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Abstract: To fabricate functional surfaces structures for protein immobilization without losing biological activity, the
interaction between different amino acids and metal-organic frameworks (MOFs) has been evaluated. The density functional
theory (DFT-D2) calculations were used to afford a molecular description of the interaction properties of the amino acids and
MOF-5 by examining the interaction energy and the electronic structure of the amino acid/MOF complexes. Strong interactions
were recorded between the amino acids and MOF through their polar groups as well as aromatic rings in the gas phase. Based
on the results, water molecules prevent the amino acids from approaching the active sites of MOF, causing weak attractions
between them. The interaction energies were calculated by considering the basis set superposition error correction. The
interaction energies obtained at the range of +11 to -13 kcal/mol, for GLY-MOF in the presence of water molecules while in
the case of the gas phase the estimated values range from -5 to -57 kcal/mol. Results showed GLY molecules cannot form a
stable complex in the water media. The complication of all selected AAs is found exothermic process and energetically
favorable and thus can form stable complexes with the MOF-5 at the gas phase. The accuracy of the DFT-PBE model was
validated against the comprehensive MP2 quantum level of theory. The evaluation of the nature of the interaction between the
amino acids and MOF by the atoms-in-molecules (AIM) theory showed that the electrostatic attractions are the main force
contributing to bond formation between the interacting entities.
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Introduction

The increasing count of new compositions and As an emerging class of MOF, nano-sized MOFs
structures along with the significant efforts being made offer a combination of intrinsic characteristics of
to develop novel/optimized functionalities have porous materials together with the advantages of
contributed to the rapid growth of the knowledge on nanostructures, making them able to enhance the
hybrid ordered porous materials during the last decade functionality = of  classical  bulk  crystalline
[1]. Numerous research works have been performed on MOFs [3-5]. Focusing on biomedicine, MOF
metal-organic frameworks (MOFs) and their wide miniaturization is known to be effectively
spectrum of potential applications in, for example, advantageous based on its large contribution to
energy and gas storage, catalysis, chemical sense, administration route selection aswell as governing in

medicine, drug delivery, molecular magnetism, and the vivo fate and hence the drug toxicity and/or activity [4-
development of tunable-pore size material [2-3]. The 6].MOFs exhibit a three-dimensional (3-D) periodic
term MOF refers to the art of engineering structure where inorganic secondarybuilding units are

chemical structures by combining organic and cross-linked by organic ligands. As of present, it has
inorganic  chemistry,  which are  commonly been shown that the MOFs enjoy some regular tunable
recognized as disparate fields. porosity with large loading capacities; moreover, the

organic linker has been also found to be well-tunable,
*Corresponding author. E-mail: Ardestani_fatemeh@yahoo.com so that it can be used to adjust interactions with
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particular amino acids [7-8]. As a superior benefit,
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MOFs can serve as endogenous linkers. In an ideal
case, this property makes the MOFs the perfect choice
for bio-applications where it is highly desired to have a
linker that can be reused after in-body
administration, thereby strongly lowering the risk of
adverse effects [3, 8]. As of current,
many endogenous linker-based MOFs have been
presented [9], such as the iron (lllI) gallate,
fumarate or muconate MOF that exhibit either a rigid
small-pore structure, or a highly flexible porous matrix
[10]. At the other end of the spectrum, exogenous
linker-based MOFs have been used as functionalized
linkers for tuning the absorption, distribution,
metabolism, and excretion (ADME) cycle. Moreover,
when it comes to the adsorption and delivery of
therapeutic molecules, the existence of functional
groups within the framework can contribute to the
modulation of the host-guest interactions, which
enhances the control of the drug release [11]. The most
popular functionalized systems of this type include
iron/zinc-based porous metal terephthalates, while
there have been also reporting on porous MOFs
synthesized based on modified linkers with polar or
nonpolar functional groups such as amino, nitrous,
brooms, carboxylates, methyls, and perfluoro [12].
As building blocks of proteins, amino acids can
characterize  typical chemical  properties  of
complex biomolecules [13]. Given the large part taken
by proteins in different fields of application, such as
medicine and nutrition, one may think of addressing
crucial problems in biomedicine by thoroughly
understanding amino acid-nanomaterials interactions.
For instance, a study on the mechanisms through
which biomolecules (e.g. proteins) are adsorbed
on a synthetic surface may provide useful information
on the roots of the body’s response to
external biomaterial implants [14-18].

Being widely available, inexpensive, and non-toxic,
natural amino acids may be seen as ideal
enantiopure linkers for the synthesis of homochiral
MOFs [19, 20]. As a powerful tool for addressing the
difficult problems encountered in this scope, molecular
simulations are drawing increasing deals of attention
because of the very useful insights they provide into
structural dimensions and electronic characteristics of
molecular systems. Recently, theoretical studies have
been undertaken based on various theoretical
foundations ranging from density functional theory
(DFT) to molecular mechanics and further to the
atomic orbital-based Hartree-Fock plus second-order
Moller—Plesset (MP2) perturbation theory [21-23].
Zhang et al. suggested that, as far as the chiral
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recognition ability is concerned, the MOFs whose
framework contained some amino acid serving as a
bridging ligand outperformed the MOFs where then
amino acid ligands acted as the metal centers. In
the meantime, the synthesis of the chiral MOFs using
amino acid as a bridging ligand presented large
potentials for HPLC separation applications [20].
In this work, interactions between the MOF-5 and the
glycine (Gly) amino acid (and its tripeptide
counterparts), as a simple biomolecule, were
investigated using the DFT calculations. Interaction
energy, electronic structure, and nature of the
encountered interactions were analyzed in an aqueous
medium. The long-range dispersion corrections
were also considered for the interacting systems. Our
first-principles  findings ~ demonstrated  strong
interactions between the glycine/tripeptide amino acid
and MOF-5, promising potential applications of MOFs
in the pharmaceutical industry.

Results and discussion

To investigate the interaction between glycine, as a
non-ionic amino acid, and the MOF-5, various
interaction configurations were considered. To
generate initial configurations, optimized amino acid,
and MOF-5 structures were used, taking into
consideration the fact that the partially negatively
charged atoms (e.g. nitrogen and oxygen
atoms) were located in the vicinity of partially
positively charged atoms (e.g. zinc atom). The
initial structures were taken as input for structural

optimization,  followed by  evaluating the
interaction energies. Optimization was performed
based on the revPBE-D3 model with the

def2-SVP basis set. At the next step, interaction energy
was calculated for interacting entities considering the
BSSE correction with the def2-TZVP basis set. To
investigate the interactive nature of the systems under
study, the charge and electronic structure analyses
were performed.

Figure 1 shows the optimized structure of the MOF-5
along with the bond Ilengths and angles.
Considering the structure obtained using the DFT
calculations, an acceptable agreement was observed
between the experimental data [45] and the
computational results as far as the bond lengths and
angles were concerned, indicating acceptable
reliability of the computational approach followed in
this work. Glycine amino acid was also optimized with
its structural geometry represented in the figure.
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Figure 1. Optimized structures of (a) MOF-5 and (b) glycine
amino acids in the aqueous phase obtained with revPBE-
D3/SVP model of theory. Schematic representation of
various orientations of glycine molecule approaching the
MOF-5 skeleton through its different active sites. (Red: O,
Gray: C, Indigo: Zn, Blue: N, and White: H)

Structural and energy properties of Gly/MOF-5:

In this section, optimized structures of glycine and
MOF-5 were used to model initial configurations,
followed by optimizing these molecular systems in the
aqueous phase. Figure 2 represents the different
configurations considered for the glycine-MOF-5
interactions.

Considering the orientation of active sites, four
configurations were considered herein, as follow:
1. Gly—-MOF (I): glycine molecule approaches the O
atoms of the framework through its NH2 end, while the
CH group on glycine approaches the framework ring.
2. Gly-MOF (II): NH and OH groups on glycine
approach the O atoms of the framework.
3. Gly-MOF (I1I): N atom of glycine approaches the
Zn atoms of the framework, while O atom of the
glycine approaches the other Zn atom of the
framework.

4. Gly-MOF (1V): OH and CH groups on the glycine
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approach the Zn and the O atoms of the framework,
respectively. In the next stage, the modeled structure
was fully optimized, and then, considering the BSSE
correction, the interaction energies of the considered
systems were calculated, so that the most stable
configuration could be identified. Table 1 reports the
calculated interaction energy (Eads) of the Gly—-MOF
system in different configurations. Comparing the
interaction energies of the four configurations
considered in this work, the Gly-MOF (I11) system was
found to be the most stable structure based on the
interaction energy (i.e. associated with the highest
interaction energy).
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Figure 2. Schematic representation of (a) optimized
structure of most stable configuration of glycine/MOF-5 and
(b) selected part of optimized complex for MP2/revPBE
calculation. Calculated (¢) HOMO/LUMO orbitals, (d) total
charge density and (e) bonding critical point (BCP) for most
stable configuration of glycine/MOF-5. (The iso-values were
set to 0.02 and 0.07 a.u. for HOMO/LUMO and TDens,
respectively. Red and green colors denote the negative and
positive signs of the Wavefunction).
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Table 1. Values of interaction energies and Mulliken/Hirshfeld charge analysis for glycine
amino acid/MOF-5 systems

System Eint (kcal/mol) QT (e)
Glycine
(|) NH,-0O-0-CH-Ring 0.348- 0.076
(1) NH-0-OH-O 0.339-- 0.011
(| | |) -N-O-Zn-Zn -2.935 0.432
(IV) OH-Zn-CH-O 0.593- 0.019
System Eint Eint 01 (e) Dis(A) Dispersion
forces
(keal/mol) (eY) (kcalmol)
Gly/MOF 11.234 0.487 0.088 2748930 -T75966
(water)
Glyc/MOF -5.690 -0.247 -0.135 2.268 -75.823
(Gas)

The DFT-D estimated values for interaction energies
(Eint), charge transfer (QT), equilibrium distances
(DA-S), and dispersion forces for AAs/IMOF-5 system
(Table 1).

Figure 2(e) shows the final equilibrium structure of
the most stable Gly/MOF-5 complex, with bond
lengths mentioned in the figure. According to the
results, interaction energy for the energetically
preferred configuration was -2.775 eV (-64.002
kcal/mol), and the equilibrium distance between the
closest atom of the glycine molecule and MOF-5 (N
atom of glycine and Zn atom of the framework) was
about 2.099 A. An investigation into the geometrical
parameters of the glycine molecule indicated that the
lengths of the N-H and C=0 bonds in the geometrical
structure of the glycine molecule changed from 1.464
and 1.246 A to 1.485 and 1.251 A, respectively. To
evaluate the accuracy of the current revPBE-D3
method, a comparative analysis was performed through
MP2, as a high-level quantum chemistry method, on
the most stable Gly/MOF-5 configuration. To simplify
the calculations, a segment of the complex consisting
of the interaction regions of Gly/MOF-5 was
considered, as depicted in Fig. 2(b). The single point
calculations with MP2/TZVP showed an interaction
energy of -1.891 eV (-43.616 kcal/mol). For exact
comparison, calculations were also performed with the

DFTrevPBE/TZVP, and the interaction energy was
found about -1.905 eV (-43.939 kcal/mol). A
comparison between the obtained values of interaction
energy indicated the validity of the implemented DFT-
based method for explaining the glycine-MOF
interactions.

Electronic structure and molecular properties:

To evaluate the binding nature of the amino acids
attached to MOF-5, the electronic characteristics of the
system were analyzed. These included the charge
transfer and the molecular states as well as the
molecular descriptors for the interacting entities. All
calculations were performed by the revPBE-D3/TZVP
model. Charge analysis by the Hirshfeld approach (as a
valuable method compared to the basis set-dependent
Mulliken approach [46, 47]) showed significant charge
transfer from the glycine amino acid to the MOF-5
(0.465 e), indicating strong interactions between the
two molecules. The calculated HOMO and the LUMO
orbitals for the complex, as represented in Figure 2(c),
show that the majority of the HOMO orbitals were
located on the glycine molecules while most of the
LUMO orbitals were on the MOF skeleton. This
finding was in line with the results of charge transfer
analysis where electrons were transferred from the
glycine to the MOF moiety. To evaluate the nature of
the interactions involved by the complex, total charge
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density was computed using the revPBE-D3/TZVP
model. The results demonstrated a lack of charge
accumulation in the interaction region of the attached
glycine to the MOF-5 but a rather minor charge
accommodation between N and Zn atoms, see Figure
2(d). To gain a deeper insight into the binding nature
of the Gly/MOF-5 complex, the state-of-the-art AIM
analysis was also performed in this study. For this
purpose, an analysis of the electronic charge density
(p(r)) and its Laplacian (V2p(r)) was carried out. Based
on the AIM theory, a negative Laplacian together with
a negative energy density usually reveal a pure
covalent bond, while positive values for the Laplacian
and the energy density represent pure closed-shell

F. Ardestani et. al.

bonds (e.g. strong hydrogen bonds and ionic bonds). In
the meantime, a positive Laplacian coupled with a
negative energy density demonstrates an intermediated
situation, i.e. highly polar and partially covalent bonds.
Nevertheless, it is worth mentioning that there are also
exceptions to the abovementioned laws so the type of
bonds shall be identified based on not only the stated
criteria but also other analyses. Figure 2(e)
demonstrates the optimized structure of the Gly/MOF-
5 complex accompanied by the BCPs in orange color.
The calculated Laplacian and energy densities are
given in Table 2.

Table 2. Calculated Laplacian and energy densities at revPBE-TZVP level of theory for
energetically favorable glycine/MOF-5 complex.

(@
A
BCP1 BCP2 BCP3
(Zn..N) (N-H..O) (Zn..0)
p(r) 0014 0.028 0.010
vZp(r) 0041 0.125 0.042
H(r)  0.001 0.002 0.002
G() 0010 0.029 0.009
V() 0010 -0.026 -0.007

From the obtained BCP results, it can be found that
there is an evident feature in the bonding
region of nitrogen and Zn atom with the V2p value of
0.307, indicating a strong charge depletion at this
critical point. The calculated value of H(rBCP) (-0.005
a.u) reveals the existence of an attractive interaction
between the two adjacent nuclei. According to the
obtained values, one can conclude that this bond has a
highly polar nature comparable to the situation for
ionic and coordination bonds. This is exactly in line
with the findings of charge transfer analysis that
demonstrated that some 0.465 e was transferred from
the glycine to the MOF-5 and also the situation of the
HOMO and the LUMO orbitals, as discussed
previously. This finding can be attributed to the fact
that the lone pair of the N atom donates electrons to
the LUMO orbital of the Zn atom of the framework,
resembling a coordination bond instead of a regular
covalent bond. As a consequence, the strong
interaction between the glycine amino acid and the
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BCP4 BCPS BCPs BCP7
(z-0)  (C-0)  (C-H) (¢
0.099 0.357 0.269 0.269
0522 -0.673 -0.897 -0.72
-0.023 -0.605 -0.259 -0.245
0.154 0437 0.035 0.066
0177 -1.043 -0.294 -0.311

MOF-5 indicates that the Gly/MOF-5 complex is
energetically stable in the aqueous phase. In the case of
the O atom of the glycine interacting with the Zn atom,
however, the calculated V2p was relatively small
(0.066), showing a weak depletion of charge at the
corresponding  critical  point.  Meanwhile, the
magnitude of H(rBCP) (-0.004 a.u) shows attractive
interactions between the neighboring nuclei, and the
calculated H(rBCP) and V2p parameters are positive
for the Zn—-O bond in the MOF, highlighting pure
closed-shell bonds such as ionic bond rather than either
partially covalent or highly polar bonds. Further, the
corresponding parameters of the C—C bond in the
glycine indicate the existence of a covalent bond with
negative values of H(rBCP) and V2p (-0.172 and -
0.413 a.u., respectively). Molecular properties of the
considered systems (i.e. gap energy (Eg), hardness (#),
and softness (s)) were reportedly closely related to the
HOMO and the LUMO energy levels [48-51]. The
wider the gap between the LUMO and the HOMO
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orbitals, the harder and less chemically reactive would
be the species. With decreasing and increasing the
hardness and the softness, respectively, the reactivity
increased. Therefore, the softer a species, the more
reactive it would be. The calculated values of
molecular properties (Table 3) demonstrated that,
through the process of functionalization, the glycine
amino acid has become softer and the gap energy
decreased, indicating increased reactivity of the amino
acid upon complexation. As a result, a higher reactivity
of the complex could enhance the loading process of
the amino acid in, for instance, drug delivery
applications.

Effect of solvent and dispersion forces:

F. Ardestani et. al.

In this section, to investigate the effect of solvent on
the interaction of Gly with MOF-5, an optimization
process was undertaken for the most stable structure in
the gaseous phase. Next, the interaction energy was
calculated considering the BSSE correction. The
interaction energy computations revealed that, in the
gaseous phase, the glycine molecules interact with the
MOF-5 to release —2.070 eV (-47.734 kcal/mol) of
energy at an equilibrium distance of 2.157 A between
the glycine and the MOF-5. Comparing the interaction
energies in the aqueous and the gaseous phases, it was
found that the solvent affected the interaction energy
between the glycine and MOF-5 remarkably though
the bonding nature was still strong and typical for the
chemisorption.

Table 3. Molecular descriptor parameters for glycine amino acid and glycine/MOF-5 (111)
complex calculated at the revPBE-TZVP model.

Glycine and MOF-5 Glycine

Enomo(eV) -6.417 5.319-
ELomo(eV) 3.333- 1.618-
eV) Ll | 1.541 1.850
S(eV) 0.324 0.270

Gap Energy(eV) 3.083 3.701

In addition, the salvation energy could be estimated
from the total energy of the Gly/MOF system in the
aqueous and the gaseous phases (Esolv = Etot (aq.) —
Etot (Gas)). The solvation energy of the Gly/MOF-5
complex was determined to be about —-3.760 eV (-
86.696 kcal/mol), which revealed the relevant
solubility of functionalized MOF-5 with glycine.
Considering the importance of the long-range non-
local interactions such as vdW forces in the
interactions among molecular species [52-54], the
effect of this factor on the interactions between the
glycine and the MOF-5 was also evaluated. For this
purpose, the most stable structure was subjected to
optimization in absence of the corrections related to the
vdW forces. Then, the BSSE of wave functions was
taken into consideration for the interaction energy
computation. In this case, glycine was found to react
with MOF-5 at an energy equivalent of —1.984 eV (-
45.751 kcal/mol). Comparing this value to that of the
system examined in the presence of vdW forces
showed very large differences; i.e. the effect of vdwW
force on the glycine/MOF-5 interactions was
significant. It was also found that the equilibrium
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distance between the glycine and the MOF-5 (N and
Zn atoms) changed slightly from 2.099 A in presence
of vdW forces to 2.125 A in absence of such forces. It
should be noted that the interaction properties,
interaction energy, and bonding distances were still
typical for the chemisorption and that the lack of
dispersion ~ forces might give results far
away from the real observation.

Tripeptide/MOF-5 system:

To rationalize the behavior of the proteins interacting
with the MOF-5, a larger biological system was also
considered: a tripeptide model of the glycine amino
acid involving the zwitterionic isomer of glycine, as
depicted in Figure 3(a). The interactions of the
tripeptide with the MOF-5 were then evaluated to
obtain  further  realistic  results.  Geometrical
optimization of the tripeptide glycine structure upon
the interaction with the MOF-5 demonstrated a strong
deformation in the tripeptide structure together with
the formation of bonds between the oxygen atoms of
both carbonyl and carboxyl groups on the tripeptide
and the neighboring Zn atoms, see Fig. 3(b). The
adsorption led to the release of -3.661 eV (-84.423
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kcal/mol) of energy, which was high enough to
acknowledge the complex as stable. Performing a
charge analysis based on the Hirshfeld approach, it was
clear that some 0.495 e charge was transferred from the
tripeptide to the MOF-5 throughout the adsorption
process, indicating strong interaction of the system
under investigation. The geometrical parameters of the
adsorbed tripeptide further verified the above findings
regarding the nature of the interactions this was based
on the length of the formed O—Zn bond (~ 2.0 A) that
was a typical bond for the Zn—O bond in the zinc-oxide
compounds [55]. In addition, the changes in the C=0
bond length and structural deformations of the
involved molecules indicated strong interactions
between the tripeptide and the MOF-5. Altogether,
these findings highlight the MOF-5 is a suitable
material with large biological potentials that can be
chemically modified for drug delivery technology.
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Figure 3. Schematic view of the optimized structure of (a) a
tripeptide molecule and (b) energetically favorable
configuration of tripeptide/MOF-5 complex.

Conclusions

In this work, interactions of the non-ionic glycine
amino acid with the MOF-5 were explored using the
state-of-the-art DFT/revPBE-D3 level of theory.
Various configurations were selected for the glycine
interacting with the MOF skeleton. Our first-principles
calculations in the agueous phase demonstrated that the

3441

F. Ardestani et. al.

glycine was strongly bound to the MOF-5 through a
Zn atom on the N/O active sites. The calculated
interaction energy and bond lengths provided
sufficient evidence to conclude that the interaction
process went through a chemisorptions mechanism and
the complex was highly stable in terms of interaction
energy. Furthermore, the calculated electronic structure
and charge density and the results of AIM analysis
elucidated the strength of the bonding between the
respected amino acid and the MOF-5. The calculated
values of hardness and energy gap of the Gly/MOF-5
complex were lower than those of the amino acid,
increasing the reactivity of the respective system. The
effect of solvent and non-local dispersion interactions
(vdW forces) were also evaluated and the results
indicated that neither the solvent nor the vdW forces
imposed any significant effect on the binding nature of
the interacting system. According to the results of
optimization based on the DFT-D3 model, it was
figured out that the tripeptide glycine was firmly
attached, at high interaction energy, to the MOF-5
through its carbonyl and carboxyl active sites. This led
us to the conclusion that energy-stable complexes can
be obtained by coupling the tripeptide glycine with the
MOF-5. Generalizing this conclusion, one may expect
stable complexes by attaching similar biological
systems (e.g. proteins with active sites provided by
carboxyl and carbonyl oxygen and amino
nitrogen) to the MOF-5. What we found according to
the DFT-D3 model sets the scene for developing novel
biomolecule-MOF-5 complexes for a wide variety of
applications including nano-scaled drug delivery
systems.

Computational method:

Our calculations were performed to investigate the
interaction between amino acids and MOF-5
nanostructure based on the DFT method. As the most
extensively applied computational technique in the
field, the DFT was utilized in this research.
Specifically designed for quantum chemistry analysis,
ORCA Ver. 3.0.3 [24] was utilized to perform all
electron DFT calculations based on revised Perdew—
Burke—Ernzerhof (revPBE) functional and generalized
gradient approximation (GGA) [25, 26]. For this
purpose, optimization and energy calculations were
performed using split-valence plus polarization basis
set (def2-SVP) for light atoms and triple-C plus
polarization basis set (def2-TZVP) for metals as
per the approach presented by Ahlrichs et al. [27-31].
To have the NormalOpt convergence criteria satisfied
in ORCA, all structures were subjected to optimization
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thoroughly, with the convergence criterion for SCF
iterations set to VeryTightSCF to attenuate the noise
contaminating the gradient calculations [14, 36]. To
take long range dispersion interactions into
consideration, a combination of Grimme’s atom pair-
wise dispersion corrections (3rd version) with Becke—
Johnson damping, called D3-BJ, were utilized [32-34].
The impact of the incomplete nature of the basis set in
non-covalently bonded systems was attenuated using
counterpoise correction [35] to lower the basis set
superposition error (BSSE). In the meantime, when it
came to covalently bonded systems, the optimized
structures were subjected to single-point energy
calculations based on the def2-TZVP basis set in
an attempt to provide energies near the basis set limit.
Interaction energies were evaluated as follows:

Eads = EMOF-Gly - (EMOF + EGly) - ¢ BSSE (1)

Where EMOF- Gly, EMOF, and EGIy refer to the
total energies of the complex, MOF-5, and glycine
amino acid/tripeptide conformer, respectively. The
proposed method was verified by comparing the
evaluated basis sets against the respective experimental
data as well as reliable theoretical methods such as
MPn and PW6B95, as per reports published elsewhere
[22, 36-
39]. The quantum theory of atoms in molecules
(QTAIM) (also known as atoms-in-molecules (AIM)
theory) was utilized to explore and characterize the
nature of interactions among the studied complexes.
The theoretical basis of the AIM theory has been
detailed elsewhere [40-42]. In this work, the AIM
analysis was used to explore the interactions between
the MOF-5 and selected amino acids. For this aim, the
ORCA code was utilized to obtain the wave-function
used in the bonding analysis by using the DFT method.
For the topological analysis and evaluation of local
properties, the Multiwfn program was utilized [43, 44].
According to the AIM theory, a bonding critical point
(BCP) appears between two atoms forming a bond.
Based on the BCP, the electron density (p(r)) and the
sign of its Laplacian (i.e. V2p(r)) determine whether
the formed bond is covalent or electrostatic. For the
V2p(r) < 0, the charge is concentrated, characterizing a
covalent bond, while depleted charges are associated
with V2p(r) > 0, indicating a closed-shell (electrostatic)
interaction. In the case of shared interactions, the
accumulation of electron density can be seen along the
line connecting the respective nuclei, while for the
closed shell interactions, the accumulation of charges
can be observed at the terminal of the interacting
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nuclei, with the BCP at the midway of the bond
accounting for the depletion of the electron density.
The following equation relates the total energy density
(H(rBCP)) to the Laplacian of the electron density
based on Bader’s theory [41]:

1/4V2p(rBCP) = G(rBCP) + H(rBCP) (2)

Where G(rBCP) indicates the Kinetic energy density,
which is always a positive value. The molecular
properties, including the gap energy (Eg), hardness (7),
and softness (s), were also calculated and discussed for
the systems under consideration.
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