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ABSTRACT 
Sarin is a very toxic organophosphorus chemical warfare agent which has been used in different 

wars. According to an immediate demand of detection, secure approachs to break down this toxic 
nerve agent, the study on decomposition of sarin achieve significance. In this work, we have made 

endeavors of discovering an approach to neutralize this hazardous kind by adsorption of this 
molecule by C20 fullerene and its boron doped derivative. The results show that Sarin can form 

interactions with the C20 cage in its neutral state and the interactions can be enhanced significantly by 
introducing an extra boron atom to the system. 
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INTRODUCTION
Sarin (GB),

 1
 isopropyl 

methylphosphonofluoridate (C4H10FO2P) 

(Scheme 1), is a chemical warfare agent 

(CWA). Sarin is a famous nerve agent. 

Schrader, Ambros, Rüdiger and van der 

LINde were the discoverers of the Sarin. 
Sarin is a very toxic organophosphorus 

compound that prevents the 

acetylcholinesterase (AChE) enzyme, 

which plays an important role in the 

nervous system. Sarin was used in terrorist 
attacks along the history for example 

against Japan and in the Iran–Iraq war 

caused killing and injuring a vast number 

of people. Therefore, the researchs on sarin 

are so significant for the target of rapidly 
detecting and decomposing this toxic 

agent. The large number of theoretical 

studies of chemical warfare agents have 

been done by ab initio. 
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Scheme 1. Sarin nerve agent. 

 

Methods [1,2].
 

The conformations of 

sarin, soman and their simulant 

dimethylmethylphosphonate (DMMP) 

were completely investigated in vacuum 

by MP2 theory calculations, along with 
Fourier transform microwave spectroscopy 

[3-5]. Kaczmarek et al. [6] studied the very 

stable conformers of Sarin and Soman in 

high-level-correlated calculations with 

extended Gaussian basis sets. Majumdar et 
al. [7] done conformational analysis of 

Sarin and Soman at the DFT-B3LYP/6-

31++G (d,p) level, comparing their results 

to MP2/6-31++G** calculations and  
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experimental values. Bermudez [8-10] 

carried out a series of ab initio calculations 

to study Sarin adsorption on different 
surfaces. 

A fullerene also called buckyball is a 

molecule containing carbon, either in the 

form of a hollow sphere or an ellipsoid. 

The first fullerene to be detected was (C60), 
which was made in 1985. Since the 

discovery of C60 [11,12] doped fullerenes 

have attracted more interest in vast 

research fields. Owing to their significant 

optical, electronic structural and magnetic 
properties, their potential use has been 

studied in physics, chemistry, and material 

engineering [13-16]. One effective usage 

of these nanostructures is that they can be 

applied as electrochemical sensors [17-19]. 
We know that there are various adsorbents 

used in various aspects. As an example, 

boron-doped C60 fullerene can be applied 

for adsorption of CO2, so it can decrease 

the global emission of greenhouse gases 
[20]. Moreover, fullerene C60 has been 

presented as hydrogen storage [21]. 

Adsorption of methane on aggregates of 

C60 with positively charge has been studied 

by computer simulations [22]. It has been 
shown that calculated adsorption energies 

have the high-density methane storage on 

the aggregates of fullerenes. In addition, it 

has been shown that heteroatom doping or 

quantum dots capping can efficiently 
increase the binding energy between 

adsorbate molecule and nano-substrates 

[23, 24]. 

There are three doping methods for 

forever alerting the charge dispensation 
and electronic structures of initial 

fullerenes: The coverage of atoms or ions 

inside the fullerene cage, the introduction 

of dopant species around the fullerene, and 

the replacement of one or more of carbon 
atoms with dopants. In our mind, there are 

no computational works to study the nature 

of interaction between Sarin nerve agent 

and fullerene (C20) [12]. 

Now, in this project, we have tried to study 

the probability of C20 fullerene both in 

adsorption, and in detection of Sarin nerve 
agent. The results presented in all of the 

considered cases involving, B doped and 

the C20 fullerene, the adsorption advances 

via stepwise pathways. 
 

COMPUTATIONAL METHODS 
First, the isolated species and dimers 

were optimized. The possible orientations 

were then drawn as other input files and 

putted under additional calculations to give 
credible geometries. All of the calculations 

in this study were done by aiding the 

Gaussian 03 chemical quantum package. 

The harmonic vibrational frequencies and 

electronic structures of all stationary points 
along the reaction pathway were 

calculated. The Density Functional Theory 

(DFT) method in Beck’s there-parameter 

hybrid exchange functioning with the 

correlation functional of Lee, Yang, Parr 
(B3LYP) [26,27] by applying the 6-311g 

(d,p) basis set was then applied to optimize 

the geometries and carrying out the 

calculations [25]. To evaluate the 

interaction of GB molecule with fullerene 
and its boron doped derivative, the 

correction for BSSE needed to be included 

in the calculation of adsorption energies. 

For this purpose, the counterpoise method 

has been used according to the following 
equation: 

Eads = E(Sub-GB) – E(Sub) – E(GB) + E(BSSE) 

 

where E(Sub-GB) is the total energy of the 

substrate (fullerene or its boron doped 

derivative) interacting with the GB 

molecule, E(Sub) is the total energy of 

substrate and E(GB) is the total energy of 
GB molecule. E(BSSE) is the basis set 

superposition error (BSSE) which has been 

calculated using the counter poise method. 

Counterpoise correction of BSSE 

decreased the adsorption energy [12]. 
The electronic density of state DOS was  
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calculated for the isolated and also for the 

complex of species to find the sensibility 

of the C20 fullerene toward the Sarin 
chemical agent. The (NBO) analysis was 

employed to calculate the electrical charge 

of each atom in each state, natural bond 

orbital [29,30].
 

By using the following 

formula, the Global Electron Density 
Transfer (GEDT) was determined [31,32]; 

GEDT = -ΣqA 
 

In this formula, qA is the net Mulliken 

charge as well as the sum covered the 

entire atoms of dipolar species
 
[33]. 

 

RESULTS AND DISCUSSION  

First, each species involving C20, C19B 

fullerenes and Sarin agent were drawn as 

input files and optimized separately. In the 
next step, Sarin molecule was located near 

to each designed derivative of C20 

fullerene, in various orientations as input 

files. During the initial and also the final 

optimization, some of the different 
proposed geometries changed to same 

orientations. So, among various input files, 

a number of orientations were considered 

after further optimization process (Fig.1). 

It has been found that during the 
calculations, the adsorption process of 

Sarin was advanced in stepwise pathways 

for each considered fullerene derivative. 
 

 

C20                                     C19B                                   Sarin 

 

 

  

 

 

                             C20-S                                                                   C20-S1 

 

 

 

 

 

 

C19B-S                                                 C19B-S1                                         C19B-S2 

Fig. 1. The adsorption of Sarin nerve agent by using C20 fullerene and its B-doped derivative, 

optimized at B3LYP/6-311G (d,p) level. 
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In the case of the adsorption of Sarin by 

C20 fullerene, at the first step adsorption, 

the ethoxy and carbonyl groups are closed 
to the fullerene (C20-S) someway, the O1-

C2, and O2-C1 lengths are 2.43 Å, and 

3.27 Å, respectively. In this condition, the 

system has an energy content of  -8.99 kcal 

mol
-1

 in comparison with the isolated state 

and the dihedral angle of 

C(1)P(2)O(3)C(4) is 160o. After that, a 

dihedral angle of Sarin turns around P-O 
bond to C20-S1 in 165o. In that state, the 

distance between O1 (carbonyl) and C2 of 

the ring is 2.33 Å (-9.50 kcal mol
-1

 in 

compression with the isolated state) (Fig. 

2). 

 

 

Sarin  

C20-S 

 

C20-S1 

 
C19B-S 

 
C19B-S1 

 
C19B-S2 

                                                                                                               

Fig. 2. The detected species for the adsorption of Sarin nerve agent by using C20 fullerene and 

its B-doped derivative, optimized at B3LYP/6-311G (d,p) level. 
 

The adsorption of Sarin, on the surface 

of C19B fullerene, begins with the 

constitution of C19B-S system (first step 

with Eads of -10.00 kcal mol
-1

), in which 
no considerable bonding interactions 

happen between those two species (P-B is 

4.10 Å). At the second step (C19B-S1), a 

strong interaction between the oxygen 

atom of Sarin (O1) and the boron atom of 
the fullerene forms (O1- B is about 1.53 Å, 

see Fig. 2). Another significant change 

which could be obviously discovered is 

that C(1)P(2)O(3)C(4) changes from 166o 

in isolated Sarin, to 169o in C19B-S1. In 
the final step, the oxygen atom of P=O 

makes a σ bond with the boron atom of 

fullerene that leads to destruction of Sarin 

(C19B-S2). The potential energy of this 

system is considerably lower than the 
former adsorption step (-55.61 kcal mol

-1
) 
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which demonstrates the decomposition of 

Sarin seems to be very desirable. 

In order to investigation of the changes 
of the electronic structure of C20 fullerene 

and its B-doped derivative, made by the 

adsorption of Sarin, the net charge 

transferred (Q) between each of the 

fullerenes and Sarin was calculated with 
the aid of Mulliken charge analysis. 

Charge transfer has an important role in 

the electronic characteristics and stability 

of an interacting system. Moreover, the 

positive values demonstrated the charge 
transfer from Sarin to fullerene, and the 

negative values correspond to charge 

transfer from fullerene to Sarin in all cases. 

The global electron density transfer in the 

C20-S system was -0.066 e
-
 (in position 

one) and 0.09 e
-
 (in position to; C20-S1) 

according to the Mulliken charge analysis. 

It demonstrates that in both positions, 

Sarin does not send or receive a significant 

Mulliken charge value; but, in the second 
position (C20-S1), the charge transfer and 

also the molecular orbital interactions 

between those two species are more than in 

position one (C20-S). In the issue of 

adsorption of Sarin in the surface of C19B, 
at the first adsorption step, the amount of 

charges which were transferred from Sarin 

to the fullerene is +0.005 which shows a 

weak molecular orbital interaction between 

those two species. At the second step 

(C19B-S1), the charge transfer increases to 

+0.355 e
-
 which is due to the strong 

interaction between the oxygen atom of 
Sarin and the boron atom of the fullerene. 

At the third (final) step of adsorption, Sarin 

decomposes on the surface of fullerene and 

make new covalent bonds with the carbon 

atoms of C20 (0.449 e
-
). 

The results given in Table 1, and Fig. 1, 

show that doping a Boron atom on the 

structure of C20 fullerene would result in a 

stepwise adsorption process of Sarin agent, 

which it finally leads to the destruction of 
this. Fig. 1 shows the adsorption 

mechanism of Sarin nerve agent proceeds 

via a multistep channel. For C20 fullerene, 

the first step adsorption energy which leads 

to C19-S geometry is about -8.99 kcal mol
-

1
; while, the second step adsorption energy, 

is about -9.50 kcal mol
-1

 which belongs to 

C20-S1 system. We examined different 

possible orientations between C20 and 

Sarin molecules. However, only two 
mentioned spices (C20-S and C20-S1) are at 

lower minima. Because, there is no 

possible other significant interaction 

between the C20 and Sarin molecules, 

further input files for the decomposition of 
Sarin on the surface of C20 fullerene did 

not optimized truly; while, in other case 

(C19B), the adsorption of Sarin gas, led to 

destruction of this molecule (see C19B-S2 

sate in Fig. 1).  
 

Table 1. Calculated values for the energy for the adsorption (Eads) of Sarin on C20 derivatives, 
the GEDT indices, the HOMO energy (EHOMO), the LUMO energy (ELUMO), and the HOMO-

LUMO energy gap (Eg) 
 

System 
Eads (kcal mol -1) 

Non-corrected 
EBSSE 

Eads (kcal mol -1) 

Corrected 
GEDT EHOMO (eV) ELUMO (eV) Eg (eV) 

C20 --- --- --- --- -0.219 -0.126 -0.093 

C20-S -9.04 0.05 -8.99 -0.066 -0.256 -0.122 -0.134 

C20-S1 -9.53 0.03 -9.50 +0.09 -0.241 -0.104 -0.137 

C19B --- --- --- --- -0.223 -0.125 -0.098 

C19B-S -10.02 0.02 -10.00 +0.005 -0.231 -0.120 -0.111 

C19B-S1 -36.31 0.05 -36.26 +0.355 -0.255 -0.126 -0.129 

C19B-S2 -55.63 0.02 -55.61 +0.449 -0.246 -0.093 -0.153 
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C20                                                                                                             C20-S1 

 

            

C20-S2                                                                    C19B 

 

                

C19B-S                                                              C19B-S1 



Morteza Rouhani /J. Phys. Theor. Chem. IAU Iran, 15 (1) 39-46: Spring 2018 

 

45 

 

C19B-S2 
 

Figure 3. The prepared density of state DOS plots for detected systems optimized at 
B3LYP/6-311G (d,p) level. 
 

In the case of C19B fullerene, the 

adsorption mechanism seems to be 
proceeded via a three-step mechanism. 

Somehow, at the first step, Sarin 

approaches to the fullerene with adsorption 

energy of  -10.00 kcal mol
-1

 (C19B-S), at 

the second step, the oxygen atom of P=O 
bond make an interaction with the boron 

atom of the fullerene (C19B-S1, Eads =  -

36.26 kcal mol
-1

). And at the third (final) 

step of adsorption, Sarin decomposes on 

the surface of the fullerene to make the 
C19B-S2 system (Eads = -55.61 kcal mol

-1
). 

 

CONCLUSION 
In summary, we have investigated the 

interaction between the nerve agent, Sarin 

(GB), and fullerene (C20) as well as its 
boron doped derivative using the DFT 

method. The adsorption energy values and 

equilibrium distances for various 

adsorption states were calculated, and it 

was found that the GB molecule adsorbs 
onto the boron doped derivative with 

greater affinity than on pure fullerene. 

Probably, the GB is physisorbed on 

fullerene, while its adsorption on the boron 

doped derivative from O and P heads has a 
chemical nature. In that case, a partial 

positive charge was developed on boron 

atom, and was delocalized by O-P=O 
functional group in GB. As a result, GB is 

chemisorbed on boron doped derivative, 

contrary to the GB–fullerene interaction, 

which occurs physically. 
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