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Abstract: 1-(3-trifluoromethylphenyl)piperazine (TFMPP) 
is one of the commonly abused drugs in the illicit drug 
market. Its detection or identification is important to 
investigate. In this work, density function theory (DFT) 
approach was used to analyse silicon or aluminium doped 
C60 fullerenes and TFMPP interactions for possible sensor 
applications. Stabilities of the investigated systems were 
examined in terms of the adsorption energies of TFMPP 
onto Si and Al decorated fullerenes. It was found that 
AlC59+TFMPP resulted in higher adsorption energies com-
pared to SiC59+TFMPP. We also considered the band gap 
energy and concluded that Si and Al decorated fullerenes 
are sensitive to the presence of TFMPP in both the gas 
phase and aqueous medium. 

Keywords: 1-(3-trifluoromethylphenyl)piperazine; fullere-
nes; sensor; DFT; adsorption

1  Introduction
Piperazine derivatives are used in the drug industry and 
the number of drugs containing piperazine fragment 
have been increasing (Dukat et al., 1996; Glennon, 1987; 
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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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Rapacz et al., 2015; Wang et al., 2016). As an example, 
arylpiperazines behave as nonselective agents to some 
serotonin receptors (Dukat et al., 1996). N-substituted 
piperazines are reported to show anti-cancer and anti-
microbial properties (Jiang and Huang, 2012; Liang 
et al., 2004; Menezes et al., 2016). Some piperazine 
derived compounds have appeared in the illicit  
drug market and 1-(3-trifluoromethylphenyl)piperazine 
(TFMPP) is one of them (Andrés-Costa et al., 2017;  
Da Silva et al., 2018; Majrashi et al., 2018; Nikolova and 
Danchev, 2014; Staack et al., 2007). It is reported that 
TFMPP is able to lead psychoactive effects like those of 
3,4-methylenedioxymethamphetamine commonly known 
as ecstasy (Haroz and Greenberg, 2006; Tsutsumi et al., 
2005; Yarosh et al., 2007). Consequently, the detection of 
TFMPP is an important research subject.

Recently, the number of studies dealing with the 
detection of different types of drugs using fullerene cages 
have received attentions due to the versatile properties 
of fullerenes (Bashiri et al., 2017; Moradi et al., 2017). 
Fullerenes find applications in the production of organic 
photovoltaic devices, solar cells and in the medicinal 
chemistry as possible drug delivery vehicles (Cho et al., 
2015; Guldi and Prato, 2000; Friedman et al., 1993; Renz 
et al., 2008). In this work, silicon and aluminium doped 
C60 fullerenes and their interactions with TFMPP were 
examined using computational methods. It is well known 
that, within the computational applications, density 
functional theory (DFT) approach has been used for the 
study of drug related complexes (Hazrati et al., 2017; Parlak 
and Alver, 2017; Samanta and Das, 2017). The stabilities 
of the investigated complexes based on the binding or 
adsorption energies and their solubility properties were 
examined. Considering the changes in the HOMO-LUMO 
gap energies, the possibility of sensor applications of the Si 
and Al-doped C60 fullerene cages for the detection of TFMPP 
was also investigated. The details of the calculations and 
results obtained are presented in this manuscript.
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2  Results and discussion
The results of natural bond orbital (NBO) analyses of the 
structures we studied along with the NBO charge, valence 
numbers, Wiberg bond index (WBI) and Fuzzy bond order 
(FBO) are given in Table 1. Considering the results obtained 
from NBO charges and electrostatic potential surface 
(Figure 1), the interaction sites were chosen as nitrogen 
atom of TFMPP and the metal atom of the doped fullerene 
cages (Hazrati and Hadipour, 2016; Parlak and Alver, 2017).

Optimized structures of SiC59+TFMPP and 
AlC59+TFMPP complexes are given in Figure 2. The 
calculated Si—N, and Al—N distances were found as  

1.97 Å and 2.04 Å correspondingly. C—C bonds in C60 
fullerene shared by either two hexagonal or pentagonal 
rings are denoted as [6—6] and [6—5], respectively (Bashiri 
et al., 2017). For Si-doped complex, [6—6] and [6—5] 
bond lengths were calculated as 1.79 Å and 1.83 Å. As for 
Al-doped complex, the same bond lengths were found 
as 1.93 Å and 1.95 Å. When compared to C60 fullerene, it 
is found that structural changes based on bond lengths 
are larger with Al-doped complex system than Si-doped 
complex since unlike aluminium, the silicon is valence 
isoelectronic with carbon atom. It is also known that 
atomic size of a given element has an important effect on 
the bond length of two related nuclei (Moore and Stanitski, 
2015). Therefore, it is also worth to note that atomic size of 
aluminium is larger than silicon causing alterations in the 
bond lengths of the structures being compared.

The corrected adsorption energies of SiC59+TFMPP and 
AlC59+TFMPP were calculated as -20.52 and -36.21 kcal/mol 
(Table 2), respectively, by means of basis set superposition 
error (BSSE). It is found that TFMPP is more strongly 
attached to the AlC59 cage. WBI and FBO parameters can be 
used to evaluate the character of bonding. Although, the 
calculated WBI and FBO values reflect that Si-doped cages 
show more covalent character compared the Al-doped 
compound, the binding energy of AlC59+TFMPP is more 
negative when compared to Si-doped complex. This could 
be due to the fact that Al of AlC59 is more projected out 
from the surface compared to the Si of SiC59 as shown 
in Figure 2, which makes it more accessible for possible 
nucleophilic attack as previously reported (Moradi et 
al., 2017). It can be also concluded that SiC59+TFMPP is 
slightly more soluble than AlC59+TFMPP since its solvent 
energy is more negative (Table 2).

Table 1: Population analysis of N, Si and Al atoms for the examined 
structures.

Structure Atom NBO 
charge

Valance 
number WBI FBO

Gas
TFMPP N -0.719 3.203 - -
SiC59 Si 1.313 3.592 - -
AlC59 Al 1.713 3.311 - -
SiC59 + TFMPP N -0.783 3.512 0.712 0.866Si 1.890 4.026
AlC59 + TFMPP N -0.819 3.466 0.338 0.390Al 1.759 3.561
Water
TFMPP N -0.732 3.194 - -
SiC59 Si 1.348 3.602 - -
AlC59 Al 1.809 3.199 - -
SiC59 + TFMPP N -0.802 3.544 0.765 0.910Si 1.921 3.998
AlC59 + TFMPP N -0.838 3.504

0.359 0.411Al 1.795 3.522

Figure 1: Electrostatic potential map of TFMPP.

Figure 2: Optimized molecular geometry of the investigated 
structures.
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In order to examine electronic sensitivity of Si-, 
Al-doped fullerene cages, equation 1 was taken into 
account (Ahmadi et al., 2012; Peyghan et al., 2013a):  

	 σ ∝ exp(-Eg/2kT)	 (1)

In this equation, σ is the electrical conductivity, k is the 
Boltzmann’s constant, Eg is the HOMO-LUMO gap energy 
and T is the temperature. It is clearly seen that change in 
Eg has an exponential contribution to the conductivity. In 
Table 3, the Eg values of the systems studied are reported. 
It is observed that upon interaction with TFMPP, Eg values 
are reduced by 0.095 eV (4.42%) and 0.124 eV (5.53%) for 
Si and Al-doped systems. The reduction in the Eg, from 
AlC59 to AlC59+TFMPP is larger than the reduction of Eg 
from SiC59 to SiC59+TFMPP. This implies that electronic 
sensitivity to TFMPP is larger for Al decorated fullerene 
than the Si decorated fullerene. It is known that lower 
Eg indicates higher reactivity or lower kinetic stability 
(Aihara, 1999). It is also observed that upon interaction 
with TFMPP and doped fullerene cages, the kinetic 
stabilities of the clusters are reduced from doped cages 
to the Si/Al+TFMPP clusters. In addition the gas phase 
calculations, the sensitivity assessments were carried out 
in water as well. It was found that the values ∆Eg increase 
in water compared to gas phase calculations which 
means that detection of TFMPP based on the conductivity 
approach is more likely in water environment (Table 3). In 
order to clarify the limits of this work, it is better to remind 
that implicit solvent model was used in this study which 
means that the solvent is considered as a continuous 
medium (Tomasi et al., 2005). Henceforth, explicit water 
interactions which might affect the obtained parameters 
were not considered. 

Density of state (DOS) plots of AlC59 and AlC59+TFMPP 
complexes in gas phase are given in Figure 3. When these are 
examined together with energy gap values, the interaction 
mechanism can be followed quantitatively. The charge 
transfer rates (ΔN) of the studied systems are also presented 
in Table 3 and all of them are negative which suggest that 
upon interaction charges at the interaction edges tend to 
move from TFMPP to M-doped fullerene cages.

3  Computational methods
For this computational investigation, TFMPP and Si-, 
Al-doped fullerenes were optimized using the B3LYP 
hybrid functional and the cc-pVDZ basis set. This level of 

Table 2: Adsorption energy for the doped fullerenes and TFMPP 
interaction.

System Eb(gas) Eb(water) Es

B3LYP/ccpvdz
SiC59 + TFMPP -25.97 -35.39 -15.03
 BSSE 5.45 5.47
AlC59 + TFMPP -41.43 -46.52 -13.99
 BSSE 5.22 5.24

Table 3: Energy gap and charge transfer rate of the studied 
systems.

System ΔN Eg ∆Eg(%)

Gas
SiC59 - 2.148 -
SiC59 + TFMPP -0.243 2.053 4.42
AlC59 - 2.242 -
AlC59 + TFMPP -0.173 2.118 5.53
Water
SiC59 - 2.150 -
SiC59 + TFMPP -0.219 1.929 10.28
AlC59 - 2.200 -
AlC59 + TFMPP -0.155 2.021 8.14

Figure 3: DOS plots of AlC59 and AlC59+TFMPP structures.
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calculation was chosen based on a search of the literature. 
It is reported that the B3LYP functional and the cc-pVDZ 
basis set have been used for nanotubes and fullerenes 
(Beheshtian et al., 2012; Beheshtian et al., 2013; Peyghan 
et al., 2013b). Frequency computations were carried out to 
make sure that imaginary frequencies were not obtained 
with optimized structures (Figure 2). The optimization 
process was repeated with small geometrical iterations 
until imaginary frequencies were not obtained at the end 
of optimization process. All computations were carried 
out in gas phase and in water as solvent. In order to 
examine solvent effect, the polarizable continuum model 
was considered (Tomasi et al., 2005). The binding or 
adsorption energies (Eb) energies were calculated using 
equation (2).

Eb = ECluster – [(EMC59 where M = Al or Si) + ETFMPP]	 (2)

The ΔN between the Si/Al decorated fullerenes 
and TFMPP was investigated as previously reported 
(Padmanabhan et al., 2007; Parr et al., 1999). In order 
to make a quantitative analysis and to determine the 
interaction edges on the scientific ground, the NBO 
analysis was carried out (Reed et al., 1985). Multiwfn 
program was used for the calculations of WBI and FBO 
so as to understand the nature of bonding (Lu and Chen, 
2012). Gaussian and GaussView program were used 
for computations and visualization of the complexes 
(Dennington et al, 2008; Frisch et al., 2009).

4  Conclusions
As a summary, the following could be achieved from the 
research undertaken in this work;
i. Based on the binding or adsorption energy considerations 
AlC59+TFMPP is found more stable than SiC59+TFMPP in 
both the gas phase and water.
ii. Eg changes from gas phase to water suggesting that 
conductivity of the investigated complexes become more 
apparent in water.
iii. Si and Al doped C60 fullerenes show electronic 
sensitivity to TFMPP drug molecule.
iv. Upon adsorption of TFMPP with its —NH edge, the Eg 
of Si/Al-C59 is decreased. This contributes to the electrical 
conductivity and can be converted into electrical signal 
showing that Si/AlC59 is sensitive to the presence of 
TFMPP and might be considered as a potential sensor for 
the detection of TFMPP.

Acknowledgments: We acknowledge Fencluster System 
and Scientific Research Projects Coordination at Ege 
University for the project No: FYL-2018-20229.

References
Ahmadi A., Hadipour N.L., Kamfiroozi M., Bagheri Z., Theoretical 

study of aluminum nitride nanotubes for chemical sensing of 
formaldehyde.  Sens. Actuators B Chem., 2012, 161, 1025-1029.

Aihara J.I., Reduced HOMO-LUMO gap as an index of kinetic stability 
for polycyclic aromatic hydrocarbons. J. Phys. Chem. A, 1999, 
103, 7487-7495.

Andrés-Costa M.J., Pascual-Aguilar J., Andreu V., Picó Y., Assessing 
drugs of abuse distribution in Turia River based on geographic 
information system and liquid chromatography mass 
spectrometry. Sci. Total Environ., 2017, 609, 360-369.

Bashiri S., Vessally E., Bekhradnia A., Hosseinian A., Edjlali L., Utility 
of extrinsic [60] fullerenes as work function type sensors for 
amphetamine drug detection: DFT studies. Vacuum, 2017, 136, 
156-162.

Beheshtian J., Peyghan A.A., Bagheri Z., Quantum chemical study of 
fluorinated AlN nano-cage. Appl. Surf. Sci., 2012, 259, 631-636.

Beheshtian J., Peyghan A.A., Bagheri Z., Carbon nanotube functiona-
lization with carboxylic derivatives: a DFT study. J. Mol. Model., 
2013, 19, 391-396.

Cho E.C., Ciou J.H., Zheng J.H., Pan J., Hsiao Y.S., Lee K.C., et al., 
Fullerene C70 decorated TiO2 nanowires for visible-light-
responsive photocatalyst. Appl. Surf. Sci., 2015, 355, 536-546.

Da Silva A.T.M., Bessa C.D.P.B., De S. Borges W., Borges K.B., Bioana-
lytical methods for determining ecstasy components in biological 
matrices: A review. Trends Anal. Chem., 2018, 108, 323-346.

Dennington R.D., Keith T.A., Millam J.M., GaussView 5.0.8. Gaussian 
Inc., Wallingford, CT, 2008.

Dukat M., Abdel-Rahman A.A., Ismaiel A.M., Ingher S., Teitler M.,  
Gyermek L., et al., Structure-activity relationships for the 
binding of arylpiperazines and arylbiguanides at 5-HT3 
serotonin receptors. J. Med. Chem., 1996, 39, 4017-4026.

Friedman S.H., DeCamp D.L., Sijbesma R.P., Srdanov G., Wudl F., 
Kenyon G.L., Inhibition of the HIV-1 protease by fullerene 
derivatives: model building studies and experimental 
verification. J. Am. Chem. Soc., 1993, 115, 6506-6565.

Frisch M.J., Trucks G.W., Schlegel H.B., et al., Gaussian 09, Revision 
A.1. Gaussian Inc., Wallingford, CT, 2009.

Glennon R.A., Central serotonin receptors as targets for drug 
research. J. Med. Chem., 1987, 30, 1-12.   

Guldi D.M., Prato M., Excited-State Properties of C60 Fullerene 
Derivatives. Acc. Chem. Res., 2000, 33, 695-703.

Haroz R., Greenberg M.I., New drugs of abuse in North America.  
Clin. Lab. Med., 2006, 26, 147-164.

Hazrati M.K., Hadipour N.L., Adsorption behavior of 5-fluorouracil on 
pristine, B-, Si-, and Al-doped C60 fullerenes: A first-principles 
study. Phys. Lett. A, 2016, 380, 937-941.

Hazrati M.K., Javanshir Z., Bagheri Z., B24N24 fullerene as a carrier 
for 5-fluorouracil anti-cancer drug delivery: DFT studies. J. Mol. 
Graph. Model., 2017, 77, 17-24.



E. Özkan et al.: Sensor application of doped C60 fullerenes in detection   27

Jiang D.H., Huang M., Design and synthesis of thieno[3,2-d]pyrimidine 
derivatives containing a. piperazine unit as anticancer agents. 
Chem. Reag., 2012, 34, 797-799.

Liang S., Liu C.M., Jin Y.S., He Q.Q., Synthesis and the antifungal activity 
of 1-(1H-1,2,4-triazol-1-yl)-2-(2,4-difluorophenyl)-3-[(4-substituted)-
piperazine-1-yl]-2-propanols. Chin. J. Med. Chem., 2004, 14, 71-75.

Lu T., Chen F., Multiwfn: a multifunctional wavefunction analyser.  
J. Comput. Chem., 2012, 33, 580-592.

Majrashi M., Almaghrabi M., Fadan M., Fujihashi A., Lee W., Deruiter J.,  
et al., Dopaminergic neurotoxic effects of 3-TFMPP derivatives. 
Life Sci., 2018, 209, 357-369.

Menezes A.C., Campos P.M., Euletério C., Simões S., Praça F.S., 
Bentley M.V., et al., Development and characterization of novel 
1-(1-Naphthyl)piperazine-loaded lipid vesicles for prevention of 
UV-induced skin inflammation. Eur. J. Pharm. Biopharm., 2016, 
104, 101-109.

Moore J.W., Stanitski C.L., Chemistry: The Molecular Science  
(5th ed.). Cengage Learning, USA, 2015.

Moradi M., Nouraliei M., Moradi R., Theoretical study on the  
phenylpropanolamine drug interaction with the pristine,  
Si and Al doped [60] fullerenes. Physica E, 2017, 87, 186-191.

Nikolova I., Danchev N., Piperazine based substances of abuse: A new 
party pills on Bulgarian drug market. Biotechnol. Biotechnol. 
Equip., 2014, 22, 652-655. 

Padmanabhan J., Parthasarathi R., Subramanian V., Chattaraj P.K., 
Electrophilicity-based charge transfer descriptor. J. Phys. Chem. 
A, 2007, 111, 1358-1361.

Parlak C., Alver Ö., A density functional theory investigation on 
amantadine drug interaction with pristine and B, Al, Si, Ga,  
Ge doped C60 fullerenes. Chem. Phys. Lett., 2017, 678, 85-90.

Parr R.G., Szentpaly L.V., Liu S., Electrophilicity index. J. Am. Chem. 
Soc., 1999, 121, 1922-1924.

Peyghan A.A., Soltani A., Pahlevani A.A., Kanani Y., Khajeh S., A first-
principles study of the adsorption behavior of CO on Al- and 
Ga-doped single-walled BN nanotubes. Appl. Surf. Sci., 2013a, 
270, 25-32.

Peyghan A.A., Hadipour N.L., Bagheri Z., Effects of Al doping and 
double-antisite defect on the adsorption of HCN on a BC2N 
nanotube: Density functional theory studies. J. Phys. Chem.  
C, 2013b, 117, 2427-2432.

Rapacz A., Sapa J., Pytka K., Dudek M., Filipek B., Szkaradek N.,  
et al., Antiarrhythmic activity of new 2-methoxyphenylpi-
perazine xanthone derivatives after ischemia/reperfusion in 
rats. Pharmacol. Rep., 2015, 67, 1163-1167.

Renz J.A., Troshin P.A., Gobsch G., Razumov V.F., Hoppe H., Fullerene 
solubility-current density relationship in polymer solar cells. 
Phys. Status Solidi RRL, 2008, 2, 263-265.

Reed A.E., Weinstock R.B., Weinhold F., Natural population analysis. 
J. Chem. Phys., 1985, 83, 735-746.

Samanta P.N., Das K.K., Noncovalent interaction assisted fullerene for 
the transportation of some brain anticancer drugs: A theoretical 
study. J. Mol. Graph. Model., 2017, 72, 187-200.

Staack R.F., Paul L.D., Schmid D., Roider G., Rolf B., Proof of a 
1-(3-chlorophenyl)piperazine (mCPP) intake: Use as adulterant 
of cocaine resulting in drug-drug interactions? J. Chromatogr. B, 
2007, 855, 127-133.

Tomasi J., Mennucci B., Cammi R., Quantum mechanical continuum 
solvation models. Chem. Rev., 2005, 105, 2999-3093.

Tsutsumi H., Katagi M., Miki A., Shima N., Kamata T., Nishikawa M.,  
et al., Development of simultaneous gas chromatography-
mass spectrometric and liquid chromatography-electrospray 
ionization mass spectrometric determination method for the 
new designer drugs, N-benzylpiperazine (BZP), 1-(3-trifluorom-
ethylphenyl)piperazine (TFMPP) and their main metabolites in 
urine. J. Chromatogr. B, 2005, 819, 315-322.

Wang W.Y., Shen C.W., Weng Z.J., Wang T.C., Zhang C., Jin X.Q., et al., 
Design, synthesis and biological evaluation of novel dicarbo-
nylalkyl piperazine derivatives as neuroprotective agents. Chin. 
Chem. Lett., 2016, 27, 387-390. 

Yarosh H.L., Katz E.B., Coop A., Fantegrossi W.E., MDMA-like 
behavioral effects of N-substituted piperazines in the mouse. 
Pharmacol. Biochem. Behav., 2007, 88, 8-27.


