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Abstract:
This work examined the oriented external electric field (OEEF) along x, y, and z-axes in the interaction between
vanadocene dichloride (VDC) anticancer drug and C@Al12 cluster. OEEF effect on the electronic energy and
interaction energy values was studied. These results indicated weaker adsorption in VDC. . .C@Al12 complex
in the presence of OEEF along the z-axis than x, and y-axes. Variations of polarity and frontier orbital energy
values of the molecule with strength of OEEF were reported. Greater polarity was found with higher OEEF
strength. The most contribution in the SOMO and LUMO of the VDC. . .C@Al12 complex were belonged to
C@Al12 and VDC moieties, respectively. Also, dependencies of reactivity parameters on OEEF strength
were provided. Cl. . .Al interactions were illustrated with electron localization function (ELF) and charge
displacement curves (CDC) results.
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1. Introduction

One of the organometallic anticancer drugs is vanadocene
dichloride ([Cp2VCl2], VDC) [1, 2]. Preclinical analyses
with animal and human cell lines have been investigated
about this drug. VDC has been significant results in
comparison to other [3, 4]. In a research, hydrolysis
Chemistry, equilibria, aqueous kinetics, and mechanis-
tic consequences of the VDC have been reported [5].
Significant action of vanadocene derivatives causes to
identification of action mechanism of these complexes
is not completely recognized. Biotransformation in the
cellular surroundings rests indefinable and, so, it needs to
be discovered if and in what way VDC or its derivatives

could coordinate to DNA inside the nucleus next admin-
istration. The hypothesis that V compounds influence
the target cells in the similar system as they are directed
is a generalization [6].

Structures and properties of pure and mixed aluminum
clusters have been demonstrated [7, 8, 9, 10, 11]. Be-
tween numerous clusters, superatoms are a category of
distinct clusters simulating the atoms chemistry [12, 13].
For instance, Al12 performs as a superatom, and addition
of C atom changes its electronic structure and structure
and characteristic. Various computation studies have
been reported about the geometry, optical, and spectro-
scopic properties of this cluster. For example, carbon
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dioxide adsorption on Al12X (X = transition metals or
main group metals) clusters has been reported [14]. In
another article, @Al12 (X = Al− , P+, C, Si) molecules
with O2 molecule has been illustrated [15]. Also, several
biological studies have been reported about of these
molecules category. In a DFT study, interactions of
DNA and Al12X (X = P, N, C, and Al) clusters has been
explored [16]. In other research, interaction of DNA
nucleobases/base pairs and Al12Be molecule has been
illustrated [17].

Customary drug delivery frequently suffers from non-
specific distribution, poor bioavailability, frequent dosing
requirements and increased side effects. Nanomedicine
statements have been these problems by permitting pre-
cise, sustained, and targeted drug delivery. Drug delivery
with nano-structures has been exemplified in numerous
systems using computational approaches [18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. Effective
different factors in drug delivery have been illustrated.
For instance, solvent effect in these systems has been
investigated [32, 33]. In a computational research inter-
actions of the C20 and M+@C20 (M = Li, Na, K) clusters
with VDC drug have been reported [34]. In another
paper, the interactions between VDC drug and E@Al12
(E = C, Si) nano-cages were explained [35].

Oriented external electric field (OEEF) impacts many
properties of molecules. For instance, OEEF influences
electronic, geometric structure [36], and the chemical
reactivity [37, 38, 39, 40, 41, 42] of molecules. Also,
electric fields may help as a trigger for drug release from
drug delivery systems [43, 44]. The experienced OEEF
of molecules depends on to the uses and differs from
may microvolts per meter (µV/m) to mega volt per meter
(MV/m). 100 ms pulse lengths are considered in biology.
On the other hand, OEEFF strength of 1000 V/cm was
used to deliver low MW medicines into mammalian cells,
whereas, longer pulses and lower fields were employed
for the delivery of genes. It is well known biological
systems are capable to contain a strong field in the ∼ 108

to ∼ 1010 V/m range [45, 46].
According to our researches, OEEF effect on the inter-

action between the anticancer active molecules Cp2VCl2
and C@Al12 cluster has been not reported. Therefore,
illustration of OEEF effect on the interaction between
the VDC and C@Al12 cluster was attractive for us using
DFT calculations.

2. Computational methods
Gaussian 09 software, was used for optimization and
vibrational analysis of the studied systems [47]. The
Def2-TZVPPD [48, 49, 50] and 6-311G(d,p) [51, 52, 53,
54] basis sets were choose for transition metal atom and
main group atoms, respectively. Spin multiplicity and
charge of VDC. . .C@Al12 complex were considered as
doublet and neutral states, respectively. Computations
were considered with the BP86 functional [55, 56]. This
functional is one of the generalized gradient approxi-
mation (GGA) functional. Various investigations have
been revealed BP86 as valuable functional for exploring

the electronic structure, bonding, and properties of an
extensive variety of vanadium compounds [57, 58, 59].
Vibrational analysis agreed the minimum character of
the optimized geometries.

The interaction energy (ΔEint) values of between VDC
drug and C@Al12 cluster are provided as:

ΔEint = E(VDC . . .C@Al12) − E(VDC) − E(C@Al12)
(1)

Corrected adsorption energy is computed as:

ΔEcorr
int = ΔEint + E(BSSE) (2)

where E(BSSE) shows, basis set superposition error
(BSSE) corrected for interaction energy [60, 61].

The electron localization function (ELF) is a useful
technique to graphically explain the covalent interaction.
The idea of ELF is defined as [62, 63, 64]:

ELF =
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where the 𝜌; ∇𝜌 and |∇𝜓𝑖 |2 are the electron density,
its gradient, and the kinetic energy density, respectively.
The rang of ELF is within 0−1. A great ELF value reveals
that electrons are importantly localized; representing that
there will be a covalent bond.

Electron localization function (ELF) [35, 62, 63, 64,
65] and charge displacement curves (CDC) were provided
using Multiwfn 3.8 software package [66, 67].

3. Results and discussion

3.1 Energetic aspect
Optimized geometry and coordinated axes of
VDC. . .C@Al12 complex are shown in figure 1. Cal-
culated energy data of the VDC. . .C@Al12 molecule
are gathered in Table 1 in the absence and presence
of OEEF along x, y, and z-axes. It can be provided,
higher energy values in the presence of OEEF along x,
y, and z-axis than the absence of OEEF. These energy
data rise with increasing of OEEF strength along the
x-axis from 0.001 to 0.003 a.u (1 a.u = 51.4 V/Å =

51.4 × 1010 V/m). Therefore, the energetic stability of
the complex decreases in this range. But, energy data
decrease with enhancing of OEEF strength along the
x-axis from 0.003 to 0.005 (a.u). Hence, the energetic
stability of the complex rises in this range. Computed
energy values decrease with increasing of OEEF strength
along y, z-axes from 0.001 to 0.005 (a.u). As a result,
energetic stability of the complex enhances in this series.
Differences of energy values in the presence and absence
of OEEF (ΔE1) are listed in Table 1. It can be provided
quadratic equations between ΔE1,y and ΔE1,z with OEEF
strength (Eq) values:

ΔE1,y = −73.04E2
y − 0.73Ey + 0.016; R2 = 0.9999

ΔE1,z = −70.539E2
z − 2.58Ez − 0.007; R2 = 1.00
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Figure 1. Geometry and directions of OEEF in the VDC. . .C@Al12 complex.

On the other hand, greater energy values are found in the
presence of OEEF along the x-axis than y, and z-axes
for the complex. It can be deduced, the larger energetic
stability of the complex along y, z-axes concerning the
x-axis. Differences of energy values along the x, and
y-axes, and z-axis (ΔE2) are listed in Table 1. It can
provide a good linear correlation between ΔE2,x with
OEEF strength (Ex) values:

ΔE2,x = 28.20Ex + 1.386; R2 = 0.986

Computed ΔE2,y values show similar energetic stability
for the complex in the presence of OEEF along y, z-axes.

3.2 Interaction energy values

Calculated interaction energy (ΔEint) values of between
VDC drug and C@Al12 cluster are collected in Ta-
ble 2. These values expose weaker adsorption in
VDC. . .C@Al12 in the presence of OEEF along the
z-axis than x, and y-axes. Therefore, relaxation of the
drug occurs easier in the presence of OEEF along the
z-axis in comparison to x, and y-axes.

3.3 Polarity
The dipole moment values of the considered molecules
are summarized in Table 2. Figure 2 indicated the
direction of the dipole moment vector in the optimized
VDC. . .C@Al12 complex.

It can be understood, that the polarity of the complex
decreases in the presence of OEEF along the x-axis than
absence of OEEF. Dipole moment values fall with the
enhancement of OEEF strength from 0.001 to 0.003
(a.u). However, the polarity of the complex enhances
with increasing of OEEF strength than 0.003 (a.u).

Polarity of the complex has been increased in the
presence of OEEF along y, and z-axes. Larger polarity
is observed with increasing of strength of OEEF. On the
other hand, the polarity of the complex increases along
coordination axes as y < z < x.

3.4 Structural parameters
It is essential to remark that the structures might expe-
rience some variations in permitting the fragments to
optimize under the applied field. So, we have attained
the optimized structures of VDC. . .C@Al12 complex

Table 1. Energy values (E, a.u) of VDC. . .C@Al12 complex in absence and presence of oriented external electric field (OEEF) along x, y, z-axes. ΔE1, q
and ΔE2, q values are relative energy respect to absence of OEEF and relative energy respect to OEEF along z-axis (kcal/mol) with the BP86 funational,
Def2-TZVPPD and 6-311G(d,p) basis sets for transition metal atom and main group atoms, respectively. (for main group atoms).

Field strength* Ex Ey Ez ΔE1, x ΔE1, y ΔE1, z ΔE2, x ΔE2, y ΔE2, z

0.000 -5199.7131 -5199.7131 -5199.7131 0.00 0.00 0.00 2.56 0.16 0.00

0.051 -5199.7095 -5199.7133 -5199.7136 2.23 -0.18 -0.33 4.37 0.18 0.00

0.103 -5199.7077 -5199.7144 -5199.7147 3.35 -0.84 -1.02 6.09 0.23 0.00

0.154 -5199.7067 -5199.7160 -5199.7164 4.01 -1.85 -2.08 7.30 0.30 0.00

0.206 -5199.7070 -5199.7182 -5199.7187 3.78 -3.23 -3.53 8.35 0.35 0.00

0.257 -5199.7083 -5199.7210 -5199.7216 3.02 -4.99 -5.33 2.56 0.16 0.00

* in V/Å.
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Table 2. Adsorption energy values (ΔEads, kcal/mol) and dipole moment values (µ, Debye) of VDC. . .C@Al12 complex in absence and presence OEEF
along x, y, z-axes with the BP86 funational, Def2-TZVPPD and 6-311G(d,p) basis sets for transition metal atom and main group atoms, respectively (for
main group atoms).

Field strength ΔEads, x ΔEads, y ΔEads, z µx µy µz

0.000 -25.95 -25.95 -25.95 10.18 10.18 10.18

0.051 -28.60 -25.92 -25.56 11.67 10.45 10.65

0.103 -29.58 -26.82 -25.48 14.19 10.65 11.13

0.154 -29.68 -26.65 -25.34 16.78 11.27 11.78

0.206 -30.46 -26.43 -25.96 19.47 12.07 12.49

0.257 -31.19 -26.11 -26.02 28.80 13.01 13.40

at different field. Cl. . .Al distances in the optimized
structures of VDC. . .C@Al12 complex are summarized
in Table 3 in the absence and presence of OEEF. We do
not detect any considerable changes in the bond length
and bond angles upon OEEF. When field strength along
the z-axis is applied, we detected smaller Cl-V-Cl bond
angles compared to x, and y-axes (by −1.0°).

3.5 Molecular orbital analysis
Figure 3 shows plots of SOMO and LUMO of the
VDC. . .C@Al12 complex in the absence of OEEF. Simi-
lar plots have been provided in the presence of OEEF. It
can be observed that C@Al12 and VDC include the most
contribution in the SOMO and LUMO, respectively.

The frontier orbitals energy and the subsequent
SOMO–LUMO gaps values of VDC. . .C@Al12 complex
are recorded in Table 4 in the absence and presence of
OEEF along x, y, and z-axes.

SOMO energy
It can be reasoned; that E(SOMO) values are greater in
the presence of OEEF than absence of OEEF along the x-
axis. These values rise with the increase of larger OEEF
strength along the x-axis. So, smaller SOMO stability is
found in the presence of stronger OEEF strength along
the x-axis.

There is a worthy linear correlation between SOMO
energy values and OEEF strength:

E(SOMO) = 1.213Ex − 4.45; R2 = 0.9989; Ex > 0

On the other hand, SOMO energy values are decreased
in the presence of OEEF along y, and z-axes than absence
of OEEF. E(SOMO) values reduce with increasing OEEF
strength along y, z-axes. Hence, SOMO stability is
enhanced in the presence of stronger OEEF strength
along y, z-axes.

Again, good relationships are provided between
SOMO energy values and OEEF strength:

E(SOMO) = −0.123Ey−4.4192; R2 = 0.9989; Ey > 0

E(SOMO) = −0.149Ez−4.409; R2 = 0.9989; Ez > 0

The smallest E(SOMO) values are established in the
presence of OEEF along the y-axis. Accordingly, more

SOMO stability is concluded in the presence of OEEF
along the y-axis than x, and z-axes.

LUMO energy
Computed LUMO energy values reveal bigger E(LUMO)
values in the presence of OEEF along x, y, and z-axes.
Hence, a smaller stability of LUMO is observed in the
presence of OEEF.

E(LUMO) values increase with the growth of OEEF
strength along the x-axis from 0.001 to 0.003 (a.u). But,
LUMO energy values reduce with growing of larger
OEEF strength than 0.003 (a.u).

On the other hand, LUMO energy values are decreased
in the presence of OEEF along y, and z-axes rather than
in the absence of OEEF. E(LUMO) values reduce with
growing OEEF strength along y, z-axes. Consequently,
greater LUMO stability is deduced in the presence of
stronger OEEF strength along y, z-axes.

Worthy relationships are provided between LUMO
energy values and OEEF strength along y, z-axes:

E(LUMO) = −0.91Ey − 3.4017; R2 = 0.9707

E(LUMO) = −0.114Ez − 3.416; R2 = 0.9992

The smallest E(LUMO) value is found in the presence
of OEEF along the z-axis. Thus, greater LUMO stability
is inferred in the presence of OEEF along the z-axis than
x, and y-axes.

3.6 Variation of the Reactivity Parameters
Now we examined the effect of such an OEEF on the
global reactivity descriptors of the VDC. . .C@Al12 com-
plex. Hardness, chemical potential, and electrophilicity
values of VDC. . .C@Al12 complex are noted in Table 4
in the absence and presence of OEEF along the x-axis.

SOMO-LUMO gap
Larger SOMO-LUMO gap values are provided in the
presence of OEEF than in the absence of OEEF. These
values decrease with enhancing of OEEF strength along
the x-axis. A good linear correlation is found between
SOMO-LUMO gap values and OEEF strength:

Gap = −1.317Ex + 1.14; R2 = 0.9818; Ex > 0
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Figure 2. Direction of dipole moment vector in the VDC. . .C@Al12 complex at OEEF strength (a) from 0.001 to 0.003 a.u. along x-axis (direction of this
vector is opposite in OEEF strengths larger than 0.003 a.u. (b) along y-axis, and (c) along z-axis.

Table 3. Al. . .Cl bond length (pm) and Cl-V-Cl bond angle (in degree) in the VDC. . .C@Al12 complex in absence and presence of OEEF along x, y,
z-axes with the BP86 funational, Def2-TZVPPD and 6-311G(d,p) basis sets for transition metal atom and main group atoms, respectively (for main group
atoms).

x-axis y-axis z-axis ∠Cl-V-Cl
Field strength Cl*. . .Al Cl. . .Al Cl*. . .Al Cl. . .Al Cl*. . .Al Cl. . .Al x-axis y-axis z-axis

0.000 234.6 233.8 234.6 233.8 234.6 233.8 88.0 88.0 88.0
0.051 233.4 232.3 234.1 234.4 234.5 234.1 88.2 88.1 87.4
0.103 234.1 231.4 233.4 233.6 234.0 234.4 89.5 88.3 87.3
0.154 236.1 231.9 233.4 233.6 233.5 234.6 88.4 88.3 87.3
0.206 237.2 232.0 233.4 233.6 232.8 234.1 89.6 88.2 87.1
0.257 239.7 232.7 233.4 233.7 232.3 234.1 87.9 88.2 87.0
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Figure 3. Plots of frontier orbitals of VDC. . .C@Al12 complex in the absence of OEEF.

It can be observed, that their minor variations in
corresponding values with OEEF values along y, and
z-axes.

Chemical potential
The chemical potential of evaluates the escaping tendency
of the electrons from a molecule. Computed chemical
potential values show larger 𝜇 values in the presence
OEEF than the absence of OEEF. These values enhance
with enhancing OEEF strength along the x-axis. A good
linear correlation is deduced between chemical potential
values and OEEF strength:

𝜇 = 0.554Ex − 3.878; R2 = 0.9871; Ex > 0

On the other hand, corresponding values reduce with
enhancing of OEEF strength along the y, z-axes.

Smaller chemical potential data are established in the
presence of OEEF along the z-axis than x, y-axes.

Electrophilicity
Calculated electrophilicity values display smaller 𝜔 val-
ues in the presence of OEEF than absence of OEEF.
These data increase with growing of OEEF strength
along the x-axis. A respectable linear correlation be-
tween 𝜔 values and OEEF strength can be accessible:

𝜔 = 17.78Ex + 12.72; R2 = 0.9320; Ex > 0

There are insignificant variations in corresponding

Table 4. Frontier orbital energy, SOMO-LUMO gap, hardness (𝜂), chemical potential (𝜇) and electrophilicity (𝜔) values (eV) of VDC. . .C@Al12
complex in absence and presence OEEF along x, y, z-axes with the BP86 funational, Def2-TZVPPD and 6-311G(d,p) basis sets for transition metal atom
and main group atoms, respectively (for main group atoms).

x-axis
Field strength E(SOMO) E(LUMO) gap 𝜂 𝜇 𝜔

0.000 -4.39 -4.00 0.39 0.20 -4.19 44.93
0.051 -4.38 -3.32 1.06 0.53 -3.85 14.02
0.103 -4.33 -3.31 1.01 0.51 -3.82 14.41
0.154 -4.27 -3.31 0.96 0.48 -3.79 14.92
0.206 -4.20 -3.33 0.87 0.43 -3.76 16.29
0.257 -4.14 -3.35 0.79 0.40 -3.74 17.66

y-axis
Field strength E(SOMO) E(LUMO) gap 𝜂 𝜇 𝜔

0.051 -4.42 -3.41 1.02 0.51 -3.92 15.10
0.103 -4.43 -3.41 1.02 0.51 -3.92 15.02
0.154 -4.44 -3.41 1.02 0.51 -3.93 15.06
0.206 -4.44 -3.42 1.02 0.51 -3.93 15.09
0.2577 -4.45 -3.43 1.02 0.51 -3.94 15.15

z-axis
Field strength E(SOMO) E(LUMO) gap 𝜂 𝜇 𝜔

0.051 -4.42 -3.42 1.00 0.50 -3.92 15.42
0.103 -4.42 -3.43 1.00 0.50 -3.93 15.48
0.154 -4.43 -3.43 1.00 0.50 -3.93 15.50
0.206 -4.44 -3.44 1.00 0.50 -3.94 15.52
0.257 -4.45 -3.45 1.00 0.50 -3.95 15.52
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Figure 4. (a)The Color-filled maps ELF and (b) charge displacement curves (CDC) of VDC. . .C@Al12 complex in the absence of OEEF in the plane of
V-Cl-Al atoms.

values with OEEF values along y, and z-axes.
The reactivity parameters variations obviously specify

a strong interaction of the molecule with the applied field.
It is hence concluded that any environment creating an
electric field inform a great effect on the reactivity of the
complex.

The low 𝜇 value and large 𝜔 value of electrophilicity
index for a molecule approval its electrophilic behavior.
In the similar manner, the large 𝜇 value of chemical
and small 𝜔 value of electrophilicity index incline its
nucleophilic activities.

3.7 ELF
The ELF of the adsorption of VDC on C@Al12 is pre-
sented in Fig. 4 (a). The red regions specify the region
with considerable electron density while the regions
with green designate the region with moderate electron
densities.

It displays that the ELF in the areas between the Cl
atoms and Al atoms is about 0.14 and 0.17 at bond critical
points of Al. . .Cl and Al. . .Cl, respectively. These results
further confirm the weak interaction of Cl atom of VDC
and the Al atom of the C@Al12 cluster. Therefore, easier
relaxation of the drug is occurred in the VDC. . .C@Al12
complex.

3.8 Charge displacement curve (CDC)
A charge displacement curve (CDC) is a significance
method considered to imagine and explore the flow of
electron density, mainly during chemical bonding or
charge transfer at interfaces. CDCs of the considered
molecules are shown in Fig. 4 (b). In this figure, the green
and blue areas characterize the sections wherever electron
density is enhanced and reduced after the interaction is
occurred, respectively.

4. Conclusion
Computational assessment of OEEF on the adsorption
of VDC anticancer drug on the C@Al12 cluster specified
greater energy data in the presence of OEEF along the
x-axis than y, z-axes for the complex. Interaction energy

values revealed easier relaxation of the drug in the
presence of OEEF along the z-axis in comparison to x,
and y-axes. The polarity of the complex increases in the
presence of OEEF along y, and z-axes. Larger polarity
was observed with increasing the strength of OEEF. On
the other hand, the polarity of the complex increased
along coordination axes as y < z < x. SOMO-LUMO gap
values reduced with enhancing OEEF strength along the
x-axis. Lower chemical potential values were found with
increasing OEEF strength along the y, z-axes. Computed
ELF vales at bond critical points of Al. . .Cl confirmed
weak interaction between the Cl atoms and Al atoms. In
the future of our investigations, we intent to exploring of
adsorption of VDC on the E@Al12 (E = Si, Ge, Sn, Pb)
clusters.

Authors contributions
R. Ghiasi: Supervision, Conceptualization, Data curation,
Investigation, Formal analysis. A. Valizadeh: Methodology,
Data curation, Writing, Review and Editing. A. Afkhami:
Methodology, Data curation, Writing, Review and Editing

Availability of data and materials
The authors declare that the data supporting the findings of this
study are available within the paper.

Conflict of interests
The authors assert that they do not have any identifiable
conflicting financial interests or personal relationships that
might be perceived to influence the work presented in this paper.

References
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