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Abstract

Competitive adsorption of two major Chemical Warfare agents (CWAs), soman and sarin, was
explored on a multi-site embedded graphene model integrating transition metal atoms (Cr, V
and Zn). Ab-initio Molecular Dynamics simulations were performed to determine the most
probable configurations of these CWAs on the graphene substrate. Further Density Functional
Theory geometry optimizations revealed that both soman and sarin adopt a single-adduct
configuration on a metal site whatever the nature of metal pairs considered, a scenario similar
to that encountered for graphene embedding only 1 metal site. This result strongly suggests
that each metal site present in real activated carbons is effective for the capture of these CWA:s.
To understand the effect of humidity, which is a major shortcoming in the field of air protector
devices, further calculations were carried out in the presence of water molecules. We
demonstrated that water does not dramatically impact the strength of interactions between
these CWAs and both Cr and V metals while there is a substantial drop in the case of Zn metals.
This trend was explained in light of further electronic analysis. This conclusion suggests that the
use of Cr or V metal enables to maintain an efficient capture of CWAs under humidity while for
Zn it is far to be the case.
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https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2352492822005633
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2352492822005633

1. Introduction

Capturing chemical warfare agents (CWAs), especially nerve agents such as sarin and soman is a
major concern in modern warfare [1]. Despite the international ban on their uses [2], a few
countries and terrorist organizations still possess stockpiles of these chemical weapons for
potential sporadic attacks [3-6]. Personal air purifying respirator cartridges containing efficient
adsorbent porous materials appear as a reliable solution to protect civilian or military
individuals against these hazardous CWAs [7, 8]. Large surface area, high chemical stability and
possible impregnation with transition metal atoms [9-13] have positioned activated carbons
(AC) materials [14-18] as the current best adsorbents to capture a wide range of CWAs. In this
field, most of the theoretical studies on adsorption of CWAs and related molecules by AC
materials have been performed from a macroscopic standpoint to assess the lifetime of
commercial cartridges [19, 20] under different conditions [21-23]. In contrast, few molecular
simulation investigations [24-28] have been reported so far on the adsorption mechanism and
they focused exclusively on small organic molecules such as hydrogen cyanide (HCN), benzene
(CsHs) carbon monoxide (CO) [27, 29-31] or CWAs simulants, e.g. dimethyl methylphosphonate
(DMMP) [32, 33]. To address this lack of fundamental understanding, we have initiated recently
a computational study at the density functional theory (DFT) level with the aim to reveal the
microscopic origin of the capture of CWAs by carbons impregnated with a series of metal sites
[34, 35]. In these previous works, a graphene layer embedding a single transition metal atom
was considered as a first model system to represent the AC adsorbents integrated into
protection masks. These calculations systematically explored the interactions between a single
sarin and soman molecule and a series of metal-impregnated carbon substrates in the
presence/absence of water, in terms of adsorption sites and associated energetics. Typically,
graphene substrates embedding either Chromium and Vanadium metal sites were
demonstrated to ensure an efficient capture of sarin and soman in dry conditions [34], this
attractive level of performance being maintained even under humidity [35]. As a further stage,
herein we aim to gain insight into the competitive adsorption of CWAs on graphene substrates
incorporating multiple metal sites, i.e. Cr, V and Zn. This scenario corresponds to a more realistic
description of the currently used impregnated AC carbons for the capture of these target toxic
molecules, which are known to incorporate different nature of metal sites [36, 37]. Further, in
complement to our previous DFT studies [34, 35], here these whole systems were explored
dynamically using ab-initio molecular dynamics (AIMD).



2. Computational details

Two carbon models were first built to model the adsorption of CWAs on a single metal and
multi-metal embedded substrates. A 6 X 6 graphene sheet (17.22 A x 17.22 A) with one
carbon atom substituted by a transition metal atom (Chromium or Zinc) was considered to
model a single site adsorption substrate (labeled as metal@graphene). A 7X 7 graphene sheet
(19.68 A x 19.68 A) was equally constructed with two carbon atoms substituted by transition
metal atoms (Chromium, Vanadium or Zinc) to represent a multi-site substrate model (labeled
as metall-metal2@graphene) with a metal-metal distance arbitrary considered as ~10 A. A
length of 30 A along the z-direction was considered for both models to avoid interactions
between periodically replicated neighbors. One molecule of each CWA, i.e, sarin and soman was
then incorporated on these two models using a different set of initial configurations. All AIMD
simulations were carried using the program CP2K [38] with the Quickstep module [39] using
dual basis set of Gaussian type orbitals (DZVP-molopt [40]) with plane-waves (with a cut-off
E..: = 300 Ry). The PBE [41] functional, completed with DFT-D2 [42] corrections was
considered to model the exchange-correlation energy and the dispersion correction. All AIMD
simulations were performed at 300K for 8 ps, using a Nosé-Hoover thermostat and a 0.5 fs time
step with 10™> Hartree accuracy.

The impact of humidity on the competitive adsorption of sarin and soman on a single site metal
embedded graphene was further considered with the introduction of 1 water molecule on the
sarin/soman-metal@graphene configuration. In this case, AIMD simulations were followed by
DFT geometry optimizations using Quantum Espresso package [43] at the DFT+D2 level in order
to make a further energetics analysis. Ultrasoft Vanderbilt pseudopotentials [44] 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 X 10™° Ry. A Gaussian smearing with o = 0.01 was
employed for the two transition metals. Monkhorst-Pack grids of k-points replicating the
graphene sheet dimensions was considered.

The adsorption energy of each individual CWA in the case of
sarin/soman/H,0O/metal@graphene was defined as follows:

sarin _ E. . —(Eo.. +E

ads — Esarin/soman/H,0/Metal@graphene ( sarin soman/H, O/Metal@graphene)
soman __ E i _ E + E .
ads — Lsarin/soman/H,0/Metal@graphene ( soman sarm/HzO/Metal@graphene)

Such a definition of the adsorption energy for each CWA allows the evaluation of the role of
water on the strength of the CWA/substrate interactions in the presence of another CWA.



3. Sarin/Soman competitive adsorption on Cr@graphene and Zn@graphene

Fig. 1 (a-b) reports AIMD equilibrated configurations for the competitive adsorption of sarin and
soman on both Cr@graphene and Zn@graphene. Single component adsorption energies, for
sarin/Cr@graphene and soman/Cr@graphene, have been reported in our previous studies to be
-43.84 kcal.mol?! and -39.71 kcal.mol? respectively [34]. Indeed, on the same embedded
chromium site, the adsorption of sarin is expected to be favored over soman. Starting with an
initial configuration where both CWAs are 7 A away from the metal site, our AIMD calculations
confirmed that from a dynamics point of view the presence of a Cr site attracts more sarin over
soman leading to a final states where the oxygen atom of sarin interacts preferentially with Cr
atom in a similar way our previous static DFT calculations evidenced for the single component
adsorption scenario [34]. This preferential adsorption mode of sarin pushes soman away from
the Cr site as illustrated in Fig. 1 (a). Our objective was then to verify if the same conclusion
remains true even in the presence of metal site that shows only moderate affinity to sarin.
Typically, Zn atom was considered since it was previously demonstrated by our DFT calculations
to exhibit the weakest interactions with sarin from the full list of metals that were tested with
an associated adsorption energy of -28.32 kcal.mol! [34]. The resulting equilibrated AIMD
configuration reported in Fig. 1 (b) is similar to that obtained in the case of the Cr site. This
observation highlights that regardless to the magnitude of the sarin/metal interactions, sarin is
expected to be preferentially adsorbed over soman once the two species are concomitantly
present.




Figure 1: (a) Sarin/soman/Cr@graphene and (b) sarin/soman/Zn@graphene AIMD equilibrated
structures. The reported distances are expressed in A.C,0,F, P, H, Crand Zn atoms are
represented in grey, red, cyan, purple, white, yellow and dark blue respectively.

4. Sarin adsorption on a multi-metal embedded substrate Cr-V@graphene vs Cr-
Zn@graphene

Fig. 2 (a-b) report the AIMD equilibrated structures for sarin adsorbed on multiple adsorption
Cr-V sites. One observes that depending on the initial configurations, sarin is found to be
adsorbed either on Cr or V sites with corresponding O(sarin)-Metal distances of 2.04 A and 2.07
A respectively that are reminiscent to those previously simulated for the single component
adsorption [34]. The two configurations are characterized by very similar total energies (Table
$1) and therefore they are almost equiprobable. This observation is in line with the equivalent
single component adsorption energies previously reported for sarin on Cr@graphene and
V@graphene, i.e., -43.84 kcal.mol™ and -43.00 kcal.mol* respectively.

Figure 2: (a) Sarin/Cr-V@graphene and (b) sarin/V-Cr@graphene AIMD equilibrated structures.
The reported distances are expressed in A. C, O, F, P, H, V and Cr atoms are represented in grey,
red, cyan, purple, white, green and yellow, respectively.

In contrast when the Cr/Zn pair is considered, Fig. 3 shows that sarin is preferentially attracted
by Cr consistent with a higher sarin adsorption energy for Cr vs Zn in the case of single metal site
(-43.84 kcal.mol™? for Cr vs -28.32 kcal.mol! on Zn [34]). All together, these simulations revealed
that (i) the co-existence of Cr and V is expected to fix the first sarin molecules immediately since
these two available metal sites equiprobably adsorb strongly sarin, while the presence of Zn in
tandem with Cr is not expected to make a plus value for the adsorption of the first molecules
since these molecules are preferentially adsorbed to Cr; and (ii) the presence of two neighbor



metal sites does not change the adsorption modes of sarin in both cases suggesting that that
the impregnated carbon is expected to maintain a single-adduct adsorption of the CWA on the
metal sites distributed in the impregnated carbons.

Figure 3: Sarin/Cr-Zn@graphene AIMD equilibrated structure. The reported distance is
expressed in A.C,0,F, P, H, Crand Zn atoms are represented in grey, red, cyan, purple, white,
yellow and dark blue respectively.

5. Simultaneous adsorption on a multi-metal embedded substrate.

Fig. 4 (a) reports AIMD equilibrated structures for the competitive adsorption of sarin and
soman on a dual Cr-Cr@graphene substrate. Starting with both molecules 7 A away from each
other and from the metal sites, one observes that both sarin and soman interact as single
adducts over the two metal sites with characteristic O(CWA)-Cr distances similar to those
obtained in the presence of a single metal site consistent with weak sarin/soman interactions
and separating distances over 4 A. The same conclusion can be drawn with the consideration of
graphene substrates integrating V-V and Cr-V metal sites as illustrated in Fig. S1 (a, b and c).




Figure 4: (a) Sarin/soman/Cr-Cr@graphene and (b) sarin/soman/Zn-Cr@graphene AIMD
equilibrated structures. The reported distances are expressed in A. C, O, F, P, H, Cr and Zn atoms
are represented in grey, red, cyan, purple, white, yellow and dark blue respectively.

Fig. 4 (b) and Fig. S2 further reports AIMD equilibrated structures of sarin and soman
adsorption on Zn-Cr@graphene and Cr-Zn@graphene respectively. One still observes in all cases
a single-site adduct towards the metal sites. The interacting sarin/Cr and soman/Cr distances of
2.14 A (Fig. S2) and 2.06 (Fig. 4 (b)) A respectively are as short as in the case of Cr-Cr@graphene
(Fig. 4 (a)). This clearly confirms that the presence of Zn does not weaken the strength of
interactions between the Cr sites and the CWAs. One notes for Zn that the interacting distances
to both sarin (2.36 A) and soman (2.77 A) are significantly longer than the value obtained for a
single Zn metal with sarin (2.01 A) [34]. This emphasizes that the adsorption of the two CWAs
on Zn is expected to be much weaker than on Cr.

To further illustrate the characteristics of Zn within these systems, Projected Density of States
(PDOS) of orbitals of the substrate and CWAs atoms was carefully analyzed and reported on Fig.
5. PDOS is shown in such a way to present the contributions of p- orbitals of O and C atoms of
CWAs, p- orbitals of C of the graphene sheet and the d- orbitals of transition metal atoms.
Regarding the sarin/soman adsorbed on a dual Cr-Cr@graphene the resulting PDOS presented
in Fig. 5 (a) shows two features, similarly as PDOS for a single Cr site embedded graphene
reported in our previous study [34], i.e., (i) an important hybridization of d- orbitals of Cr with p-
orbitals of carbon (graphene) at Fermi level, emphasizing the adequate stability of Cr within this
substrate, and (ii) a small overlap of d- orbitals of Cr with p- orbitals of O and C for sarin and
soman around 3.5 eV indicating the high affinity of Cr towards these CWAs. On the other hand,
PDOS of Zn-Cr@graphene with sarin and soman, presented on Fig. 5 (b), shows a significant
shift of d- orbitals of Zn at lower energy level. Therefore, the absence of high energy d- orbitals
of Zn causes a lack hybridization at Fermi level with p- orbitals of C (graphene) resulting in a
decreased stability of Zn embedding onto a carbon substrate and a lack of overlapping with high
energy states of CWAs atoms.

Moreover, the inclusion of Zn instead of Cr affects also the electronic properties of sarin and
soman. Indeed, p- orbitals of O and C of CWAs, which are merged for Cr-Cr@graphene at ~ -6
eV, split into two distinctive peaks because of the proximity of sarin over soman to the metal
when Zn is considered. This distinct electronic feature between Zn and Cr further illustrates the
higher ability of Cr to ensure an efficient capture of the CWAs.
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Figure 5: Comparison of PDOS for the sarin/soman on (a) Cr-Cr@graphene and (b) Cr-
Zn@graphene substrate

6. Inclusion of water and effect on the competitive adsorption on a single site
Cr@graphene

As a further step, we explored the competitive adsorption of CWAs with water on Cr and Zn
adsorption site using first AIMD simulations followed by further DFT-geometry optimization. Fig.
6 (a and b) report the DFT-optimized, geometries of both sarin/soman/H,O-Cr@graphene and
sarin/soman/H,0-Zn@graphene, respectively. Thus, adsorption energies calculated for sarin
and soman on H,O-Cr@graphene were found to be -26.04 kcal.mol! and -25.21 kcal.mol?
respectively. This result is consistent with similar interacting distances for both sarin and soman
with water as reported in Fig. 6 (a). Indeed, the distances between the hydrogen atoms of water
and the interacting oxygen atoms of sarin and soman are 1.62A and 1.60A respectively while
the distance between water and Cr is equal to 1.98A. This water molecule positioning enables
an equivalent strength of interactions with sarin and soman. On the other hand, the adsorption
energies for sarin and soman in the case of the H,O-Zn@graphene analogue, i.e -17.65 kcal/mol
1 and -23.08 kcal.mol* respectively, demonstrate a more pronounced adsorption energy drop
for sarin vs soman.
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Figure 6: (a) Sarin/soman/H20-Cr@graphene and (b) sarin/soman/H,0-Zn@graphene DFT
optimized structures. The reported distances are expressed in A.C,0,F, P, H, Crand Zn atoms
are represented in grey, red, cyan, purple, white, yellow and dark blue respectively.

Fig. 7 (a and b) illustrates, from an electronically standpoint the adsorption energy variation of -
8.39 kcal.mol! reported for sarin interacting with H,O-Cr@graphene vs H,O-Zn@graphene.
Similar electronic deformations were observed for water molecule adsorbed on both metal sites
while the electronic behavior differs on the metals. Indeed, a symmetrical configuration takes
place between sarin and soman on Cr@graphene where depletions of electronic charges are
exclusively localized between the metal site and the water molecule. This leads to a preferential
arrangement of the water molecule in such a way that its hydrogen atoms interact with both
sarin and soman in a similar manner as reflected by the equivalent adsorption energy values
reported for sarin and soman on H,O-Cr@graphene. By contrast, the second configuration
involving Zn presents a delocalization of the charge depletion region not only on the metal but
also at the vicinity of sarin molecule. The absence of charges depletion on Zn metal allows
strong interactions with the adsorbed water molecule and by extension to sarin and soman due
to the lack of hybridization between high energy Zn d-states and the oxygen p-states present on
all the considered components, i.e, water, sarin and soman. This observation is also responsible
of the adsorption energy difference between sarin (-17.65 kcal/mol?) and soman (-23.08
kcal.mol!) on the same Zn metal site.
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Figure 7: Charge differences of (a) sarin/soman/H.O-Cr@graphene and (b) sarin/soman/H,0-
Zn@graphene complexes presented with isovalue of + 1.0 x 10~3e. A~3. Blue and red colors
represent the charge accumulation and depletion regions respectively.

7. Conclusion

The simultaneous adsorption of sarin and soman on graphene activated carbons models
embedding multiple metal sites (Vanadium, Chromium or Zinc) was computationally explored
through subsequent AIMD and DFT simulations. This approach enabled us to accurately
determine the preferential CWA adsorption sites and associated energetics on all these
graphene models. We demonstrated that both CWAs adopt a single-adduct configuration on a
metal site whatever the nature of the metal pairs considered, a scenario similar to that
encountered for graphene containing only 1 metal site. This suggests that each metal site
present in real activated carbons is effective for the CWA capture. We further revealed that
water only moderately impact the adsorption energies between CWAs and both Cr and V metals
while there is a substantial drop in the case of Zn metals. This trend was explained by PDOS
analysis. This conclusion suggests that in contrast to Cr and V metals, the use of Zn metal does
not enable to maintain an efficient capture of CWAs under humidity.
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