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Abstract 

 

The adsorption of Sarin was systematically explored on a series of transition metal (Zinc, 

Copper, Molybdenum, Vanadium and Chromium) embedded graphene by Density Functional 

Theory calculations. These computations revealed that carbon systems impregnated with 

Chromium, and to a lesser extent, with Molybdenum and Vanadium show very high affinity 

towards this chemical warfare agent. In-depth analysis of the interactions in this embedded 

carbon/sarin system delivered an unprecedented understanding of the mechanism that 

governs the capture of sarin by this class of materials further envisioning next generation 

impregnated carbon-based adsorbents for military and civilian protective devices. As a 

further stage, three other molecules, Dimethyl methylphosphonate, Hydrogen Cyanide and 

Cyclohexane were further explored with the objective to identify the most reliable simulant 

to accurately capture the strength of interactions between real toxic molecules and carbon-

based adsorbents. 
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1. Introduction 

 

Chemical warfare agents (CWAs) represent a serious threat to human health if inhaled or if 

skin happens to be in contact with. They are classified in categories according to the 

physiological manner they affect the human body, i.e. blister agents or vesicants, chocking 

agents, riot control agents among others [1]. Specifically, Nerve agents, substances that 

disrupt the chemical communications through the nervous system, are categorized as 

persistent and non-persistent substances that relate to their volatility leading to G-series, V-

series and T- series [2]. Sarin, the most typical G-nerve agent, is a high volatile 

Organophosphorus molecule and induces non-persistent to semi-persistent effects, causing 

death. The potential for terrorist use of this chemical agent has been a concern since its 

production during the World War I [3]. This was confirmed with the Tokyo gas attacks in 

1995 [4] and nowadays, fears are also expressed regarding its use in the Syrian region. 

Though, terrorist use of sarin on civilian target is viewed as a low probability event, its 

consequences might be dramatic. Therefore, protection and detection of chemical agents is 

still a major concern for authorities. Several strategies have been explored to detect and 

capture sarin [5, 6]. Adsorption of this CWA by porous materials has been envisaged as one 

of the most efficient approaches. Indeed, many families of adsorbents including metal-

organic frameworks (MOFs) [7-10], zeolites [11], hexagonal boron nitrides[12-17] and more 

intensively activated carbons [18-22] have been explored in this research area. Carbon-based 

materials present many advantages in the field of adsorption such as large surface area to 

ensure high adsorption uptake, good chemical stability to allow a long-term use, tunability of 

their chemical features by grafting diverse functional groups to target the adsorption of 

polar molecules, and a relatively reasonable cost for further processing. They exhibit 

however low affinity for certain molecules and they suffer from poor selectivity. In order to 

address these limitations, one can take advantage of the defects present on the carbon-

based structures, such as monovacancy or divacancies [23], by doping this material with 

transition metal atoms [24-31] with the objective to strengthen the interactions between the 

adsorbent and a target molecules we wish to capture [32-36]. In the field of respiratory 

protection devices, activated carbons are currently used for military and civilian purposes to 

filter the air breath by the user [37, 38]. Most of the experimental and theoretical studies 

have been dedicated to assess the lifetime of commercial activated carbons for the capture 

of different types of organic volatile compounds considered as simulants to CWAs [37, 39, 

40]. In this context, the theoretical exploration has been limited to the use of macroscopic 

models implying equations mostly parameterized empirically [38]. In contrast, the 

microscopic mechanism that drives the capture of contaminants and in particular CWA 

molecules adsorbed on activated carbons has been only scarcely investigated so far [41, 42]. 

In the field of CWA capture, the commonly used activated carbons, obtained from the 

calcination of organic components, such as coconut [43, 44] are impregnated mostly with 

Chromium to enhance their affinity towards a given toxic molecule [45, 46]. Since Chromium 
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in most of its forms, can be harmful for human health [47], there is a need to find alternative 

solution with the possible use of less toxic metals. In this context, here we propose an 

unprecedented systematic computational investigation to deliver an in-depth knowledge at 

the microscopic scale of the interactions between Chromium embedded carbon and sarin 

and to further predict the adsorption behaviours of a series of alternative metal atoms to 

envisage the next generation CWA adsorbents. This computational effort involves Density 

Functional Theory (DFT) calculations applied to periodic systems made of a single graphene 

layer embedding one metal atom. This carbon-based model has been selected as a model 

representative system to provide first insight into the interactions between this CWA and 

the carbon adsorbents that are currently integrated into protection masks for military 

purposes. This choice of models is in line with most of the previous studies dealing with the 

interactions between diverse molecules and carbons [23, 48-51]. Moreover, since the 

adsorption of sarin on activated carbons is extremely challenging to characterize 

experimentally due to its hazardousness, a few potential simulants of this CWA were 

considered in order to identify the most suitable ones to mimic the strength of interactions 

between the real molecule and the carbon substrates. Typically, we explored dimethyl 

methylphosphonate (DMMP) [50, 52, 53] which is usually employed as a simulant to explore 

catalytic oxidation processes [48, 49, 54, 55] and on the other hand, cyclohexane (C6H12) [56] 

and hydrogen cyanide (HCN) [51, 57-59], two volatile organic compounds [18, 60] that have 

been previously considered as simulants to predict the lifetime of respiratory protection 

devices.  

 

2. Computational details  

 

The DFT calculations were performed using the Quantum Espresso package [61] with the 

Generalized Gradient Approximation GGA/PBE [62] for the exchange-correlation functional 

and the DFT+D2 [63] dispersion corrections for the treatment of the van der Waals (vdWs) 

interactions involved in graphene type systems [64]. Ultrasoft pseudopotentials developped 

by Vanderbilt [65] were considered to describe the ion cores of atoms. 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 transition metals, i.e. Zinc (Zn), 

Copper (Cu), Molybdenum (Mo), Vanadium (V) and Chromium (Cr). A defective graphene 

model was constructed by removing one carbon atom at the center of the model, this mono-

vacancy being then occupied by each transition metal atom mentioned above. Two different 

simulation boxes were considered depending on the dimensions of the guest molecules. 5 ×

5 graphene sheet (12.30Å × 12.30Å) and 4 × 4 graphene sheet (9.84Å × 9.84Å) models 

embeding a single metal atom, labelled Metal@graphene, were considered for 

Sarin/Dimethyl methylphosphonate(DMMP) and Hydrogen cyanide (HCN)/Cyclohexane 

(C6H12) respectively. A length of 20Å along the z-direction was considered to avoid 

interactions between their periodically replicated images while Monkhorst-Pack grids of k-
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points were used. Different starting configurations for the guest molecules were probed to 

ensure the convergence towards the lowest energetic arrangements. For comparison the 

molecule/pure graphene systems were equally considered.  

The adsorption energy (���) for each molecule was further derived using the following 

equation :  

��� = ���������������@��� !�"� − (��������� + ������@��� !�"�)  

where ���������������@��� !�"� is the energy of the DFT-optimized 

Metal@graphene/molecule complex while �%������� and ������@��� !�"� correspond to the 

single point energy of the single adducts.  

Moreover, geometry optimizations of the sarin/Cr@graphene complex, were performed 

using two other approaches to assess the impact of the applied DFT-methodology (i)  

Gaussian orbitals cluster based calculations using the PBE [66] exchange-correlation 

functional with D2 dispersion correction and a TZVP [67] basis set for all atoms as 

implemented in the Gaussian 09 program suite [68]. (ii) Gaussian Plane Wave (GPW) periodic 

based calculations as implemented in CP2K [69] code using also the PBE-D2 

functional/dispersion correction. Fig. S1 and S2 reports the resulting optimized 

sarin/Cr@graphene geometries and adsorption energies using both approaches that concur 

very well with the results obtained using the periodic DFT plane-wave optimized structures 

and energetics discussed above. 

Further analysis was performed including the calculations of the electronic charge transfer 

between the metal and the molecules using the Bader formalism [70] as well as the 

projected density of states (PDOS) for all metal@graphene systems. Bader charges have 

been computed using 11 valence electrons for Cu, 12 valence electrons for Zn, 13 valence 

electrons for V and 14 valence electrons for both Mo and Cr.  

 

3. Results and Discussion 

 

Fig. 1 reports the DFT optimized structures for all Metal@graphene models. One can 

observe that all metal atoms form three bonds with the neighboring carbon atoms while 

they translate out-of-the-plane consistent with what has been previously reported for 

diverse metals including first-row transition metals such as Ti and Cu [36, 71-75].  

We further evidenced that there is a significant charge transfer from the metal atom to the 

graphene layer as shown by the corresponding Bader Analysis reported in Table 1. This 

electron density transfer mostly takes place between the metal and its three bonded-carbon 

atoms. The more positively charged metal atoms are thus expected to establish stronger 

interactions with the guest molecules than the neutral metal atom. Table 1 suggests that the 
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embedded Mo, V and Cr metal which carries the highest positively charge, +1.12e, +1.29e 

and +1.12e respectively will give rise to the higher affinity towards guest molecules 

compared to Zn and Cu which exhibit lower charges, i.e. +0.87e and +0.67e respectively.  

Fig.2 shows the most stable configurations for sarin in each Metal@graphene model. This 

CWA molecule adopts a conformation in such a way to preferentially interact with the metal 

atom via the oxygen atom of its P=O group associated with characteristic oxygen-metal 

distances ranging from 2.00 to 2.19 Å. Sarin shows however a slightly different adsorption 

behavior in the case of Cu@graphene with an orientation towards the graphene sheet that 

allows a side interaction between its fluorine atom and Cu (Fig.2 (c)). Moreover, one can 

note that upon adsorption Zn and Cu are shifted out-of-the plane while the positions of Mo, 

V and Cr remain almost unchanged. This is clearly indicated by Table S1 which reports the 

angle formed between two carbon atoms of the graphene sheet and the metal. These 

observations have been confirmed by considering different initial orientations for sarin. For 

comparison, Fig.2 (a) reports the case of pure graphene where both its oxygen and fluorine 

atoms point towards the carbon sheet with characteristic separating distance of 3.03 Å and 

3.10 Å respectively.  

The corresponding sarin/carbon substrate adsorption energy is reported in Fig.3 as a 

function of the nature of the embedded metal. It appears that the stronger interactions are 

observed in the cases of Mo, V and Cr (-38.95; -43.00 and -43.84 kcal.mol-1 respectively), the 

increase of the adsorption energy within this series of metal being correlated to a shortening 

of the Metal-oxygen distance (Fig. 2 (d-f)). The Cu version leads to a significantly lower 

adsorption energy (-26.65 kcal.mol-1), implying that the side interaction between the metal 

and the fluorine atom of sarin (Fig.2 (c)) tends to weaken the energetics of the CWA/carbon 

sheet system. This also holds true for Zn@graphene (-28.32 kcal.mol-1) although the distance 

between the metal and the oxygen atom of sarin is similar to that observed for Mo, V and Cr. 

This first series of calculations clearly evidences that Cr, Mo and V metals once embedded in 

graphene induce a drastic enhancement of the affinity of the carbon-based material for sarin 

by at least a factor 5 compared to the pure graphene as expected from the higher positively 

charge behavior reported for these metals. This trend is consistent with the current use of 

metal impregnated carbons as selective adsorbents to selectively trap CWAs [76, 77]. 

As a further step, we explored the adsorption of DMMP in each Metal@graphene system. 

Fig.4 represents the corresponding most stable configurations. One can observe that 

similarly to sarin, DMMP preferentially interacts via the oxygen atom of its P=O group 

pointing towards the metal while in most cases there are side interactions between the 

metal and the methyl group of DMMP. The metal-dependence of the resulting DMMP 

adsorption energy is reported in Fig.3. Here again, the increase of the adsorption energy 

observed for Mo, V and Cr (-32.68, -37.67 and -38.94 kcal.mol-1 respectively) correlates well 

with a shortening of the Metal-oxygen distance (2.18 Å, to 2.05 Å and 1.99 Å respectively) 

while the Zn and Cu versions exhibit lower adsorption energies. Interestingly, DMMP shows 

not only the same energetics sequence than sarin but also agrees reasonably well the 
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magnitude of the interactions for all Metal@graphene systems within a 10% range.  This 

observation clearly supports that DMMP is an appropriate simulant to sarin in order to 

mimic its strength of interactions with carbon-based adsorbents. 

To gain further insight into the molecule/metal@graphene complexes, we carefully analyzed 

their total Density of States (DOS) and Projected Density of States (PDOS) on different 

orbitals of the atoms of the substrate and Sarin. Typically, Cr@graphene and Zn@graphene 

have been considered to represent the two distinct categories of embedded 

metal@graphene models which differ from their CWA energetics point of view. Fig. 5 (a) 

reports the PDOS for the sarin adsorbed on Cr@graphene which is compared to that 

calculated for the single sarin and Cr@graphene adducts. DOS is projected in such a way to 

represent the contribution of the orbitals of each interacting atom, i.e. p-orbitals of O atoms 

for sarin, s - and p-orbitals of C atoms for graphene and s- p- and d-orbitals of the metal 

atom.  

For Cr@graphene, d- states of Cr atoms are mostly localized around the Fermi level with the 

presence of a peak associated to hybridization with p- orbitals of C atoms of the graphene 

sheet. This hybridization is made possible due to the out-of-plane position occupied by the 

metal atom with respect to the graphene sheet discussed above. The d- states of Mo and V, 

for which the atomic positions are similar to that of Cr, present the same hybridization at the 

Fermi level with p- orbitals of carbons (see Fig. S4 and S5). On the other hand, one can note 

a significant shift of the d- states of Zn for Zn@graphene at lower energy level (Fig. 5 (b)), 

this situation being also observed for Cu@graphene (see Fig. S3). This absence of 

hybridization between these two metals and carbon atoms of graphene leads to a larger out-

of-plane position of the metal embedded in presence of an adsorbed molecule as presented 

in Fig. 2.  

Fig.5a further evidences that once Cr@graphene interacts with sarin, there is a broadening 

of the d-states of the metal. In particular, the peak situated initially at around 1 eV shifts to 

higher energies and this can be identified as a signature of the overlap between the d- states 

of Cr with the high energy p- states of the O atom of sarin around 2.5 eV. In the case of 

Zn@graphene (Fig. 5b), the broadening of d- states of Zn appears at lower energy, around -7 

eV, where low energy p- states of the O atom of sarin contribute. This shift between d- 

states of Cr and Zn complexes at lower energies emphasizes the weaker interactions for 

sarin/Zn@graphene, providing support to the adsorption energy sequence presented in Fig. 

2. One can observe that the PDOS above the Fermi energy is mostly composed by p- orbitals 

of O and C atoms respectively. Though, it is not shown in this figure, p- orbitals of P and s- 

orbitals of H atoms also contribute to this peak at high energy but in a lesser extent.  

A Bader charge analysis was further performed for the sarin/metal@graphene complexes 

and compared to the case of the isolated sarin. The results are summarized in Table 1. The 

only significant change takes place on the metal with a variation of approximately 15 to 20% 

of their initial charges in the presence of sarin. Regarding sarin/metal@graphene, the 
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electron density provided by the metals, i.e, 0.19e, 0.14e, 0.24e, 0.19e and 0.17e for Zn, Cu, 

Mo, V and Cr respectively is delocalized on the set of carbon atoms of the graphene sheet 

surrounding the metal. A second contribution of the electron density variation arises from 

the oxygen atom of sarin interacting with the metal. This whole observation supports that 

the interaction between sarin and the metal@graphene implies only tiny electron density 

variation in line with a physisorption phenomenon. The same conclusion holds true for 

DMMP as evidenced in Table S2. 

Charge density differences for all sarin/metal@graphene systems are further shown in Fig. 6. 

Charge accumulation is mainly observed in the interacting region between the oxygen atom 

of sarin and the transition metal atom while depletion of the electron density appears 

mostly along the P-O bond on the sarin as well as along the region formed by the transition 

metal atom and its three bonded carbons. The intensity of the charge difference in this 

bonding region for a given isovalue of ± 1.5 × 10�'(. Å�' increases according to the 

following sequence: Cr@graphene ~ V@graphene, ~ Mo@graphene > Cu@graphene ~ 

Zn@graphene. This trend fits well with the calculated adsorption energy profile reported in 

Fig. 3. 

Fig. 7 reports the charge density difference plots for DMMP adsorbed on both Zn@graphene 

and Cr@graphene. A similar profile than Fig. 6 is obtained when DMMP is involved where 

the intensity is stronger with Cr, especially in the interacting region and the same depletion 

region can be found along the P-O bond of sarin and below the metal atoms. These 

similarities confirm that DMMP mimics well sarin in terms of nature and strength of 

interactions with the metal embedded graphene sheet. 

As a further stage, we investigated the adsorption of two other molecules proposed in the 

past as potential simulants to CWAs [78], i.e. hydrogen cyanide and cyclohexane. In order to 

thoroughly explore the energy landscape of these systems, three different initial 

configurations were considered for HCN, i.e. perpendicular to the carbon sheet with either N 

or H atoms pointing towards the metal or parallel to the carbon sheet, while keeping in all 

cases the molecule linear. Regarding C6H12, two configurations were tested with the ring 

either parallel or perpendicular to the carbon sheet. The cyclic hydrocarbon was evidenced 

to be preferentially orientated parallel to the carbon sheet for all considered 

metal@graphene (see Fig. 8), the metal interacting with the hydrogen atoms of the ring with 

characteristic separating distances ranging from 2.17 to 2.22 Å as illustrated for 

Cr@graphene in Fig. 8(a). Interestingly the corresponding adsorption energy profile reported 

in Fig.3 is similar to the trends obtained for sarin and DMMP although the values are far 

lower, typically for Cr@graphene the adsorption energies for C6H12 and DMMP are -8.01 and 

-38.94 kcal.mol-1 respectively. This makes the choice of cyclohexane as CWA simulant 

questionable at least from an energetics standpoint.  

Regarding HCN, we observed that the preferential configuration corresponds mostly to the 

case of N atom pointing towards the metal as illustrated in Fig. 8 for Zn, Cu, V and Cr 
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embedded atoms with characteristic N-Metal distances ranging from 1.95 to 2.13 Å. 

However, in the case of Mo, a HCN geometry parallel to the carbon sheet was found to be as 

stable as the perpendicular conformation, the total electronic energy difference between 

these structures being very small (see Table S3). However, to maintain a systematic 

exploration of the adsorption energies, Fig. 3 reports the adsorption energies corresponding 

to the perpendicular orientation of the molecule for all metal@graphene systems. The so-

calculated energetics profile is shown to reproduce very well that of sarin associated with a 

physisorption process. Notably, the simulated adsorption energy values for HCN match very 

well those for DMMP, thus suggesting that HCN can be equally considered as a reliable 

simulant for sarin. 

Fig. 9 presents the charge density difference plots for all HCN/metal@graphene systems. 

One can note that the intensity of the charge accumulation on the N atom is different in the 

case of Zn/Cu (Fig. 9 (a-b)) compared to Mo/V/Cr (Fig. 9 (c-d-e)). While this latter group of 

metal shows a predominant charge accumulation in the region of the N atom of HCN, it is 

not anymore the case for Zn and Cu which both show a high electron density at the vicinity 

of carbon atoms of the graphene. This electronic density variation is the reason behind the 

strongest interactions occurring in the Mo, V or Cr@graphene. Regardless of this difference, 

all metal@graphene attract charges from HCN because of high electron density surrounding 

its cyano-group.  

 

4. Summary 

 

The interactions between 3d (Zn, Cu, V, Cr) and 4d (Mo) transition metals embedded 

carbons and sarin as well as three different simulants were explored computationally. DFT 

calculations confirmed that the use of Cr metal is highly attractive for CWA capture owing to 

the resulting very high interaction energies with both sarin, DMMP and HCN. Meanwhile, 

alternative metals like Mo and V show an affinity for these molecules as high as Cr. This 

paves the way towards to the impregnation of these less toxic metals into next generation 

carbon-based adsorbents to ensure an efficient capture of CWAs by physisorption. Our 

computations also strongly suggest that cyclohexane, currently used as simulant to CWA to 

assess the lifetime of carbon-based adsorbents might be not so relevant since this molecule 

does not allow to capture the correct magnitude of the interactions that involve sarin with 

such adsorbents. This is a critical point since such a distinct energetics is expected to make 

significant changes in terms of not only the capture but also on the desorption process which 

is of utmost importance for the regeneration of the adsorbents.  
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Figure captions 

 

Figure 1  DFT-optimized models for (a) Zn@ graphene (b) Cu@graphene (c) 

Mo@graphene (d) V@graphene and (e) Cr@graphene (top and side views). C, 

Zn, Cu, Mo, V and Cr atoms are represented in grey, blue, orange, light blue, 

green and yellow, respectively.  

Figure 2 Most stable DFT-optimized configurations of Sarin on (a) pure Graphene, (b) 

Zn@ graphene (c) Cu@graphene (d) Mo@graphene (e) V@graphene and (f) 

Cr@graphene. The reported distances are expressed in Å. C, O, F, P, H, Zn, Cu, 

Mo, V and Cr atoms are respectively in grey, red, cyan, purple, white, blue, 

orange, light blue, green and yellow, respectively. 

Figure 3 Metal-Dependence of the DFT-calculated adsorption energy (in kcal/mol) for 

sarin, DMMP, HCN and C6H12 in pure graphene and metal@graphene models. 

Figure 4 Most stable DFT-optimized configurations of DMMP on (a) pure Graphene, (b) 

Zn@ graphene (c) Cu@graphene (d) Mo@graphene (e) V@graphene and (f) 

Cr@graphene. The reported distances are expressed in Å. C, O, F, P, H, Zn, Cu, 

Mo, V and Cr atoms are represented in grey, red, cyan, purple, white, blue, 

orange, light blue, green and yellow, respectively. 

Figure 5 Comparison of PDOS for the sarin/Cr@graphene (a) and sarin/ Zn@graphene 

complexes. For each system panel I, panel II and panel III present PDOS of the 

isolated sarin, isolated metal@graphene and resulting complexes. Total DOS 

of molecule, Op states, Cs (sarin) states, Cp (sarin) states, Cs (graphene) states, 

Cs (graphene) states, s-, p-, and d- states of metal are represented in black, 

green, dashed blue, dashed red, blue, red, bold blue, bold red, bold black, 

respectively. 

Figure 6 Charge differences for Sarin/metal@graphene presented with isovalue of 

± 1.5 × 10�'(. Å�'. (a) Zn@graphene (b) Cu@graphene (c) Mo@graphene, 

(d) V@graphene and (e) Cr@graphene. Blue and red colors represent the 

charge accumulation and depletion regions respectively. 

Figure 7 Charge differences for DMMP/metal@graphene presented with isovalue of 

± 1.5 × 10�'(. Å�'.(a) Zn@graphene and (b) Cr@graphene. Blue and red 

colors represent, respectively, the charge accumulation and depletion regions. 
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Figure 8 Most stable DFT-optimized configurations of HCN on (a) Cr@graphene and of 

HCN on (b) Zn@graphene (c) Cu@graphene (d) Mo@graphene, (e) 

V@graphene and (f) Cr@graphene. The reported distances are expressed in Å. 

C, H, N, Zn, Cu, Mo, V and Cr atoms are represented in grey, white, dark blue, 

blue, orange, light blue, green and yellow, respectively. 

Figure 9 Charge differences for HCN/metal@graphene presented with isovalue of 

± 1.5 × 10�'(. Å�'. (a) Zn@graphene (b) Cu@graphene (c) Mo@graphene 

(d) V@graphene and (e) Cr@graphene. Blue and red colors represent, 

respectively, the charge accumulation and depletion regions. 

 

Table captions  

 

Table 1 Bader charge analysis for the isolated Sarin and Metal embedded graphene as 

well as for the Sarin/Metal@graphene systems. Plus and minus signs 

represent charge increment and charge reduction, respectively. ∑ + refers to 

the sum of Bader charges carried by the 49 carbon atoms composing the 

graphene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





















 Graphene Zn@graphene Cu@graphene 

Isolated Adsorbed Isolated Adsorbed Isolated Adsorbed 

Carbon 

Substrate 

Metal - - +0.81 +1.00 +0.63 +0.77 

 ∑� - - -0.81 -1.08 -0.63 -0.84 

Sarin 

P +4.91 +4.91 +4.91 +4.91 +4.91 +4.91 

F -1.02 -1.03 -1.02 -1.00 -1.02 -1.01 

O =(P) -1.88 -1.89 -1.88 -1.83 -1.88 -1.84 

O -(CH) -1.70 -1.71 -1.70 -1.70 -1.70 -1.69 

CH3 -(P) -1.00 -1.00 -1.00 -1.00 -1.00 -0.98 

 Mo@Graphene V@graphene Cr@graphene 

Isolated Adsorbed Isolated Adsorbed Isolated Adsorbed 

Carbon 

Substrate 

Metal +1.10 +1.34 +1.30 +1.49 +1.11 +1.28 

 ∑� -1.10 -1.40 -1.30 -1.55 -1.11 -1.36 

Sarin 

P +4.91 +4.91 +4.91 +4.91 +4.91 +4.91 

F -1.02 -1.00 -1.02 -1.00 -1.02 -1.00 

O =(P) -1.88 -1.84 -1.88 -1.85 -1.88 -1.83 

O -(CH) -1.70 -1.70 -1.70 -1.69 -1.70 -1.69 

CH3 -(P) -1.00 -1.00 -1.00 -0.98 -1.00 -1.00 

 



 




