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A detailed theoretical investigation of bis-adduct fulleropyrrolidines was developed in our work.
All the possible isomers of our molecule were determined. Corresponding structures were
optimized, their energies were calculated and their stability was discussed using the density
functional theory method. The theoretical calculation carried out in our work shows that the trans
and equatorial structures of the bis adduct are the most stable structures among the eight different
possible isomers. The LUMO energy calculated for the bis adduct shows that it is higher than the
LUMO of C60 and the LUMO of the mono adduct calculated at the same level. This suggests that
this compound can be used efficiently as electron acceptor in photovoltaic cell application.

INTRODUCTION1
Since their discovery in 1985 by Kroto et al.,1
Fullerenes and their derivatives have interested
scientists and demonstrated the importance of their
use in various fields such as biomedicine, inorganic
sciences and in particular renewable energies and
generating electricity from photovoltaic cells.2 Thus,
synthesis and characterization of novel fullerenes and
their derivatives are very important for advancing
fundamental knowledge towards developing next
generation organic solar cells.3 These fullerene
derivatives have important potential for biological
applications too.4 Since Fullerenes have thirty
reactive [C,C] double bonds, poly-addition on C60
gives birth to a large number of products.5-7
Particularly, fulleropyrrolidines synthesis leads
generally to a complicate mixture of several adducts
in their different isomers.8–10
* Corresponding author: sabri_messaoudi@yahoo.fr

Compared to classic semiconductors, however,
the bi functionalization of fullerenes has
highlighted the crucial role that allotropic forms of
carbon could play in optimizing photovoltaic cell
efficiency.2 This is due to the various isomers that
a bi-addition (8 isomers) could generate. These bi
adducts are promising electron acceptors because
of their ability to increase the open circuit voltage
of the polymers of solar cells thanks to their high
LUMO. Other previous researchers have shown
that these various isomers have several energy
levels; and the best energetic performance has been
attributed to individually isolated isomers
compared to the mixture of bi adducts isomers.2
This leads us to focus our study on isomers
separately.
Isomers separation is not experimentally handy;
we usually need a time-consuming intensive HPLC
separation. There is a great difficulty to obtain pure
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isolated bis-adducts11 and therefore, poly-adduct
are much more difficult to isolate. Some
experimentalists have succeeded to isolate some
bis-adduct isomers (Prato, NCBA, Azomethine,
etc.).2,4,11
Different numbers of adducts of photo-addition
of glycine methyl-ester to6 fullerene were
synthesized.5 Among the synthesized structures
we find the bis adduct but to our knowledge this
structure was not separated from the compounds
with other number of adducts. Thus, a theoretical
investigation is really needed to have a preliminary
overview at this complicate mixture and facilitate
its identification.
We performed, in this work, a theoretical
calculation on the different possible isomers of bisadduct fulleropyrrolidines proving the existence of
each one of them by use of density functional
theory (DFT). We chose B3LYP functional as the
most known used one12,13 and SVP,14 6-31G(d),10
and 6-31++G(d,p) basis sets. We determined the
most stable isomer of the studied molecule through
geometry optimization and calculated several
properties such as LUMO, HOMO and energy gap.

were used in the geometry optimizations, and the
final geometries were confirmed to be minimum
potential energy structures through frequency
calculations. All systems were treated with the
spin-restricted formalism. Equilibrium energies,
structural and vibrational properties were
calculated using density functional theory DFT16
with its B3LYP13 functional and using 6-31G(d)
basis set on SVP optimized structures: B3LYP/631G(d)//SVP.14 In order to have results with more
precision, we performed a purely DFT
investigation on the structures having the lowest
energies; i.e. the most stable isomers with the
former method were optimized using B3LYP/631++G(d,p) method as implemented in Gaussian
09 software.
The UV-Vis parameters (maximum wavelength,
electronic excitation energies and oscillator
strengths) of the studied compounds have been
calculated at the TD-B3LYP/6-31G(d) level of
theory.17,18 For the comparison with C60 and the
mono-adduct, we used B3LYP/6-31++G(d,p) to
determine the HOMO, LUMO and the energy gap
for these systems.

Computational details

RESULTS AND DISCUSSION

The different isomer structures of Fulleropyrrolidines bis-adduct were optimized using DFT
method with the B3LYP functional13 in connection
with a split-valence basis set (SVP keyword in
Gaussian) on all the atoms as implemented in
Gaussian 09 software.15 No symmetry constraints

We firstly present the studied molecule which is
the bis-adduct fulleropyrrolidines. Figure 1 shows the
different possible positions of the second added
molecule (dimethyl 2,2'-azanediyldiacetate) regarding the first one. Eight positions are possible as
described by the Hirsch nomenclature.19

Fig. 1 – Hirsch nomenclature of the eight different double bonds
in a C60 where a second adduct (R) can be added relative to the C=C bond carrying the first added adduct (R).

Fulleropyrrolidines isomers
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Table 1
Isomer equilibrium energies calculated by B3LYP/SVP, B3LYP/SVP//6-31G(d) and B3LYP/6-31++G(d,p) levels
B3LYP/SVP

B3LYP/SVP//6-31G(d)

B3LYP/6-31++G(d,p)

#

Isomer

1

Cis-1

215.33

215.71

-

2

Cis-2

74.24

76.29

-

3

Cis-3

11.81

12.56

-

4

Equa

0.15

0.00

0.04

5

Trans-1

3.76

3.96

4.24

6

Trans-2

1.90

2.11

2.33

7

Trans-3

0.00

0.05

0.00

8

Trans-4

4.39

4.37

4.50

ΔE (kJ/mol)

Relative energies are calculated with the most stable isomer as reference.

Observing the Fig. 1, we note the existence of
eight isomers. Cis-1 isomer corresponds to the
structure where both adducts are linked to the same
ring while Trans-1 isomer corresponds to the most
spaced structure, the symmetrical one. There are four
Trans isomers, three cis isomers and one equatorial
isomer (Equa). All these structures are theoretically
studied using DFT method. In Table 1, we
summarize the energies of the different isomers
calculated with SVP basis set for optimized structures
then 6-31G(d) as a single point. The most stable
structure energy is taken as reference. For more
accuracy, selected structures have been calculated
with B3LYP/6-31++G(d,p) to confirm the order of
stability.
We note that the most stable structure corresponds
to Trans-3 isomer then Equatorial using SVP basis
set with a difference of 0.15 kJ/mol. However,
Equatorial isomer Equa (see Fig. 2) becomes closer
to Trans-3 when using larger basis set i.e. 6-31G(d)
with a very slight difference 0.05 kJ/mol and even a
smaller difference when using larger basis set
(0.04 kJ/mol for 6-31++G(d,p)).

Fig. 2 – Geometry of the Equatorial isomer optimized
B3LYP/6-31++G(d,p).

For B3LYP/SVP//6-31G(d), the third nearest
energy corresponds to the Trans-2 isomer structure
(ΔE=2.11 kJ/mol). The symmetrical structure
corresponding to Trans-1 isomer is at about (3.96
kJ/mol) from the most stable one. It has a close but
higher energy. This is not expected since the steric
effect recommend that Trans-1 isomer have the most
stable structure.
In order to better show the stability order of the
different isomers of bis-adduct fulleropyrrolidines,
we plotted them according to their corresponding
DFT energies in Fig. 4. We excluded from the plot
the cis-isomers as they present relatively high
energies.
Observing Fig. 4, we note that the Equatorial and
Trans-3 are more stable than cis and others transisomers. This fact could be explained by the steric
effect and by symmetry reasons. In fact, trans
isomers are more spaced than cis isomers. We note
also that, the least stable cis isomer is at about 215.71
kJ/mol of energy higher than the most stable one.
According to Fig. 4, the different isomers can be
ordered according to their order of stability:
Equatorial, Trans-3, Trans-2, Trans-1 and Trans-4.
All the latter isomers (including at some point the cis3 isomer too) can be probably found experimentally
as they showed a low relative energy, and therefore
need to be separated experimentally.
For these structures we have performed the
optimizations at the DFT/B3LYP/6-31++G(d,p) level
in order to compare their stabilities and check the
accuracy of our results by using purely DFT
calculations. We show in Fig. 3 the structures of
Trans-1 and Trans-3 isomers optimized at
DFT/B3LYP/6-31++G(d,p) level.
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(a)

(b)

Fig. 3 – (a) Trans-1 and (b) Trans-3 fulleropyrrolidines isomers.

Fig. 4 – Different isomers and their corresponding relative energies in kJ/mol.
Table 2
Calculated HOMO, LUMO and energy gap for different molecules with B3LYP/6-31++G(d,p)
Molecule

HOMO

LUMO

Band gap (eV)

Fullerene C60

-6.40

-3.68

2.72

Fulleropyrrolidines (mono-adduct)

-6.12

-3.59

2.53

Equa (bis-adduct)

-6.00

-3.44

2.55

Trans-1 (bis-adduct)

-5.95

-3.51

2.43

Trans-2 (bis-adduct)

-5.98

-3.50

2.47

Trans-3 (bis-adduct)

-5.95

-3.43

2.52

Trans-4 (bis-adduct)

-5.91

-3.42

2.49

All energies are presented in eV.

DFT calculations B3LYP/6-31++G(d,p) show
that Trans-3 isomer is considerably more stable than
Trans-1 and Trans-4 isomers. It is more in
competition with Equatorial isomer.

In Table 2, we report the LUMO and HOMO
energies for the most important isomers of
fulleropyrrolidines (Equatorial and Trans-3). These
electrochemical properties are calculated at DFT

Fulleropyrrolidines isomers

level using the B3LYP functional and the 631++G(d) basis set. When compared to the LUMO
of the c60 alone and the mono adduct, the LUMO
values of our studied bis-adduct fulleropyrrolidines
confirm that these systems are able to increase the
open circuit voltage of polymers in solar cells thanks
to the high LUMO of the different isomers. These
isomers can be considered as excellent electron
acceptors.
If we use many Trans 1 isomers in the solar cell,
these structures can form channels2 with π – π

969

interactions between them without restriction. Thus,
the electron mobility property in this chain is
significantly improved.
Other spectroscopic properties for Equa, Trans-1,
Trans-2 and Trans-3 isomers are calculated in our
work. We summarize in Table 3 the spectroscopic
parameters calculated by B3LYP/SVP//6-31G(d)
method. These results can help to clarify the mixtures
of compounds with different number of adducts
including the bis adducts.5
Table 3

UV-Vis spectroscopy. Optimization (B3LYP/SVP//6-31G(d))
Mono

Equa

Trans-1

Trans-2

Trans-3

λcal (nm)

648.78

634.49

686.34

667.91

651.97

Excitation Energy (eV)

1.91

1.95

1.81

1.86

1.90

oscillator strength (f)

0.0018

0.0000

0.0000

0.0033

0.0013

HOMO - LUMO

Transition

HOMO

LUMO

Equa

Trans-3

Mono

Fig. 5 – Isodensity plots (0.02 atomic units): HOMO (left column) and LUMO (right column) orbitals for Equa, Trans-3 and Cis-3
for bis-adduct fulleropyrrolidines isomer compared to mono-adduct fulleropyrrolidines at B3LYP/SVP//6-31G(d).
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Table 4
IR spectroscopy. Optimization (B3LYP/SVP//6-31G(d))
Assignement

Modes
Clear fullerene

Mono-adduct

Bis-adduct (Equa)

Bis-adduct (Trans3)

C-C

1471

1470-1507

1473-1504

1469-1502

C-N

-

1237

1237

1237

C-O

-

1036

1036

1036

C-O

-

1247

1247

1247

C=O

-

1850

1850

1850

C-H (sym)

-

3050

3050

3050

C-H (asym)

-

3141

3141

3141

N-H

-

3496

3496

3496

The different molecular orbitals for these
structures are presented in Fig. 5. We notice that
almost all the frontier orbitals are localized in the C60
system, and little contribution is found on the
adsorbed molecules. These changes can be attributed
to the change in the symmetry of the hole molecule
and the formation of new bonds between the adduct
and c60. Even if this contribution is small, results
show that this is sufficient to make the bis adduct
possess a higher LUMO energy than the mono
adduct.
Table 4 presents the results of the most
important vibrations of the clear fullerene, the
mono-adduct, the bis adduct (Equa) and the Bisadduct (Trans-3). The vibrations of the complexes
are different from the clear fullerene, however, the
difference in vibrations for the compounds
containing adducts are less obvious.
CONCLUSIONS
We performed a theoretical study of the
different possible isomers of bis-adduct
fulleropyrrolidines. We optimized the structures
and calculated the corresponding equilibrium
energies and the structural properties. Our
calculations showed that Equa and Trans-3
isomers are the most stable among the eight
possible isomers. Density functional theory method
(B3LYP/6-31++G(d,p)) confirmed the order of the
most favorable isomers. We also found that the
LUMO of bis-adducts (Equa and Trans isomers)
are higher than the C60 and the mono-adduct. These
bi adducts are promising electron acceptors
because of their ability to increase the open circuit
voltage of the polymers of solar cells thanks to
their high LUMO.
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