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Abstract
In this study, we have investigated the adsorption and dissociation of four small gas molecules including HCOH,  H2S,  NH3, 
and  O2 on  Al12P12 fullerene using density functional theory (DFT). The computations have been performed with B3LYP-D 
and M06-2X levels of theory and have been calculated with the 6-311++G** basis set. The adsorption of HCOH,  H2S,  NH3, 
and  O2 molecules can be attributed to the chemical and physical behavior of these molecules. The computational results show 
that the dissociation energies of HCOH and  H2S on the surface of  Al12P12 fullerene were found more negative than those of 
their adsorption. On the contrary, the adsorption energies of  O2 and  NH3 on the surface of  Al12P12 fullerene were found to 
be more negative than those of their dissociation. The results also indicate that the differences between calculated energies 
at both levels are negligible. The complex bonds between all molecules and  Al12P12 fullerene have been formed due to the 
charge transfer that occurred during these interactions. According to the computations and the plots of total density of state 
(TDOS), the results indicate that  Al12P12 fullerene is slightly sensitive toward HCOH and  H2S molecules.

Keywords Al12P12 fullerene · Gas molecules · DFT · Adsorption · Electronic structure

1 Introduction

In the recent years, the synthesis of nanotubes and nano-
clusters has advanced extensively and have been used in 
environmental, sensing, catalytic, and biomedical applica-
tions owing to their high surface/volume ratio and unique 
structural and electronic properties (Soltani et al. 2014, 
2015; Esrafili and Nurazar 2014a; Baei et al. 2014). Espe-
cially, the fullerenes-like III–V binary compounds including 
 B12N12,  B12P12,  Al12P12, and  Al12N12 fullerenes have been 
considered as suitable candidates regarding to their useful 

properties for the removal, storage, and detection of toxic 
gases and molecules (Soltani and Bezi Javan 2015; Esrafili 
and Nurazar 2014; Beheshtian et al. 2012; Baei et al. 2014, 
2016; Soltani et al. 2014a, b). For example, Ahmadi et al. 
have studied the interaction of hydrogen with an alternate 
fullerene-like cage with the structure of  Al12P12 fullerene 
and have reported the adsorption of hydrogen on  Al12P12 
fullerenes that could offer the better condition for interac-
tions of hydrogen with other fullerenes-like III–V binary 
compounds (Ahmadi Peyghan et al. 2012). Their results of 
chemisorption studies of one or two H atoms on an  Al12P12 
fullerene indicated that the adsorption is possible thermody-
namically on the both P and Al atoms of the cluster because 
of the LUMO distribution on these sites (Ahmadi Peyghan 
et al. 2012). Recently, chemisorption of guanine upon the 
surface of  B12N12,  B12P12,  Al12N12, and  Al12P12 nano- clus-
ters have been carried out using DFT method (Shokuhi 
Rad and Ayub 2016d). They have shown that the  B12N12 
and  B12P12 nano-clusters have more sensitivity towards the 
presence of guanine molecule, while  Al12N12 nano-cluster 
has the highest adsorption energy comparing with the pre-
viously mentioned nano-clusters (Shokuhi Rad and Ayub 
2016d). In this study, firstly the structural and electronic 
properties of  C24,  B12N12,  B12P12,  Al12N12, and  Al12P12 
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fullerenes interacting with phenol were theoretically ana-
lyzed using quantum chemical approximate methods (Sol-
tani et al. 2015). The obtained results have indicated that the 
adsorption of phenol on the  Al12N12 surface is more than 
the adsorption of phenol on the  Al12P12 fullerene. Shokuhi-
Rad and Ayub (2016c) have studied the adsorption of nickel 
atoms on the  Al12P12,  Al12N12,  B12P12 and  B12N12 surfaces 
using DFT method. They have reported the bond angle of 
98.92° for the same pristine cage (Shokuhi Rad and Ayub 
2016d). They have calculated the bond distance of guanine 
from the Al atoms of  Al12P12 and  Al12N12 nano-cages of 
1.87 A and 1.86 A, respectively (Shokuhi Rad and Ayub 
2016d). Wang and co-workers (2013) have investigated the 
effects of  Pd3-based transition metal clusters inside boron 
nitride nanotubes using DFT method and they reported 
that the adsorption of  O2 molecule upon BN nanotube have 
increased due to  Pd3M encapsulation. Ahmadi and co-work-
ers (2013) reported the adsorption of hydrogen sulfide  (H2S) 
upon the external and internal surface of  Zn12O12 fullerene 
using DFT mathod. Peyghan and Soleymanabadi have com-
pared the adsorption of  NH3 molecule on the surfaces of 
 B12N12,  B12P12,  Al12N12, and  Al12P12 fullerenes using density 
functional theory (DFT) and reported that the adsorption of 
 NH3 on the Al atom of  Al12N12 fullerene is more stable than 
the other above mentioned nano-clusters (Ahmadi Peyghan 
and Soleymanabadi 2015). Yong et al. (2016) studied the 
structural and electronic properties of  M12N12 (M = Al and 
Ga) clusters on the adsorption of the CO, NO, and  NO2 mol-
ecules by the DFT calculations. They found that  Ga12N12 
cluster can be promising gas sensors for CO, NO, and  NO2 
detection in comparison with  Al12N12 cluster.

Cui et al. (2017) used the DFT calculations to study 
the  M12N12 (M = Al, Ga) clusters as potential sensors for 
NO, NO2 and HCN detection. In this research, the effects 
of HCOH,  NH3,  H2S, and  O2 adsorptions over the  Al12P12 
fullerene surface and their electronic properties have been 
investigated using DFT method and B3LYP-D and M06-2X 
quantum chemical levels.

2  Computational methods

The adsorption of HCOH,  H2S,  NH3 and  O2 molecules on 
the pristine  Al12P12 fullerene has been studied using density 
functional theory (DFT). All the geometrical and adsorption 
energies computations were carried out using Gaussian 09 
program set (Frisch et al. 2009) using DFT method at B3LYP 
quantum chemical level (a version of Grimme’s D disper-
sion model, B3LYP-D) and 6-311+G** basis set (Yamini 
and Moradi 2014; Wu et al. 2012; Shokuhi Rad et al. 2016; 
Eslami and Ahmadi Peyghan 2015; Ahmadi Peyghan et al. 
2014; Grimme et al. 2010). Also, the calculations have been 
fully relaxed by using M06-2X quantum chemical level 

(Zhao et al. 2006; Xu et al. 2014) and 6-311+G** basis set. 
According to a research study by Walker and co-workers, 
the M06, M06-2X, and M06-HF DFT have better results 
than B3LYP for a model system with dispersion correction 
and ionic hydrogen bonding interactions so we have selected 
M06-2X for further study (Walker et al. 2013). These com-
putational methods have been used to study the structural 
and electronic properties of  Al12P12 fullerene interacting 
with HCOH,  H2S,  NH3 and  O2 molecules (Soltani et al. 
2016a, b; Esrafili et al. 2016; Niu et al. 2014). Recently, 
Hadipour et al. studied the adsorption energy of HCOH on 
Aluminium Nitride Nanotubes (AlNNT); indicating a strong 
adsorption of formaldehyde molecule on the perfect AlNNTs 
(Ahmadi et al. 2012). Based on this type of adsorption, the 
adsorption energy of HCOH-nanocluster system is much 
higher than that of CNTs (Wang et al. 2006), BNNTs (Wang 
et al. 2008), graphene (Qin et al. 2011), AlNNT, and SiCNT 
(Ahmadi et al. 2012; Wang and Liew 2011). Samanta and 
Das reported a bond distance of 1.586 A between HCOH and 
zigzag GeC nanotube and  Ead of − 0.84 eV and − 2.28 eV 
for one and two HCOH molecules adsorbed on the zigzag 
GeC nanotubes, respectively (Samanta and Das 2013). Spin 
multiplicity of the gas molecules has set as 1 with relevance 
to its molecular orbital of ground state (its ground electronic 
state is 1Σ+). The adsorption energy  (Ead) of gas molecules 
on the  Al12P12 fullerene has been determined as following:

where,  EFullerene−adsorbate is the total energy of gas mol-
ecules on the surface of  Al12P12 fullerene.  EFullerene is the 
total energy of the pristine  Al12P12 fullerene.  Eadsorbate is the 
total energy of gas molecules (HCOH,  NH3,  H2S, or  O2 mol-
ecules). Finally, frontier molecular orbitals (FMOs), natural 
bond orbital (NBO), and partial density of states (PDOS) 
analysis have computed.

3  Result and discussions

3.1  Adsorption of HCOH upon  Al12P12 fullerene

The relaxed structure and total density of state (TDOS) 
plot, HOMO and LUMO orbitals of pristine  Al12P12 fuller-
ene with  Th symmetry is presented in Fig. 1. The corre-
sponding details are also presented in Table 1. Regarding 
to the Table 1, the distance of the oxygen atom of formal-
dehyde (HCOH) adsorbed on the aluminum atom of the 
 Al12P12 was found to be 2.02 Å The obtained adsorption 
energy of formaldehyde over  Al12P12 fullerene (A con-
figuration) was found to be − 0.84 eV. Thus this interac-
tion can be suggested chemisorption in nature. Based on 
the NBO analysis, 0.111 electrons have been transferred 
from HCOH to the  Al12P12 fullerene, which is responsible 

(1)E
ad
= E

Fullerene−adsorbate
−

(

E
Fullerene

+ E
adsorbate

)
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for the strong interaction between two species. The C=O 
and C–H bond lengths have been computed to be 1.20 Å 
and 1.11 Å in an isolated HCOH molecule (Ahmadi et al. 
2012), while for the HCOH molecule on the Al atom 
of  Al12P12 fullerene for A configuration, they are about 
1.22 Å (C=O) and 1.10 Å (C–H) (Table 1; Fig. 2). Con-
trariwise to the configuration A, the adsorption of HCOH 
between the Al and P atoms of  Al12P12 fullerene (B 

configuration) has an  Ead of − 1.28 eV, in which a charge 
about 0.837 electrons are transferred from the HCOH to 
the  Al12P12 that have calculated using NBO charge analysis 
(see Table 1). Based on this result the interaction between 
adsorbed HCOH (B configuration) and the  Al12P12 fuller-
ene is mainly covalent in nature. In contrast with B3LYP-
D quantum chemical level, interaction of formaldehyde 
with  Al12P12 fullerene indicates an increase in adsorption 

Fig. 1  Schematic structure 
of  A12P12 nanocage, frontire 
molecular orbital (FMO), and 
its corresponding density of 
state (DOS)

Table 1  Bond angles (◦), bond length (Ǻ), adsorption energy  (Ead/
eV), HOMO, LUMO and energy gap  (Eg/eV), difference of  Eg befor 
and after adsorption (∆Eg (%)), energy of the Fermi level  (EF/eV), 

charge transfer (Q/e), and dipole moment value  (DM/Debye) for the 
pure adsorbates, adsorbents and interaction models A–H at B3LYP/6-
311+G**

Property P–Al–P Al–P Ead/eV D/Ǻ HOMO/eV LUMO/eV Eg/eV ∆Eg (%) EF/eV Q/e DM/Debye

Al12P12 98.60 2.338 – – − 6.76 − 3.40 3.36 – − 5.08 – 0.00
A 97.99 2.364 − 0.84 2.024 − 6.40 − 3.77 2.63 21.72 − 5.09 0.111 6.63
B 77.47 2.309 − 1.28 1.724 − 6.61 − 3.27 3.34 0.595 − 4.94 0.837 0.96
C 97.41 2.373 − 0.53 2.575 − 6.51 − 3.14 3.37 0.297 − 4.83 0.214 4.64
D 91.73 2.539 − 0.77 2.227 − 6.40 − 3.52 2.88 14.28 − 4.96 0.110 4.04
E 77.46 2.365 − 3.01 1.772 − 6.62 − 3.40 3.22 4.17 − 5.01 0.44 2.28
F 95.12 2.362 − 0.93 1.911 − 6.76 − 4.75 2.01 40.18 − 5.76 0.24 3.27
G 97.27 2.378 − 1.34 2.069 − 6.38 − 3.03 3.35 0.298 − 4.71 0.14 6.74
H 90.73 2.598 − 0.39 1.794 − 6.27 − 3.39 2.88 14.28 − 4.83 0.52 3.00
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energies of − 0.94 eV in A configuration and − 1.45 eV in 
B configuration calculated at M06-2X quantum chemical 
level (Table 2). The obtained results at M06-2X quantum 
chemical level demonstrate that the calculated binding 
energy value was significantly different than that calcu-
lated at B3LYP-D quantum chemical level (see Table 2). 
All calculations show that the chemisorption in the B 
configuration energetically is more remarkable, and the 
HCOH tends to bond with both Al and P atoms as a cova-
lent bond. The bond distance of Al–P and bond angle of 
P–Al–P for the four membered rings where the HCOH 
have been adsorbed, were 2.338 Å and 98.60° in pristine 
fullerene and 2.364 Å and 97.99° for A configuration and 
2.309 Å and 77.47° for B configuration.

3.2  Adsorption of  H2S on  Al12P12 fullerene

The adsorption and dissociation of  H2S molecule on the 
surface of  Al12P12 fullerene have investigated using DFT. 
The optimized geometrical complexes were shown in 
Fig. 2c, d and related data were summarized in Tables 1 
and 2. After adsorption process, the length of Al–P bond 
has increased from 2.338 to 2.373 Å and 2.539 Å and the 
P–Al–P bond angle has decreased from 98.60° to 97.41° 
and 91.73° in C and D configurations computed at B3LYP-
D quantum chemical level, respectively (Jouypazadeh and 
Farrokhpour 2018). The computations at M06-2X quan-
tum chemical level show that the length of Al–P bond 
has increased from 2.327 to 2.356 Å in configuration C 

Fig. 2  Interaction configura-
tion models (a  H2CO–Al12P12), 
(b  H2CO–Al12P12), (c  H2S–
Al12P12), (d H-SH–Al12P12), (e 
O–Al12P12–O), (f  O2–Al12P12), 
(g  H3N–Al12P12), (h H–P12Al12–
NH2)
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and 2.505 A in configuration D, and the P–Al–P bond 
angle has decreased from 98.94° has decreased to 98.18° 
in C configuration and 94.07° in D configuration. These 
results indicate that the geometry of the  Al12P12 nano-
cage, optimized with the B3LYP-D level of theory has 
negligible discrepancies when comparing the geometry of 
the  Al12P12 nano-cage optimized with the M06-2X level 
of theory (see Table 2). These differences may be attribut-
ing to the considered parameters in these computational 
levels. Zaboli and Raissi calculated the length of Al–P 
bond in the optimized AlPNT that was equal to 2.310 Å 
(Zaboli and Raissi 2015). However, the adsorption of  H2S 
on the  Al12P12 fullerene surface introduces local structural 
deformation in both the molecule of  H2S and the  Al12P12 
fullerene. The length of S–H bond is slightly increased 
from 1.348 Å in the molecule to 1.351 Å and 1.350 Å in 
the C and D configurations, respectively, which represents 
the good agreement with previous theoretical reports men-
tioned by Baei and Peyghan (Baei et al. 2014b; Ahmadi 
Peyghan et al. 2013). The computed  Ead at B3LYP-D level 
was − 0.53 eV for C configuration while it was − 0.77 eV 
for D configuration, respectively. The values of  Ead cal-
culated at M06-2X level in C and D configurations were 
− 0.64 eV and − 0.82 eV, respectively. Comparison of the 
 Ed values, as well the bond length and bond angles com-
puted with the B3LYP-D level and at M06-2X level shows 
discrepancies in the geometrical parameters (see Table 2). 
Based on NBO analysis, a charge of 0.214 electrons have 
been transferred from  H2S molecule to the nano-cluster 
in C configuration and of 0.11 electrons have transferred 
from the nano-cluster to  H2S molecule in D configura-
tion calculated at B3LYP-D level. Beheshtian et al. have 
studied  H2S-AlNNT system that calculated at B3LYP level 
and at B97D semi-empirical dispersion correction method 
within DFT, and have found the values of − 1.52 eV and 
− 1.83 eV for  Ead, respectively, for the most stable configu-
ration (Ahmadi Peyghan et al. 2013). Some authors have 

been reported  Ead of  H2S adsorption over Ga-doped (8, 0) 
and (5, 5) BNNTs of − 1.61 eV and − 1.42 eV, respectively 
(Baei et al. 2014b).

3.3  Adsorption of  O2 upon  Al12P12 fullerene

The adsorption behavior of  O2 on the surface of  Al12P12 
fullerene has been computed at B3LYP-D and at M06-2X 
quantum chemical levels of theory (see Fig. 2). The bond 
length of Al–P and bond angle of P–Al–P of the four-
membered ring of  Al12P12 fullerene changed to 2.365 Å 
and 77.46° and 2.362 Å and 95.12° upon adsorption on E 
and F configurations at B3LYP-D level, respectively. The 
calculations using the M06-2X level of theory show an 
increase of the bond length of Al–P from 2.327 to 2.292 Å 
in E configuration and 2.276 Å in F configuration. Fur-
thermore, the P–Al–P bond angle increased from 98.94° in 
 Al12P12 fullerene to 110.96° in E configuration and 109.89° 
in F configuration. It was found that the  O2 on the wall of 
 Al12P12fullerene in E and F configurations were molecu-
larly chemisorbed with  Ead values of − 3.01 and − 0.93 eV, 
respectively. The corresponding bond length between the 
 O2 molecule and the nano-clusters was determined to be 
1.911 Å and 1.772 Å, respectively (see Table 1). The results 
show, the adsorption energies have significant differences 
using B3LYP-D and M06-2X quantum chemical levels (see 
Tables 1, 2). The adsorption of  O2 on the surface of AlNNT 
has been studied and has reported the corresponding adsorp-
tion energy and bond length to be − 0.52 eV and 2.54 Å, 
respectively (Baei et al. 2012). Moreover, adsorption of  O2 
molecule on the ZnO nanotubes studied by An et al. (2008) 
has revealed physisorption of  O2 on the ZnO nanotube with 
 Ead, charge transfer (from tube to molecule), and the bond 
length of − 0.048 eV, 0.011 |e|, and 2.677 Å, respectively. 
The interaction of  O2 molecule and  Al12P12 fullerene indi-
cates that a strong chemical adsorption (covalent in nature) 
occurs between  O2 molecule and  Al12P12 fullerene. In 

Table 2  Bond angles (◦), bond length (Ǻ), adsorption energy  (Ead/
eV), HOMO, LUMO and energy gap  (Eg/eV), difference of  Eg befor 
and after adsorption (∆Eg (%)), energy of the Fermi level  (EF/eV), 

charge transfer (Q/e), and dipole moment value  (DM/Debye) for the 
pure adsorbates, adsorbents and interaction models A–H at M06-
2X/6-311G**

Property P–Al–P Al–P Ead/eV D/Ǻ HOMO/eV LUMO/eV Eg/eV ∆Eg (%) EF/eV Q/e DM/Debye

Al12P12 98.94 2.327 – – − 7.77 − 3.05 4.72 – − 5.41 – 0.0
A 98.87 2.352 − 0.94 1.997 − 7.45 − 2.71 4.74 0.42 − 5.08 0.120 6.92
B 77.08 2.327 − 1.45 1.716 − 7.73 − 2.84 4.89 3.60 − 5.29 0.849 0.99
C 98.18 2.356 − 0.64 2.542 − 7.75 − 2.80 4.95 4.87 − 5.28 0.221 4.67
D 94.07 2.505 − 0.82 2.208 − 7.48 − 3.12 4.36 7.62 − 5.30 0.114 4.04
E 110.96 2.292 − 3.09 1.765 − 7.76 − 2.99 4.77 1.06 − 5.38 0.45 2.16
F 109.89 2.276 − 0.99 1.822 − 7.50 − 2.92 4.58 2.97 − 5.21 0.29 1.81
G 98.13 2.368 − 1.47 2.036 − 7.44 − 2.69 4.75 0.64 − 5.07 0.16 6.79
H 93.09 2.391 − 0.43 1.781 − 7.33 − 2.98 4.35 7.84 − 5.16 0.54 2.95
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addition, the computations at B3LYP-D level have shown 
a charge transfer of 0.44 and 0.24 electrons from the nano-
cage to  O2 molecule in E and F configurations, respectively. 
This phenomenon can be interpreted by a strong hybridiza-
tion between aluminum p orbitals and oxygen p orbitals, 
which leads to a strong chemical bond between two species 
that may be the best cause for increase of  O2 adsorption on 
the surface of  Al12P12 fullerene.

3.4  Adsorption of  NH3 over  Al12P12 fullerene

The adsorption configurations of  NH3 on an Al atom of 
 Al12P12 fullerene is presented in Fig. 2. The obtained results 
revealed that the  NH3 is covalently bonded to  Al12P12 fuller-
ene in G configuration. The calculations at B3LYP-D level 
of theory show that after the adsorption process, the length 
of one of the N-H bonds in  NH3 elongates from 1.015 to 
1.020 Å and to 1.011 Å in G and H configurations, respec-
tively, which is close to mentioned results by Nagarajan 
and Chandiramouli (2016). The bond length of Al–P and 
bond angle of P–Al–P changed to 2.378 Å and 97.27° in 
the G configuration and 2.598 Å and 90.73° for H configu-
ration. The calculations at B3LYP-D level of theory also, 
have revealed the adsorption energy values and the bond 
lengths of two species to be − 1.34 eV and 2.069 Å for G 
configuration, and − 0.39 eV and 1.794 Å for H (see Table 1; 
Fig. 2). The adsorption energies calculated at M06-2X level 
of theory for the adsorption of  NH3 molecule on  Al12P12 
fullerene were − 1.47 eV and − 0.43 eV in G and H configu-
rations, respectively (see Table 2). As shown in Table 2, the 
calculated values of  Ead of  NH3 with the  Al12P12 fullerene 
are considerably greater than those calculated at B3LYP-D 
level. Furthermore, the calculations have revealed that the 
chemisorption which has occurred (covalent in nature) in 
the interaction of nitrogen atom of  NH3 with Al atom of 
the  Al12P12 fullerene in G configuration is stronger than the 
dissociation of one  NH3 molecule (dissociated  NH2 and H) 
in H configuration (Lu et al. 2007). Therefore, the chem-
isorption of ammonia molecule on the surface of  Al12P12 
fullerene can be attributed to the strong interaction between 
electron-deficiency of Al atom in nano-cage and electron 
donation of N atom in  NH3 molecule. Recently, Bhuvane-
swari et al. (2019) reported the adsorption energy of  NH3 
molecule upon hydrogenated armchair arsenene (arm-HAs) 
and hydrogenated zigzag arsenene nanoribbon (zig-HAs) 
with the values of − 0.488 and − 0.637 eV, respectively. Pre-
vious studies have been indicated that the  NH3 adsorption on 
the surface of AlNNT is approximately − 0.98 eV (Ahmadi 
et al. 2011). The obtained results show that the interaction 
between  NH3 and  Al12P12 fullerene in G configuration is 
stronger than that of H configuration but, the variations of 
structural parameters in H configuration are more significant 
than that of the G configuration. This may be attributed to a 

preferable HOMO–LUMO interaction and a strong charge 
transfer where the charges of 0.14 |e| and 0.52 |e| electrons 
have transferred from the molecule (electron donor) to nano-
cage (electron acceptor) in G and H configurations, respec-
tively. Earlier, some authors have reported  Ead values of 
− 1.82 eV, − 1.72 eV, and − 1.66 eV for  NH3-Al-doped (8, 0) 
BNNT,  NH3-Ga-doped (8, 0) BNNT, and  NH3-Ga-doped (5, 
5) BNNT, respectively (Soltani et al. 2012). Also, the  Ead of 
one and two  NH3 molecules adsorbed on zigzag GeC nano-
tubes were found to be − 0.49 eV and − 1.16 eV, respectively 
(Samanta and Das 2013). These above mentioned reports 
could confirm the above interpretation. The values of dipole 
moment  (DM) have varied form 0.0 D to 6.74 D and 3.00 
D in G and H configurations, respectively (see Tables 1, 
2). These results have indicated that  NH3 dissociation (the 
molecule dissociates to  NH2 and H) on the  Al12P12 fuller-
ene surface (H configuration) can lead to a decrease in the 
amount of dipole moment and thus an increase in adsorption 
energy (G configuration).

3.5  Investigation of the electronic structure 
changes

The effects of adsorption of the above gaseous molecules 
(HCOH, H2S, NH3, and O2) on the electronic properties 
of  Al12P12 fullerene have been studied. Some recent reports 
have shown that the adsorption of pyrrole (Shokuhi Rad 
and Ayub 2016a),  BH3 and  BF3 (Shokuhi Rad 2017), and 
 H2 (Shokuhi Rad and Ayub 2016b) over  Al12P12 fullerene 
surface could effectively modify the electronic properties 
of nano-cage in different ways. Tables 1 and 2 present the 
energy gap changes (ΔEg) for the pristine  Al12P12 fullerene 
and its complexes with HCOH,  H2S,  NH3, and  O2 molecules 
using DFT method and computed at B3LYP-D and M06-2X 
levels. The computations at B3LYP-D level have shown that 
the energy gap  (Eg) of  Al12P12 fullerene has decreased from 
3.36 to 2.63 eV (A), 2.88 eV (D), 3.22 eV (E), 2.01 eV 
(F), and 2.88 eV (H) after adsorption of mentioned gas 
molecules (see Table 1) whereas, in B, C and G configura-
tions there were not any appreciable variations. In contrast 
with the above computations, the values of energy gap of 
 Al12P12 fullerene calculated at M06-2X level were slightly 
increased from 4.72 to 4.74 eV (A), 4.89 (B), 4.95 (C), 4.77 
(E), and 4.85 eV (G) whereas, in D, F and H configurations 
the values have decreased. In this regard, Monemar (1973) 
and Stukel and Euwema (1969) have reported a direct band 
gap of AlP of 3.27 eV obtained theoretically and 3.63 eV 
obtained experimentally. Some DFT calculation has reported 
the energy gap of  Al12P12 fullerene of 3.63 eV (Ayub 2016), 
which is close to the result obtained at B3LYP-D level.

The plots of partial density of states (PDOS) of the con-
sidered structures have shown in Fig. 3. The effects of the 
electronic states of each part of interacting section of a 
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complex electronic structure can be studied by these plots. 
The states near the HOMO (the highest occupied molecu-
lar orbital) and LUMO (the lowest unoccupied molecular 
orbital) orbitals have the main role in chemical or physi-
cal characteristics of a typical system. The role of adsorbed 
molecule on the host material can therefore be estimated 
by considering the density of states (TDOS) ratio of dif-
ferent fragments in a complex; as seen in Fig. 3. In this 
study,  Al12P12 fullerene is considered as fragment 1 and 
adsorbed molecule is considered as fragment 2. Accord-
ing to the Fig. 3 the HCOH molecule is adsorbed on one 

of the Al atoms of the  Al12P12 fullerene and represents a 
ratio of near 8% of TDOS in HOMO sates of the HCOH-
Al12P12 fullerene complex, implying a small effect in elec-
tronic structure of the ground state of the  Al12P12 fullerene, 
whereas during excitation in LUMO states, the ratio drasti-
cally increases to approximately 98% indicating the effective 
role that this bond plays in the construction of the LUMO 
state. The overlap population density of states (OPDOS) 
displays the interaction of HCOH with  Al12P12 fullerene 
is in an anti-bonding state; according to negative values of 
OPDOS. The low binding energy is in agreement with the 

Fig. 3  Corresponding density of state plots of interaction models (a, b), (c, d), (e, f) and (g, h)
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directly calculated adsorption energy that was estimated 
with total energy changes (see Tables 1, 2; Fig. 3). In Fig. 4 
the Countor plots of charge density of interaction models 
are shown for configurations A, B, C, D, E, F, G and H. 
For example, Fig. 4a represents the charge density of the 
HCOH on the  Al12P12 fullerene that is localized around the 
molecule; a small distortion can be seen on the interaction 
between the O atom of HCOH with Al atom of the  Al12P12 
fullerene, indicating small electrostatic interaction between 
two systems. According to the Fig. 3b, which refers to the 

adsorption of HCOH in bridge configuration between the 
Al and P atoms of  Al12P12 nano-cage (configuration B), a 
ratio of approximately 14% of DOS in HOMO sate of the 
HCOH-Al12P12 fullerene complex implying a higher impact 
of the interaction in electronic structure of the ground state 
of the  Al12P12 nano-cage, whereas its role in LUMO state 
is approximately 5% indicating to the non-effective role in 
the construction of the LUMO state. The overlap popula-
tion density of states (OPDOS) of the interaction between 
the bridge configuration of HCOH and the  Al12P12 fullerene 

Fig. 4  Countor plots of charge density of gas molecules adsorbed on the surface of  Al12P12 fullerene
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can be both in an anti-bonding state in HOMO, and in a 
bonding state in LUMO according to negative and positive 
values of OPDOS. Figure 4b shows the charge density of 
the adsorption of HCOH in bridge configuration was dis-
torted around Al and P of the host nano-cage. A significant 
distortion can be seen between C atom of the HCOH with P 
atom of the  Al12P12 fullerene, indicating the covalent inter-
action between two systems (Baei et al. 2014a; Soltani et al. 
2014d). According to Fig. 3c, which refers to the adsorption 
of  H2S in top-site position over the Al atom of  Al12P12 fuller-
ene (C configuration), a DOS ratio of about 10% can be seen 
in HOMO sates of the HCOH-Al12P12 fullerene complex 
implying the effective role of the interaction in electronic 
structure of the ground state of the  Al12P12 fullerene, how-
ever DOS ratio in LUMO states remained constant. Regard-
ing to the overlap population density of states (OPDOS) we 
can see the interaction at the top-site position of  H2S with Al 
atom is completely anti-bonding state in HOMO and LUMO 
states according to negative values of OPDOS. The charge 
density of  H2S on the  Al12P12 fullerene is localized around 
the molecule and a small distortion can be seen between 
S atom of the  H2S with Al atom of the  Al12P12 fullerene, 
indicating the small electrostatic interaction between these 
two systems. For D to H configurations a small effect of the 
adsorbed molecules on the electronic structure of the  Al12P12 
fullerene can be seen where, all PDOSs plots are distrib-
uted far from HOMO and LUMO orbitals with anti-bonding 
states. However, the charge density around interacting mol-
ecule implies some covalent interactions which reinforce the 
electrostatic interaction between molecules and nano-cage 
which is in agreement with higher values of adsorption ener-
gies presented in Tables 1 and 2.

4  Conclusion

The charges on aluminum and phosphorus atoms in  Al12P12 
fullerene were found 1.105|e| and − 1.105|e| by natural 
bond orbital (NBO) at B3LYP level of theory indicating 
a strong ionicity nature of aluminum–phosphorus bonds. 
Interaction of HCOH,  NH3,  H2S and  O2 on the surface 
of  Al12P12 fullerene have studied using DET method at 
B3LYP-D and M06-2X quantum chemical levels of theory 
and at 6-311+G** basis set. The  Ead values have varied in 
the order of F > E > G > B > A > D > C > H configurations 
computed at B3LYP-D and M06-2X levels. Studying the 
adsorption characteristics, have shown that the interaction 
of  O2 and  Al12P12 fullerene energetically is more favora-
ble than those of the other configurations. The values of 
 Eg for above mentioned systems have varied in order of 
G > G > B > E > D = H > A > F at B3LYP-D level, which 
were very different with the obtained values at M06-2X 
level. In contrast with the obtained results at M06-2X level, 

the adsorption properties as well as the changes in electronic 
properties of above mentioned systems can change their con-
ductivity and sensitivity according to the results obtained at 
B3LYP-D level.
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