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Abstract 

 

Adsorption of three CWA molecules (soman, sarin and mustard gas) was systematically 

explored on transition metal (Chromium and Vanadium) embedded graphene models under 

dry and wet conditions. Density Functional Theory calculations first revealed that both 

metal@graphene substrates show a very high affinity for all CWAs under dry conditions, 

sarin being expected to be even more strongly coordinated since its associated adsorption 

energies above 43 kcal.mol-1 are higher than the values calculated for soman and mustard 

gas. Two different wet scenarios were further explored with the consideration of a pre-

humidification and a simultaneous competitive adsorption of water with CWAs. These 

calculations evidenced that the presence of water decreases the CWA adsorption energy for 

sarin and soman in the two embedded graphene models by maximum 20%. Interestingly, we 

demonstrated that this decrease is much less pronounced (3.3%) in the case of gas mustard 

adsorbed on chromium embedded graphene. Such metal embedded carbon substrates are 

thus predicted to maintain globally high level of CWA capture performances under humidity 

which corresponds to the most common operating conditions of protective gas masks. An In-

depth analysis of the interactions between the CWAs and the metal embedded graphene in 

the presence of water was further conducted to gain insight into the origin of this energetic 

trend at the electronic-level.  
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1. Introduction 

 

Chemical warfare agents (CWAs) are a major threat to human health owing to their potential 

usage as chemical weapons by terrorist groups. Sulfur mustard also known as mustard gas 

and nerve agents including sarin and soman are the most typical CWAs [1]. Sulfur mustard 

(C4H8Cl2S), discovered accidentally in 1822 [2], is an alkylating agent capable of causing short 

and long term morbidity and was used during World War I [3]. The nerve agents are 

organophosphorus compounds containing P-X bonds (with X = Fluor in the case of sarin – 

C4H10FO2P and soman – C7H16FO2P) discovered by Gerhard Schrader in 1937 [4] and they are 

among the deadliest CWAs to date. These nerve agents were used during World War II [5], 

as well as over the first Persian Gulf War [6, 7] and more recently in 1995 with the terrorist 

attacks in Tokyo [8, 9]. Despite the international ban on their uses [3], some of these CWAs 

are still considered as chemical weapons in modern warfare. Consequently, their detection 

and capture are still a vital concern. As a result, the use of porous materials, such as 

activated carbons owing to their large surface area and high chemical stability, has been 

envisaged as one of the most efficient strategies to adsorb CWAs [10-15]. However, the 

standard activated carbons suffer from a relatively poor affinity for polar molecules. This 

encouraged the community to take advantage of defects present in the carbon-based 

structures to impregnate them with transition metal atom [16-22] with the objective to 

boost their affinities to target CWAs. Although such a strategy allows the enhancement of 

the interactions between the adsorbent and the molecules we wish to capture [23-27], it 

might lead to competitive adsorption with other polar molecules present under specific 

operating conditions. A humidified environment is a major concern regarding the efficiency 

of activated carbons, typically in regards of diverse polar molecules including a series of 

volatile organic compounds [28-35]. While carbon-based materials are mostly hydrophobic 

[36] implying that water is not expected to interfere with the capture of the target 

molecules, the impregnation of carbons with transition metal atoms might lead to an 

enhancement of the hydrophilicity of the resulting materials [36-39]. Hence, the hydrophilic 

character of the impregnated carbons is potentially an obstacle to their efficient use for 

CWA capture. In the field of respiratory protection devices for civilian and military purposes 

[40], aging of activated carbons cartridges [41] or their uses under high relative humidity are 

two potential drawbacks that might alter the protection of the users. In this field, most of 

the theoretical studies on the adsorption performance of carbons in the presence of 

humidity have been limited to the application of macroscopic models to assess the lifetime 

of the corresponding cartridges [42-46]. While the microscopic exploration of CWA 

adsorption on metal oxides surfaces in the presence of water [47, 48] is well documented, 

this has never been achieved so far for any CWA/carbon systems.  

To address this lack of microscopic insight, here we propose a computational exploration of 

the competitive adsorption of CWA and water on metal impregnated carbons. To that 
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purpose, periodic Density Functional Theory calculations (DFT) were performed to predict 

the impact of water on the interactions between three representative CWA molecules i.e., 

sarin, soman and mustard gas, and a graphene layer embedding one transition metal atom 

either Chromium (Cr) or Vanadium (V). Such a microscopic carbon model has been already 

successfully used to gain insight into the interactions between diverse toxic molecules and 

impregnated carbons [49-51]. Both pre-humidification and simultaneous competitive 

adsorption of water with CWAs were considered and the resulting preferential 

arrangements and associated energetics were assessed.  As a further stage, a careful analysis 

of the electronic features of the corresponding H2O/CWA/carbon systems was conducted to 

gain insight into the microscopic origin of the corresponding competitive adsorption 

phenomena on the carbon-substrates. 

2. Computational details 

The metal-embedded graphene models labelled metal@graphene were first built by 

substituting one carbon atom of a 5 × 5 graphene sheet (12.30 Å × 12.30 Å) by a transition 

metal atom i.e. either Chromium or Vanadium. A length of 20 Å along the z-direction was 

considered to avoid interactions between their periodically replicated images. 1 molecule of 

each CWA, i.e., sarin, soman and mustard gas was further incorporated in these models 

using different starting configurations.  DFT geometry optimizations were further performed 

using the PBE functional [52] and the DFT+D2 [53] dispersion correction as implemented in 

the Quantum Espresso package [54]. The D2 dispersion correction was demonstrated to 

accurately describe the interactions between polar molecules and impregnated carbons [55]. 

Ultrasoft Vanderbilt pseudopotentials [56] were used to describe ion cores of atom. An 

energy cut-off of 80 Ry was applied in combination with a convergence criteria on the energy 

of 1 × 10�� Ry. A Gaussian smearing with 
 = 0.01 was employed for the two transition 

metals. Monkhorst-Pack grids of k-points replicating the graphene sheet dimensions was 

considered.  

To further explore the impact of water, two scenarios were considered mimicking either a 

pre-humidification condition or a simultaneous H2O/CWA adsorption.  In the first case, one 

water molecule was initially incorporated in the metal-embedded graphene models and 

then DFT-geometry optimized prior to introduce one CWA molecule. In the second scenario, 

both water and CWA molecules were simultaneously adsorbed and their geometries were 

further DFT-geometry optimized. In all these calculations, several starting configurations 

were considered corresponding to various positions of water and different orientations of 

the CWA molecules, i.e, parallel and perpendicular to the graphene sheet as well as with 

either F or O and S or Cl atoms pointing towards the metal sites for sarin/soman and 

mustard gas respectively, to ensure convergence towards minimum energy states. 

The adsorption energies for the 3 CWAs were further calculated as follows: 

(i) In the absence of water ���� was obtained using equation 1: 
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���� = ���������/�����@������ � − (��������� + ������@������ �)  (1) 

where ���������/�����@������ � is the energy of the DFT-optimized 

molecule/metal@graphene complex while �$������� and ������@������ � correspond to the 

single point energy of the single constituents, i.e. CWA and metal/graphene respectively.  

(ii) in the presence of water, ����
%&'

 was obtained using equation 2: 

����
%&' = ���������/ %&' � �����@������ � − (��������� + �%&' � �����@������ �)  (2) 

where ���������/%&' � �����@������ � is the energy of the DFT-optimized molecule/H2O - 

metal@graphene complex while �$������� and �%&'� �����@������ � are the single point 

energies of the single constituents, i.e. CWA and H2O - metal@graphene complex 

respectively.  

Such a definition of the adsorption energy for CWA allows the evaluation of the role of water 

on the strength of the CWA/substrate interactions.  

 

3. Results and Discussion 

Fig. 1 reports the DFT optimized structures for soman and mustard gas/metal@graphene 

models. We can observe in all cases an out-of-plane shift of the metal sites upon adsorption 

that become more exposed to CWAs (see Tables S1-S2). Soman was found to interact 

preferentially with the metal center via its oxygen atom in a similar way than sarin [57]. 

Soman shows an equivalent adsorption behavior in the case of V@graphene (Fig. 1 (a)) and 

Cr@graphene (Fig. 1 (b)), with associated O(soman)-Metal interacting distance that only 

slightly varies from 2.06 to 2.00 Å respectively. The scenario differs for mustard gas which 

implies a preferential interaction between its central sulfur atom and the metal sites (Fig. 1 

(c)) and Fig. 1 (d)). This observation was confirmed by considering different initial 

configurations where the chlorine atom of mustard gas was positioned in the vicinity of the 

metal sites (see Tab. S3). These calculations evidenced that the interacting S(mustard gas)-

Metal distance is shorter for Chromium (2.34 Å) (Fig. 1 (d)) as compared to Vanadium 

(2.50Å) (Fig. 1 (c)). 

The adsorption energies associated with the most stable DFT-optimized structures (Fig. 1) 

are reported in Tab. 1, while the corresponding data previously obtained for sarin are 

reminded for comparison [57]. One observes that the adsorption energies for soman and 

mustard gas are similar for both V@graphene and Cr@graphene, this behavior confirming 

our previous finding that V and Cr enable very similar strength of interactions for a given 

CWA molecule [57]. Furthermore, the adsorption energy sequence is as follows: ����(sarin) 

> ����(mustard gas) > ����(soman), the corresponding values varying in the range of 39.71 -

43.84 kcal.mol-1, and 38.48 - 43.00 kcal.mol-1 for Cr@graphene and V@graphene 

respectively. This trend highlights that both metal-impregnated carbons show a slightly 

higher affinity for sarin vs the other two CWAs.   
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Fig. 2 reports the projected density of states (PDOS) for the soman/Cr@graphene and 

mustard gas/Cr@graphene complexes under dry conditions. Same analysis for the V-

analogues can be found in Fig. S1. The total density of states is projected in such a way to 

represent the contributions of the orbitals of each interacting atoms, i.e. p- orbitals of P, F 

and O atoms for soman, p- orbitals of S and Cl atoms for mustard gas, s- and p- orbitals of C 

atoms for graphene as well as s-, p- and d- orbitals of the metal atom. One first notes the 

presence of a peak at the Fermi level which corresponds to a contribution of the p- orbitals 

of the carbon atom of the graphene sheet and the d- orbitals of Cr atom. This results from a 

hybridization phenomenon due to a shift in position of the metal out of the graphene plane. 

More specifically, in the case of soman/Cr@graphene complex, one can note that the peak 

corresponding to p- orbitals of the O atoms of soman is shifted of around -1eV, towards 

lowest energy compared to that of the isolated molecule. The peaks corresponding to p- 

orbitals of S and Cl of mustard gas adsorbed on Cr@graphene are shifted to a lesser extend 

towards lowest energy compared to the isolated state, leading to a small overlap of these 

orbitals of CWA with d- orbitals of Cr atom. Nonetheless, same trend is observed for both 

complexes at high energy. In particular, the peak situated initially around 1 eV, 

corresponding to d- orbitals of Cr atom, is shifted at higher energy when both CWAs are 

adsorbed. This evidences that, even by considering CWAs of different chemical nature, 

specifically organophosphorus and sulfur-based compounds, a similar hybridization is 

observed between the d- orbitals of chromium atom and the orbitals of the adsorbed 

molecules. 

 

In order to further explore the electronic features of the CWA/Cr@graphene complexes, Fig. 

3 presents their charge density differences computed using a Bader charge analysis [58]. In 

both cases, a major accumulation of electron density is observed in the region situated 

between the Cr atom and the interacting atom of soman (Fig. 3 (a)) and mustard gas (Fig. 3 

(b)) respectively. It can be observed that the expansion of this charge accumulation region is 

much more pronounced for mustard gas. This is attributed to the fact that in addition to the 

sulfur atom, the chlorine atom of the CWA also establishes side interactions with Cr atom 

while soman exclusively interacts through its oxygen atom.  

As a further stage, we explored the impact of water on the adsorption of CWAs on 

metal@graphene. Fig. 4 reports the DFT-optimized structures for all CWAs on Cr@graphene 

for the pre-humidification scenario. The analogue for V@graphene is represented in Fig. S2. 

One can observe that H2O is strongly bounded to the metal sites in the presence of all CWAs 

with characteristic separating O(H2O)-Cr distances of 2.03-2.05 Å. H2O molecule establishes a 

strong hydrogen bond via its H atom with the oxygen atom of both soman and sarin 

(separating distances of 1.57-1.58 Å) while its two hydrogen atoms interact each with one 

chlorine atom of the mustard gas. Indeed, in this scenario, the interactions between CWA 

and the metal@graphene substrate are shielded by the water molecule that acts as a bridge 

between the two components.  
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We then explored the case of a simultaneous co-adsorption of water and CWAs. Fig. 5 and 

Fig S3 report the corresponding DFT-optimized structures for both H2O on Cr and on 

V@graphene, respectively. Table S4 indicates that the so-obtained configurations are 

significantly more energetically stable than those obtained for the pre-humidification 

scenario. Referring to soman molecule, a small elongation of the distance between the 

oxygen atom and the chromium atom is observed with respect to the dry state from 2.00 Å 

to 2.08 Å (Fig. 5 (a)) on Cr@graphene and from 2.06 Å to 2.13 Å (Fig. S3a) on V@graphene. 

Furthermore, the inclusion of water leads to a reduction of the adsorption energy for soman 

of -5.40 kcal.mol-1, and -7.58 kcal.mol-1 in the cases of Cr@graphene and V@graphene, 

respectively (Tab. 1).  

Regarding sarin, as compared to the dry states, the presence of water also leads to a slight 

elongation of the distance between the oxygen atom of the CWA and the metal site, i.e. 

from 2.00 Å [57] to 2.08 Å (Fig. 5 (b)) and from 2.06 Å [57] to 2.10 Å (Fig. S3 (b)) for 

Cr@graphene and V@graphene respectively. This translates into a decrease of the 

adsorption energy between sarin and the metal@graphene substrate for Cr (-8.91 kcal.mol-1) 

and V (-6.80 kcal.mol-1) once water is present as reported in Tab. 1. Finally in the case of gas 

mustard, the interacting distances between the sulfur atom and the metal atom vary from 

2.34 Å to 2.51 Å (Cr@graphene – Fig. 5 (c)) and from 2.50 Å to 2.52 Å (V@graphene – Fig. S3 

(c)) in the presence of water. In the case of Cr@graphene the significant elongation of the S-

Cr distance is accompanied by a large reduction of the Cl-Cr distance from 3.28 Å to 2.72 Å, 

while the opposite is observed for V@graphene (2.69 Å to 3.16 Å). Nonetheless, as for 

soman and sarin, the presence of water leads to a reduction of the adsorption energies for 

mustard gas in the cases of Cr@graphene and V@graphene, however the decrease is of 

much lower magnitude, -1.37 kcal.mol-1 and -4.61 kcal.mol-1 respectively compared to the 

situation described above for sarin and soman (Tab. 1).  

To summarize, Tab. 1 evidences that the CWA/metal@graphene adsorption energy remains 

substantial even in the presence of water and this implies that the CWAs are expected to 

remain efficiently captured by the corresponding impregnated carbons under humidity. This 

is reflected by a decrease of maximum 20% of the adsorption energy, in the presence of 

water, for soman - sarin respectively in both metal@graphene. Interestingly, this conclusion 

is even more valid for mustard gas, its interaction with the impregnated carbons being much 

less affected by water as stated by the very low adsorption energy decrease (3.3%) in the 

case of Cr@graphene substrate. To understand the origin of this slightly different behavior, 

we further conducted a Density of states analysis (Fig. 6) on the soman/H2O - Cr@graphene 

and mustard gas/H2O - Cr@graphene complexes. 

DOS of soman and mustard gas on H2O - Cr@graphene plotted in Fig. 6, are projected in a 

similar way as in Fig. 2, to highlight the water-induced modifications of the electronic states, 

the same analysis for the V-analogue being reported in Fig. S4. By comparing Fig. 2 (a) and 

Fig. 6 (a), one can note that for soman, similarly as under dry conditions, below the Fermi 

level, an overlap between p- orbitals of the oxygen atom of soman and d- orbitals of Cr is 



 7

reduced to a small contribution around -5 eV. Moreover, at higher energy (about 2.5 eV), a 

reduction of the overlap between d- orbitals of Cr and p- orbitals of O, P and F atoms of 

soman is observed. Since the interactions of soman on Cr@graphene take place mostly 

through its oxygen atom, these water-induced changes are associated with a weakening of 

the bonding established by the oxygen atom. On the other hand, by comparing Fig. 2 (b) and 

Fig. 6 (b) for mustard gas, one can note that the overlap between the p- orbitals of Cl and P 

(CWA) and the d- orbitals of Cr below the Fermi level is more pronounced and is present up 

to -3 eV. Furthermore, the intensity of d- orbitals of Cr increases above the Fermi level 

around 3 eV. This observation correlated with the geometry of the mustard gas molecule, 

where one Cl atom is in the vicinity of Cr (2.72 Å), is consistent with a rather small reduction 

of the adsorption energy for gas mustard on Cr@graphene in the presence of water. 

Regarding the V-analogue, the corresponding analysis reported Fig. S4 shows that at high 

energy, above the Fermi level, the overlap observed between the p- orbitals of Cr and the p-

orbitals of Cl and S atoms of the CWA (around 3.5 eV) is not anymore present. This lack of 

overlap contributes to a more pronounced reduction of the resulting adsorption energy in 

the case of V@graphene (-4.61 kcal.mol-1) vs Cr@graphene (-1.37 kcal.mol-1) upon water 

adsorption.  

Fig. 7 and Fig. 8 report the charge differences for each CWA (soman, sarin and mustard 

gas)/H2O - Cr@graphene and V@graphene complexes respectively with an isovalue of 

± 1.0 × 10�)*. Å�). The comparison of Fig. 7 with its analogue for the dry state (Fig. 3) 

reveals that the presence of water induces a deformation of the electronic density 

surrounding the interacting atom (oxygen for soman and sarin, sulfur for mustard gas) for 

the Cr@graphene complex. For each CWA, the depletion region on the metal is deformed 

towards the single water molecule leading to an elongation of the distance between the 

CWAs and the metal atom and therefore to a weakening of the interaction between CWAs 

and the substrate through their main interacting atom. Indeed, the interacting region 

between the H2O – substrate with the CWAs is composed mostly by a depletion region of 

electronic density whereas accumulation phenomenon arises along the closest contact 

between the interacting atom of CWAs and the water oxygen atom. It can be seen that the 

electronic density deformation is made of the depletion regions on both top of the metal 

and at the vicinity of the water molecule that merged. This observation positions the water 

molecule as an extension of the metal@graphene substrate. The particular geometry of 

mustard gas molecule allows a side interaction between its chlorine atom and the metal 

atom which is less impacted by the presence of water as compared to the main interaction 

between metal and sulfur. While the only contact between soman and sarin on 

Cr@graphene is screened by the water molecule, the particularity of mustard gas geometry 

allows it to bypass this screening effect and to maintain a stabilizing contact resulting in a 

smaller adsorption energy reduction on Cr@graphene.  

 

 



 8

As expected from the variation of the adsorption energy observed for sarin between dry and 

simultaneous co-adsorption on Cr (-8.91 kcal.mol-1) and V@graphene (-6.80 kcal.mol-1), Fig. 

8 shows that similar electronic deformations are observed for both systems with the 

inclusion of simultaneous co-adsorbed water. The same observation about the electronic 

behavior can be made from Fig. 7 (a) and Fig. 8 (a) for soman even though the variation of 

adsorption energy is superior for V@graphene (-7.58 kcal.mol-1) vs Cr@graphene (-5.40 

kcal.mol-1). Alternatively, the electronic charges differences comparison relative to mustard 

gas on Cr@graphene (Fig. 7 (c)) with V@graphene (Fig. 8 (c)) provides some highlights about 

the more pronounced reduction observed with V@graphene rather than Cr@graphene. The 

separating distance associated with the Cl-metal side interactions equal to 2.72 Å and 3.15 

Å, for Cr and V@graphene complexes respectively, emphasizes the distinctive deformations 

of this specific depletion region observed for both systems. This distinct behavior is at the 

origin of the different adsorption energy variations reported for mustard gas/Cr@graphene 

and mustard gas/V@graphene between dry and wet conditions. 

 

 

 

4. Summary 

 

The adsorption of soman, sarin and gas mustard on Vanadium and Chromium embedded 

graphene models was computationally explored under dry and wet conditions. Our DFT 

calculations first demonstrated the highly attractive features of these impregnated carbons 

in terms of affinity with respect to the three considered CWAs. Both metal-impregnated 

carbons were predicted to show a slightly higher affinity for sarin vs the other two CWAs. As 

a further stage, we explored the impact of water on the physisorption of the three CWAs 

considering two scenarios, i.e. pre-humidification and simultaneous co-adsorption. The 

inclusion of water was shown to not dramatically alter the host/CWAs interactions, gas 

mustard being the less impacted molecule with an associated decrease of the adsorption 

energy by only 3.3% in Cr@graphene vs from 13 to 20% for sarin and soman. Indeed, the 

CWAs are expected to remain efficiently captured by the corresponding impregnated 

carbons under humidity. This microscopic investigation demonstrated the transition metal 

embedded@graphene systems to maintain a high level of performance for the capture of 

CWAs even in the presence of humidity, which corresponds to the most common operating 

conditions for protective gas masks.  
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Figure captions 

 

Figure 1 Most stable DFT-optimized configurations of soman on (a) V@Graphene and 

(b) Cr@graphene as well as of mustard gas on (c) V@graphene (d) 

Cr@graphene under dry conditions.  

Figure 2  Comparison of PDOS for the (a) Soman/Cr@graphene and (b) Mustard 

gas/Cr@graphene complexes under dry conditions. For each system panel I, 

panel II and panel III present PDOS of the isolated CWA, isolated 

metal@graphene and resulting complexes. Op (soman), Fp (soman), Pp 

(soman), Clp (mustard gas), Sp (mustard gas), Cs (CWA), Cp (CWA), Cs 

(graphene), Cs (graphene), total DOS of molecule, s-, p-, and d- states of metal 

are represented in orange, light green, violet, dark green, cyan, dashed blue, 

dashed red, blue, red, black, bold blue, bold red, bold black, respectively. 

Figure 3  Charge differences for (a) Soman/Cr@graphene and (b) Mustard 

gas/Cr@graphene presented with isovalue of ± 1.0 × 10�)*. Å�). Blue and 

red colors represent, respectively, the charge accumulation and depletion 

regions. 

Figure 4  Most stable DFT-optimized configurations considering the pre-humidified 

scenario with one water molecule involved for (a) Soman/Cr@Graphene, (b) 

Sarin/Cr@graphene and (c) Mustard gas/Cr@graphene 

Figure 5   Most stable DFT-optimized configurations considering a simultaneous co-

adsorption of water molecule and CWA for(a) Soman/H2O - Cr@graphene, (b) 

Sarin/H2O - Cr@graphene and (c) Mustard gas/H2O - Cr@graphene. 

Figure 6  PDOS for the (a) Soman/H2O - Cr@graphene and (b) Mustard gas/H2O - 

Cr@graphene complexes in the case of the simultaneous co-adsorption 

scenario. For comparison, PDOS for the isolated CWA molecules and H2O - 

Cr@graphene complexes are also reported. Op (soman), Fp (soman), Pp 

(soman), Clp (mustard gas), Sp (mustard gas), Cs (CWA), Cp (CWA), Cs 

(graphene), Cs (graphene), total DOS of molecule, s-, p-, and d- states of metal 

are represented in orange, light green, violet, dark green, cyan, dashed blue, 

dashed red, blue, red, black, bold blue, bold red, bold black, respectively. 

Figure 7  Charge differences considering the simultaneous co-adsorption scenario for 

(a) Soman/H2O - Cr@graphene (b) Sarin/H2O - Cr@graphene and (c) Mustard 

gas/H2O - Cr@graphene complexes presented with isovalue of ± 1.0 ×

10�)*. Å�). Blue and red colors represent the charge accumulation and 

depletion regions respectively. 
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Figure 8  Charge differences considering the simultaneous co-adsorption scenario for 

(a) Sarin/H2O - V@graphene (b) Soman/H2O - V@graphene and (c) Mustard 

gas/H2O - V@graphene complexes presented with isovalue of ± 1.0 ×

10�)*. Å�). Blue and red colors represent the charge accumulation and 

depletion regions respectively. 

 

Table captions 

Table 1  CWA dependence of the DFT calculated CWA adsorption energies (in kcal.mol-

1) for both V/Cr@graphene in the absence and in the presence of water. For 

comparison the CWA adsorption energies are also reported for the graphene 

without transition metal atom and without water. 

 



















Table 1 

 Cr@graphene V@graphene 
Pristine graphene 

No water Water No water Water 

Soman -39.71 -34.31 -38.48 -30.90 -1.79 

Sarin -43.84 -34.93 -43.00 -36.20 -1.84 

Mustard gas -40.91 -39.54 -41.60 -36.96 -2.10 

 



 

 




