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In this paper, the detection of alprazolam by fullerene (C 20) was studied by infrared (IR), frontier molecular orbital (FMO) and natural bond orbital (NBO)
computations. All of the computations were done by density functional theory
method in the B3LYP/6-31G (d) level of theory. The calculated adsorption
energies, Gibbs free energy changes and thermodynamic constants showed
alprazolam adsorption is experimentally possible, spontaneous and irreversible.
The calculated values of enthalpy changes and specific heat capacity
demonstrated alprazolam interaction with fullerene is exothermic and C20 can be
used as a recognition element for the construction of a new thermal sensor for
detection of alprazolam. The DOS spectrums showed the bandgap of fullerene
decreased from 7.190 eV to 4.460 eV (%-37.9) in the alprazolam adsorption
process and this nanostructure is a good electroactive sensing material for
development of novel electrochemical sensors for alprazolam determination.
Some important structural parameters including chemical hardness, chemical
potential, electrophilicity, maximum charge capacity and the dipole moment of
alprazolam in the adsorption process was also investigated.
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pentagonal rings and its structure is highly curved. This
nanostructure has special features that can make it an
appropriate sensing material including high conductivity
and outstanding reactivity and good surface area to
volume ratio [9-11]. In this regard, the performance of
this fullerene as an electrochemical and thermal sensing
material for the detection of AP has been investigated
for the first time in this research by density functional
theory calculations.
2. Results and discussion

1. Introduction
8-Chloro-1-methyl-6-phenyl-4H [1,2,4] triazolo
[4,3-a] [1,4] benzodiazepine or alprazolam (AP, Figure
1) is a benzodiazepine prescribed for insomnia,
depression, bipolar disorder, panic disorder and different
kinds of phobia [1]. AP is one of the bestselling
medicines and it is widely abused. Compressed tablets
and extended-release capsules are the more commonly
available forms of AP [2].

2.1. Structural and NBO studiesAs

AP reacts selectively with the interaction sites of
у-aminobutyric acid (GABA) receptors in the body and
induces its effects by this mechanism [3]. The toxicity
of AP is observable in high doses. Bradycardia, coma,
nausea, diarrhea, syncope and even death are the
common adverse effects of AP in high doses [4-7].
Therefore, developing a rapid, simple and sensitive
thermal and electrochemical sensor for the detection of
AP is very important [8]. On the other hand,
in the
fullerene family, C20 is the smallest member with a
dodecahedral cage structure (Figure 1). C20 composed of

the provided initial and optimized structures in Figure 2
reveal clearly, the AP interaction with fullerene was
scrutinized at two different modes. In I-Isomer the
fullerene was inserted near the chlorine atom of AP but
in II-Isomer, C20 was placed in parallel form near the
diazepine ring of AP. As it is clear, at I-Isomer no
obvious change can be distinguished in the structure of
AP-C20 complex after geometrical optimization.

———
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Figure 1. The optimized structures of C20 and AP

Isomer, a monovalent bond with SP3 hybridization and
1.620 (Å) bond length was created between C20 and one
of the nitrogen atoms of triazolo ring of AP. Hence, the
AP interaction with the nanostructure in this
configuration is chemisorption [14].

However, at II-Isomer tangible deformation is seen after
geometrical optimization in the structure of
nanomaterial and the medicine molecule especially near
the interacting site that can be due to the formation of
chemical bonds between the adsorbent and the adsorbate
[12]. In this respect, for obtaining more information
about the adsorption mechanism the adsorption energies
were calculated and NBO computations were performed
on all of the structures and the results are presented in
Table 1. According to Table 1, II-Isomer is more
energetically stable than I-Isomer. Besides, the
adsorption energy of II-Isomer (-275.600 kJ/mol) is
more negative than the adsorption energy of I-Isomer (95.107 kJ/mol) indicating the interaction is stronger in
this position [13].

The dipole moment of the structures was also
calculated and the results are presented in Table 1. As
can be seen, the dipole moment of AP is 4.14 but when
it adsorbed on the surface of fullerene its dipole moment
increased to 6.21 and 10.93 at I and II isomers
respectively indicating the solubility of AP improves
after its interaction with the nanostructure. The
maximum (νmax) and lowest vibrational frequencies
(vmin) of structures were also calculated by IR
computations. As it is obvious from Table 1, no negative
frequency was observed for the studied structures.
Therefore, all of the investigated structures are in a true
local minimum [15].

The NBO results that are also given in Table 1,
indicates in I-Isomer no chemical bond was created
between fullerene and AP. Therefore, the interaction in
this mode is physisorption. While, in the case of II-

Table 1. The structural and NBO parameters of AP, C20 and their complexes
Bond
length
(Å)

Bond
order

Occupancy

Hybridization

Bond
energy
(a.u)

Total electronic
energy
(a.u)

Adsorption
energy
(kJ/mol)

νmin
(cm-1)

νmax
(cm-1)

Dipole
Moment
(Deby)

AP

---

---

---

---

---

---

-1312.976

---

39.469

3763.272

4.140

C20

---

---

---

---

---

---

-747.196

---

261.392

1690.640

0.000

I-Isomer

---

---

---

---

---

---

-2060.235

-95.107

38.929

3763.506

6.210

IIIsomer

N-C

1.620

1.000

1.990

SP2.98

-0.463

-2060.307

-275.600

28.703

3794.317

10.930
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Figure 2. The initial and optimized structures of AP-C20 complexes

The calculated values of ΔGad and log Kth showed the
AP interaction with fullerene is spontaneous and
irreversible. The effect of temperature on the
thermodynamic parameters was also checked out and
the obtained results indicate the AP adsorption is more
favorable in lower temperatures [18]. Indeed, the values
of ΔGad and log Kth experience a sharp increment and
decrease respectively by temperature increasing. 2.3.
FMO analysis

2.2. Thermodynamic parameters
The thermodynamic parameters of the adsorption
process including enthalpy changes (ΔHad), Gibbs free
energy changes (ΔGad), specific heat capacity (CV) and
the logarithm of thermodynamic equilibrium constant
(Log Kth) were calculated in the temperature range of
298-398 K at 10˚ intervals and the results are presented
in Figure 3. As it is clear, the ΔHad values for both
configurations are considerably negative indicating the
interaction is exothermic. Moreover, the specific heat
capacity of fullerene increased remarkably when AP
adsorbs on its surface which implies the thermal
conductivity of nanostructure enhances in the AP
adsorption process [16]. Hence, it can be deduced that
C20 is a suitable sensing material for the construction of
a new thermal sensor for AP detection. In these types of
sensors, the desired analyte should have a highly
exothermic or endothermic interaction with the
recognition element that is immobilized on the surface
of the sensor then, the carried out changes in the
temperature of the sensor microenvironment will be
detected by a sensitive thermistor and it will be used as a
signal of measurement of the analyte. Owing to the
exothermic nature of the adsorption process and
enhancement of fullerene thermal conductivity it seems
C20 is an appropriate sensing material for thermal
detection of AP [17].

The discrepancy of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) is defined as bandgap (Eg) in
chemistry. This parameter has an inverse relationship
with the electrical conductivity of molecules. In fact, the
molecules with low bandgaps are more conductive than
compounds with wide bandgaps [19]. In this respect, for
investigating the performance of C20 as an electroactive
sensing material for the development of a novel
electrochemical sensor for AP detection, the DOS
spectrums and bandgap of the studied structures
werecalculated and the results are presented in Figure 4.
As it is clear, the bandgap of fullerene (7.190 eV)
decreases about -27.344% in the case of I-Isomer to
5.224 eV and -37.968% in the case of II-Isomer to 4.460
eV [9-11]. Therefore, it can be concluded that the
electrical conductivity of C20 improves substantially
when AP adsorbs on its surface and this nanomaterial
can be used for designing new electrochemical sensors
for AP determination [12].
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Figure 3. The values of ΔHad (A), CV (B), ΔGad (C), Log Kth (D) in the temperature range of 298-398 K.

Eg=7.190 eV

Eg=12.390 eV

AP

C20

Eg=4.460 eV
Eg=5.224 eV
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Figure 4. The DOS spectrums of AP, C20 and their complexes
35

J. Chem. Lett. 1 (2020) 32-38

The chemical hardness (η) and chemical potential (µ)
of the studied structures were also evaluated and the
results are given in Table 2. Both parameters are
appropriate standards for estimating the reactivity of
molecules. In other words, the compounds with lower
chemical hardness and higher chemical potential values
will be more reactive because necessary electron
transmissions for implementation of a chemical reaction
can be done in them more conveniently [13]. As can be
observed, when AP adsorbs on the surfaces of C20 η

decreases and µ increases tangibly in both
configurations indicating the reactivity of AP enhances
after its adsorption on the surface of fullerene.
Electrophilicity (ω) and maximum charge capacity
(ΔNmax) were the last investigated parameters. As the
obtained results in Table 2 show obviously when AP
adsorbs on the surface of the adsorbent ω declines
remarkably in both isomers which implies the affinity of
AP decreases when it adsorbs on the surface of the
nanostructure [14].

Table 2. The frontier molecular orbital parameters of AP, C20 and their complexes
ELUMO
Eg
%ΔEg
η
µ

AP

-7.520

4.870

12.390

---

6.195

-1.325

0.142

ΔN
max
0.214

C20

-4.350

2.840

7.190

---

3.595

-0.755

0.079

0.210

I-Isomer

-3.361

1.863

5.224

-27.344

2.612

-0.749

0.107

0.287

IIIsomer

-2.097

2.363

4.460

-37.968

2.230

0.133

0.004

-0.060

EHOMO

ω

3. Computational Details
superposition correction energy, H stands for enthalpy
of the evaluated materials. The G denotes Gibbs free
energy, R is the ideal gas constants, T denotes the
temperature [9-11].

The structures of Fullerene, AP and their
complexes were designed by Nanotube modeler 1.3.0.3
and GuassView 6 softwares [20, 21]. At the first step,
the designed structures were optimized geometrically.
Then, IR, NBO and FMO computations were
implemented on them. All of the computations were
performed by Gaussian 16 software by the density
functional theory method in the B3LYP/6-31G (d) level
of theory because in former studies about nanomaterials
its results were in a good agreement with the
experimental data [22]. The density of states (DOS)
spectrums was obtained by GuassSum 3.0 software [23].
All of the calculations were implemented in the aqueous
medium and in the temperature range of 298-398 at 10˚
intervals.
The studied processes were as follows:
(1)
The values of adsorption energy values (Ead) and
thermodynamic parameters including adsorption
enthalpy changes (ΔHad), Gibbs free energy changes
(ΔGad) and thermodynamic equilibrium constants (Kth)
were calculated by Equations 2-5 respectively.

Frontier molecular orbital parameters including bandgap
(Eg), chemical hardness (η), chemical potential (µ),
electrophilicity (ω) and the maximum charge capacity
(ΔNmax) were calculated by equations 6-10 [32].
(6)
(7)
(8)
(9)
(10)
(11)
ELUMO and EHOMO in equations 6 to 11 are the
energy of the lowest unoccupied molecular orbital and
the energy of the highest occupied molecular orbital
respectively. The Eg1 and Eg2 in Equation 7, are the
bandgap of AP-C20 complex and bandgap of C20
respectively [12-14].

(2)
(3)

4. Conclusion
AP is a benzodiazepine type medicine that is
abused widely. In this respect, its detection is of great
importance. For this reason, the performance of C20 as a
sensing material for thermal and electrochemical
detection of AP was evaluated by density functional
theory calculations in this study for the first time. The

(4)
(5)
In the referred equations, E is the total electronic energy
of each structure, EBSSE denotes the basis set
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