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Abstract

A series of stable MOFs containing zirconium or titanium ions as metal centers was
screened to assess their capture performances for nerve agents including sarin and
soman as well as their standard simulants, i.e. the dimethyl-methyl-phosphonate and
diisopropyl fluorophosphate. These Monte Carlo simulations revealed that some of
these MOFs show very high uptakes that significantly outperform those of other
families of porous materials and interestingly they exhibit a very high affinity for these
toxic molecules at low loading. These combined features make them potentially
attractive to act as nerve agent filters. This set of adsorption data was further
rationalized to establish structure-adsorption performances relationship and Monte
Carlo simulations were combined with Density Functional Theory calculations to gain
more insight into the adsorption mechanism in play. Finally, the choice of reliable
simulants to accurately mimic the adsorption behavior of real toxic molecules in MOFs

has been further discussed and in particular it has been established that soman is better
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described considering the Pinacolyl methylphosphonate rather than the standard

dimethyl-methyl-phosphonate and diisopropyl fluorophosphate simulants.

Keywords: MOFs, Chemical Warfare Agents, Monte Carlo simulations, Density

Functional Theory calculations.
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1. Introduction

Despite the chemical weapon convention of 1997, chemical warfare agents (CWAs) are
still being employed throughout the world by terrorist groups and unscrupulous
governments with most recently the reported use of CWAs in the Middle East [1]. This
emphasizes that threat of exposure to CWAs is still considered as a major military issue.
Several events such as the attack with sarin, in the Tokyo metro in 1995 [2], have also
demonstrated that civilian populations may also be exposed to these toxic agents.
Today’s protection devices for the capture of CWA from air streams including gas
masks and filters involve carbon materials (the so-called ASZM-TEDA [3])
impregnated with a mixture of nanoparticles of metal or metal oxides, salts and amines
that act as specific adsorption sites for the targeted highly toxic molecules [4,5]. More
recent developments have been also devoted to the detection of CWAs using notably
pure or functionalized silica, zeolites, alumina or titania [6—8]. Although these existing
adsorbents exhibit many desirable characteristics for the capture and the destruction of
CWAs, they show relatively low adsorption capacities, rapid deactivation of their active
sites and/or lack of tailorability. This leaves significant room to identify other porous
materials with improved performances for such application. In this context, Metal-
Organic Frameworks (MOFs) [9-13] have been recently envisaged as promising
candidates for the identification, adsorption and/or catalytic degradation of CWAs [14].
The attractiveness of this family of hybrid porous ordered solids, built up from
inorganic sub-units and organic complexing linkers bearing or not functional polar or
apolar groups, lies in the huge spectrum of physical properties and chemistries that can
be explored, where almost all of the elements of the periodic table have been used in

one material or another. This offers an unprecedented opportunity to identify porous
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adsorbents for CWA capture with the ability to capture a broad range of hazardous
molecules to respond to diverse menaces and store high CWA. The large majority of
studies related to the MOF/CWA topic has focused so far on the catalytic degradation
purpose. The selected MOFs including Cu-BTC [15], MOF-5 [16], UiO-66s [17-19]
Ui0-67s [17,20], NU-1000 [17,21], PCN-222 [22], NENU-11 [23], Zn-DMCP [24],
MIL-101(Al)-NH> [25] and MIL-53(Al)-NH> [25] revealed promising performances for
the degradation of both G-type nerve agents, i.e. sarin, soman, VX and their standard
simulants dimethyl-methyl-phosphonate (DMMP) and diisopropyl fluorophosphate
(DIFP), and vesicant agents of which sulphur mustard and its simulant including 2-
chloroethylethylsulfide (CEES). In terms of adsorption studies, only a very few studies
have been reported. We can cite the experimental studies on the adsorption of DMMP in
NENU-11 and MOF-5 [16] while a first computational exploration has been very
recently published by Matito-Martos et al. on the CWA removal capacity performances
of a large series of MOFs [26]. Some of the tested MOFs for CW A-related applications
are unstable in the presence of water which hampers their use for CWA capture since

humidity in the air and in the breath is usually present in operating conditions.

In this context, priority has to be given to explore the CWA capture in chemical stable
MOF containing high-valent cations, e.g. AI**, Zr**, Ti**, as metal centers to ensure that
the performances can be maintained under operating conditions over prolonged periods.
Another requirement is to favor MOFs incorporating relatively cheap commercially
available organic linkers, easily scaled-up, and prepared via green synthesis routes in
order to be cost-competitive with respect to the ASZM-TEDA active carbons currently
used as filters. With these ideas in mind, here we report a systematic computational

evaluation of the CWA capture performances of a series of Zr- and Ti- MOFs, showing
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different pore size/topology and incorporating diverse adsorption sites (Fig. 1), that
have been proved to be water stable. This study aimed to explore sarin and soman as
well as their most common simulants used in experiments, i.e. DMMP, DIFP and
Pinacolyl methylphosphonate (PMP) (Fig. 2). Grand Canonical Monte Carlo (GCMC)
simulations have been combined with Density Functional Theory (DFT) calculations to
assess the adsorption uptakes and the energetics for each MOF/CWA pair and to
evidence the preferential adsorption sites and the resulting CWA/MOF interactions. As
a further step, this computational database has been used to build model structure-
adsorption performances in order to identify the key parameters of the MOFs that drive
the CWA capture. Finally, the comparison of the simulated adsorption behaviors of
CWA and their simulants allowed us to define the most reliable simulant that mimics as

fairly as possible the real molecules.

2. Computational details

The structural models for all MOFs were taken from the literature: MIL-125-(Ti) and
MIL-125-(Ti)-NH> [27], MIL-140-D [28], MIL-140-E and MIL-140G [29]; MIP-177
and MIP-177-OH-H>O [30]; MIP-200 and MIP-200-OH-H:O [31]; MOF-808-A, MOF-
808-F, MOF-808-P and MOF-808-OH-H>O [32]; NU-1000 [33]; UiO-66-(Zr) [34];
UiO-66-(Zr)-Cl, UiO-66-(Zr)-(OH)2, UiO-66-(Zr)-CO2H, UiO-66-(Zr)-NO; and UiO-
66-(Zr)-NHa: [35]. defective UiO-66-(Zr) and UiO-66-(Zr)-NH; labelled as UiO-66-(Zr)-
defects3 and UiO-66-(Zr)-NH; defects6 respectively in a previous study [36]; UiO-67-
(Zr) [34], UiO-68-(Zr) [34] and Zrs-AZO-BDC [37] (Figures S1-S25). The structures of
MIP-177-OH-H>0O, MIP-200-OH-H>O, MOF-808-OH-H>O and defective UiO-66-(Zr)

and UiO-66-(Zr)-NH> were preliminary saturated by hydroxyl and water groups. These

atoms were added to the metal atoms of the inorganic nodes. All crystal structures were
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further geometry optimized at the DFT level keeping the experimental unit cell
parameters fixed. These calculations were performed using the Perdew Burke Ernzerhof
(PBE) functional at generalized gradient approximation (GGA) [38] combined with the
Double Numeric basis set with Polarization functions (DNP) [39] on all atoms as

implemented in DMol® package [40].
2.1 Force fields

The interactions between MOFs and CWAs were treated using the sum of a 12-6
Lennard-Jones (LJ) contribution and a Coulombic term. The Universal force field
(UFF) [41] and DREIDING [42] force field were adopted to describe the Lennard-Jones
(LJ) parameters of all atoms of the inorganic nodes and the organic linkers, respectively.
The partial charges for all atoms of the MOF frameworks were extracted from our DFT
calculations (see Tables S1-S25 and corresponding Figures S1-S25). Regarding the
CWAs, sarin, soman and DMMP molecules were described by a united atom
representation including LJ point charges with parameters taken from the transferable
potentials for phase equilibria (TraPPE) force field, reported by Sokkalingam et al. [43].
Same united atom representations were considered for the DIFP and PMP molecules
with parameters taken from the previous work reported by Vishnyakov et al. [44] and
Sokkalingam et al. [43] respectively. The LJ cross parameters corresponding to the
interactions between the CWAs and the MOFs framework were obtained using the
Lorentz-Berthelot mixing rules. Finally, the charges of these CWAs were taken from
these previously reported United Atom models of these molecules as illustrated in

Figure 2.
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2.2 Monte Carlo simulations

Grand Canonical Monte Carlo (GCMC) simulations were performed at 298 K for all
MOFs and CWAss selected in this work for a series of fugacity for the CW As up to 5000
kPa in order to estimate the saturation capacity for each molecule. The selection of this
high range of pressure is to make sure that we can assess the maximum payload of all
MOFs and there is no link with the pressure encountered under working condition of
nerve agent filters. These calculations were performed using the Complex Adsorption
and Diffusion Simulation Suite (CADSS) code implementing the configurational-bias
Monte Carlo scheme that was used in this study to favor a more efficient sampling of
the CWAs in the pores of the MOFs. This method includes insertion/deletion,
translational, rotational, partial and full regrowth MC steps. The simulation box
considered for all MOFs was defined in such a way that all a, b and ¢ dimensions were
longer than 24 A. Short-range dispersion forces described by LJ potentials were thus
truncated at a cutoff radius of 12 A, whereas long-range electrostatic interactions were
handled using the Ewald summation technique. For each state point, 2 x 10® Monte
Carlo steps have been used for both equilibration and production runs. The adsorption
enthalpies at low coverage (AH) for each molecule were calculated for all MOFs using
the revised Widom’s test particle insertion method [45]. To gain insight into the
arrangement of the CWAs in the pores of the MOFs, the CWA/CWA and CWA/MOF
radial distribution functions (RDFs) were obtained by averaging over the whole

configurations generated during the GCMC simulations.

2.3 Density Functional Theory calculations
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A Bader charge analysis was conducted on the MOF/CWA systems using a grid-based
algorithm [46] to analyse the potential charge transfer between the CWAs and the
MOFs. The charge in all atoms of the system was defined as the difference between the
valence charge and the Bader charge. These calculations were performed using the
codes available in the Quantum-Espresso package [47], which implements the Density
Functional Theory (DFT) [48,49] with periodic boundary conditions using plane wave
functions as basis set [50]. We used the generalized gradient approximation
(GGA/PBE) [51] for the exchange-correlation functional, and the ion cores of atoms
were described by the Vanderbilt [52] ultrasoft pseudopotential. These calculations
were performed using single point calculation on the configuration generated by the MC

simulations.

3. Results and discussion

Figure 3 reports the simulated CWA uptakes for all MOFs. One can observe that the
best materials for CWA capture are MOF-808s, NU-1000, UiO-68(Zr) and Zr-Azo-
BDC. This conclusion remains valid for all real CWAs and their simulants with
adsorption uptakes above 6 mmol/g. This level of performances significantly surpasses
that of previously reported MOFs and other standard porous materials. Typically, the
carbons adsorb much lower amounts of CWAs. As an illustration Kowalczyk et al. [53],
demonstrated that pitch-based P7 Activated Carbon Fiber (ACF) and the
commercialized Norit activated carbons adsorb only respectively 0.806 mmol.g”! and
0.161 mmol.g'1 of DMMP. In addition, the current activated carbon ASZM-TEDA
showed a sarin adsorption uptake of 0.04 mg/m? [54]. Regarding MOFs, as mentioned
in the introduction only a very few studies have been reported on their CW A adsorption

performances. We can cite the sodalite-type MOF (NENU-11) [23] and MOF-5 [16]
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that were shown to adsorb 1.92 mmol.g™! and 7.3 mmol.g' of DMMP respectively. As a
further step, we concentrated our effort to identify the features of the MOFs at the origin
of these high CWA uptakes. We evidenced that the uptake of each CWA considered
individually correlates rather well with the N>-accessible surface area calculated for the
MOFs (see Table S26 and Figure S26 - correlation factors R? varying from 0.84 to
0.90). The correlation is even better using the free pore volume as a descriptor of the
MOFs (see Figure S27 with correlation factors higher than 0.96). In order to obtain a

more generic expression, we introduced another geometric descriptor labelled as o

VmoFr
VSoman
VcwA

which is given by the following expression: «a = ( > , where Vwmor corresponds

to the free pore volume of the MOF, Vsoman and Vcwa are the volume of the bulkier
CWA, i.e. soman, and the other molecules respectively. Figure 4 evidences an excellent
correlation between the uptakes and o for all MOFs (correlation factor R? of 0.99). This
structure-adsorption uptake performance relationship emphasizes that the capacity of
stockpiling CWA in MOFs is predominantly governed by a pore filling mechanism, the
higher porosity leading to the higher CWA uptake. This structure-adsorption uptake
performance relationship emphasizes that the capacity of stockpiling CWA in MOFs is
predominantly governed by a pore filling mechanism, the higher porosity leading to the
higher CWA uptake. The predominance of this mechanism is also supported by the

excellent correlation for all CWAs between the uptake capacity of the MOF with the

fraction of the free pore volume of the MOF and the volume of the adsorbed molecule

(M) as reported in Figure S28. Typically, the best materials UiO-68(Zr) and MOF-

VCWA

808s show the highest free pore volumes of 1.75 and 1.85 cm’.g’! respectively (see

Table S26).
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We further evidenced that the calculated adsorption enthalpy is higher for all CWAs in
the case of the MOFs showing the lower free pore volume although we do not find a
direct correlation since the chemical features of the MOFs also impact the CWA/MOF
interactions (see Figure S29). This observation is consistent with the systematic
computational study reported by Agrawal et al, which demonstrated that the MOFs with
the pore limiting diameters in the range of 6-8 A show the highest affinity for Sarin

[55].

Interestingly the calculated CWA adsorption enthalpies were shown to be spread in a
relatively large domain reaching for some MOFs very high values up to -110 kJ/mol.
The strength of interactions obtained for these screened MOFs is significantly higher
than the unique experimental value reported so far for a MOF, i.e. -44.8 kJ/mol for

DIFP in Zn-DMCP [24].

To gain more insight into the microscopic origin of the potentially high CWA/MOF
interactions, a carefully analysis of the preferential adsorption sites for the CWAs was
undertaken based on the calculations of the radial distribution functions for the diverse
CWA/MOF atom pairs averaged over the whole configurations generated by Monte
Carlo simulations. Typically, we detailed the scenario for the defective UiO-66-(Zr)-
NH> which is one of the MOFs showing the stronger interactions with sarin, soman,
DMMP and DIFP associated with adsorption enthalpies of -108, -95, -93 and -94 kJ
mol! respectively. It is not be noted that these values converge well with the interaction
energies calculated at the DFT-level (Table S26). This observation validates the set of
LJ potential parameters and atomic partial charges used to describe the CWA/MOF
interactions. Figure 5a shows that sarin is preferentially located in the vicinity of the

amino function grafted to the organic linker via an interaction between its oxygen atom

10
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of the P=0O group and the hydrogen atom of the amino group with a characteristic
distance of 2.7 A. Such a range of interacting distance suggests a relatively moderated
strength of interaction between CWA and the MOFs and thus a physisorption-based
process. The same preferential interactions with the NH»-group of the MOF were also
observed for the simulants DMMP and DIFP (Figures 5S¢ and 5d) while the adsorption
behavior of soman only slightly deviates with an interaction between its oxygen atom of
the P=O group and the hydrogen atom of the hydroxyl group bounded to the Zr atom
(Figure 5b). Relatively similar strength of CWA/MOFs interactions and microscopic
adsorption mechanisms were also observed for the other best MOFs including for

instance MOF-808s (Figure S30).

In order to confirm that the CWA adsorption proceeds in these MOFs via physisorption-
type interactions, we performed further DFT analysis. As a typical example, we
specifically treated the case of CWA adsorbed in the defective UiO-66(Zr)-NH>. The
analysis of Bader charges revealed that there is no significant change when one
compares the charges of the isolated and confined CWA as summarized in Table 1. This
result clearly supports that there is no charge transfer between the CWA and the host

framework and this excludes the existence of a chemisorption process.

From an experimental standpoint, simulant molecules, with physical or chemical
properties similar to the real CWAs are usually considered to avoid working with the
highly toxic agents. DMMP and DIFP are the most common simulants employed to
mimic soman and sarin respectively, however it is crucial to make sure that they
accurately capture the adsorption behaviour of the real molecules and this issue has
been only rarely discussed so far in the literature. In this concern, Agrawal et al. [55]

showed that dimethyl p-nitrophenyl phosphate (DMNP) is a suitable simulant to mimic

11
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the adsorption of Soman while DMMP, DIFP and diethyl chlorophosphite are more
appropriate to reproduce the behavior of Sarin. To address this question in the case of
MOFs, we considered the comparison of the adsorption behaviours of DIFP, DMMP,
soman and sarin in two representative MOFs, namely the MOF-808-OH-H>O and the
MIP-177-OH-H20. Table 2 shows the simulated adsorption uptakes and adsorption
enthalpies for all four molecules. It can be clearly stated that while DMMP and DIFP
accurately reproduce the behavior of sarin in terms of uptake and energetics this is far to
be the case for soman. Therefore, we searched for an alternative simulant that can
mimic more accurately soman. Indeed, the PMP molecule showing similar backbone
than the real molecule (see Figure 2) was thus considered. Table 2 indicates that this
simulant reproduces much better the adsorption behavior of soman (in terms of both
uptake and energetics), Figure S31 showing that it occupies a preferential sitting in the
pores similar to the real molecule. This observation suggests that this simulant of low
toxicity should be considered as an alternative to the standard DMMP and DIFP

molecules to explore the performances of MOFs regarding soman.

4. Conclusions

In summary, our GCMC simulations evidenced that a series of water stable Zr and Ti
MOFs show outstanding adsorption uptakes for soman, sarin and their simulants
combined with high adsorption enthalpies. This level of performance makes these
materials potentially attractive as CWA filters with great promises in large payload and
limitation of release under operating conditions. Although the CWA adsorption
enthalpies reached for some MOFs values higher than -100 kJ.mol™!, complementary

DFT analysis precluded the existence of charge transfer between the CWA and the host

12
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framework consistent with a physisorption-based process involving mostly van der
Waals interactions. Structure-CWA adsorption performances relationship was
established with the definition of a geometric descriptor based on the free pore volume
of the MOF and the molecular dimension of the CWAs. Finally, we evidenced that a
special attention needs to be paid when one selects the simulants to mimic the
adsorption of real CWAs in MOFs. While the standard DMMP and DIFP simulants
reproduce well the behavior of sarin, this is not anymore true for soman and we
established that an alternative simulant, namely the PMP molecule, needs to be
considered. A further step will be to consider the competitive adsorption of CWAs with
water and hydrocarbons to confirm the viability of these promising MOFs as CWA
filters. Furthermore, such a computational approach can be applied in order to explore
the adsorption performances of other materials with respect to different families of

CWAs and toxic industrial compounds (TICs).
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10 Table1

11 Bader charge analysis for the isolated and adsorbed CWAs in the defective UiO-66(Zr)-
12 NHo.

Charges Isolated Confined Isolated Confined Isolated Confined Isolated Confined
Soman  Soman Sarin Sarin DMMP DMMP  DIFP DIFP

O=(P) -1.87 -1.88 -1.88 -1.88 -1.88 -1.87 -1.88 -1.88

O-CH -1.71 -1.71 -1.71 -1.71 - -1.70 -1.71 -1.70
P 4.86 4.86 4.86 4.86 4.86 4.86 4.86 4.87
F -1.03 -1.01 -1.01 -1.01 - - -1.01 -1.01
CH;-P -1.27 -1.24 -1.26 -1.26 -1.21 -1.25 - -
O-CHs3 - - - - -1.73 -1.72 - -
13
14
15

20



3  Table?2

4  Simulated adsorption uptakes and enthalpies for sarin, soman, DMMP, DIFP and PMP

5 in two representative MOF materials investigated in this study.

Uptake mmol.g™! AH kJ.mol!
sarin DMMP DIFP soman PMP sarin DMMP DIFP soman PMP
MIP-177-OH- 1.695 1977 1212 1.122 1.110 67.63  70.30 71.26 88.26 83.89
H,O
MOF-808- 6.685 7951 4839 4716 4.509 62.90 64.65 57.79 7471 72.05
OH-H;0O
6
7
8
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Fig. 2. Illustration of the CWAs molecules: (a) Soman, (b) Sarin, (c) DMMP, (d) DIFP
and (e) PMP along with the partial charges used for the united-atom models considered

in this work.
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1 corresponding CWA/MOF radial distribution functions averaged over all the MC

2 configurations.
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