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Abstract Adsorption of three alkaline earth cations inside
and outside of a Bj;N;, nano-cage in aqueous medium was
investigated using density functional theory. The results
obtained are discussed in terms of thermodynamic, geomet-
ric, and electronic properties. Based on the calculation of
enthalpy changes at 298 K and 1 atm, the adsorption of the
considered cations was found to be exothermic outside the
cluster while it is endothermic inside. It was also found that
the exohedral adsorption favorability of the cluster increases
in the series: Ca’"<Mg”"<<Be”" with Gibbs free energy
changes in the range of —0.08 to —1.53 eV at B3LYP/6-31G
(d) level of theory. Overall, interaction of the cations with
the cluster influences the electronic properties of the cluster
through stabilizing the HOMO and LUMO as well as re-
ducing the energy gap between them. However, the elec-
tronic properties changed much more in the case of
endohedral adsorption in comparison with the exohedral
adsorption.
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Introduction

Since the discovery of Cg fullerene, great attention has been
focused on synthesis of boron-nitride (BN) fullerene-like
nanostructures due to their special electronic, optical, and
magnetic properties [1, 2]. For instance, nano-cages may
serve as nanocontainers for gas storage, and their BN ana-
logues may also prevent encapsulated particles from oxidi-
zation and contamination [3, 4]. Oku et al. [5] synthesized
B1,N,, and showed that these clusters consist of square and
hexagonal rings with the band gap energy of 5.1 eV. The
structure of the B;,N|, nano-cage is based on decoration of
truncated octahedrons in which all B vertices remain equiv-
alent, as do all N vertices [5]. We have previously shown
that B1,Nj, is the most stable nanocluster among the X;,Y,
(X=Al or B and Y=N or P) cages, being a potential sensor
for CO, NO,, and NO molecules in the presence of H,, N,
and CH,4 nanoclusters [6-9].

The main aim of the present research was to study the
adsorption of alkaline earth cations inside and outside of the
B,N;, nano-cage in aqueous medium using density func-
tional theory (DFT), in terms of energetic, structural, and
electronic properties. Finding out more about the interac-
tions between these molecules and about the response of the
nano-cage towards these ions is necessary to evaluate the
potential possibility of fabricating novel B{,N;,-based mo-
lecular adsorbent for ion removal or detection in different
matrices. In addition, manipulating the properties of nano-
cages by cations is an interesting subject in the field of
exohedral and endohedral fullerene-based materials. The
electronic properties of nano-cages may be altered by the
introduction of cations, thereby yielding new materials with
tailored properties. In recent years, by increasing the number

@ Springer



1446

J Mol Model (2013) 19:1445-1450

of endohedrally substituted atoms, ions, and molecules,
proposed applications of fullerene-based materials have
been extended, ranging from medicinal (such as drug deliv-
ery) to hydrogen storage applications [10, 11].

Despite numerous reports on the endohedral and exohe-
dral carbon fullerenes, there are still a few studies about BN
ones [11-13]. For example, La@B;cN3¢ endohedral full-
erenes have been synthesized by Oku et al. for the first time
[12]. They have shown that the B3¢Ns¢ clusters are expand-
ed by introducing doping atoms, resulting in reduced energy
gap in the endohedrally La-doped cluster. Elsewhere, spin
polarized bonding analysis has been performed on the endo-
hedral alkali-metal-encapsulated B,4N,4 nano-cages
(M@B,4N»4, M=Li, Na, K) using DFT with hybrid func-
tional B3LYP to evaluate spin-polarized natural bond orbi-
tals (NBO) [14].

Computational details

Geometry optimizations, density of states (DOS), and natu-
ral bond orbital (NBO) analyses have been performed on a
B1,Nj», and different X/B{,N;, complexes (X=Be**, Mg2+,
and Ca®") at the B3LYP/6-31G(d) level of theory as imple-
mented in GAMESS suite of program [15]. Vibration fre-
quencies have also been calculated at the same level to
confirm that all of the stationary points correspond to the
true minima on the potential energy surface. The B3LYP
density functional has been previously shown to reproduce
experimental proprieties [16] and is commonly used for
nanostructured materials [17-24]. It has also been demon-
strated that the B3LYP provides an efficient and robust basis
for calculations of III-V semiconductors by Tomic et al.
[25], capable of reliably predicting both the ground state
energies and the electronic structure. We have also repeated
the calculations at the B3LYP/6-311G (d, p), M06-2X/6-
31G (d), and M06-2X/6-311G (d, p) levels of theory. The
enthalpy change (AH) upon the adsorption of a cation on
the B1oNy, cluster (at 7=298 K and P=1 atm) has been
defined as follows:

AH = Hcomplex - Hcage — Hx

where Heomplex, Heage, and Hx are the summation of electronic
and thermal enthalpies of X/B{,N;, complex, B;,Nj,, and X,
respectively, as obtained from the frequency calculations.
Basis set superposition error (BSSE) has also been corrected
for all interactions using counterpoise method [26-28]. As itis
well known, a negative value of AH corresponds to an exo-
thermic adsorption. Adsorption energies (AE) and Gibbs free
energy changes (AG) have also been calculated similar to
AH, using corresponding data at the same conditions.
Solvation effects have been included through using the
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polarizable continuum model (PCM). Dielectric constant of
78.4 has been used for water as the solvent.

Results and discussion
B,N, properties

First, the results will be considered based on the B3LYP/6-
31G (d) level of theory. The optimized structure of the
pristine B;,N;, in aqueous medium, and its DOS plot are
depicted in Fig. 1, where two types of B-N bonds can be
identified: one is shared between two hexagons (x-bond),
and the other is shared between a hexagon and a tetragon
(B-bond). The bond lengths have been calculated to be
about a=1.43 A and 5=1.48 A. Mulliken population anal-
ysis shows a charge transfer of about 0.45 e from the B atom
to its neighboring N atoms in the surface of the cluster,
which demonstrates the partial ionic nature of the B-N
bonds. The DOS plot shows that the B;,N;, nano-cage is
a semi-insulator with a HOMO (highest occupied molecular
orbital)/LUMO (the lowest unoccupied molecular orbital)
energy gap (E,) of 6.90 eV. Profiles of HOMO and LUMO
of the cluster have been shown in Fig. 1, indicating that they
are located mainly on the N and B atoms, respectively.
Calculated IR frequencies are found to be in the range of
323.3 to 1,427.5 cm ! in aqueous phase.

Eg=6.90
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Fig. 1 Optimized structure of B,N;, nano-cage, its density of states
(DOS) plots, HOMO and LUMO profiles, calculated at B3LYP/6-31G
(d) level of theory. Distances are in Angstroms
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Fig. 2 Optimized structures of exohedral adsorbed alkaline cations on
the B1,Nj, and their DOS, calculated at B3LYP/6-31G(d) level of
theory. Distances are in Angstroms

Adsorption of cations on B{,Ny,

We first looked for stable configurations (local minima) of the
adsorbed alkaline earth cations on the surface of B;,N;, nano-
cage. To this end, the X cation was placed initially at different
sites including atop the B or N atom, the bridge site of the «-
or 3-bond, and above the center of the hexagonal or tetragonal
ring. Full structural relaxation, without any constraints, was

Table 1 Calculated energetic data, vibrational frequencies (cm™ "),
HOMO energies (Eyomo)s, LUMO energies (ELymo), HOMO-
LUMO energy gap (E,), Fermi level energy (Er.) and the charge

then performed on each initial configuration. Finally, we
obtained only one stable structure with positive vibrational
frequencies for every cation in which the cation is located on a
N atom of the cluster surface. It should be noted that the X
atom in the other initial configurations was reoriented to this
site during the fully relaxed optimization. This phenomenon
can be rationalized easily by noting the fact that the cations are
electron-deficient species that tend to be adsorbed strongly on
the electron-rich atoms of nitrogen.

As shown in Fig. 2, the X---N distances increase with
increasing atomic number of X (1.65, 2.24, and 2.87 A for
Be?", Mg?", and Ca®", respectively). Also, the corresponding
calculated stretching vibrational frequencies of X:--N are
about 236.2, 101.4, and 65.4 cm ™', respectively. The smaller
distance of the Be'-*N and its much larger stretching vibra-
tional frequency indicate that the interaction of this ion with
the cluster should be much stronger than that of the others.
This phenomenon is clearly confirmed with the calculated
AE, AH, and AG (Table 1). As can be seen from Table 1,
the adsorption of cations on the surface of the cluster is
exothermic, with negative values for enthalpy changes in all
cases. The calculated values for AG at 298 K and 1 atm are
about —1.50, —0.19, and —0.07 eV, indicating that adsorption
of Be*" is thermodynamically much more favorable than that
of the other ions. This is may be due to high-density positive
charge on the surface of Be" due to its smaller size, which
makes it strongly reactive towards electron-rich species. Less
negative values of AG in comparison with those of AH for
every cation adsorption indicates that the entropy of the sys-
tem is decreased upon this process. Our results are comparable
with other weak interactions like hydrogen bonding [29-31].
For example, Zhao and Han [30] have shown that the binding
energy of the intermolecular hydrogen bond C=0---H=0
between the fluorenone chromophore and methanol is about
—27.85 kJ/mol ! (=0.29 V), using DFT method with BP86
functional and TZVP basis set. This value is nearly equal to
the adsorption energy of Mg”" on the B,N, and is more and
less negative than those of Ca®" and Be®", respectively.

Table 1 also shows that a quantity of charge is transferred
from the cluster to the cation upon the adsorption process.

on the adsorbate (Qr, e) for endohedral (A) and exohedral (B)
B,Nj, nano-cage at B3LYP/6-31G(d) level of theory. Energies
are in eV

System AE AH AG Qr Vnmin Vrnax Enomo  ErL Eromo g SAE(%)
B1oNp» - - - - 329.3 1428.9 ~7.70 -425 ~0.81 6.90 -
A1 (Be™?) -1.74  -170 150  +1.41 239.1 1465.4 -8.36 -5.31 -2.26 6.10 ~11.6
A2 Mg?) 031 028 019  +1.75 110.7 1449.3 -8.06 ~4.94 ~1.82 6.25 9.4
A3 (Ca™) -0.10  -0.09  -0.07  +1.90 70.1 1435.2 ~7.88 ~4.46 -1.05 6.83 -1.0
B.1 (Be?) 4.49 457 481 033 2455 14312 -9.47 ~6.99 451 4.95 -28.2
B.2 (Mg*?) 8.98 9.01 923  -1.06 3319 1376.2 -9.41 -6.43 -3.45 5.96 -136
B.3 (Ca™) 15.20 15.28 1595  —0.16  421.0 1298.2 -9.38 —6.54 -3.71 5.67 -17.8
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Fig. 3 Optimized structures of endohedral adsorbed alkaline cations
on the B{,Nj, and their DOS, calculated at B3LYP/6-31G(d) level of
theory. Distances are in Angstroms

The transferred charge is about 0.59, 0.25, and 0.10 e for
Be?", Mg**, and Ca*", respectively, indicating that the
charge transfer is increased by increasing the strength of
the interaction. Also, a local structural deformation around
the adsorption sites is predicted. In the Be?/B,N|, com-
plex, the lengths of « and (3 bonds around the adsorbing N
atom are increased significantly to 1.52 and 1.58 A, respec-
tively. Also, B-N-B angles decreased from 97 © to 127 © in
the pristine cluster to 76 ° and 105 ° in the Be**-adsorbed
form. NBO analysis demonstrated that hybridization of the
adsorbing atom is changed to nearly sp>. In the Mg** (Ca")/
B1,N;, complex, the lengths of « and 3 bonds increased to
1.48 (1.45) and 1.54 (1.51) A, respectively, and the B-N-B

Table 2 Calculated energetic data, vibrational frequencies (cm™"),
HOMO energies (Egomo), LUMO energies (EpLymo), HOMO-
LUMO energy gap (E,), Fermi level energy (Er.) and the charge

angles decreased from 97 © to 127 ° in the pristine cluster to
78.4 °(79.2 °) and 107.8 ° (108.3 °) in the complex form.
The results indicate that structural deformation due to cation
adsorption is more considerable in the case of Be*" adsorp-
tion, confirming the stronger nature of this process.
Calculated DOS plots in Fig. 2 and data in Table 1
indicate that the HOMO, LUMO, and Fermi level of the
cluster are all shifted to lower energies upon adsorption of
any of the considered cations. However, the shift of LUMO
is considerable in comparison with that of HOMO, which
can be attributed to the charge transfer from the cluster to the
cations. It is worth mentioning that the canonical assump-
tion for the Fermi level is that in a molecule (at 7=0 K), it
lies approximately at the middle of E,,. The results also show
that the E, of the cluster is slightly decreased after the
adsorption of the cations, especially for the Be*" adsorption.
Overall, Be®" has a much greater effect on the electronic
properties of the cluster compared to Mg*" and Ca*".

Endohedral adsorption

The equilibrium structures of ground states for X@B,N,
are shown in Fig. 1, and the corresponding electronic struc-
tures, calculated energies, and charge transfers are listed in
Table 1. We found the average bond lengths of the endohe-
dral cluster to be longer than those of the empty cage,
indicating the slight enlargement in sizes of tetragons and
hexagons due to encapsulation of the cation. For instance, in
Ca2+@B]2N] 2, the average length of the o« and 3 bonds is
about 1.47 and 1.53, respectively. That is to say, the size of
the cage expands along the atomic radii.

As it can be seen from Table 1, in contrast to exohedral
adsorption, encapsulation of all cations inside the cluster is
endothermic, with positive values for AH and AG. The
calculated AG values at 298 K and 1 atm are about 4.85,
9.21, and 15.95 eV for Be™ (B.1), Mg"? (B.2), and Ca"?
(B.3), respectively. The results obtained suggest that encap-
sulation of the cations inside the cluster becomes thermody-
namically more unfavorable by increasing the size of the

on the adsorbate (Qr, e) for endohedral (A) and exohedral (B)
B,N, nano-cage at B3LYP/6-311G(d, p) level of theory. Ener-
gies are in eV

System AE AH AG Qr () Vmmin Vimax Enomo ErL Erumo E, *AEy(%)
BN, - - - - 3273 1427.1 -7.96 —4.61 -1.13 6.83 -
A.1 (Be™) -1.76 -1.65 -1.42 1.557 233.1 1463.1 -8.54 -5.52 -2.50 6.04 -11.6
A2 Mg -0.29 -0.25 -0.20 1.098 100.7 1447 .4 -8.26 -5.13 -1.99 6.27 -8.2
A3 (Ca™) -0.09 -0.08 -0.06 1.766 63.2 1435.5 -8.05 —4.64 -1.23 6.82 -0.1
B.1 (Be™?) 4.40 4.42 4.45 -1.63 2553 1433.1 -9.62 -7.16 -4.69 4.93 -27.8
B.2 (Mg™) 9.02 9.05 9.12 -1.291 337.2 1378.2 -9.63 -6.62 -3.61 6.02 -11.9
B.3 (Ca™) 15.32 15.36 15.40 -1.386 4102 1299.1 -9.57 -6.74 -391 5.66 -17.1
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Table 3 Calculated energetic data, vibrational frequencies (cmf'),
HOMO energies (Exomo), LUMO energies (Er ynvo), HOMO-LUMO
energy gap (Ejy), Fermi level energy (Eg) and the charge on the

adsorbate (Qr, e) for endohedral (A) and exohedral (B) B1,N;, nano-
cage at M06-2X/6-31G(d) level of theory. Energies are in eV

System AE AH AG Qr (e VUmin Vmax Enomo ErL Erumo E, aAEg(%)
BioNy, - - - - 333.8 1442.3 -9.27 —4.71 —-0.16 9.11 -
A1 (Be™) -1.76 -1.71 —1.63 1.158 2423 1483.5 -9.91 -5.79 -1.67 8.24 -9.5
A2 Mg™?) -0.32 -0.26 -0.19 1.440 114.2 1460.3 -9.6 -5.37 -1.14 8.46 =175
A3 (Ca™) -0.11 —-0.10 —0.08 1.750 72.3 1451.4 -9.61 -5.21 —0.82 8.79 -3.9
B.1 (Be™?) 4.51 4.53 4.61 —1.416 265.5 1449.7 -11.02 —7.68 —4.34 6.68 -27.0
B.2 (Mg"™) 9.10 9.13 9.16 -1.217 342.8 1402.5 —11.53 =7.77 —4.01 7.52 -17.8
B.3 (Ca'?) 15.41 15.45 15.50 —1.166 431.8 13154 -10.9 —7.355 -3.81 7.09 -22.5

cation. More positive values of AG in comparison with
those of AH indicate that the change of entropy is negative
for endohedral adsorption. Interestingly, the calculations
show that a large amount of charge is transferred from the
cluster to the trapped ions (Table 1), so that the cations are
compensated and the system finally becomes partially neg-
ative. This may be attributed to the fact that the cations are
trapped inside the cluster and have to accept the charge. The
quantity of the transferred charge is decreased by increasing
the size of the ions.

The calculated DOS plots shown in Fig. 3 and data
of Table 1 reveal that, similar to the exohedral adsorp-
tion, encapsulation of the alkaline earth cations inside
the Bi,N;, nano-cage influences its electronic proper-
ties. However, the change in electronic properties in the
case of endohedral adsorption is more rigorous than that
in the case of exohedral adsorption. The results indicate
that the HOMO, Fermi level, and especially the LUMO
of the cluster, are shifted appreciably to lower energies
so that E, of the cluster is narrowed. The Be™? encap-
sulation has more effect on these properties than the
other cations. In this case, the LUMO of the cluster
becomes sharply more stable by about 4.70 eV, which
can be attributed to the large charge transfer from the
cluster to the cation. Also the Fermi level decreases
significantly from —4.25 eV to —6.99 eV, which leads

Table 4 Calculated energetic data, vibrational frequencies (cm™'),
HOMO energies (Egomo), LUMO energies (EpLymo), HOMO-
LUMO energy gap (E,), Fermi level energy (Er.) and the charge

to an increment in the work function. The work func-
tion of a semiconductor is the least amount of the
energy required to remove an electron from the Fermi
level to a point far enough not to feel any influence
from the material. A change in the work function in a
semiconductor alters its field emission properties.
However, the electron current densities emitted in vacuo
are described theoretically by the following classical
Richardson-Dushman equation [32, 33]:

j = AT? exp(—® /kT)

where A is the Richardson constant (A/m?), T is the
temperature (K), and ® (eV) is the material’s work
function. After encapsulation of the cations inside the
cluster, its work function is increased due to shift of the
Fermi level to lower energies. This may arise from a
donation of charge from the cluster to the cations.
However, as can be seen from Richardson-Dushman
equation, the electron current density emitted is related
exponentially with negative value of the work function.
Therefore, the electron current density emitted from the
B,Nj, cluster will be decreased upon encapsulation of
alkaline metal cations.

Finally, we investigated the influence of basis set and
functional on the results obtained. To this aim, we repeated
the calculations at B3LYP/6-311G (d, p), M06-2X/6-31G

on the adsorbate (Qr, e) for endohedral (A) and exohedral (B)
B,Nj, nano-cage at M06-2X/6-311G (d, p) level of theory.
Energies are in eV

System AE AH AG Qr (le]) Vmin Umax Enomo ErL ELumo E, *AE,(%)
BoNj» - - - - 322.8 1439.2 -9.48 —4.90 -0.33 9.15 -
Al (Beﬂ) —1.78 -1.74 —1.65 1.779 235.6 1479.2 -10.04 -5.98 -1.93 8.11 -11.4
A2 (Mgﬂ) —0.34 —0.29 —0.21 1.314 110.8 1457.1 —9.85 =5.71 -1.58 8.27 -9.6
A3(Ca?  -015  -0.14  -0.10 1.834 692 14489 961 =531  -101 860 6.0
B.1 (Be+2) 4.50 451 4.59 —1.257 260.7 1445.1 -11.15 —7.82 —4.5 6.65 -27.3
B.2 (Mg+2) 9.07 9.11 9.15 —1.788 339.1 1400.1 -11.2 =7.45 -3.71 7.49 —18.1
B.3 (Ca+2) 15.32 15.35 15.41 -1.575 425.9 1312.2 -11.22 =7.78 —4.34 6.88 —24.8
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(d), and M06-2X/6-311G (d, p) levels of theory, and
have summarized the results in Tables 2, 3 and 4.
Table 2 shows the results obtained by B3LYP/6-311G
(d, p), indicating that using a larger basis set in com-
parison with the 6-31G (d) slightly influences the
results. Like the results obtained through 6-31G (d),
the endohedral and exohedral adsorptions are endother-
mic and exothermic at 6-311G (d, p) level, respectively.
The values of AE, AH, and AG obtained with the
larger basis set show negligible deviation from the
results calculated by 6-31G (d). Also, it was found that
the vibrational frequencies and electronic properties did
not change significantly using the larger basis set.
Tables 3 and 4 show the results of M06-2X functional
with 6-31G (d) and 6-311G (d, p) basis sets, respec-
tively. It can be seen that their AE, AH, and AG
results are in good agreement with those obtained by
B3LYP, while the calculated electronic properties of the
HOMO, LUMO, Fermi level, and E, depend on the
kind of functional used. For example, the M06-2X val-
ues of E, are larger than those of the B3LYP. It can be
concluded that the results may experience more change
through using different functionals, compared to utiliz-
ing various basis sets.

Conclusions

We studied exohedral and endohedral adsorption of al-
kaline earth cations inside and outside of B;,N;, nano-
cage in aqueous medium using DFT in terms of ther-
modynamic, geometric, and electronic properties. The
adsorption of cations was found to be exothermic out-
side but endothermic inside the cluster. The adsorption
favorability increased in the series: Ca®"<Mg*"<<Be*".
The electronic properties of the cluster changed much
more in the case of endohedral adsorption in compari-
son with the exohedral adsorption due to significant
charge transfer from the cluster to the cations in the
former. Moreover, endohedral adsorption significantly
increases the work function of the cluster, impeding
the field electron emission from the cluster surface
based on the Richardson-Dushman equation.
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