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We have performed a comparative theoretical study on the adsorption of nitric oxide (NO)
on Zn12 O12 and Mg12 O12 nanocages in terms of their energetic, geometric, and electronic
properties. It has been found that NO adsorption on the MgO nanocage is energetically more
favorable than that on the ZnO one. In contrast to the ZnO nanocage, HOMO-LUMO energy
gap (Eg ) of MgO one is dramatically decreased in the presence of NO molecule so that it is
transformed from an intrinsic semiconductor (Eg ≈5.00 eV) to a p-type one (Eg ≈1.93 eV).
We have predicted that electronic and conductance properties of the Mg12 O12 nanocage
are sensitive toward NO molecule, thus it may be potential candidate in detection of NO
molecules.
Key words: Sensor, Electronic property, Density functional theory, Fullerene-like cluster,
Nitrogen monoxide

by their diverse applications in air-quality detection,
inflammable-gas inspection, environmental monitoring,
healthcare, defense and security, and so on. Recently,
inspired by the advantages of high surface-to-volume ratios, fabrication of nanomaterial electronic devices and
exploring their properties are of current interest [22,
23]. Till now, a number of efficient gas sensors based
on semiconductive metal oxides such as SnO2 [24], TiO2
[25], ZnO [26], and MgO [15] nanostructures have been
introduced.
Nitric oxide (NO) is known to be extremely harmful
to the human body and also a main cause of air pollution. Therefore, effective methods have been highly
demanded to monitor and suppress the nitric oxide content of the atmospheric environments. In the present
work, we compare the NO adsorption behavior of pristine Mg12 O12 and Zn12 O12 nano-cages, consisting of
equal atoms in an identical molecular level of theory.
An identical condition is too difficult from the experimental view, while these conditions can be easily provided using computer-based modeling.

I. INTRODUCTION

Since the synthesis of carbon nanotubes (CNTs) by
Iijima [1], these new materials have attracted great interests and have been subjected to different investigations due to their extraordinary structural, mechanical, chemical, physical properties and electronic, optoelectronics applications [2, 3]. Recently, research efforts have been devoted to different (XY)n nanostructures such as nanoclusters, nanohorns, nanotubes, and
nanowires [4−10]. The fullerene-like cages (XY)12 have
been theoretically predicted to be the most stable clusters among different types of (XY)n structures [11], indicating that fullerene-like cage may be a magic cluster with inherent special stability when n equals to 12.
Concretely, ZnO and MgO nanoclusters have been studied both theoretically and experimentally [12−15]. Theoretically, Al-sunaidi and Goumri-Said have shown that
the adsorption and dissociation of H2 O on ZnO nanoclusters highly depends on stability of the clusters [14].
Huang et al. have investigated sensing of CO molecule
using transition metal-doped Mg12 O12 [15].
Molecular interaction with nanostructured surfaces is
a subfield of great interest due to potential applications
such as storage, chemical sensors, and electronic devices
[16−28]. Fundamental sensing mechanism in these materials is modulation of their conductivity as a result of
charge transfer with adsorbates. Fabrication of sensitive chemical sensors has gained special focus driven

II. COMPUTATIONAL DETAILS

Geometry optimizations and density of states (DOS)
analysis were performed on two nanoclusters (Zn12 O12
and Mg12 O12 ) and different NO/nanocluster complexes
at the spin unrestricted B3LYP/LANL2DZ level of theory as implemented in GAMMES suite of program [28].
GaussSum program [29] has been used to obtain DOS
results. The B3LYP has been demonstrated to be a reliable and common used functional in the study of dif-
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FIG. 1 Optimized structures of Zn12 O12 and Mg12 O12 nanoclusters (up) and their DOS plots (down). Bond lengths are in
Å and angles in (◦ ).

ferent nanostructures [30−34]. Vibrational frequencies
were also calculated at the same level to confirm that
all the stationary points correspond to true minima on
the potential energy surface. All frequency calculations
were performed using numerical second derivatives and
verified that all of the structures are true minima by
frequency analysis and obtained positive Hessian eigenvalues. We have defined the adsorption energy (Ead ) of
NO as follows:
Ead = ENO/cluster − Ecluster − ENO

(1)

where ENO/cluster is the total energy of an adsorbed NO
molecule on the pristine cluster surface, Ecluster and
ENO are total energies of the pristine cluster and the
free NO molecule, respectively. By the definition, negative values of Ead correspond to exothermic adsorption
processes.

X12 O12 nano-cage is formed from eight 6-MRs and six
4-MRs with Th symmetry so that the calculated electric dipole moment is zero. There are two distinct X−O
bonds in the optimized structures of the X12 O12 cluster
(Fig.1); one is shared by two 6-MRs (B66 ) and another
between a 4- and a 6-MR (B46 ) with its length being
somewhat greater than that of B66 . Mulliken charges
of about 0.982 and 1.182 e are transferred from the
electropositive atom (X) to the electronegative one (O)
in surfaces of the Zn12 O12 and Mg12 O12 clusters, respectively. Therefore, the ionicity of the Mg−O bonds
is slightly more than Zn−O ones. the calculated harmonic frequencies for the Zn12 O12 and Mg12 O12 clusters are found to be from 72.4 cm−1 to 672.8 cm−1 and
107.8 cm−1 to 751.6 cm−1 respectively, indicating that
this structure is a true stationary point on the potential
energy surface.

III. RESULTS AND DISCUSSION

B. NO adsorption on Zn12 O12

A. Geometry optimization

In order to determine the minimum energy adsorption
structure for NO on the exterior surface of the Zn12 O12 ,
a number of distinct starting structures have been used
for optimization, leading to four stable configurations
(Fig.2). These configurations include the case in which
N atom of the molecule is placed atop the 6-MR (N6)
or 4-MR ring (N4), also the one in which O atom of the
molecule is placed atop the 6-MR (O6) or 4-MR ring
(O4). Moreover, it is noteworthy to mention that we

Optimized structures of the considered nanoclusters
with their geometrical parameters are shown in Fig.1.
In general, O has a lone pair pointing out from the surface of the spheroid, while X (Zn or Mg) has an empty
orbital. Thus, dimers containing X facing O would
be more stable than those having O to O, because of
the repulsion between the two lone pairs. Generally, a
DOI:10.1063/1674-0068/26/02/231-236
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FIG. 2 Optimized geometries of NO adsorbed on Zn12 O12 . Bond lengths are in Å.

TABLE I Adsorption energy (Ead ), total Mulliken charge on the NO molecule (QT ), EHOMO , ELUMO , gap (Eg ) and Fermi
level energy (EFL ) for different NO-adsorbed Zn12 O12 systems.
System
Ead /(kcal/mol)
QT /e
EHOMO /eV
Zn12 O12
-6.84
O4
−2.46
0.058
−6.79
O6
−2.49
0.059
−6.80
N4
−4.31
0.061
−6.79
N6
−5.07
0.013
−6.77
a
∆Eg is change of Eg of cluster upon adsorption of NO.

have examined the initial configurations in which the N
or O atom of NO is close to the cluster atoms. However, during the full relax optimization the NO reorients to four above mentioned configurations. As shown
in Table I, Ead values corresponding to the adsorption
of NO are calculated to be in the range between −2.46
and −4.31 kcal/mol. The obtained Ead from these calculations depends on the orientation and location of the
NO outside the Zn12 O12 .
As it is also indicated in Table I, all configurations
are energetically favorable. The most stable configuration (N6) is the one in which the nitrogen atom of
NO has been located atop the 6-MR with a distance of
2.569 Å to nearest atom of the cluster (Fig.2). This configuration has an Ead of −5.07 kcal/mol and a charge
transfer of 0.013 e from the molecule to the cluster. Furthermore, the NO adsorption induces a slightly locally
structural deformation in Zn12 O12 . Therefore, the bond
length of Zn−O of the tube is slightly changed from
1.986 and 1.911 Å in free cluster to 2.015 and 1.904 Å
in the adsorbed form, respectively. As shown in Fig.2
and Table I, these relaxed configurations possess small
Ead values and large interaction distances (>2.569 Å)
between the Zn12 O12 and NO, indicating the weakness
of the interaction between the molecule and the pristine
Zn12 O12 .
Calculated frequencies for the most stable configuration (N6) range from 7.8 cm−1 to 1612.0 cm−1 . The
stretching mode of N−Zn (the distance between the
DOI:10.1063/1674-0068/26/02/231-236

EFL /eV
−4.82
−5.12
−5.18
−5.14
−4.99

ELUMO /eV
−2.80
−3.45
−3.57
−3.50
−3.22

Eg /eV
4.04
3.34
3.23
3.29
3.55

∆Eg a /%
17.3
20.0
18.5
12.1

N atom of NO and a Zn atom of the cluster) is approximately 47.1 cm−1 , demonstrating that this interaction is very weak in comparison with the other bonds
along the complex. The largest frequency value of
1612.1 cm−1 belongs to the stretching mode of N−O
in the adsorbed nitrogen oxide molecule. Calculated
frequency for N−O mode of the free molecule is about
1770.3 cm−1 , indicating that the length of N−O bond
should be increased upon the adsorption process. Our
calculations show that the N−O bond length is slightly
increased from 1.199 Å to 1.220Å after the adsorption
process which is consistent with the frequency change.
In order to deeply understand the changes of electronic properties of Zn12 O12 , it is essential to calculate the DOS plots of the tube before and after NO
molecule adsorption. The difference in energies between the HOMO and LUMO, Eg , was calculated from
the DOS plots. It should be noted that herein, the
Eg stands for SOMO (singly occupied molecular orbital)/LUMO energy gaps for the open shell systems.
From the DOS plot of the bare Zn12 O12 in Fig.1, it can
be concluded that the cluster is a semi-insulator with
a wide Eg of 4.04 eV. Figure 3 corresponds to DOSs of
the stable configurations of NO-Zn12 O12 . Comparing
the DOSs of the free cluster (Fig.1) system with the
adsorbed one, it is found that the Eg of the Zn12 O12 is
slightly decreased in the presence of NO. However, the
largest change in the electronic properties has occurred
in O6 configuration (with 0.059 e transferred from the
c
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FIG. 3 Comparison among the DOS plots of different NO-adsorbed Zn12 O12 complexes.

TABLE II Adsorption energy (Ead ), total Mulliken charge on the NO molecule (QT ), EHOMO , ELUMO , gap (Eg ), and Fermi
level energy (EFL ) for different NO-adsorbed Mg12 O12 systems.
System
Ead /(kcal/mol)
QT /e
EHOMO /eV
Mg12 O12
−6.25
P
−7.49
0.07
−6.16
Q
−13.88
−0.119
−6.11
a
Change of Eg of cluster upon adsorption of NO.

molecule to the cluster), so that Eg of the tube has been
decreased from 4.04 eV to 3.23 eV (20.0% change).

C. NO adsorption on Mg12 O12

Furthermore, we have studied the interaction of
Mg12 O12 with a NO molecule. To find stable NOadsorbed configurations, several distinct starting structures have been used for optimization including N head
or O head of the molecule close to Mg and O sites
and atop the 6-MR and 4-MR. Full structural relaxation, without any constrain, has been then performed
on each initial configuration. It has been found that
the adsorption behavior of the NO on the Mg12 O12 is
different from that on the Zn12 O12 . Relevant data for
Ead , Eg , and QT are given in Table II. We have obtained only two stable adsorbed configurations for the
DOI:10.1063/1674-0068/26/02/231-236

EFL /eV
−3.75
−5.19
−4.16

ELUMO /eV
−1.25
−4.23
−2.22

Eg /eV
5.00
1.93
3.89

∆Eg a /%
61.4
22.2

NO/Mg12 O12 complex, namely P and Q (Fig.4). The
P configuration stands for the interaction between the
oxygen atom of the NO molecule and the Mg atom of
the nanocluster, with O−Mg distance of 2.254 Å. In this
configuration, a net charge about 0.070 e has transferred
from the molecule to the cluster and its corresponding
calculated Ead value is about −7.49 kcal/mol.
The most stable configuration is Q, in which the nitrogen atom of NO is close to an Mg atom of the cluster by a distance of 2.156 Å. This configuration has an
Ead of −13.88 kcal/mol and a charge transfer of 0.119 e
from the cluster to the molecule. This finding is in line
with our previous study in which we have found that
NO adsorption on MgO nanotube from N-head is energetically more favorable than from its O-head [35]. The
stretching mode of N−Mg (the distance between the
N atom of NO and Mg atom of the cluster) is about
228.1 cm−1 .
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FIG. 4 Optimized geometries of NO/Mg12 O12 complexes (up) and their DOS plots (down). Bond lengths are in Å.

For further examining the thermodynamic feasibility of NO adsorption on the two mentioned clusters at ambient temperature and pressure, we have
calculated free energies (∆G) and enthalpy changes
(∆H) involved at 298.14 K and 1 atm. from the results of vibrational frequency calculations. Computed
values of ∆H for the most stable configurations of
NO/Zn12 O12 and Mg12 O12 (N6 and Q) are about −4.36
and −12.92 kcal/mol and those of ∆G are −1.33 and
−4.04 kcal/mol, respectively. However, less negative
values of ∆G compared to that of ∆H are due to the
entropic effect. It shows that NO adsorption on the
Mg12 O12 is thermodynamically more feasible than on
the Zn12 O12 .
In order to consider the influence of NO adsorption on
the electronic properties of the Mg12 O12 , we have calculated the DOS for two stable configurations as shown in
Fig.4. Since a small change of Eg can modify the electrical conductivity of a sorbent, these changes (∆Eg ) upon
the adsorption process are related to the sensitivity of
the sorbent for a particular analyte. As shown in Fig.4,
DOS of the mentioned NO-adsorbed Mg12 O12 have a
distinct change near the conduction level compared to
that of the pristine tube. In the case of Q configuration, the Eg of the cluster dramatically decreases from
5.00 eV in the pristine form to 1.93 eV (61.4% change)
in adsorbed form which would result in an electrical
conductivity change of the nanocluster according to the
DOI:10.1063/1674-0068/26/02/231-236

following equation [36]:
µ
σ ∝ exp

−Eg
2kB T

¶
(2)

where σ is the electric conductivity, and kB is the Boltzmann’s constant. According to the equation, smaller
values of Eg at a given temperature lead to larger electric conductivity. Consequently, the electrical conductivity of the Mg12 O12 changes dramatically with even
one adsorbed NO molecule. Therefore, the presences of
the toxic NO molecules may be detected by calculating
the conductivity change of the cluster before and after
the adsorption process. The results suggest that the
Mg12 O12 would be promising candidates for serving as
effective sensors to detect the presence of gaseous NO
molecules.

IV. CONCLUSION

Exohedral adsorption of NO molecule on the Zn12 O12
and Mg12 O12 nanocages has been studied using density functional theory in terms of energetic, geometric,
and electronic properties. It was found that the adsorption energies are in the range of −2.46 kcal/mol to
−5.07 kcal/mol and −7.49 kcal/mol to −13.78 kcal/mol
for the Zn12 O12 and Mg12 O12 nanocages, respectively. Based on the obtained results, compared to
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the Zn12 O12 , the electronic properties of Mg12 O12 are
significantly sensitive toward NO molecule and the
nanocage may be used as a potential sensor for detection of NO.
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