and five
lowest unoccupied orbital levels (eV) of the C70 complexes
of azulene and substituted azulenes obtained by
DFT/B3LYP/6-311G* calculations
State

C70/1

C70/2

C70/3

C70/4

HOMO – 4
HOMO – 3
HOMO – 2
HOMO – 1
HOMO
LUMO
LUMO + 1
LUMO + 2
LUMO + 3
LUMO + 4

-6.5392
-6.3420
-6.2879
-6.2841
-5.4473
-3.5373
-3.5361
-3.3543
-3.0309
-2.6705

-6⋅⋅1449
-5⋅⋅9392
-5⋅⋅8905
-5⋅⋅8894
-5⋅⋅2327
-3⋅⋅1202
-3⋅⋅1194
-2⋅⋅9528
-2⋅⋅5886
-2⋅⋅2639

-6.3402
-6.2854
-6.2834
-5.9539
-5.5199
-3.5347
-3.5337
-3.3520
-3.0291
-2.6677

-5.9928
-5.9482
-5.9407
-5.8927
-4.9935
-3.1711
-3.1685
-3.0070
-2.6426
-2.2983

molecular complexes in end-on orientation of
C70. Tables S5, S6 and 3 list the energy values of
various HOMO, LUMO, HOMO – n and LUMO + n
(where n = 1 to 4) states for the C70 complexes of
azulenes and functionalized azulenes using 3-21G
basis set for HF and 6-31G*, 6-311G* basis sets
for DFT calculations. It is interesting to note here that
while the LUMO energy levels for all the fullereneazulene molecular complexes compare well with
the fullerene (acceptor moiety), the HOMO energy
level of the same complex is close to that of the
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(j)
Fig. 2—Spatial orientation diagrams for the molecular orbital distribution for (a) HOMO, (b) LUMO, (c) LUMO + 1, (d) LUMO + 2,
(e) LUMO + 3 energy levels for the C60-3 complex and for (f) HOMO, (g) LUMO, (h) LUMO + 1, (i) LUMO + 2, (j) LUMO + 3 energy
levels for the C70-3 complex estimated by DFT/B3LYP/6-31G* calculations.
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Fig. 3—MESP of (a) 1, (b) 2, (c) 3, and, (d) 4, along with the MESP of (e) C60-1, (f) C60-3 and (g) C70-3 systems estimated by
DFT/B3LYP/6-311G* calculations.

uncomplexed azulene (donor moiety). However, the
features and difference of the energy levels of the
C60- and C70-complexes of 2, 3 and 4 are affected
by the functional group of the donor, i.e., chloro,
hydroxy and methyl group. The same strategy can
be seen in rectifier molecules having a similar sort
of reported localization29,30. Figure. 2 shows the
spatial orientation diagram for the molecular orbital
distribution for the HOMO, LUMO, LUMO + 1,
LUMO + 2 and LUMO + 3 energy levels of the C60-3
and C70-3 complexes, determined by DFT/B3LYP/
6-311G* calculations. The above figures envisaged
that the LUMO, LUMO + 1 and LUMO + 2 are
localized on the acceptor, while the HOMO and
LUMO + 3 are positioned on the donor side. It should
be noted at this point that the same tendency for the
localization of the frontier orbitals has been reported
previously for other fullerene-donor systems31,32.
It is noteworthy to mention here, that in all cases.
DFT calculations validate the results obtained in
the ab initio calculations.
Moreover, molecular electrostatic potential
(MESP) map calculations reveals that the regions
of high negative electrostatic potential of the azulene
(the five membered ring) face the regions of strong
positive electrostatic potential of the fullerenes
(the centers of hexagons and pentagons) and vice
versa (6:6 bond is high negative electrostatic potential

and seven membered ring in azulene is the center of
high positive electrostatic potential). This result is
consistent with the notion that fullerenes are generally
accepted as good electron acceptors in forming EDA
complexes with various electron donors33,34. However,
the complex structure of C70 with various azulenes
reveals that the distribution of electronic potentials
over the surface area of both the donor (azulene) and
acceptor (fullerenes) molecules of fullerene-azulene
EDA complexes takes place in such a manner
that electrostatic interactions play a dominant role
behind the mode of approach of C70 towards the plane
of the azulenes. The same reasoning can be made
in terms of high and low charge density regions.
In this particular system, therefore, the electrostatic
interaction eventually determined the absorption
geometry of the azulene and derivatized azulenes
with respect to fullerenes. Some typical MESP plots
of azulenes and fullerene-azulene complexes are
shown in Fig. 3.
Conclusions
The present study describes the ground state
geometric and electronic structures of various
fullerene-azulene complexes using ab initio and
DFT calculations. The ground state electronic
distributions for the fullerenes and azulenes, before
and after complexation, have been analyzed on the
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basis of spatial distribution of their frontier orbitals
(HOMO and LUMO). It is observed that while
the HOMOs are localized on the donor subunit,
the LUMOs are positioned on the acceptor moiety.
The analysis of the frontier orbitals is expected
to be useful in assisting the interpretation of
spectroscopic analysis. From an application
perspective, combination of azulene with various
macrocyclic receptor molecules like porphyrin has
already attracted much attention as a potential
candidate for development of molecular logic
circuit45. In this connection, the present study
provides useful insight into the factors that control
the propensity of electrostatic interaction in fullereneazulene complexes and forms a platform for further
studies involving the incorporation of such species
into molecular devices.
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Figs S1-S6 and data for various theoretical
calculations at ab initio and DFT/B3LYP/6-31G*
are provided in Tables S1 – S6. These data
(Figs S1-S6 and Tables S1-S6) may be obtained
from the authors on request.
References
1
2
3
4
5
6
7

Bunker R J & Peyerimhoff S D, Chem Phys Lett, 3 (1969) 37.
Anderson A G & Steckler B M, J Am Chem Soc, 81 (1959)
4941.
Beer M B & Longuer-Higgins H C, J Chem Phys, 23 (1955)
1390.
Morley J O, J Am Chem Soc, 110 (1988) 7660.
Morley J O, J Chem Soc Perkin Trans. 2, (1989) 103.
Grimme S, Chem Phys Lett, 201 (1993) 67.
Elblidi K, Boucetta A, Benali B, Kadiri A, Cazeau-Dubroca,
C, Nouchi G & Pesquer M, J Mol Struct THEOCHEM, 343
(1995) 57.

8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

1467

Dewar M J S, The Molecular Orbital Theory of Organic
Chemistry, (McGraw-Hill, New York) 1969.
Kollmar H, J Am Chem Soc, 101 (1979) 4832.
Ichikawa H & Ebisawa Y, J Am Chem Soc, 107 (1985) 1161.
Kasha, M, Discuss Faraday Soc, 9 (1950) 14.
Rentzepis P M, Chem Phys Lett, 3 (1969) 717.
Wagner B D, Szymanski M & Steer R P, J Chem Phys, 98
(1993) 301.
Wagner B D, Tittelbach-Helmrich D & Steer, R P, J Phys
Chem, 96 (1992) 7904.
Asato A E, Liu R S H, Rao V P & Cai Y M, Tetrahedron
Lett. 37 (1996) 419.
Taylor R, Lecture Notes on Fullerenes, (Imperial Press,
London) 1996.
Fullerenes: Chemistry, Physics, and Technology, edited by K
M Kadish & R S Ruoff, (2000) (Wiley Interscience).
Ramachandran C N & Sathyamurthy N, J Phys Chem A, 111
(2007) 6901.
Imahori H & Sakata Y, Adv Mater, (1997) 537.
Martin N, Sanchez L, Illescas B & Perez I, Chem Rev, 98
(1998) 2527.
Sariciftci N S, Wudl F, Heeger A J, Maggini M, Scorrano G,
Prato M, Bourassa J & Ford P C. Chem Phys Lett, 247
(1995) 510.
Guldi D M, Maggini M, Scorrano G & Prato M, J Am Chem
Soc, 119 (1997) 974.
Rahman A F M, Bhattacharya S, Peng X, Kimura T &
Komatsu N, Chem Commun, (2008) 1196.
Spartan '06 for Windows Ver 1.1.2, (Wavefunction, Inc.
18401 Von Karman Avenue, Suite 370, Irvine, California
92612 USA).
Becke A D, J Chem Phys, 98 (1993) 5648.
Essentials of Computational Chemistry: Theories and
Models, edited by C J Cramer, (Wiley and Sons,) 2004.
Haufler R E, Wang L –S, Chibante L P F, Jin C, Conceicao J,
Chai Y & Smalley R E, Chem Phys Lett 179 (1991) 449.
Grimme S & Waletzke M, J Chem Phys, 111 (1999) 5645.
Majumdar C, Mizuseki H & Kawazoe Y, J Phys Chem A,
105 (2001) 9454.
Mizuseki H, Igarashi N, Belosludov R V, Farajian A A &
Kawazoe Y, Jpn J Appl Phys, 42 (2003) 2503.
Khouly M E E, Araki Y, Ito O, Gadde S, McCarty A L, Karr
P A, Zandler M E & Dsouza F, Phys Chem Chem Phys 7
(2005) 3163.
D’Souza F, Gadde S, Zandler M E, Arkady K, Khouly M
E E, Fujitsuka M & Ito O, J Phys Chem A, 106 (2002)
12393.
La E A D, Victoria M D M, Guldi D M & Torres T, J Am
Chem Soc, 128 (2006) 4112.
Konarev D V, Lyubovskaya R N, Drichko N V, Yudanova E
I, Shul’ga Y M, Livinov A L, Semkin V N & Tarasov B P,
J Mat Chem, 10 (2000) 803.
Delgado J L, Cruz P D L, Lopez V A, Langa F, Kimball D
B, Haley M M, Araki Y & Ito O, J Org Chem, 69 (2004)
2661.

