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ABSTRACT: Adsorption of phosgene on the surface of a graphene sheet was studied. The surface 

of this material was modified through a metamaterial approach using heteroatoms (N and B),  

the addition of hydrogen atoms, and functionalized with four CHO groups at edges to survey the 

role of defects, Hydrogen Bonding (HB), and Intramolecular Hydrogen Bonding (IHB) interactions 

on adsorption. Generally, there is repulsion between the π-electron cloud of the graphene sheet 

and electrons of electronegative atoms on pollutants. However, the addition of hydrogen atoms  

to the surfaces of this material leads to the formation of attractive HB interactions with pollutants 

such as phosgene. Also, heteroatoms have helpful effects on the adsorption process. Therefore,  

the adsorption of phosgene on a modified graphene sheet is better than that of pristine graphene. 

Results of Molecular Dynamic (MD) simulations expose that van der Waals (vdW) and HB 

interactions have major contributions to the adsorption of phosgene on modified graphene.  

 

 

KEYWORDS: Metamaterial; Pollutants; Intramolecular hydrogen bonding; Charge transfer; 

Binding energy. 

 

 

INTRODUCTION 

Functionalization of graphene sheets is a way to 

improve the capability of this nano-material for the 

adsorption of pollutants. Covalent functionalizations  

of graphene sheets lead to the enhancement of thermal  

and electronic conductivity, solubility, and selectiveness 

of the related composites [1, 2]. Thus, functionalized 

graphene sheets have outstanding applications in 

electronics [3, 4], energy [5], biomedicine [6, 7], catalysis 

[8,9], and environmental sciences [10, 11]. Graphene-

based nano-materials have a large specific surface area and 
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porous composition. These features make them good 

adsorbents for pollutants [12], supercapacitors [13], and 

ions [14-16]. It seems that functional groups at the edges 

of the graphene sheets facilitate interplays with pollutants. 

Accordingly, investigation of such forces can help to improve  

the selectiveness and performance of adsorbents [17]. 

Graphene has hydrophobic properties, but function-

alized graphene sheets show hydrophilic characteristics 

[18]. Functionalization of graphene with hydroxyl and 

carboxylic acid groups has been reported [19]. Moreover, 
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other functional groups such as amine [20], amide [21], 

thio [22], and nitro [23] can attach to the edges of 

graphene. Mesoporous materials such as SBA-15 have 

been used for hydroisomerization and hydrocracking  

of n-heptane [24] and are also efficient carriers in drug 

delivery [25]. Recently, functionalized MCM-41 was 

introduced for the delivery of curcumin as an anti-

inflammatory therapy [26]. Indeed, MCM-48 and Amine-

Grafted MCM-48 have been utilized for the adsorption of 

Cd (II) and Pb (II) in both cases affinity for adsorption of 

cadmium was more considerable than that for lead. [27]. 

Moreover, some authors studied the reduction of the 

Chemical Oxygen Demand (COD) for wastewater 

contaminated by phenolic compounds by three adsorption 

methods [28]. They reported a maximum removal rate of the 

COD equal to 94 %. 

Density Functional Theory (DFT) calculations  

have been formerly performed to obtain quantitative data 

about the nature of interactions of some pollutants and 

drugs with various graphene sheets [29-32]. Also, the 

removal of organic dyes using a graphene sheet has been 

studied [33]. Pesticides and chlorinated molecules can 

form hydrogen bond interactions with graphene and 

functionalized graphene sheets. Adsorption of such 

molecules by graphene-based materials has been 

previously studied [34, 35]. Functional groups may change 

the distribution of charges on the graphene sheet and adjust 

its tendency for interactions with various species [36].   

Phosgene is a very poisonous gas and is used  

for the production of precursors of polyurethanes and 

polycarbonate plastics [37]. Moreover, chloroform can convert 

into phosgene upon ultraviolet radiation in the presence  

of oxygen [38]. Additionally, carbon tetrachloride turns into 

phosgene in air at high temperatures [39]. Therefore, it is 

necessary to study materials that have a good affinity for 

the adsorption of this gas. In the present study, we utilized 

a (3,3) graphene sheet with 15 Å length and replaced two 

C atoms at the central ring with N or B atoms to probe  

the role of the defect in the graphene structure on 

adsorption of phosgene using quantum mechanical studies 

and Molecular Dynamic (MD) simulations. Indeed,  

a hydrogen atom was added to one of the N atoms at the 

central ring of the later graphene sheet to survey the effect 

of Hydrogen Bonding (HB) interaction on the adsorption 

of phosgene. Furthermore, all graphene sheets were 

functionalized with four CHO groups. As can be seen  

in Fig. 1, the CHO groups construct four Intramolecular 

Hydrogen Bond (IHB) interactions at the edges of these 

graphene sheets. The IHB interaction is an important force 

in which proton donor and proton acceptor parts exist in 

one molecule. 

Besides, in resonance-assisted hydrogen bond (RAHB) 

interaction two ends of a π-conjugated system are connected by 

IHB interaction [40, 41]. These interactions have been formerly 

studied in various molecular systems [42-47]. The two practical 

applications of the RAHB systems are molecular memories and 

molecular switches [48, 49]. Afterward, interactions of the 

phosgene with central rings of the mentioned graphene sheets 

were monitored using quantum mechanical calculations and 

MD simulations. Various factors include structural parameters, 

energy data, electron charge densities, electronic properties, 

charge transfer (CT), thermochemistry data, Lennard-Jones (L-J) 

and electrostatic energies, and formation of hydrogen 

bonding were investigated to find capability of the 

mentioned graphene sheets for adsorption of phosgene. 

The main purpose of this work is modification of structure 

of the graphene sheet to propose suitable modified 

graphenes for better adsorption of the pollutants such as 

phosgene.  

 

Computational methods 

Geometries were optimized at the M06-2X/6-31G** 

level of theory using the Gaussian09 program package [50]. 

Vibrational frequencies were calculated on optimized 

structures. The topological properties of electron charge 

densities were calculated by Atoms In Molecules (AIM) 

method using AIM2000 program [51].  

The GROMOS 54 A7 force field was selected to 

represent all bonded and non-bonded interactions [52]. 

Automated Topology Builder (ATB) was used to generate 

topology and conformation of phosgene  and  graphene 

sheets [53]. Long-range electrostatic interactions were calculated 

using the Particle Mesh Ewald (PME) method [54].  

The cut-off distance for the van der Waals interactions  

was taken as 1.2 nm.  

Before starting MD simulation, energy minimization 

was carried out using the steepest descent method [55]. 

Subsequently, the system was put through NVT ensemble 

at 298 K for 100 ps and then continued employing NPT 

ensemble for 100 ps at 298 K and 1 bar using Nose–Hoover 

thermostat and Parrinello–Rahman barostat [56, 57].  

The MD simulation was performed via NPT ensemble for 

5 ns with the integration time step of 1 fs. Equations of 

motion were integrated using the Verlet algorithm [58].  
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Fig. 1: Presentation of the structure of graphene (a) and 

functionalized graphenes (b) together with numbers of the most 

important atoms 

 

These simulations were carried out using the GROMACS 

package version 4.6 [55]. The visualization of structures 

was performed using PyMOL software [59]. 

 

RESULTS AND DISCUSSION 

A (3,3) graphene sheet with 15 Å length was selected 

to survey the role of structural modification and 

functionalization on the adsorption of phosgene using 

quantum mechanical studies and MD simulations (Fig. 1). 

First, the two C atoms at the central ring of this graphene 

sheet were replaced with two N or two B atoms to explore 

the role of heteroatom on adsorption. Then, a hydrogen 

atom was added to one of the N atoms at the central ring 

of the graphene sheet to examine the role of HB interaction 

on the adsorption process. Finally, all graphene sheets 

were functionalized with four CHO groups to seek the role 

of IHB interactions on the adsorption of phosgene. 

Alteration of the structure of the graphene sheet using a 

metamaterial approach is a plan to discover modified 

graphene sheets with good capacities for the adsorption of 

pollutants such as phosgene.   

 

Energy data  

There are various pollutants with different structures 

and computational approaches help to estimate the strength of 

intermolecular interactions between these molecules and 

graphene sheets. The graphene sheet and functionalized 

graphene sheets utilized in the present study are shown in Fig. 

1. The intermolecular interactions between the phosgene and 

these graphene sheets were considered to get better insight 

into the adsorption of phosgene on such materials. The seven 

binary complexes are graphene-phosgene, graphene  

2N-phosgene, graphene 2B-phosgene, graphene 2NH-

phosgene, graphene 4CHO-phosgene, graphene 2N 

4CHO-phosgene, and graphene 2B 4CHO-phosgene that 

are denoted as G1, G2, G3, G4, G5, G6, and G7, respectively. 

The interaction energy (∆E) for each binary complex 

AB is defined as: 

∆E = EAB – (EA + EB)                                                      (1) 

In this study, the complexes AB are G1, G2, G3, G4, G5, 

G6, and G7. The monomers A and B refer to the graphene 

sheet (or functionalized graphene sheets) and phosgene, 

respectively. Binding energy (BE) is considered as −∆E and 

is a benchmark for the strength of the interaction  

in each binary complex. All estimated binding energies  

are gathered in Table 1. As can be seen, the replacement  

of two C atoms at the central ring of the graphene sheet with 

two N or two B atoms leads to an increase in BE values of 

complexes G2 and G3 in comparison to complex G1. 

Moreover, the addition of a hydrogen atom to one  

of N atoms at the central ring of the graphene sheet brings 

about to suitable interaction between phosgene and the 

proposed graphene sheet with the largest BE value in 

complex G4. In fact, a HB interaction is formed in complex 

G4. On the other hand, functionalization of the graphene sheet 

and modified graphene sheets using four CHO groups  

at edges is accompanied by a decrease of BE values of the complexes 

G5, G6, and G7 in comparison to the corresponding complexes 

without IHB interactions (G1, G2, and G3, respectively). 

Accordingly, functionalization of the graphene sheets  

in such a way that aids the formation of the HB interaction 
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Table 1: Surface area (Å2) and electronic properties of the 

graphene and functionalized graphenes (eV), and binding 

energies of their complexes with phosgene (kcal/mol) 

Molecule 
Surface 

area 
aEHOMO aELUMO aEG aμ bBE 

G1 894.94 -4.931 -2.709 2.222 -3.82 4.50 

G2 901.42 -4.967 -1.817 3.150 -3.39 4.94 

G3 912.77 -5.833 -2.591 3.243 -4.21 5.26 

G4 917.80 -4.122 -2.111 2.011 -3.12 7.48 

G5 990.18 -5.377 -3.130 2.246 -4.25 4.32 

G6 990.54 -5.388 -2.350 3.038 -3.87 4.74 

G7 1006.35 -5.477 -2.592 2.885 -4.03 5.00 

a: for monomers; b: for complexes 

 

between these beds and phosgene is a proposal technique 

for better adsorption of such pollutants on them.  

The BE values versus distance between the graphene 

and functionalized graphene sheets with phosgene (R)  

is depicted in Fig. 2.  

 
Fig. 2: The binding energies of the complexes as a function of 

distances between graphene and functionalized graphenes with 

phosgene 

 

As can be seen, the increase of BE values is relatively 

followed by a decrease of R. Energies of Highest Occupied 

Molecular Orbital (HOMO) and Lowest Unoccupied 

Molecular Orbital (LUMO), and Energy Gap (EG) values 

of the graphene sheet and functionalized graphene sheets 

are listed in Table 1. 

 

Results revealed that there is no direct relationship 

between these data and BE values. Indeed, chemical 

potential (μ) values were calculated as:   

μ =  − (I + A)/2                                                              (2)     

I and A is ionization potential and electron affinity, 

respectively. However, there isn’t a meaningful connection 

between the chemical potentials of these materials and BE 

values. It seems that other electronic factors effect on 

magnitudes of the BE values.  Also, dipole moment (D) 

values of all graphene sheets were calculated to find  

the role of charge separation on the BE values. There is  

a linear relationship between BE values of the complexes 

and dipole moments of the graphene sheets with linear 

regression coefficient R=0.96. Results show that modified 

graphene 2B and graphene 2NH sheets related to 

complexes G3 and G4 have more dipole moments in 

comparison to other ones. As said, G3 and G4 have larger 

BE values than other complexes. Thus, making more 

charge separation in the graphene sheet using surface 

modification may help to better the interaction of it with 

phosgene and similar pollutants. This result suggests that 

polarizing graphene sheets using heteroatoms and the 

addition of hydrogen atoms may improve the surfaces of 

these materials for the adsorption of pollutants that 

encompass halogen atoms. Moreover, the surface area of 

the graphene sheets was estimated and listed in Table 1. 

Surface area is a very important factor in increasing the 

adsorption rate [60]. The data show that modification of 

the graphene sheet is accompanied by an increase in 

surface area. Furthermore, the increase in surface area is 

relatively followed by an increase in the BE values.  

It should be noted that the graphenes are insoluble  

in aqueous media. However, the dispersion may somewhat 

occur under ultra-sonication conditions or vigorous 

stirring. Also, phosgene is insoluble in water. Therefore, 

the main aim of surface modification is to increase of surface 

area of the graphenes that can facilitate the adsorption  

of pollutants such as phosgene on these materials.  

 

Analysis of Atomic charges 

The atomic charges of all structures were calculated to 

better understand the role of Charge Transfer (CT) on the 

adsorption of phosgene on the graphene sheet and 

functionalized graphene sheets. The presented data in 

Table 2 show the sum of atomic charges on phosgene  

in the complexes is negative. Thus, the direction of overall 

CT is from the graphene sheets to the phosgene.  

As can be seen in Fig. 3, the decrease in negative CT  

is relatively followed by an increase in BE values of  

the complexes.  

Also, the sum of atomic charges at the central rings of 

the graphene sheet and functionalized graphene sheets and  
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Table 2: The most important atomic charges in the graphene 

and functionalized graphenes, and corresponding complexes 

with phosgene (e) 

Molecule aq bq cq 

G1 0.052 0.038 -0.015 

G2 -0.591 -0.595 -0.009 

G3 -0.214 -0.229 -0.011 

G4 -0.703 -0.697 -0.001 

G5 0.062 0.047 -0.014 

G6 -0.589 -0.593 -0.008 

G7 -0.201 -0.217 -0.011 

a: Charge of the central ring in monomer; b: Charge of the central ring 

in the complex; c: Charge of phosgene in complex 

 

Table 3: Properties of electron charge densities of graphene 

sheets and their complexes with phosgene (au) 

Molecule aρRCP ×102 bρRCP ×102 bρCCP ×104 

G1 2.030 2.059 5.408 

G2 2.010 2.014 5.246 

G3 1.952 1.943 5.026 

G4 2.017 2.016 5.817 

G5 2.032 2.037 5.524 

G6 2.009 2.014 5.377 

G7 1.956 1.949 5.046 

a: for monomers; b: for complexes   

 

all complexes were calculated. Central rings of the modified 

graphene sheets encompass more negative charges than the 

graphene sheet. On the other hand, functionalization  

of the graphene sheet and modified graphene sheets with four 

CHO groups causes a decrease of negative atomic charges  

at central rings. It seems that the sum of atomic charges  

at the mentioned rings have an effect on the BE values. 

Results point out that the sum of atomic charges at the central 

ring of the graphene sheet is less than the functionalized 

graphene sheet with four CHO groups. Also, the mentioned 

atomic charges in the modified graphene sheets are more 

negative than the corresponding graphene sheets with four 

CHO groups. Accordingly, BE value of the complex G1 is 

larger than G5. Also, there is a similar relationship between 

BE values of the complexes G2 and G6, as well as G3 and G7. 

Moreover, the largest BE value is related to complex G4 and 

results show that the sum of atomic charges at the central ring 

of its matching modified graphene sheet is more negative than 

other ones. As a result, modification and functionalization  

of the graphene sheets help to control the distribution  

of atomic charges on their rings. It seems that this factor 

 
Fig. 3: Relationship between binding energies of the complexes 

and magnitudes of the charge transfer to phosgene 

 

influences on the quality and quantity of adsorption of 

pollutants on surfaces of these materials.    

 

AIM study 

AIM analyses were performed to determine the 

relationship between topological properties of electron 

charge densities and BE values. Topological parameters of 

the graphene sheets and corresponding complexes are 

gathered in Table 3.  

The electron charge density at ring critical point (ρRCP) 

and cage critical point (ρCCP) were evaluated. Functionalization 

of the graphene sheet and modified graphene sheets with four 

CHO groups leads to alteration of the ρRCP values. As said,  

the mentioned functionalization has an effect on the sum of 

atomic charges at the central rings of these materials. The 

decrease of negative atomic charges at the central rings of 

these materials is parallel with the increase of the ρRCP 

values. It seems that this charge distribution is a factor that 

makes BE values of the complexes G5, G6, and G7 smaller 

in comparison to the matching complexes without IHB 

interactions (G1, G2, and G3, respectively). Also, the ρCCP 

values for the complexes G5, G6, and G7 are larger than 

those for the analogous complexes G1, G2, and G3, 

respectively. On the other hand, complex G4 has the largest 

ρCCP value among other complexes. Really, the formation 

of the HB interaction in complex G4 is accompanied  

by an increase of electron charge density at Cage Critical 

Point (CCP) and plays an important role on stability of this 

complex. Thus, functionalization of the graphene sheets 

using IHB interactions and formation of the HB interaction 

between these materials and pollutants such as phosgene 

influence on magnitudes of the ρCCP values and stability of 

the resultant complexes.  
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Table 4: Thermochemistry data related to the interaction of 

graphene sheets with phosgene  

Molecule a∆H b∆G c∆S × 102 

G1 -648495.36 -648497.68 0. 78 

G2 -648531.94 -648540.69 2.94 

G3 -648532.00 -648540.65 2.90 

G4 -648535.11 -648542.08 2.34 

G5 -648532.04 -648537.95 1.98 

G6 -648532.38 -648538.73 2.13 

G7 -648531.79 -648540.22 2.83 

 a and b in kcal/mol, and c in kcal mol/K 

 

Thermochemistry data 

The enthalpy of formation (ΔH), Gibbs free energy  

 of formation (ΔG), and entropy of formation (ΔS)  

for all binary complexes were calculated and gathered  

in Table 4.  

Results specify that modification and functionalization 

of the graphene sheet alter ΔG values for adsorptions  

of phosgene on resulting materials. Actually, ΔG values 

for all complexes are more negative than that for complex 

G1. Thus, surface modification of the graphene sheet leads 

to better adsorption of the phosgene thermodynamically on 

the modified graphene sheets. Also, the decrease of ΔG is 

relatively in harmony with an increase in the BE values of 

all complexes (with the exception of complex G1). It seems 

that the distribution of charge on graphene sheets 

influences on thermochemistry of the adsorption process. 

The Molecular Electrostatic Potential (MEP) maps  

of the graphene sheets and corresponding binary complexes 

have depicted in supplementary material (Fig. S1). As can be 

observed, graphene provides a rich electron region (red) 

that is favorable for accepting hydrogen atoms of 

molecules with acidic hydrogen. However, phosgene has 

chlorine atoms and there is a repulsive interaction between 

the mentioned red region of graphene and electrons  

of chlorine atoms. On the other hand, functionalization  

and surface modification of graphenes leads to the decrease 

of electron enrichment on the central rings of these materials. 

Consequently, phosgene can better adsorb on functionalized 

and modified graphenes than pristine graphene.   

Infra-Red (IR) spectra of the proposed materials 

(graphene sheet, modified graphene sheets, and 

functionalized graphene sheets) and all complexes were 

theoretically computed and represented in supplementary 

material (Fig. S2). Comparison of the IR spectrum of each 

material with its binary complex shows that there is a pick 

for adsorption of phosgene. This pick refers to the 

stretching vibrational frequency of the C=O bond. There is 

repulsion between electrons of chlorine atoms and π-

electron clouds of the mentioned surfaces. The intensity of 

this pick is lower in complex G4 than those in other 

complexes. As said, phosgene can close to the surface of 

the modified graphene sheet via attractive HB interaction 

in complex G4. Also, BE value of this complex is larger 

than other complexes. This result accentuates the role of 

attractive interactions between surfaces of graphene-like 

materials and pollutants such as phosgene on the quality 

and quantity of the adsorption process. Moreover, the 

repulsive interaction between chlorine atoms of the 

phosgene and the π-electron cloud of the functionalized 

graphene sheets is diminished. Therefore, these graphene 

sheets can also be utilized for the adsorption of other 

pollutants such as SO2, NO2, and CO2 that have 

electronegative oxygen atoms. 

 

Molecular dynamic simulations 

Following quantum mechanical calculations, MD 

simulations were performed to examine dynamic 

adsorption behavior of the phosgene on the surfaces of the 

graphene sheets. To this end, graphene 2N, graphene 2B, 

and graphene 2NH sheets were selected because of their 

superior performance in phosgene adsorption. In all the 

simulated systems, graphene sheet was positioned and held in 

the center of the simulation box by applying a constant force of 

1000 kJ/mol nm2. Subsequently, a phosgene molecule was 

positioned approximately 20 Å above the central ring of the 

graphene sheet. The simulation snapshots of the initial and final 

configurations of complex G4 are shown in Fig. 4.  

Accordingly, the phosgene molecule is adsorbed on the 

surface of graphene 2NH after the MD simulation. Due to 

the large number of snapshots, only those related to G4 

adsorption system are displayed. The simulation snapshots 

of G2 and G3 adsorption systems also show the adsorption 

of phosgene molecules on surfaces of the graphene 2N and 

graphne 2B, respectively. The distance between the center 

of mass of the phosgene and each modified graphene sheet 

(R) was measured during the simulation time. As seen  

in Fig. 5, the adsorption distances between phosgene and 

the modified graphene sheets are declined and stabilized 

after 1 ns. The mean distance between the center of mass of 
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Fig. 4: Representative initial simulation snapshot of phosgene 

configuration on graphene 2NH surface before equilibrium  

(a) and after equilibrium (b) 

 

 
Fig. 5: The adsorption distance between the center of mass of 

the phosgene and modified graphene sheets (R) as a function 

of simulation time 

 

phosgene and the modified graphene sheet in complexes 

G2, G3, and G4 was 7.6, 4.7, and 3.9 Å, respectively. 

Evidently, in complex G4, the phosgene molecule lays on 

the shortest distance from corresponding modified 

graphene sheet. This trend is similar to the results of 

quantum mechanical calculations and indicates the 

better and faster adsorption of phosgene on graphene 

2NH surface. 

 

The mean electrostatic and Lennard-Jonse (L-J) 

energies between phosgene and the graphene sheets were 

calculated during the simulation to study the interactions 

between phosgene and the mentioned graphene sheets. The 

order of absolute values of the electrostatic energies in the 

selected complexes is G2 (0.27) ˂ G3 (1.18) ˂ G4 (6.33). 

Also, the order of absolute values of the L-J energies is G2 

(26.97) ˂ G3 (29.53) ˂ G4 (30.67). As can be seen, the 

highest electrostatic and L-J energies refer to complex G4. 

This finding indicates that the strength of electrostatic and 

van der Waals (vdW) interactions between phosgene and 

graphene 2NH sheet in complex G4 are greater than those 

for complexes G2 and G3. Therefore, modification of 

graphene sheet via the addition of hydrogen atoms and 

heteroatoms increases the desirable interactions of 

phosgene with it. Indeed, the lowest electrostatic and L-J 

energies belong to complex G2. This declining trend of 

energy values is similar to the decreasing trend of BE 

values obtained from quantum mechanical calculations  

for these complexes. Furthermore, the L-J energies are 

greater than the electrostatic ones, suggesting that the vdW 

forces have the largest contribution in the interaction 

between phosgene and the mentioned graphene sheets. As 

a result, the non-bonded vdW interactions are a key factor 

in the stability of these three complexes. Moreover, HB 

interaction was explored during the simulation process  

to specify the formation of the HB between phosgene and 

graphene 2NH surface in complex G4. The number of HBs 

formed between phosgene and graphene 2NH surface  

as a function of the simulation time are illustrated in Fig. 6. 

As can be seen, an intermolecular HB was formed between 

phosgene and graphene 2NH surface during the simulation 

trajectory that has a significant effect on phosgene 

adsorption. Therefore, the HB interactions between 

phosgene and graphene 2NH surface greatly contribute  

to the stability of complex G4.  

 

CONCLUSIONS 

The adsorption of phosgene on a graphene sheet and 

some functionalized graphene sheets were estimated using 

DFT studies and MD simulations. Adsorption of phosgene 

on the graphene sheet and modified graphene sheets is 

better in comparison to materials that functionalized with 

IHB interactions. The results show that surface 

modification of the graphene sheet via heteroatoms (N, 

NH, and B) has a constructive effect on the adsorption 

process. The addition of hydrogen atoms to the modified 

graphene sheets may help to the formation of attractive HB 

interactions between surfaces of these materials and 

pollutants such as phosgene. Graphenes with larger dipole 

moments can form stable complexes with phosgene. There 

is a negative charge transfer from the graphenes to 

phosgene. Adsorption of phosgene on modified graphene 



Iran. J. Chem. Chem. Eng. Karimi P. et al. Vol. 42, No. 8, 2023 

 

2434                                                                                                                                                                  Research Article 

sheets is enhanced in comparison to pristine graphene. 

Results of MD simulations reveal that vdW and HB 

interactions can be considered among the most significant 

binding forces between phosgene and modified graphenes. 
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