
Journal of Molecular Liquids 365 (2022) 120131
Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier .com/locate /mol l iq
DFT insight into Cd2+, Hg2+, Pb2+, Sn2+, As3+, Sb3+, and Cr3+ heavy metal
ions adsorption onto surface of bowl-like B30 nanosheet
https://doi.org/10.1016/j.molliq.2022.120131
0167-7322/� 2022 Elsevier B.V. All rights reserved.

E-mail address: iipiyanzina@kpfu.ru (I. Piyanzina)
Sadegh Kaviani, Dmitrii A. Tayurskii, Oleg V. Nedopekin, Irina Piyanzina
Institute of Physics, Kazan Federal University, 420008 Kazan, Russia
a r t i c l e i n f o
Article history:
Received 14 June 2022
Revised 12 August 2022
Accepted 16 August 2022
Available online 22 August 2022

Keywords:
Bowl-like B30 nanosheet
Heavy metal ions
DFT
Adsorbent
Sensitivity
a b s t r a c t

Contamination of water resources by heavy metal ions, is a drastic environmental concern. In this study,
the interaction of Cd2+, Hg2+, Pb2+, Sn2+, As3+, Sb3+, and Cr3+ metal ions onto surface of the bowl-like B30

nanosheet was scrutinized based on density functional theory (DFT) calculations. Adsorption energy
(Eads) values revealed that the As3+ interacted better with bowl-like B30 nanosheet in comparison to other
metal ions, having adsorption energy values of �299.57 and �628.56 kcal mol�1 in the gas phase and
aqueous media, respectively. However, Hg2+, Pb2+, and Sn2+ metal ions physically adsorbed onto bowl-
like B30 nanosheet in the gas phase because of their much less value of adsorption energy. The sign of
adsorption Gibbs free energy change (DGads) and adsorption enthalpy change (DHads) values for all com-
plexes was found to be negative in the gas phase and aqueous media, which indicated that the adsorption
process is spontaneous and exothermic. Frontier molecular orbital (FMO) analysis exhibited a decrease in
the HOMO-LUMO energy gap of studied complexes, boosting the electrical conductivity of these com-
plexes. Natural bond orbital (NBO) analysis and charge decomposition analysis (CDA) revealed donor–ac-
ceptor charge transfer interactions in the complexes. The UV–vis results depicted that kmax was red-
shifted during interactions of meal ions with bowl-like B30 nanosheet. Finally, quantum theory of atoms
in molecules (QTAIM) exhibited that the interaction between As3+ metal ion and the nanosheet is cova-
lent in nature, while the other metal ions have predominantly electrostatic with partially covalent and
non-covalent characters. The theoretical results of the study represented the feasibility of applying
bowl-like B30 nanosheet to remove heavy metal ions, especially As3+ and providing information for exper-
imental researchers to treat wastewaters.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Anthropogenic activities have been led to the aggregation of
heavy metal ions such as cadmium (Cd2+), mercury (Hg2+), lead
(Pb2+), tin (Sn2+), arsenic (As3+), antimony (Sb3+), and chromium
(Cr3+) in the environment [1,2]. Heavy metal ions can quickly enter
the food cycle through various pathways and cause long-term
damaging some body tissues, resulting in oxidative stress and then
progressive disorders such as cancer [3], neurodegenerative [4],
pulmonary [5], and cardiovascular diseases [6]. Unlike some
organic contaminants, heavy metal ions are non-biodegradable
and can not be decomposed or metabolized. Hence, reliable tech-
niques are indispensable to detect and adsorb the heavy metal ions
from wastewaters, especially industrial effluents [7].

Conventional techniques, including solvent extraction [8], coag-
ulation [9], ion-exchange [10], chemical precipitation [11], mem-
brane filtration [12], and reverse osmosis [13] have been utilized
for the remediation of environmental biological samples. However,
these techniques possess high cost and low efficiency when there
is a lower concentration of heavy metal ions in wastewaters [14].
Among various techniques, adsorption process is highlighted as
one of the impressive methods of heavy metal ion removal,
because of its simplicity, convenience, effectiveness, and appropri-
ate cost [15–18]. Furthermore, some adsorption methods are
reversible and adsorbent can be reutilized after passing desorption.
A number of efficient adsorbents have been prepared and used for
the removal of toxic metal ions from wastewaters [19]. The con-
ventional adsorbents such as silica, clay minerals, chitosan, zeo-
lites, activated carbons, and polymers suffer from feeble metal
ion binding affinity, instability, and low capacity for metal ion
removal [14].

Nanomaterials are the most desirable for the heavy metal ion
removal due to their inimitable properties, including large surface
to the volume ratio, great biocompatibility, small size, surface
modifiability, separation facility, high adsorption capacity, accu-
racy, and reactivity [20–25]. Hence, scientific communities have
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paid a lot of attention to design adsorbents based nanostructured
materials for biological applications. Boron-based nanomaterials
are environmentally benign materials, which have developed in
the field of various sensing and adsorption due to great physical
and chemical properties such as electrical insulation, high specific
surface area (SSA), wide energy band gap, high thermal conductiv-
ity, and stability [26]. Because of the electron deficiency of boron
element, it is able to form strong covalent bonds with itself and
other elements in the periodic table. A nanosheet containing quasi-
planar all-boron and a central pentagonal ring so-called bowl-like
B30 nanosheet has been studied by Wang et al [27]. Their results
showed that the bowl-like B30 nanosheet as an analogue of coran-
nulene (C20H10), was found to have C5v symmetry and built up by
addition of two strings of 10 and 15 boron atoms . The bonding and
structures of several boron clusters have been studied theoretically
and experimentally up to B27 and B25 using photoelectron spec-
troscopy and ion mobility, respectively [28]. It has been revealed
that the bowl-like B30 nanosheet is a two dimensional structure
with hexagonal vacancies [29]. This suggests indirect experimental
sign for the viability of monolayer-thin boron sheets.

Interaction of metal ions and organic molecules with the sur-
face of boron- based nanomaterials is of great significance due to
its possible applications in electrochemical sensors [30], wastewa-
ter treatment [31–35], and hydrogen storages [36]. Based on a the-
oretical investigation by Azamat et al., boron nitride (BN)
nanosheets can effectively adsorb Cu2+ and Hg2+ heavy metal ions
from aqueous solutions [37]. In another work performed by Han
et al., the adsorption mechanisms of Cu2+, Cd2+, and Ni2+ metal ions
on BN were experimentally investigated. They concluded that
adsorption appears to be much fast (<2 min) with a removal order
of Cu2+ > Cd2+ > Ni2+ [38]. Milon et al. have performed theoretical
calculations on the B6 nanocluster as an adsorbent of W6+, Cd2 +,
Cr2+ heavy metal ions in the aqueous environment [39]. The
adsorption energies demonstrated that the complex clusters are
formed through chemisorption process and this is desirable for
removal of heavy metal ions. Li et al. used BN nanosheets to look
into adsorption properties of Pb2+, Cr3+, and Hg2+ metal ions using
experimental and theoretical methods [40]. They found that the
activated porous boron nitride nanosheets may be considered as
an efficient activated carbon material for the removal of the metal
ions from the wastewater. Based on Azamat et al. results, BN
nanosheet could successfully separate Cd2+ and Pb2+ metal ions
from water [41]. However, few theoretical studies have been con-
ducted into environmental and biological applications of bowl-like
B30 nanosheet [42,43].

In this study, we have studied the adsorption properties of Cd2+,
Hg2+, Pb2+, Sn3+, As3+, Sb3+, and Cr3+ heavy metal ions onto bowl-
like B30 nanosheet using density functional theory (DFT) method.
In order to do a systematic computational study, bowl-like B30

nanosheet and its metal complexes was also considered in water
as an aqueous media. The structural stability along with their ther-
modynamic, electronic and optical properties has been investi-
gated for the better insight of the adsorption process. The aim of
this study is motivating future research studies into the application
of the bowl-like B30 nanosheet as a novel chemical sensor to detect
and adsorb some toxic heavy metal ions in aqueous media.
2. Computational details

Gaussian 16 program package was used to carry out the DFT
calculations [44]. Optimization of all structures was carried out
at the xB97XD level of theory. A review of the literature reveals
that the xB97XD (dispersion-corrected van der Waals functional)
is a suitable and reliable level for predicting the geometrical, elec-
tronic, optic, and energetic properties of various boron-based
2

nanostructures as well as adsorption studies [45–48]. The LanL2DZ
[49,50] basis set was used for Cd2+, Hg2+, Pb2+, Sn2+, As3+, Sb3+, and
Cr3+ metal ions, while the 6–31g(d,p) [51–53] has been utilized for
the boron atoms. All properties of Cd2+, Hg2+, Pb2+, Sn2+, As3+, and
Sb3+ complexes were calculated for the singlet ground state
whereas Cr3+ complex has the quartet ground state. Vibrational
frequencies were evaluated to find the ground-state local minima
structures. It should be noted that there were not any imaginary
frequencies, demonstrating the optimized structures are in true
minimum potential energy and can be possible to synthesis.

The adsorption energy (Ead) for the metal ion interaction with
the bowl-like B30 nanosheet was calculated by the Eq (1).

Eads ¼ EM=B30 � ðEB30 þ EMÞ þ EBSSE ð1Þ
Where EM=B30 is the total energy of the M2+/B30 and M3+/B30

complexes system, EB30 stands for the total energy of the bowl-
like B30 nanosheet and EM represents the total energy of the
adsorbed metal ions. EBSSE is the basis set superposition error in
the adsorption energy, which was corrected by using the counter-
poise (CP) method [54]. Also, the thermodynamic parameters such
as Gibbs free energy (DG), enthalpy (DH), and entropy (DS) were
calculated at P = 1 atm and T = 298.15 K by the Eqs (2–4),
respectively.

DGads ¼ DGM=B30 � ðDGB30 þ DGMÞ ð2Þ

DHads ¼ DHM=B30 � ðDHB30 þ DHMÞ ð3Þ

DSads ¼ ðDHads � DGadsÞ
T

ð4Þ

To investigate the aqueous media effects on adsorption ener-
gies, the polarizable continuum model (PCM) was applied as the
default SCRF (Self-Consistent Reaction Field) method [55]. For this
purpose, water was applied as an aqueous media with dielectric
constant of 78.54 at T = 298.15 K. Furthermore, the solvation
energy (DEsol) was calculated to understand the stability and solu-
bility of M2+/B30 and M3+/B30 complexes in aqueous media by the
Eq (5) [56].

DEsol ¼ Eaqu � Egas ð5Þ
In this equation, Eaqu and Egas stand for the total energy of the

complexes in the aqueous media and gas phase, respectively.
To get confirmation of the adsorption of metal ions on bowl-like

B30 nanosheet, we have also investigated sensitivity of the adsor-
bents towards metal ions using electronic properties such as the
energy of highest occupied molecular orbital (EHOMO), the energy
of lowest unoccupied molecular orbital (ELUMO), density of states
(DOS), and UV–vis spectra. In order to obtain more information
about chemical stability and reactivity of the structures, quantum
molecular descriptors such as chemical hardness (g), electronic
chemical potential (l), and electrophilicity index (x) were calcu-
lated by means of the Eqs (6–8), respectively [57,58].

g ¼ ELUMO � EHOMO

2
ð6Þ

l ¼ �ðELUMO þ EHOMOÞ
2

ð7Þ

x ¼ l2

2g
ð8Þ

Natural bond orbital (NBO) [59] analysis and charge decompo-
sition analysis (CDA) [60] analysis were conducted to analyze the
relative strength of the donor-accepter interactions in terms of
charge transfer. Quantum theory of atoms in molecules (QTAIM)
[61] was also performed to investigate the nature of interactions
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in M2+/B30 and M3+/B30 complexes. The CDA and QTAIM analyses
were measured by Multiwfn 3.1 software [62]. For all optimized
structures, time dependent density functional theory (TD-DFT) cal-
culations [63,64] were carried out to obtain UV–vis spectra. In
these calculations, excitations to the first 20 singlet excited states
were considered and two different functional
namely xB97XD [65] and B3LYP [66] were used for calculations
of the absorption spectra with the same basis set for geometry
optimization.

3. Results and discussion

3.1. Structural analysis

First, the bare structure of the bowl-like B30 nanosheet has been
optimized geometrically at xB97XD exchange correlation func-
tional as well as 6–31g(d,p) basis set. The optimized structure
and geometrical parameters are shown in Fig. 1 and Table S1,
respectively The bowl-like B30 nanosheet consists a pentagonal
ring (B5) and two rings around it (B10 and B15) respectively. As
revealed in Table S1, the values of the B � B bond distances are
in good agreement with the previous DFT calculation performed
on bowl-like B30 nanosheet by Rahimi and Solimannejad [43].
Fig. 2 shows all the M2+/B30 and M3+/B30 relaxed structures in the
gas phase, which have been optimized by xB97XD level of theory.
The possible adsorption sites of bowl-like B30 nanosheet known as
internal and external sites are examined to obtain the most stable
complex of the adsorbed metal ions onto surface of the bowl-like
B30 nanosheet. The results indicate that the most possible location
for adsorption of metal on the bowl-like B30 nanosheet is hollow
pentagonal ring (internal site) as shown in Fig. 2. The calculated
B � M bond length values for M2+/B30 and M3+/B30 complexes are
summarized in Table S1. After the full relaxation of the complexes,
M � B bond distances of free bowl-like B30 nanosheet increase
slightly. According to Table S1, M � B bond distances decrease in
aqueous media compared to the gas phase. Moreover, the As � B
bond distance of As3+/B30 complex is equal to be 2.27 Ǻ in the
aqueous media, which is the lowest amount. This reveals that the
As3+ metal ion has better interaction with the bowl-like B30

nanosheet in comparison to other metal ions. The graphical repre-
sentation of change in the M � B bond distances with the change in
ionic radii of metals is shown in Fig. 3. Based on this figure, the M�
B bond distances increase with enhancing the ionic radii values in
the gas phase and aqueous media.
Fig. 1. Optimized geometry of bowl-like B30 nanosheet in the gas phase.

3

3.2. Adsorption energy and thermodynamic analysis

Before calculating the adsorption energy of the M2+/B30 and
M3+/B30 complexes, cohesive formation energy (ECoh) of the bowl-
like B30 nanosheet are computed, which gives the information
about the stability and durability of the free nanosheet. The cohe-
sive formation energy has been calculated with the help of Eq (9)
[67–69].

ECoh ¼ 1
n
ðEB30 � nEBÞ ð9Þ

Where n is the number of atoms in bowl-like B30 nanosheet,
EB30 and EB are the total energy of the bowl-like B30 nanosheet
and energy each boron atom, respectively. The calculated cohesive
formation energy per atoms of bowl-like B30 nanosheet is found to
be negative (-118.67 kcal mol�1), which guarantee the stability of
the nanosheet. The adsorption energy (Eads) is a measure of system
stability such that more negative value of Eads gives more stability
of a nanostructure [70]. The calculated adsorption energies of two
and three positively-charged metal ions (M2+ and M3+, respec-
tively) are summarized in Tables 1 and 2, respectively. The nega-
tive value of Eads for all complexes shows that they are stable
with energetically favorable in both gas and aqueous media. The
much more negative adsorption energy values in the aqueous
media demonstrate that bowl-like B30 nanosheet can be an excel-
lent metal ion adsorbent in aqueous media. Hydration of
nanosheet and metal ions in water media leads to the large adsorp-
tion energy value difference in the gas phase and water media. Cal-
culated Eads values of simulated M2+/B30 and M3+/B30 complexes in
the gas phase and aqueous media show that the stability trend is as
follows: As3+ > Cr3+> Sb3+ > Cd2+ > Hg2+ > Sn2+ > Pb2+. From this pre-
sented trend, we can conclude that As3+ metal ion adsorbed on
bowl-like B30 nanosheet is the most stable one. Besides, the weak
interactions are observed with the Sn2+, Pb2+ and Hg2+ metal ions
in the gas phase, which have the lowest adsorption energies of
�6.15, �2.79, and �8.09 kcal mol�1 and can be characterized as
physisorption process because of much lower adsorption energy
values r than –23 kcal mol�1 [71].

Thermodynamic parameters including changes in enthalpy
(DH), changes in Gibbs free energy (DG), and changes in entropy
(DS), were also scrutinized and reported in Tables 1 and 2. Based
on these data, the character of the adsorption process of metal ions
onto bowl-like B30 nanosheet is exothermic because of negative
values of DHads, which is suitable in metal ion adsorption applica-
tions. Negative values of DSads are observed for all structures since
the atom movement is confined because of the appearance of the
metal ions and newly formed intermolecular bonds. The negative
values of DGads clearly reveal that the adsorption of metal ion onto
bowl-like B30 nanosheet is spontaneous in nature. Furthermore,
the decline in the amount of DGads compared to DHads can be jus-
tified by considering the entropic effects [72]. Fig. 4 represents the
correlation between metal ions and adsorption energies in the gas
phase and aqueous media. Here, we see that adsorption energy
increases linearly with increase of the ionic radii of metals.

3.3. NBO analysis and CDA

NBO analysis provides useful information about intermolecular
interactions and hybridization through charge transfer between
adsorbate and adsorbent. The stabilization energy is evaluated by
using second-order perturbation theory and the associated delo-
calization of charges from donor (i) to acceptor (j) is calculated
by Eq (10) [73,74].

E2 ¼ qi

F2
ij

Ej � Ei
ð10Þ



Fig. 2. Optimized structures of metal ion adsorbed onto bowl-like B30 nanosheet in the gas phase.
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In the above equation, Ei and Ej denote the orbital energies of
the complexes, qi and Fij are the donor orbital occupancy and off-
diagonal element of the NBO Fock matrix, respectively.
4

It is possible to compare the stability of different complexes by
the calculation of the stabilization energy E(2), such that a higher
value of E(2) implies that a significant amount of electron density



Fig. 3. Graphical representation of the relationship between the M � B bond distance and the ionic radii of metals in the a) gas phase and b) aqueous media.

Table 1
The calculated adsorption (Eads), changes of adsorption Gibbs energy (DGads), enthalpy (DHads) in kcal mol�1, and entropy (DSads) in kcal mol�1 K�1 for M2+/B30 complexes in the
gas phase and aqueous media.

M2+ Media Eads BSSE Eads,CP DGads DHads DSads

Cd2+ Gas �55.24 5.68 �49.56 �46.83 �55.81 �0.030
Water �203.50 5.75 �197.75 �198.10 �204.12 �0.020

Hg2+ Gas �9.22 1.13 �8.09 �6.19 �9.78 �0.012
Water �171.14 1.44 �169.70 �162.30 �177.64 �0.051

Pb2+ Gas �3.95 1.16 �2.79 �3.26 �4.52 �0.004
Water �141.25 1.29 �139.96 �133.03 �141.81 �0.029

Sn2+ Gas �7.34 1.19 �6.15 �5.58 �7.90 �0.023
Water �161.89 1.25 160.64 �153.55 �161.28 �0.025

Table 2
The calculated adsorption (Eads), changes of adsorption Gibbs energy (DGads), enthalpy (DHads) in kcal mol�1, and entropy (DSads) in kcal mol�1 K�1 for M3+/B30 complexes in the
gas phase and aqueous media.

M3+ Media Eads BSSE Eads,CP DGads DHads DSads

As3+ Gas �299.57 8.67 290.90 �290.41 �300.20 �0.033
Water �628.56 8.92 619.64 �619.41 �629.07 �0.032

Sb3+ Gas �220.62 5.45 215.17 �211.39 –222.38 �0.036
Water �469.94 5.64 464.30 �460.96 �470.44 �0.032

Cr3+ Gas �292.74 8.79 283.95 �284.40 �293.24 �0.029
Water �611.51 9.04 �602.47 �603.79 �612.07 �0.028
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is delocalized from donor to acceptor and greater stability is
attained. NBO analysis is performed for metal ions over free
bowl-like B30 nanosheet in aqueous media and the corresponding
results are given in Table 3. Based on this table, charge is trans-
ferred from bowl-like B30 nanosheet to the metal ions. Boron atom
of bowl-like B30 nanosheet behaves like a good electric charge
donor and binds to the electron rich metal ion through highly
stable M � B bonds. It is notable that with going from As3+ as
the smallest metal ion to Pb2+ as the largest one, the R E2 values
decreases from 527.08 to 14.07 kcal mol�1 (see Fig. 5). This shows
that the lower ionic radii of metals results in the stronger donor–
acceptor interaction energy.

The CDA is an unraveling method for the assessment of the rel-
ative strength of charge donation (d) and back-donation (b) in the
complex. The CDA results are reported in Table 4. Here, the relative
amounts of forward-donation, back-donation and repulsion are
considered in the M2+/B30 and M3+/B30 complexes. The relative
total charge transfer values (d-b) of �0.426 esu, �0.397 esu,
5

�0.250 esu, �0.292 esu, �0.530 esu, �0.492 esu, and �0.495 esu
are observed in Cd2+/B30, Hg2+/B30, Pb2+/B30, Sn2+/B30, As3+/B30,
Sb3+/B30, and Cr3+/B30 complexes, respectively. In Cd2+/B30, Hg2+/
B30, and Pb2+/B30 complexes, the charge transfer is more dominated
via back-donation from d-orbital of Cd2+, Hg2+, and Pb2+ metal ions
to p-orbital of B atom, while in other complexes the charge transfer
trough donation is dominated over back-donation. The Cd2+, Hg2+,
and Pb2+ metal ions have d10 electronic configuration, and these
metal ions don’t favor charge transfer trough r-donation. The
repulsive polarization (r) is an important indicator of charge den-
sity between donor and acceptor fragments. The values of repul-
sive polarization in As3+/B30, Sb3+/B30, and Cr3+/B30 complexes are
0.739 esu, 0.764, and 0.596 esu, respectively. These positive values
of repulsion indicate that charge density is concentrated in the
interaction region between these fragment’s pairs. In other frag-
ment’s pairs of the complexes the charge density does not accumu-
late rather it is moving away from the interaction region.
Furthermore, an elevation in the ionic radii of metals causes to



Fig. 4. The relationship between adsorption energy and the ionic radii of metals in the a) gas phase, and b) aqueous media.

Table 3
Most intermolecular charge transfer between bowl-like B30 nanosheet and metal ions accompanied with stabilization energies in the aqueous media.

Complex Donor NBO(i) Acceptor NBO(j) E(2) (kcal mol�1) R E2 (kcal mol�1)

Cd2+/B30 LP*B1 LP*Cd 7.52 68.16
LP*B2 LP*Cd 33.12
LP*B3 LP*Cd 8.35
LP*B4 LP*Cd 9.38
LP*B5 LP*Cd 9.79

Hg2+/B30 LP*B1 LP*Hg 5.21 45.91
LP*B2 LP*Hg 21.03
LP*B3 LP*Hg 6.04
LP*B4 LP*Hg 7.35
LP*B5 LP*Hg 6.28

Pb2+/B30 LP*B1 LP*Pb 3.14 14.07
LP*B2 LP*Pb 4.92
LP*B3 LP*Pb 2.04
LP*B4 LP*Pb 2.11
LP*B5 LP*Pb 1.86

Sn2+/B30 LP*B1 LP*Sn 4.91 24.07
LP*B2 LP*Sn 10.22
LP*B3 LP*Sn 5.12
LP*B4 LP*Sn 1.27
LP*B5 LP*Sn 2.55

As3+/B30 LP*B1 LP*As 91.96 527.08
LP*B2 LP*As 102.69
LP*B3 LP*As 139.70
LP*B4 LP*As 89.11
LP*B5 LP*As 103.62

Sb3+/B30 LP*B1 LP*Sb 60.63 359.80
LP*B2 LP*Sb 61.34
LP*B3 LP*Sb 117.29
LP*B4 LP*Sb 59.77
LP*B5 LP*Sb 60.77

Cr3+/B30 LP*B1 LP*Cr 83.47 446.55
LP*B2 LP*Cr 81.22
LP*B3 LP*Cr 119.56
LP*B4 LP*Cr 81.03
LP*B5 LP*Cr 81.27
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decrease the total charge transfer between the metal ion and bowl-
like B30 nanosheet, which is represented by linear regression anal-
ysis for all investigated complexes (see Fig. 6).
3.4. Frontier molecular orbitals (FMOs) and quantum molecular
descriptors

The interaction mechanism of metal ion on the surface of an
adsorbent is described through the frontier molecular orbital the-
ory [75]. The band gap (Eg) is an electronic parameter to assess
6

the electrical conductivity (r) of an adsorbent toward an adsorbate
based on the Eq (11).

r ¼ AT
3
2expð�Eg

2kT
Þ ð11Þ

where k refers to Boltzmann’s constant, T denotes the temperature
in Kelvin, and A is a constant. According to this equation, the con-
ductivity enhances exponentially with a reduction in the HOMO–
LUMO energy band gap. This means that an electrical signal can
be generated due to the reduction in the HOMO-LUMO energy band



Fig. 5. The change in the second-order perturbation energy with the ionic radii of
metals in the aqueous media.

Table 4
CDA analysis for the donation (d), back donation (b), total charge transfer (d-b), and
repulsive polarization (r) of M2+/B30 and M3+/B30 complexes in the aqueous media.

Complex d b d-b r

Cd2+/B30 �0.068 0.358 �0.426 �0.504
Hg2+/B30 �0.075 0.322 �0.397 �0.701
Pb2+/B30 �0.019 0.231 �0.250 �0.009
Sn2+/B30 �0.207 0.085 �0.292 �0.003
As3+/B30 �0.443 0.087 �0.530 0.739
Sb3+/B30 �0.416 0.076 �0.492 0.764
Cr3+/B30 �0.530 0.035 �0.495 0.596

Fig. 6. The trend of total charge transfer with the ionic radii of metals in the
aqueous media.
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gap, which is a most important parameter for sensing metal ions
and drugs by adsorbents [76–78]. Table 5 shows results regarding
HOMO, LUMO energies, their corresponding Eg, and quantum
molecular descriptors for bowl-like B30 nanosheet, M2+/B30 and
M3+/B30 complexes. The HOMO and LUMO energies of free bowl-
like B30 nanosheet are to be found �7.45 and �1.52 eV, respectively
with observed Eg of 5.93 eV. The adsorption of all metal ions over
bowl-like B30 nanosheet results in decrease in the Eg values. The
results reveal that the sensitivity of the metal ions toward the
bowl-like B30 nanosheet is as follows: Cd2+ > Sn2+ >Cr3+ > Pb2+ >
Hg2+ > Sb3+ > As3+. Therefore, the most prominent decrease in the
Eg value is observed in the case of Cd2+/B30 complex (2.14 eV),
which shows that the Cd2+ metal ion is the most sensitive towards
bowl-like B30 nanosheet among other metal ions. The stability and
reactivity of a structure are related to the chemical hardness values,
such that the structure with a higher chemical hardness exhibits
7

higher stability and lower reactivity. The most stable complex is
related to As3+/B30 complex with the energy gap and chemical hard-
ness values of 5.89 and 2.99 eV, respectively. The larger absolute
values of chemical potential are associated with higher chemical
reactivity. The calculated chemical potential values for the BN
nanosheet and its complexes indicate that after adsorption of
Cd2+, Hg2+ Pb2+, Sn2+, As3+, Sb3+, and Cr3+ metal ions, the absolute
chemical potential increases from �4.48 to �12.63, �11.68,
�12.22, �12.81, �15.03, �14.98, and 15.31 eV, respectively (see
Table 5). The electrophilicity index can also be used to investigate
the reactivity and toxicity of a structure, in which an increase in
the value of electrophilicity index indicates an increase in the
chemical reactivity and a decrease in chemical toxicity [75,79]. As
seen from the results in Table 5, a significant change can be
observed for electrophilicity index values, which shows it is
increased about 10–15 times. Therefore, the adsorption of the metal
ions increases the capability of the bowl-like B30 nanosheet to
acquire extra charge from other molecules. This means that the
adsorption of the metal ions can lead to inhibit the aggregation of
nanosheet and the improvement of its dispersion in biological
media. Fig. S1 depicts the HOMO and LUMO of bowl-like B30

nanosheet and its metal complexes in the aqueous media. For
bowl-like B30 nanosheet, the HOMO lies on the entire nanosheet,
while the LUMO is situated more over the edge B atoms. The HOMO
and LUMO of the Cd2+/B30, Hg2+/B30, Pb2+/B30, and Sn2+/B30 com-
plexes are mainly localized on the B atoms. It is clear that the
As3+, Sb3+, and Cr3+ metal ions adsorbed on the bowl-like B30

nanosheet show some different outlook. The HOMO is formed with
a higher contribution of metal ion and lower contribution of B30

nanosheet, while LUMO is formed with just the contribution of
B30 nanosheet. This makes more different electronic properties of
the As3+/B30, Sb3+/B30, and Cr3+/B30 complexes in comparison to
other complexes (see Table 5).

To visualize the reduction in the HOMO-LUMO energy gap, the
density of states (DOS) spectra were plotted and shown in Fig. S2.
After adsorption of metal ions onto bowl-like B30 nanosheet, a sig-
nificant change in the intensity of the peaks is observed. The
HOMO and LUMO energy levels of M2+/B30 and M3+/B30 complexes
increase remarkably compared to the free bowl-like B30 nanosheet.
Thus, the creation of new energy levels and the change in the
intensity of the DOS spectra reveal the improving electronic prop-
erties accompanied with a reduction in HOMO-LUMO energy gap
values.

3.5. Aqueous media effect and dipole moments

In biological systems, the effect of aqueous media on the nanos-
tructure and its performance is of great importance. The capability
of bowl-like B30 nanosheet to adsorb metal ions in the aqueous
media is performed and the solvation energies for all complexes
are depicted in Table 6. Bowl-like B30 nanosheet and its metal
ion complexes show negative DEsol values, which indicate the sol-
ubility and spontaneity in the aqueous media. The As3+/B30 com-
plex has the highest value of solvation energy (-
313.75 kcal mol�1), making it most soluble one in the aqueous
media. Furthermore, dipole moment (DM) is another essential
investigation, which implies the solubility of a system in a polar
media like water. The higher value of DM indicates the higher sol-
ubility in a polar media [45]. The dipole moment for bowl-like B30

nanosheet is found to be 3.80 Debye in the aqueous media. After
the adsorption of metal ions onto bowl-like B30 nanosheet, the
dipole moment of the Cd2+/B30, Hg2+/B30, Pb2+/B30, Sn2+/B30, As3+/
B30, Sb3+/B30, and Cr3+/B30 complexes are found to be 12.31,
10.82, 10.36, 10.43, 15.70, 14.51, and 14.79 Debye, respectively,
which show high polarizability in the aqueous media. A high sig-
nificant amount of DM was found 15.70 Debye for As3+/B30 com-



Table 5
Energies of HOMO (EHOMO) and LUMO (ELUMO), energy gap (Eg), chemical hardness (g), chemical potential (l), and electrophilicity index (x) in eV for bowl-like B30 nanosheet, and
its metal ion complexes in the aqueous media.

System EHOMO ELUMO Eg g l x

B30 �7.45 �1.52 5.93 2.96 �4.48 3.39
Cd2+/B30 �14.53 �10.74 3.79 1.89 �12.63 42.19
Hg2+/B30 �14.01 �9.36 4.65 2.25 �11.68 30.31
Pb2+/B30 �14.28 �10.17 4.11 2.05 �12.22 36.42
Sn2+/B30 �14.74 �10.89 3.85 1.92 �12.81 42.73
As3+/B30 �17.98 �12.09 5.89 2.99 �15.03 37.77
Sb3+/B30 �17.55 �12.41 5.14 2.52 �14.98 44.52
Cr3+/B30 �17.32 �13.30 4.02 2.01 �15.31 58.30

Table 6
Calculated solvation energies in kcal mol�1 and dipole moment values in Debye for
M2+/B30 and M3+/B30 complexes.

Complex DEsol DM*

B30 �3.01 6.13
Cd2+/B30 �243.55 12.31
Hg2+/B30 �221.00 10.82
Pb2+/B30 �144.32 10.36
Sn2+/B30 �150.60 10.43
As3+/B30 �313.75 15.70
Sb3+/B30 �309.61 14.51
Cr3+/B30 318.50 14.79

* Dipole moment values were reported in the aqueous media.
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plex. Thus, the greatest values of DEsol and DM are observed when
As3+ metal ion interacts with bowl-like B30 nanosheet and indicate
the highest solubility and stability in the aqueous media. Gener-
ally, there is an inverse correlation between dipole moments and
solvation energies as plotted in Fig. 7(a). Furthermore, the calcu-
lated values of dipole moment decrease with the increase of ionic
radii of metals (see Fig. 7(b)).

3.6. UV–vis spectroscopic studies

Excited state calculations are fulfilled with TD-DFT theory for
the M2+/B30 and M3+/B30 complexes in the aqueous media. The
results of the calculations and UV–vis spectra of these complexes
are given in Table S2 and Fig. S3, respectively. The B3LYP functional
are also employed to present the more accurate results for UV–vis
spectra calculations [80–82]. The absorption values of the
bowl-like B30 nanosheet and all the investigated complexes are
Fig. 7. Linear correlation of a) dipole moment and b) solvation
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in a visible region ranging from 369.22 to 434.05 nm. The observed
maximum wavelength of free bowl-like B30 nanosheet appeared at
434.05 nm with excitation energy of 2.85 eV, which corresponds to
the dominant transition of H � 1 ! L + 2. The adsorption bands of
the free bowl-like B30 nanosheet move to lower wavelength values
after the metal ion adsorption (hypsochromic shift). This shift may
be exploited for detecting the concentration of metal ions in the
environment. The absorption band with minimum absorption
value among all studied complexes is observed in As3+/B30 complex
at 369.22 nm with H-1 ? L + 9 (40%) HOMO ? L + 8 (44%) transi-
tions as well as excitation energy and oscillator strength of 3.25 eV
and 0.138 values, respectively. The incidence of absorption band
with higher oscillator strength and lower excitation energy value
as appeared in As3+/B30 complex is the characteristic of donor–ac-
ceptor structures, which is due to the great intermolecular charge
transfer and HOMO to LUMO electronic transitions.

3.7. Quantum theory of atoms in molecules analysis

Quantum theory of atoms in molecules analysis is a useful the-
oretical framework for gaining the precise and more reliable infor-
mation about strength and nature of the interaction between the
metal ion and the proposed bowl-like B30 nanosheet. The molecu-
lar graph with bond critical points (BCPs) and bond paths are
shown in Fig. 8. The existence of BCPs in all complexes indicates
the transferring of electron density and confirms the formation of
a chemical bond between the bowl-like B30 nanosheet and metal
ions. In this investigation, some topological parameters such as
electron density (qb), Laplacian of electron density (r 2qb), kinetic
energy density (Gb), potential energy density (Vb) and total energy
density (Hb) parameters at BCPs have been calculated and summa-
rized in Table 7. It is possible to classify the strength of
energy with ionic radii of metals in the aqueous media.



   

 a                                                                      b

  

c                                                                      d

     

e                                                                        f

g

Fig. 8. Molecular graphs of a) Cd2+/B30, b) Hg2+/B30, c) Pb2+/B30, d) Sn2+/B30, e) As3+/B30, f) Sb3+/B30, and g) Cr3+/B30 complexes in the aqueous media.
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intermolecular bonds using the r 2qb and Hb values [83–85]. Pos-
itive values of both r 2qb and Hb signify a weak interaction, nega-
tive values of both r 2qb and Hb denote a strong interaction, and a
9

negative value of Hb with a positive value of r 2qb refer to interac-
tions with a medium strength. It can be seen from Table 7, As3+/B30

complex shows strong interactions between the As3+ metal ion and



Table 7
The topological parameters at the BCP in a.u for M2+/B30 and M3+/B30 complexes in the aqueous media.

System Bond qb r2qb Hb Gb Vb Gb/|Vb|

Cd2+/B30 M�B1 0.0587 0.119 �0.157 0.457 �0.614 0.744
M�B2 0.0573 0.118 �0.144 0.440 �0.584 0.802
M�B3 0.0548 0.111 �0.129 0.408 �0.538 0.758
M�B4 0.0505 0.109 �0.998 0.374 �0.474 0.789
M�B5 0.0600 0.126 �0.170 0.461 �0.631 0.730

Hg2+/B30 M�B1 0.0633 0.961 �0.204 0.648 �0.444 1.459
M�B2 0.0616 0.967 �0.188 0.619 �0.430 1.439
M�B3 0.0619 0.920 �0.171 0.572 �0.401 1.426
M�B4 0.0217 0.971 �0.132 0.507 �0.375 1.352
M�B5 0.0646 0.904 �0.218 0.663 �0.444 1.493

Pb2+/B30 M�B1 0.0381 0.842 �0.260 0.500 �0.310 1.612
M�B2 0.0425 0.814 �0.292 0.593 �0.382 1.552
M�B3 0.0431 0.847 �0.298 0.562 �0.384 1.463
M�B4 0.0383 0.856 �0.262 0.511 �0.388 1.317
M�B5 0.0430 0.862 �0.299 0.538 �0.383 1.404

Sn2+/B30 M�B1 0.0412 0.758 �0.278 0.585 �0.366 1.598
M�B2 0.0416 0.794 �0.283 0.546 �0.367 1.487
M�B3 0.0428 0.810 �0.289 0.540 �0.375 1.440
M�B4 0.0456 0.833 �0.283 0.569 �0.382 1.489
M�B5 0.0474 0.861 �0.295 0.562 �0.388 1.448

As3+/B30 M�B1 0.0683 � 0.730 �0.198 0.135 �0.377 0.358
M�B2 0.0682 �0.295 �0.203 0.180 � 0.379 0.474
M�B3 0.0678 �0.694 �0.101 0.139 �0.380 0.365
M�B4 0.0681 �0.625 � 0.194 0.177 �0.372 0.475
M�B5 0.0682 �0.806 �0.200 0.180 �0.381 0.472

Sb3+/B30 M�B1 0.0514 0.127 �0.242 0.274 �0.517 0.529
M�B2 0.0512 0.108 �0.246 0.273 �0.520 0.525
M�B3 0.0514 0.130 �0.237 0.269 �0.506 0.531
M�B4 0.0512 0.136 �0.241 0.275 �0.516 0.532
M�B5 0.0528 0.107 �0.246 0.273 �0.520 0.525

Cr3+/B30 M�B1 0.0716 0.111 �0.171 0.437 �0.665 0.657
M�B2 0.0624 0.128 �0.148 0.468 �0.617 0.758
M�B3 0.0733 0.108 �0.226 0.498 �0.724 0.687
M�B4 0.0608 0.132 �0.138 0.469 �0.607 0.772
M�B5 0.0702 0.114 �0.206 0.492 �0.699 0.703
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bowl-like B30 nanosheet with negative sign of r 2qb and Hb values
whereas other complexes show medium interactions. It is worth
noting that a non-covalent interaction will be observed for (Gb/|
Vb|) > 1, electrostatic and covalent interactions will occur for
0.5 < Gb/|Vb|< 0, and 1 < Gb/|Vb|< 0.5, respectively [86]. The calcu-
lated Gb/|Vb| amounts for the As � B bond are between 0 and 0.5,
which mean that this bond is covalent in nature. A similar calcula-
tion has been performed for other bonds, which infers that Hg � B,
Pb � B, and Sn � B bonds have non-covalent character whereas the
nature of Cd � B, Sb � B, and Cr � B bonds is electrostatic and par-
tially covalent.
4. Conclusion

DFT calculations were employed to evaluate the adsorption of
Cd2+, Hg2+, Pb2+, Sn2+, As3+, Sb3+, and Cr3+ metal ions onto the sur-
face of bowl-like B30 nanosheet. Our results showed that water as
an aqueous media has a key role in the interaction between bowl-
like B30 nanosheet and metal ions. Maximum adsorption of bowl-
like B30 nanosheet was obtained for As3+ metal ion with the mag-
nitude of �628.56 kcal mol�1 and minimum adsorption energy
was found for Pb2+, which was about �141.25 kcal mol�1 in the
aqueous media. This confirmed that As3+ metal ion could create
the strongest chemisorption with bowl-like B30 nanosheet in the
aqueous media. The electronic properties of complexes were inves-
tigated and the results showed that Eg of bowl-like B30 nanosheet
decreased considerably after adsorbing metal ions. The DOS spec-
tra in the aqueous media confirmed that the most prominent
decrease of Eg value was observed in the case of Cd2+/B30 complex,
showing the most sensitivity of bowl-like B30 nanosheet toward
Cd2+ metal ion. Finally, QTAIM calculations showed that there are
10
strong interactions (covalent interactions) between As3+ metal
ion and the bowl-like B30 nanosheet.
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