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Abstract: Fullerenes, with their extensive application 
potentials, have been receiving attention for their pos-
sible usage as drug delivery vehicles and devices for 
sensor technologies. In this work, the optimized molecu-
lar geometries, some diagnostic geometric parameters, 
electronic characteristics, natural bond orbital examina-
tions and the interaction phenomena between C60, Si- or  
Al-doped C60 and phenylalanine amino acid molecule 
were investigated by the quantum mechanical calculati-
ons. It is observed that the impurity addition and using 
water as the solvent intensify the interaction between 
fullerene and amino acid system. These lead to various 
alterations in the electronic properties and NH stretching 
values of the clusters studied.

Keywords: adsorption; fullerenes; amino acids; phenyl-
alanine; DFT

1  Introduction 
Fullerenes also known as buckminsterfullerenes 
are classes of soccer ball-shaped carbon molecules; 
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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discovered in 1985 (Kroto et al., 1985). The most 
representative member of the fullerene family is 
composed of 60 carbon atoms arranged in a spherical 
structure. There are two types of bonds in the 
fullerene: 60 C–C single bonds in the pentagons and 
30 C=C double bonds in the hexagons. Fullerenes are 
exceptional free radical scavengers (Krusic et al., 1991). 
They can entrap free radicals and neutralize them 
before they lead any cellular disorder. Because of this 
unique physicochemical properties, recently there has 
been much interest in searching for possible biological 
activities of fullerenes with a view to use them in area of 
medicine such as anti-cancer and anti-bacterial agents 
(Kai et al., 2003; Poland et al., 2008; Triesscheijn et al., 
2006), photodynamic therapy (Mroz et al., 2007; Sharma 
and Chiang, 2011), enzyme inhibition (Abellán-Flos 
et  al., 2015; Innocenti et al., 2010), antiviral activity 
(Ji et al., 2008; Medzhidova et al., 2003), DNA cleavage 
(Kumar et al., 2009) and electron transfer (Kuciauskas 
et al., 1996; Wróbel and Graja, 2011). An important 
problem to be solved with undecorated fullerenes is 
their insolubility in biologically compatible solvents 
thus hindering their possible applications. Henceforth, 
chemical modification or functionalization of fullerenes 
with different types of addends such as impurity atoms 
appear as an option to intensify their solubilities 
(Brettreich and Hirsch, 1998; Da Ros et al., 1996; Foley 
et al., 2002). The water-soluble fullerenes have been 
proved to reduce the level of intracellular peroxidation 
(Xiao et al., 2005).

Phenylalanine (Phe) is an α-amino acid with the 
formula C6H5CH2CH(NH2)COOH. Genetic disorder phenyl 
ketenuria (PKU) is a result of metabolism problems of 
phenylalanine (Tachibana et al., 2006). High level of 
phenylalanine accumulation in blood leads to damage 
especially in brain development (De Groot et al., 2010; 
van Spronsen and Enns, 2010). Untreated PKU causes 
some mental and so the social problems in following ages 
(Demirkol et al., 2011; Rocha and Martel, 2009).
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Density functional theory (DFT) is a computational 
method which is widely used for identification and pre-
evaluation of different types of compounds and molecular 
systems (Alver and Parlak, 2010; Bouabdallah et al., 2016; 
Jadoo et al., 2018). DFT is considered as an alternative for 
the solution of many-electron problems instead of wave 
function methods. It is an exact theory but in practice the 
approximation of exchange-correlation energy is required 
(Sun et al., 2019). 

 In continuation with our interests in the investigation 
of interaction between drug and fullerene systems (Parlak 
and Alver, 2017; Parlak et al., 2017), we aimed to study 
the interactions of Phe with undoped and Si- or Al-doped 
C60 fullerenes using DFT methods in both gas phase and 
water. Despite some experimental difficulties, silicon 
and aluminium atoms have been successfully doped into 
fullerenes as reported in the previous works (Bashiri et al., 
2017; Fu et al., 2015; Kimura et al., 1996). This fact was 
the main reason of the choice of silicon and aluminium 
atoms as dopants. The main motivation of this study is the 
possibility of using the results obtained to enlighten drug 
designs for the treatment of PKU.

2  Computational studies
The important part is the optimization of the complexes 
studied until no imaginary frequencies were obtained to 
make sure that the resultant structures belong to minima 

rather than a transition state. For this purpose, taking 
into account the possible active sites of Phe, several 
structures were built and optimized with the M062X and 
B3LYP functionals with the 6-31G(d) basis set in both the 
gas phase and water media. Electronic properties and 
stability assessments of the optimized structures were 
examined by calculating the binding energy (Eb), frontier 
molecular energy gap (Eg), chemical hardness (η) and 
electrophilicity indexes (ω). 

In order to consider the effect of solvent on the 
stabilities and electronic properties, all the calculations 
were done in water. Natural bond orbital (NBO) analysis 
was also used to have a comprehensible perception of the 
charge distributions (Reed et al., 1985). Multiwfn program 
was also used to have more insights in the nature of 
bonding at interaction sides such as, Wiberg bond index 
(WBI) and Fuzzy bond order (FBO) (Lu and Chen, 2012). 
Gaussian, GaussView and GaussSum programs were used 
for the calculations and visualizations (Dennington et al., 
2009; Frisch et al., 2009; O’Boyle et al., 2008).

3  Results and discussion

3.1  Analysis of C60…Phe interaction

Gas phase optimized structures for C60…Phe are given 
in Figure 1. It is observed that the plane indicated by 

Figure 1: The optimized structures and DOS spectrum of C60…Phe system.
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hexagons of C60 orients almost parallel to the plane 
of the ring atoms of the Phe molecule. This leads to a 
parallel displaced п-п interactions which is more clearly 
described with M062X functional compared to B3LYP 
(Zhao and Truhlar, 2007). The Eb energies of C60…Phe 
in the gas phase and water were found as -0.28 and 
-0.21 kcal/mol with the B3LYP, -5.97 and -5.24 kcal/mol 
with the M062X functional. These suggest that the nature 
of interaction between undoped C60 and Phe molecule 
occurs due to physisadsorption since Eb energies are 
less than 10 kcal/mol (Ameta and Penoni, 2014). The 
DOS graphs of C60…Phe structure are also shown in 
Figure 1. It is observed that for calculations in water, the 
B3LYP functional yields a slight change (0.007 eV) in the 
gap energies compared to the gas phase calculations. 
However, results from the M062X functional yields a 
change about 2.92 eV. This difference in the gap energy 
arises from the fact that unlike B3LYP functional M062X 
overestimates Eg values (Soto-Rojo et al., 2014). 

In order to measure the nearest rings of C60 and the 
drug molecule, dummy atoms were inserted at the centers 
of the rings as illustrated in Figure 1. This distance is 
predicated using the functional M062X in the gas phase 
and water as 3.61 Å and 3.60 Å, respectively. When the 
B3LYP functional was used, this distance was estimated 
as 4.38 Å and 4.45 Å in the gas phase and water.

3.2  Analysis of Al- and Si-doped systems

In order to identify possible interaction sites for a 
given molecular complex, careful examinations and 
identification of charge distribution along the molecular 
surfaces of the structure investigated were carried out for 
the interaction edges (Armaković et al., 2014; Shariatinia 
and Shahidi, 2014). Analysis of charge distribution turns 
out to be an important process for the determination of 
possible adsorption sites. Charge distributions over the 
surface of the molecular structures determine the possible 
interaction sites on a given molecular system and they 
show dependence on types of the atoms in the structure 
and computational methods (Kelly et al., 2005; Suliman 
et al., 2014). Molecular electrostatic potential (MEP) maps 
allow to analyse the charge distributions of molecular 
systems in three dimension.

On the basis of the possible interaction edges 
based on charge distribution analysis (see Figure S1 
in Supplementary material) of Phe, four different 
interaction sites were proposed between the Phe and 
doped C60 fullerenes (Figure 2). These interaction edges 
were labelled as C=O&NH2, NH2, C=O, C=O&OH. In the 

given configurations, aluminum and silicon atoms were 
considered as the active sites (Parlak and Alver, 2017; 
Parlak et al., 2017). Eb was calculated out for AlC59…Phe 
and SiC59…Phe systems in both the gas phase and water. 
The results indicate that AlC59…Phe (NH2) and SiC59…Phe  
(NH2) complexes have the highest Eb energies in 
magnitude in both the gas phase and water (Table 1). 
Thus Phe molecule is most likely to be adsorbed from 
NH2 site and this is more effective compared to C=O&NH2, 
C=O and C=O&OH interaction edges. The Eb values for the  
Al- and Si-doped fullerenes suggest that the strength of 
the interaction is in the range of chemisorption as a value 
of larger than 10 kcal/mol is an indicator of a possible 
chemisorption (Ameta and Penoni, 2014). The solvent 
energies (Es) are given in Table 1 and these imply that 
AlC59…Phe (NH2) and SiC59…Phe (NH2) complexes are 
likely to be soluble in water with values of -18.77 (B3LYP),  
-19.25 (M062X) and -19.45 (B3LYP), -20.60 kcal/mol 
(M062X), respectively. 

The values of chemical hardness and electrophilicity 
indexes, chemical stability and reactivity of chemical 
species can be evaluated (Oura et al., 2003). Chemical 
hardness values of Al-doped fullerene complexes 
are larger in water compared to gas phase with both 
functionals. For Si-doped complexes, the values of 
chemical hardness are found to be dependent on the 
interaction site and the choice of basis sets. In fact, 
while the results with B3LYP functional indicate slight 
decrease for SiC59…C=O&NH2 and SiC59…NH2, slight 
increase was observed for SiC59…C=O and SiC59…C=O&OH 
complexes in the chemical hardness values. It was also 
observed that electrophilicity indexes appeared strongly 
dependent on the interaction sites of the complexes 
investigated. From Table 2, the band gap energies for 
Al-doped fullerenes are larger for water than in the gas 
phase. The band gap energy values of the Si-doped 
complexes show dependence on interaction site of the 
ligand molecule. 

It is known in chemisorption, new chemical bonds 
between interacting molecules are formed and thus 
the interatomic distances where the possible bonds are 
formed must be at proper length (El Mahdy, 2016). Some 
relevant internuclear distances are given in Table 3. It is 
observed that related internuclear distances generally 
tend to decrease in water to make more stable complexes 
and the distances calculated are in the range possible 
for chemisorption (Table 2) (De Silva et al., 2014; 
Hassani and Tavakol, 2014). In order to support possible 
chemisorption sites, MEP diagram was calculated 
with M062X functional with the 6-31G(d) basis set for  
AlC59…NH2 complex in the gas phase as illustrated in 
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Figure 2: Possible interaction edges and optimized structures for the doped systems with B3LYP/6-31G(d).

Table 1: Binding and solvent energies (kcal/mol) of the investigated systems.

Structure M062X/6-31G(d) B3LYP/6-31G(d)

Eb(gas) Eb(water) Es Eb(gas) Eb(water) Es

C60…Phe   -5.97  -5.24  -6.71  -0.28  -0.21   -7.11
AlC59…C=O&NH2 -46.90 -47.63 -12.03 -32.19 -39.27 -17.26
AlC59…NH2 -52.15 -60.09 -19.25 -40.90 -49.48 -18.77
AlC59…C=O -50.37 -52.39 -13.32 -37.15 -39.64 -12.68
AlC59…C=O&OH -40.02 -43.52 -14.81 -34.16 -38.71 -14.74
SiC59… C=O&NH2 -29.49 -39.29 -17.76 -16.75 -26.28 -16.82
SiC59…NH2 -36.07 -48.70 -20.60 -17.56 -29.71 -19.45
SiC59…C=O -32.35 -38.97 -14.59 -15.36 -22.57 -14.50
SiC59…C=O&OH -24.52 -33.48 -16.92 -14.01 -23.46 -16.75
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Figure 3. Overlapping high electron density between the 
NH2 edge of Phe and the aluminium atom of fullerene 
cage can be seen in Figure 3 and this suggests possible 
bond formation due to chemisorption.

The NH2 stretching vibrations are easy to identify 
and they show characteristic band properties. Since  
AlC59…NH2 and SiC59…NH2 complexes have the largest Eb 

energy, we examined the vibrational frequency alterations 
upon interaction of AlC59 and SiC59 with Phe molecule. The 
results obtained were from the M062X/6-31G(d) method. 
NH2 antisymmetric and symmetric stretching vibrations 
changes by about 35, 48 cm-1 (gas phase) and 82, 57 cm-1 
(water phase) for AlC59…NH2. As, these values were found 
as 98, 88 cm-1 (gas phase) and 106, 80 cm-1 (water phase) 

Table 2: Some energetic parameters (eV) of the investigated systems.

Structure B3LYP/6-31G(d)

HOMO LUMO Gap Chemical hardness Electrophilicity index 

Gas

C60…Phe -5.942 -3.191 2.751 1.375 2.283
AlC59… C=O&NH2 -4.497 -3.013 1.484 0.742 1.877
AlC59…NH2 -5.095 -3.609 1.486 0.743 2.176
AlC59…C=O -4.739 -3.238 1.502 0.751 1.994
AlC59…C=O&OH -4.526 -3.012 1.514 0.757 1.884
SiC59…C=O&NH2 -4.567 -2.464 2.103 1.052 1.758
SiC59…NH2 -5.013 -2.915 2.098 1.049 1.982
SiC59…C=O -4.691 -2.846 1.844 0.922 1.884
SiC59…C=O&OH -4.442 -2.781 1.661 0.831 1.806

Water 

C60…Phe -5.865 -3.107 2.758 1.379 2.243
AlC59… C=O&NH2 -4.714 -3.190 1.523 0.762 1.976
AlC59…NH2 -5.035 -3.516 1.519 0.760 2.138
AlC59…C=O -4.933 -3.411 1.522 0.761 2.086
AlC59…C=O&OH -4.888 -3.357 1.531 0.765 2.061
SiC59…C=O&NH2 -4.714 -2.760 1.955 0.977 1.868
SiC59…NH2 -4.939 -2.922 2.017 1.009 1.965
SiC59…C=O -4.838 -2.831 2.007 1.004 1.917
SiC59…C=O&OH -4.767 -2.796 1.971 0.985 1.891

M062X/6-31G(d)
Gas 

C60…Phe -7.138 -2.638 4.500 2.250 2.444
AlC59… C=O&NH2 -5.600 -2.548 3.052 1.526 2.037
AlC59…NH2 -5.878 -2.819 3.059 1.530 2.174
AlC59…C=O -5.816 -2.675 3.141 1.571 2.123
AlC59…C=O&OH -5.632 -2.539 3.093 1.547 2.043
SiC59…C=O&NH2 -5.628 -1.911 3.717 1.858 1.885
SiC59…NH2 -6.125 -2.374 3.750 1.875 2.125
SiC59…C=O -5.766 -2.075 3.691 1.846 1.960
SiC59…C=O&OH -5.569 -1.884 3.685 1.842 1.863

Water 

C60…Phe -7.536 -0.115 7.421 3.711 1.913
AlC59… C=O&NH2 -5.799 -2.686 3.113 1.556 2.121
AlC59…NH2 -6.133 -3.021 3.112 1.556 2.289
AlC59…C=O -5.992 -2.810 3.182 1.591 2.200
AlC59…C=O&OH -5.981 -2.858 3.123 1.561 2.210
SiC59…C=O&NH2 -5.781 -2.233 3.548 1.774 2.004
SiC59…NH2 -6.055 -2.408 3.647 1.824 2.116
SiC59…C=O -5.888 -2.312 3.575 1.788 2.050
SiC59…C=O&OH -5.880 -2.296 3.584 1.792 2.044
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for SiC59…NH2 complex. These changes in wavenumbers 
confirm the existence of interaction between the Phe and 
the doped fullerene system.

3.3  Population analysis 

In order to make an analysis of interaction edges of Phe 
on fullerene nanocages, NBO theory was applied. NBO 
calculations provide useful information about molecular 
properties such as atomic charges and interaction 
between host and guest molecules or acceptor-donor pairs 
(Mahdavifar and Poulad, 2014). The calculated Mulliken 
and NBO charges address the formation of acceptor and 
donor pairs between Si/Al and N atoms in the complexes 
investigated (Table 4). The NBO analysis indicates that 
silicon atoms acquire positive charges or they become more 
positive following interaction between the doped fullerene 
cage and the Phe. This fact implies that the charge moves 

from the silicon atom to the nearby carbon atoms. As a 
result, silicon atom behaves as an affinity center for the 
possible chemisorption of Phe molecule. In the assessment 
of covalent bond character, like bond order values, WBI and 
FBO play important roles (Du et al., 2016). In this work, WBI 
indexes and FBO values were calculated as 0.65, 0.68 and 
0.82, 0.93 for Al-N and Si-N bonds respectively, indicating 
the covalent bond character. From Table 4, it is also 
observed that valences of Al and Si atoms slightly increase 
because of the interaction with nitrogen atom of Phe.

4  Conclusions
The physical interactions between the Si-, Al-doped 
and undoped C60 fullerenes were examined based on 
the quantum mechanical calculations by DFT with  
M062X/6-31G(d) and B3LYP/6-31G(d) methods in the gas 
phase and water. Four possible interaction sites were 
proposed for the title molecule based on the molecular 
electrostatic surfaces analysis and their stabilities 
addressed dependence on the medium. It was observed 
that Al- and Si-doped systems increase in stability and 
show more negative binding energies in water compared 
to the gas phase. Furthermore, AlC59…NH2 and SiC59…NH2 
systems result with the largest Eb energies in magnitude 
with -52.15, -60.09 kcal/mol (gas phase and water with 
M062X) and -40.90, -49.48 kcal/mol (gas phase and water 
with B3LYP). Band gap energies of Al-doped fullerene 
structure were found smaller than the Si-doped structure. 
NBO calculations along with partial charge examinations 
and the calculated values of WBI and FBO address a 
possible bonding between Al/Si atoms of the doped 
fullerene cages and nitrogen atom of Phe molecule.

Acknowledgment: This work was supported by the 
Scientific Research Projects Commission of Eskisehir 
Technical University (Project No: 1606F564).

Table 4: Population analysis of the selected systems.

Structure Atom Valence 
numbers

Mulliken 
charges

NBO 
charges

AlC59 Al 3.324 0.392 1.650
SiC59 Si 3.683 0.342 1.343
Phe N 2.540 -0.699 -0.889
AlC59...NH2 Al 3.546  0.416  1.708

N 2.912 -0.798 -0.976
SiC59...NH2 Si 4.044  0.597  1.928

N 2.912 -0.789 -0.954

Figure 3: MEP on AlC59…Phe (NH2) system in gas phase. Color 
ranges, in a.u.: blue: more positive than 0.003 and red: more 
negative than -0.003.

Table 3: Internuclear distances of the investigated systems.

Interatomic distances (Å)* M062X/6-31G(d) B3LYP/6-31G(d)

Gas Water Gas Water

AlC59…C=O&NH2 2.21 2.08 2.23 2.10
AlC59…C=O&NH2 2.01 2.01 2.07 2.05
AlC59…NH2 2.01 1.99 2.04 2.01
AlC59…C=O 1.89 1.85 1.91 1.87
AlC59…C=O&OH 1.90 1.86 1.92 1.88
AlC59…C=O&OH 2.90 2.95 3.12 3.10
SiC59… C=O&NH2 1.97 1.92 2.02 1.95
SiC59… C=O&NH2 3.01 2.90 3.16 2.98
SiC59…NH2 1.93 1.90 1.97 1.93
SiC59…C=O 1.84 1.78 1.87 1.80
SiC59…C=O&OH 1.85 1.79 1.87 1.80
SiC59…C=O&OH 2.86 2.89 3.02 3.00

* Distances are measured from the atom indicated with bold letter.
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