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I N T R O D U C T I O N .  Since the innovation of carbon 

nanotube (CNT) in 1991, considerable attempts have 

been done for synthesis, characterization, and 

understanding of such wide surface area nano-scale 

materials.1-5 With high surface to volume ratio, nano-

scale materials could work as adsorbents for several 

other substances.6-10 Generally, nanostructures are 

defined with their nano-scale dimensions, in which 

nanoparticles, quantum dots, nanorods, nanowires, 

thin films, and some types of bulk materials could be 

categorized in these materials list.11 Carbon based  

nanostructures such as graphene, fullerene, and CNT, 

have always attracted the attention of researchers due 

to their remarkable properties.12-15 Fullerene and 

fullerene-like clusters have been seen as fantastic 

materials for adsorption functions.16 Such materials 

could be used in many areas and they are particularly 

significant in pollutants removal of environmental 

applications.17 In the current industrial and modern 

world, air and water pollutions are serious issues 

almost all around the world. Therefore, thinking about 
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how to remove the pollutants from the living 

environment is an important task to maintain the 

human health quality.  In this regard, considerable 

research activities have been directed toward the 

development of new adsorbents particularly using 

nanostructures for such pollutant diagnosis and 

removals.18-20 Based on physicochemical properties, 

fullerenes have been seen as promising adsorbents for 

various organic pollutants and metal ions.21 Moreover, 

fullerenes could be easily modified by chemical 

treatment in order to improve their adsorption 

capacity and function.22 

During the last decade, many research works have 

been carried out to fabricate various fullerene-like 

materials in order to characterize their features for 

specific applications.23-25 Previously, boron carbide (BC) 

fullerene-like materials have been introduced for their 

characteristic features of high temperature stability, 

low dielectric constant, large thermal conductivity, and 

oxidation resistance, favorable for various electronic 

related applications.26 
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A B S T R A C T . In this study, interactions of arsine (AsH3) and phosphine (PH3) gas molecules with 
B16C16 nanocluster were investigated using M06-2X/6-311G(d,p) density functional theory (DFT) 
method. Results showed that the electron density of adsorbed molecules could play an important role 
in adsorption of AsH3 and PH3 at the surface of B16C16 (on the top of B and C atoms of the cluster). 
Calculated amounts of adsorption energy were -3.50 and -2.90 eV for AsH3 and PH3, respectively. It 
revealed that the B16C16 nanocluster could work selectively for adsorbing each of AsH3 and PH3 gas 
molecules. The obtained achievement was approved regarding the calculated properties of molecular 
orbital energies, band gap, and charge transfer for the optimized systems. 
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 Arsine (AH3) and phosphine (PH3) are toxic gas 

molecules in the air in addition to potential 

flammability; therefore, their detection and removal 

from environment is a crucial task.27 In this work, a 

model of B16C16 nanocluster was investigated for 

adsorbing each of AH3 and PH3 gas molecules. To 

achieve the purpose, density functional theory (DFT) 

calculations were performed to obtain optimized 

structures and properties to examine the adsorbent 

role of B16C16 nanocluster for AH3 and PH3 gas 

molecules.   

 

M E T H O D O L O G Y .  Within this work, a 

representative model of B16C16 fullerene-like 

nanocluster was investigated to recognize its features 

for adsorbent of AH3 and PH3 gas molecules (Figs. 1 and 

2). DFT calculations were performed using the M06-2x 

method and the 6-311G(d,p) basis set as implemented 

in the GAMESS program.28 All the structures were 

optimized to achieve the minimized energy 

geometries, in which they were confirmed  through 

vibrational frequency calculations avoiding imaginary 

frequencies. Natural bonding orbital (NBO),29 density 

of states (DOS),30 molecular electrostatic potential 

(MEP),31 were all analyzed for the optimized systems.  

A very important parameter in the gas adsorption 

process is the cohesion amount of gaseous chemical 

species at the surface of adsorbent, which could be 

evaluated as adsorption energy (Eads) using eq. (1). 

 

Eads = E(adsorbate@cluster) - E(adsorbate) - E(cluster)  (1) 

 

E(adsorbate@luster) is the total energy of complex of each 

absorbed AH3 and PH3 molecules at the surface of 

B16C16 nanocluster, E(cluster) and E(adsorbate) are the total 

energies of the pristine nanocluster and each of 

singular gas molecules. All the results of this work were 

summarized in Table 1 and Figs. 1-4. It is worth to note 

that such detailed information about complicated 

structures systems could be very well recognized based 

on computer-based works prior to or in 

complementary experiments.32-46 

 

 
Fig. 1: A) B16C16 nanocluster, B) HOMO and LUMO patterns of B16C16, C) HOMO and LUMO patterns of AsH3, D) HOMO and LUMO patterns 

of PH3. 
 

 

A B 

Fig. 2: Optimized models of AsH3@B16C16 (A) and PH3@B16C16 (B). Interacting distances are in Å. 
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R E S U L T S  &  D I S C U S S I O N .  Fig. 1 demonstrates 

the structure of optimized pristine B16C16 nanocluster 

consisting of eight four-membered (4MR), eight six-

membered (6MR) and two eight-membered (8MR) 

rings with bond lengths of 1.54, 1.53, and 1.59 Å. The 

value of 4.09 eV was evaluated for energy gap (Eg) of 

the B16C16 nanocluster, showing the energy difference 

between the highest occupied and the lowest 

unoccupied molecular orbital (HOMO and LUMO) 

levels. As shown in Fig. 1B, the HOMO and LUMO 

patterns of B16C16 were distributed at the C and B 

atomic sites, respectively. In order to find the 

optimized adsorption configuration for each of AsH3 

and PH3 gases at the nanocluster surface 

(AsH3@nanocluster and PH3@nanocluster) (Fig. 2), the 

molecules were initially placed at different positions 

above the B16C16 nanocluster with different 

orientations. After full geometrical relaxation during 

optimization processes, stabilized configurations were 

extracted for the purpose of this work (Fig. 2). The 

calculated values of Eads varied from -2.92 to -3.50 eV 

for AsH3@nanocluster and from -1.61 to -2.90 eV for 

PH3@nanocluster interacting complexes as 

summarized in Table 1. 

 

* Eads implies for adsorption energy, Ebr implies for bond reorganization energies, Eg implies for energy gap indicated by energy difference of 

HOMO and LUMO levels, ΔEg implies for energy difference of Eg between pure and gas-adsorbed nanoclusters, QT implies for net partial 

charge on small gas molecule.  

 

AsH3 and PH3 molecules were selected as target 

adsorbates. Full structural optimizations were carried 

out on the B16C16 nanocluster with and without each of 

AsH3 and PH3 molecules to achieve electronic 

properties in addition to the minimized energy 

geometries. For each molecule, a number of 

orientations as well as different adsorption sites on the 

nanocluster surface were probed in order to find the 

lowest energy configuration for the 

adsorbate@adsorbent complex systems. After full 

relaxation, stabilized configurations were obtained 

(Fig. 2). More detailed information including values of 

Eads, equilibrium adsorbate…adsorbent distance, bond 

reorganization energy (Ebr), change of Eg of nanocluster 

upon the adsorption process (ΔEg) and NBO charge 

transfer (QT) were listed in Table 1. All the information 

were provided to explore the adsorption process for 

each of AsH3 and PH3 gas molecules, one by one. 

AsH3@B16C16. Several configurations were considered 

in order to study the adsorption of AsH3 at the 

nanocluster surface. AsH3 molecule was placed above 

the B and C atom, in which AsH3 molecule was oriented 

perpendicular to the nanocluster. After full relaxation, 

two configurations were found to be stable, in which 

the axis of adsorbed AsH3 was aligned diagonal to the 

nanocluster surface; AsH3 from As head was adsorbed 

on the top of B and C atoms of the nanocluster (Fig. 2). 

The calculations showed that the adsorptions of AsH3 

molecule from its As head on the top of B and C atoms 

were exothermic processes with negative Eads of -2.92 

and -3.50 eV and the interaction distance of 2.01 and 

1.8 Å (Fig. 2).This interaction leaded to a charge 

transfer of 0.72 and 1.04 |e| from the AsH3 to the 

nanocluster (Table 1), indicating that AsH3 acted as an 

electron donor and the cluster acted as an electron 

acceptor. The calculated MEP (Fig. 3) obviously showed 

this phenomenon where the blue color on the 

adsorbed AsH3 represented the positive charge. The 

interaction between AsH3 and nanocluster became 

stronger. To explain this result, FMO analyses were 

performed on AsH3 molecule. It showed that HOMO 

was slightly more localized on the As atom (Fig. 1); 

therefore, the interaction between the As head of AsH3 

and B atom (LUMO) of nanocluster was suitable. 

However, LUMO localization on the C atom was 

stronger, indicating that the AsH3 formed chemical 

bonding with the nanocluster. Thus, the B16C16 

nanocluster worked selectively against adsorbing AsH3. 

Table 1: Evaluated properties for the models.* 

Configuration Eads eV Ebr eV Homo eV LUMO eV Eg eV ΔEg eV QT 

B16C16 N/A N/A -7.62 -3.53 4.09 N/A N/A 

AsH3@ B16C16-a -2.92 0.25 -6.82 -3.21 3.61 0.48 0.72 

AsH3@ B16C16-b -3.50 1.09 -6.95 -3.23 3.72 0.37 1.04 

PH3@ B16C16-a -1.61 0.14 -6.84 -3.21 3.63 0.46 0.71 

PH3@ B16C16-b -2.90 0.17 -6.92 -3.26 3.66 0.43 1.00 
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PH3@B16C16. PH3 molecule was initially placed towards 

various sites of nanocluster with different orientation 

to find the optimal adsorption. The favorable 

configuration of PH3 at the nanocluster surface was 

shown in Fig. 2. The interaction between P atom of PH3 

molecule and B and C atom of the nanocluster revealed 

that after full relaxation, two stable configurations 

were obtained. The axis of adsorbed PH3 was aligned 

perpendicular to the nanocluster surface. This process 

was exothermic with Eads of -1.61 and -2.90 eV and the 

molecule-nanocluster distance was about 1.9 and 1.7 

Å. The interaction between PH3 and the cluster led to 

charge transfer of 0.71 and 1.00 |e| from the PH3 to 

the nanocluster (Table 1). To explain this result, FMO 

analyses were performed on PH3 molecule and the 

results showed that its HOMO was more localized on 

the P atom (Fig. 1.); therefore, the interaction between 

the P head of PH3 and LUMO of nanocluster localized 

on C atom was stronger. This finding indicated that the 

PH3 connected to the nanocluster with strong chemical 

bonding. Thus, the B16C16 nanocluster could work 

selectively as an adsorbent of PH3. 

 

 
Fig. 3: Molecular electrostatic potential (MEP) surfaces for 

B16C16 nanocluster (A), AsH3 (B), and PH3 (C). The surfaces are 

defined by the 0.0004 electrons/b3 contour of the electronic 

density. Color ranges, in a.u., are: blue, more positive than 

0.050; red, more negative than -0.050. 

 

MEP Analyses. The charge distribution could be 

explained by MEP calculations. AsH3 and PH3 cases 

were selected and MEP surfaces were computed for 

the B16C16 nanocluster and AsH3 and PH3 adsorbed 

complexes. MEP is the potential generated by the 

charge distribution of the molecule, in which the 

atomic site could be defined using eq. (2).  

𝑉(𝑟) = ∑
𝑍𝐴

|𝑅𝐴−𝑟|𝐴 − ∫
𝜌(𝑟′)𝑑𝑟′

|𝑟′−𝑟|
  (2) 

 

ZA is the charge on nucleus A, located at RA. The sign of 

V(r) depends on whether the effects of the nuclei or 

the electrons are dominant at any point. The MEP has 

frequently been used to explore the chemical 

properties of several materials. As shown in Fig. 3, B 

atom were positively charged (blue colors) whereas  C 

atoms were negatively charged (red colors) in B–C 

bonds of nanocluster surface. It indicated that a large 

charge was transferred from B atoms to C ones 

resulted in a strong ionic bonding in B–C nanocluster 

surface. 

DOS Analyses. To verify effects of the adsorption of 

AsH3 and PH3 molecules on electronic properties of the 

nanocluster, total electronic densities of states (DOS) 

of adsorbate@nanocluster complexes were calculated 

and the results were shown in Fig. 4. These plots 

revealed that for all complexes the DOS was near the 

Fermi level and was affected by the molecule 

adsorption in all related complexes. Values of ΔEg 

(change of the value of Eg upon the adsorption process) 

related to each adsorbate@B16C16 complex system was 

shown in Table 1. The values of Eg for the most 

favorable adsorption configurations of AsH3 (a,b) and 

PH3 (a,b) were 3.61, 3.72, 3.63 and 3.66 eV, 

respectively. Consistent with the values of Eads, the DOS 

analysis also indicated that the interaction between all 

molecules and the nanocluster were stable. However, 

for all adsorbate@nanocluster complexes, the 

interaction caused a change in the DOS on both sides 

of the Fermi level in comparison with that of the 

pristine nanocluster. As a result, for both gases, the 

system became more semiconductor-like. This 

proceeding leaded to a fundamental change in the 

electrical conductivity of cluster regarding eq. (3). 

 

𝜎𝛼 𝑒𝑥𝑝 (
−𝐸𝑔

2𝑘𝑇
)  

(3) 

 

σ implies for electrical conductivity and k implies for 

the Boltzmann’s constant. The concept of Eq. (3) 

reveals that the smaller the Eg at specified 

temperature, the higher electrical conductivity. 

However, the Eg of AsH3@nanocluster complex was 

decreased compared to Eg of pristine nanocluster. 

According to the dependency between conductivity 
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and negative value of Eg, it was predictable that it could 

become larger with decrease of Eg. It demonstrated the 

high sensitivity of the electronic properties of B16C16 

towards the adsorption of the all molecules. Based on 

such obtained results, it was believed that the B16C16 

nanocluster could be transformed in the presence of 

AsH3 molecule directly into an electrical signal to be 

detected for AsH3 adsorption. 

 

 
Fig. 4: Density of states (DOS) for pristine B16C16 nanocluster (A), AsH3@nanocluster-a (B), AsH3@nanocluster-b (C), PH3@nanocluster-a 

(D), PH3@nanocluster-b (E).  

 

C O N C L U S I O N .  DFT calculations were performed 

to study the optimized geometries, stabilities, and 

electronic properties of AsH3 and PH3 molecules 

adsorbed at the exterior surface of B16C16 nanocluster. 

It was found that AsH3 and PH3 molecules could be 

adsorbed at the surface of B16C16 with strong chemical 

bonding. The B16C16 nanocluster could work selectively 

as an adsorbent against AsH3 and PH3 gas molecules. It 

was predicted that the B16C16 nanocluster could be 

useful in for gas detection and removal purposes.
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