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ABSTRACT

Molecular modeling of mixture adsorption in nanoporous materials can provide insight into the 

molecular-level details that underlie adsorptive separations. Modeling of adsorption often 

employs a rigid framework approximation for computational convenience. All real materials, 

however, have intrinsic flexibility due to thermal vibrations of their atoms. In this article, we 

examine quantitative predictions of the adsorption selectivity for a dilute concentration of a 

chemical warfare agent, sarin, from bulk mixtures with aqueous and non-aqueous (methanol, 

isopropyl alcohol) solvents using metal-organic frameworks (MOFs). These predictions were 

made in MOFs approximated as rigid and also in MOFs allowed to have intrinsic flexibility. 

Including framework flexibility appears to have important consequences for quantitative 

predictions of adsorption selectivity, particularly for sarin/water mixtures. Our observations 

suggest the intrinsic flexibility of MOFs can have a nontrivial impact on adsorption modeling of 

molecular mixtures, specifically for mixtures containing polar species and molecules of different 

sizes.
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1. INTRODUCTION

Due to the extremely toxic properties of chemical warfare agents (CWAs)1,2, efforts have been 

made to develop methods and materials for the detection and destruction of CWAs3-5. Sarin, for 

instance, is an organophosphorous nerve agent, one of the major categories of CWAs.6,7 

Catalytic degradation of CWAs into less toxic compounds using porous materials is a viable 

method of decontaminating these agents.3-10 Activated carbon and metal oxides have been widely 

investigated for this purpose, but finding alternative types of protective materials is of significant 

interest.2,3 Metal-organic frameworks (MOFs) have emerged as promising candidates due to their 

large pores that enable easy access of CWAs to internal catalytic sites.4-10 Nonetheless, an 

efficient detoxification procedure for CWAs in porous materials can only be possible if CWAs 

are selectively captured in those materials.11,12 It is therefore useful to consider adsorption 

properties of CWAs before their catalytic activity is examined.

The majority of studies of catalytic degradation of CWAs to date have focused on 

hydrolysis.13-19 Nucleophilic water substitutes at the phosphorus atom of the agent which leads to 

elimination of the toxic leaving group.17-20 Nevertheless, situations exist where hydrolysis 

reactions are not appropriate. The damage-free decontamination of electronics after exposure to 

CWAs, for example, is incompatible with hydrolysis.21 This motivates interest in the detection 

and detoxification of CWAs in non-aqueous solvents.21-24 Recent modeling efforts have indicated 

that the displacement of solvent molecules at the active sites of porous materials can be a rate 

limiting step in CWA degradation.17-19 Therefore, desigining materials that selectively adsorb 

CWAs from co-existing solvents is of critical importance. In this context we seek to examine the 

selective adsorption of sarin in the nanopores of MOFs in the presence of a range of solvents.

Molecular modeling has been used to predict the adsorption properties of a variety of 

adsorbing molecules in a wide range of MOFs.25-29 Adsorption modeling of this kind, often 

referred to as high-throughput materials screening, almost always assumes that the MOF 

structure can be held rigid during simulation of adsorption, an assumption that leads to very 

significant computational efficiencies. This approximation assumes that the relaxation of the 

framework atoms due to the presence of adsorbed molecules can be neglected.30-33 Although 

there are classes of MOFs that undergo significant adsorption-induced deformations, including 

swelling and transitions between bistable states,34 there are also many MOFs that can be 

reasonably expected to have little or no volume change in response to adsorption (ΔV = 0). In all 
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MOFs, however, and indeed in all materials, thermal vibrations cause atoms to move with small 

displacements.35-37 We refer to these movements as the intrinsic flexibility of the adsorbent. 

Several recent studies have shown that this intrinsic flexibility can in some cases have a 

nontrivial impact on the predictions of molecular modeling of adsorption in MOFs.38-41

In this article, we examine the adsorption of sarin in MOFs in the presence of water, methanol, 

and isopropyl alcohol via molecular simulations for a collection of 23 sarin-selective 

hydrophobic MOFs. In each material, we examined the impact of intrinsic flexibility with ΔV = 0 

on adsorption selectivity. Our findings provide insight on the impact of this kind of flexibility on 

mixture adsorption when molecular mixtures consist of adsorbates of different polarities and 

sizes which, to our best knowledge, has not been examined before.

2. COMPUTATIONAL METHODS

2.1. MOF selection criteria and bulk mixture conditions

We selected a set of adsorbent materials from a large collection of experimentally known MOFs. 

A subset of the CoRE MOF database42 for which high-quality atomic point charges have been 

assigned43 contains 2932 crystal structures. It has been reported that Zr-based UiO-66 and its 

derivatives are effective catalysts for sarin degradation.14-19,44,45 We therefore also considered 

UiO-66 and 36 UiO-66 derivatives with distinctive functional groups.46 The same type of atomic 

point charges as for the CoRE MOF database have been assigned previously to these 

frameworks.46 This gave an initial set of 2969 MOFs.

Because it is computationally intensive to carry out molecular simulations for adsorption of 

bulky molecules in MOFs with intrinsic flexibility, we needed to reduce the number of materials. 

The material selection criteria used in this work is illustrated in Fig. 1. We aimed to find CWA-

selective, hydrophobic MOFs with sufficient pore size to admit sarin. 2469 structures were first 

chosen from the initial set that have largest cavity diameters larger than 4 Å, indicating a 

sufficient pore size to admit sarin. We then selected CWA-selective hydrophobic MOFs in order 

to find materials that would be suitable for CWA capture under humid conditions. To do so, we 

used the constraints of Henry constants (KH) as suggested in similar earlier work by Matito-

Martos et al.11,47 We calculated room temperature Henry constants for sarin and soman, another 

extensively studied nerve agent1-3, (KH,CWA) and that for water (KH,H2O) using methods defined 
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further below. Including information about the adsorption affinity of soman gives a more general 

perspective on finding CWA-selective materials candidates, although below we exclusively 

examine the adsorption of sarin. We retained only those MOFs for which KH,CWA was larger than 

10-3 mol/kg∙Pa for both sarin and soman and also had KH,H2O less than 10-5 mol/kg∙Pa. This 

selection procedure resulted in 23 MOFs. More information about these 23 materials is given in 

the Electronic Supplementary Information (ESI) (Table S1).

Fig. 1. Schematic illustration of the MOF selection strategy. The number of MOFs at each stage 
are shown in brackets (N).

We explored the adsorption of sarin in the presence of three solvents at 298 K, sarin/water 

(H2O), sarin/methanol (MeOH), and sarin/isopropyl alcohol (IPA). The mixture compositions in 

the bulk phase were defined by the partial pressures of sarin (Psarin) and each solvent i (Pi). To 

represent a dilute concentration of sarin in solvent saturated environments, we set Psarin = 0.001 

bar in mixtures with Pi set to the saturation pressure of each solvent (P0
i). The adsorption 

selectivity for sarin (S) was then calculated at total pressures of each mixture as defined in Eq. 

(1)48 where Nsarin and Ni refer to adsorbed amounts of sarin and solvents, respectively, in either 

rigid or intrinsically flexible MOFs predicted from mixture adsorption simulations. Fig. 2 shows 

atomic representations of sarin and the solvent molecules.

     (1)𝑆 =
𝑁𝑠𝑎𝑟𝑖𝑛/𝑁𝑖

𝑃𝑠𝑎𝑟𝑖𝑛/𝑃𝑖
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Fig. 2. Atomic representations of (a) sarin and (b) solvent molecules. Carbon, oxygen, hydrogen, 
phosphorus, and fluorine are shown in black, red, white, orange, and yellow, respectively. Room 
temperature saturation pressures for each molecule that were used to determine the bulk mixture 
compositions are also shown. P0

sarin is taken from the literature2 and P0
solvent were defined using 

the Antoine equation49 at 298 K.

2.2. Flexible snapshot method

We performed simulations allowing intrinsic flexibility for the 23 MOFs chosen above. The 

flexible snapshot method first introduced by Gee et al.40 was used to generate an ensemble of 

empty MOF frameworks by simulating the dynamics of each MOF.41 NVT molecular dynamics 

(MD) simulations were conducted after structure relaxation using classical force fields50 in 

LAMMPS51 at 300 K with a time step of 1.0 fs. Each MOF was described using the UFF4MOF 

force field of Coupry et al.50 The temperature was controlled via a Nosé-Hoover thermostat with 

a 0.1 ps decay period. As a result, NVT MD snapshots were generated that represent intrinsically 

flexible empty MOFs. This method cannot capture aspects of flexibility that might arise due to 

coupling with adsorbate degrees of freedom.41 Adsorption in the flexible material was 

characterized by averaging independent Grand Canonical Monte Carlo (GCMC) simulations of 

structures generated from snapshots of empty MOF structures. Each snapshot was held rigid 

during these GCMC simulations.

The computational cost of the flexible snapshot method is proportional to the number of NVT 

MD snapshots employed for GCMC calculations. To this end, selecting uncorrelated MD 

snapshots from each structure is important.41 In this work, MD snapshots were taken every 100 

ps from a production period of 1 ns, which is consistent with the recent work of Agrawal et al.41 
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In principle it would also be possible to use ab initio MD as an alternative method to generate 

framework snapshots.52,53 This method, however, is even more computationally demanding than 

classical simulations we have used here.

2.3. Adsorption modeling of rigid and intrinsically flexible MOFs

Molecular modeling of adsorption of binary molecular mixtures in MOFs was conducted with 

GCMC simulations using RASPA.54,55 MOF structures reported by the CoRE MOF database and 

a set of UiO-66 derivatives were first relaxed using the modified generic force field for MOFs 

reported as UFF4MOF force field50 in LAMMPS51 followed by fixing the atoms in the relaxed 

structures. We refer to these structures as rigid MOFs while carrying out GCMC simulations. 

GCMC simulations were also performed independently in the snapshots generated for each 

structure as described above; we refer to these results below as coming from flexible MOFs. To 

perform GCMC calculations, appropriate force fields are needed to describe non-bonding 

interactions such as van der Waals and Coulombic interactions for adsorbate/adsorbent and 

adsorbate/adsorbate interactions. Standard force fields, i.e. the UFF56 and the TraPPE57 force 

field, that are reasonably well justified for adsorption modeling25-27 were used to compute van 

der Waals interactions. Lennard-Jones parameters for MOF atoms and sarin, solvent molecules 

were taken from UFF and TraPPE force field, respectively. Adsorbate/adsorbent interactions 

were defined with Lorentz-Berthelot mixing rules.58 Periodic boundary conditions were defined 

in all dimensions and adsorbates were approximated as rigid. Coulombic interactions were 

modeled pairwise with a long-range Ewald summation scheme.59 These interactions are 

computed via the DDEC point charges for MOF atoms60-62 and TraPPE charges for sarin and 

solvent molecules54,55. Attempted Monte Carlo moves include translation, rotation, regrowth, 

reinsertion, deletion, and insertion of adsorbates with identical probabilities. In addition, a Monte 

Carlo move that swapped the identity of adsorbed molecules was used.

Henry constants, KH, for sarin, soman, and water used as a material selection criteria as 

discussed in Section 2.1 were computed via a Widom particle insertion method63 with the force 

fields just discussed. All KH calculations were performed at 298 K in rigid MOFs only. KH data 

for all MOFs considered in Fig. 1 are provided in Table S2.

Using the flexible snapshot method, the adsorption properties of intrinsically flexible MOFs 

are approximated by performing independent GCMC simulations in distinct MOF structures 
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taken from MD snapshots. The adsorption data were then averaged over GCMC results from 

each MD snapshot. We used 10 snapshots for each material. Agrawal et al.41 previously showed 

that this was sufficient to achieve converged results.

3. RESULTS AND DISCUSSION

3.1. Selective adsorption of sarin in non-/aqueous environments

Our discussion focuses on adsorption selectivity for sarin at conditions corresponding to the 

liquid state for each solvent. This means that the MOFs were typically highly loaded with solvent 

molecules (see Fig. S1). The computed adsorption selectivity for sarin in the 23 MOFs at 298 K 

by employing the rigid framework approximation, SRigid, is shown in Fig. 3. As might be 

expected, chosen MOFs were selective for sarin in every co-adsorbed solvent. This suggests they 

could be effective for catalytic degradation of sarin, assuming of course that catalytically active 

sites can be created and that the energy barriers to displace solvent from these sites are 

sufficiently low17-19 in each material.

Fig. 3. Adsorption selectivity for sarin calculated via binary mixture GCMC in rigid 
approximations of 23 MOFs for each molecular mixture at bulk pressure of Ptotal = Psarin + 
Psolvents at 298 K. Mixture compositions in the bulk phase were defined to give a partial pressure 
of sarin of P/P0

sarin = 0.25 and a solvent partial pressure of P/P0
solvent = 1. MOFs are listed in 

order of decreasing sarin selectivity in the sarin/MeOH mixture.

In almost every MOF, the sarin adsorption selectivity was larger for the non-aqueous solvents 
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than for H2O. This trend is reasonable, specifically for the comparison between non-aqueous and 

aqueous mixtures, because the non-aqueous molecules are larger than H2O and also typically 

have weaker adsorption affinity as characterized by KH (Table S2). Meanwhile, there exists a 

competition between solvent/MOF (measured by KH, Table S2) and solvent/solute (measured by 

polarity index, Table S3) interactions. In MeOH the solvent/solute interaction outweighs the 

solvent/MOF interaction, however in IPA this is not always the case. In most, but not all, MOFs 

the weaker solvent/solute interaction plays a large role and leads to a greater adsorption of the 

solvent than sarin in the MOF, and therefore lower adsorption selectivity for sarin/IPA mixtures 

than for sarin/MeOH mixtures. This is also corroborated by the experimentally observed lower 

reactivity of sarin in IPA.64

3.2. Impact of intrinsic MOF flexibility on mixture adsorption modeling

We repeated the GCMC simulations of adsorption of sarin-containing binary mixtures allowing 

intrinsic flexibility of the MOFs with ΔV = 0 using the flexible snapshot method. To examine the 

convergence of our flexible snapshot method with respect to the number of snapshots used, the 

deviation in the loadings of adsorbing molecules and sarin adsorption selectivities in distinct 

snapshots are shown in a representative MOF in Fig. S2. The differences between snapshots in 

the loadings and selectivities are relatively small, even though these properties differ markedly 

from the rigid structure MOF. This suggests that using 10 independent snapshots as we have 

throughout our calculations is sufficient to achieve converged results.

  Fig. 4 compares the computed selectivities from rigid and flexible representations of the 

MOFs. An immediate observation is that for many of the MOFs there is a clear quantitative 

discrepancy between the two calculations for all three sarin-containing mixtures. Modeling the 

MOFs as rigid tends to underestimate the adsorption selectivity, although there are exceptions to 

this description. In most cases, the increased selectivity in the flexible MOFs was associated with 

higher adsorbed amounts of sarin and lower adsorbed amounts of the solvent than in the rigid 

MOF. When the selectivity from the flexible calculation was less than that from the rigid 

calculation, sarin adsorption was typically reduced with little change in the solvent loading. 

Similar to results with rigid MOFs, sarin is more selectively adsorbed in non-aqueous solvents in 

flexible MOFs (see also Fig. S3).
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Fig. 4. Parity plot of adsorption selectivities predicted at 298 K in 23 MOFs approximated as 
rigid (horizontal axis) and allowed to have intrinsic flexibility (vertical axis) for each molecular 
mixture. The parity line indicates the result that would be obtained if there was no effect of 
intrinsic flexibility.

As noted above, typical high-throughput screening approaches of MOFs or other porous 

adsorbents rely on the rigid framework approximation because of its computational efficiency. 

One common goal of material screening is to rank a large number of materials. It is therefore 

useful to ask whether rankings of MOFs based on rigid and flexible calculations are similar for 

the sarin mixtures we studied. We approached this by calculating Spearman’s rank-order 

correlation, ρ, to the rankings for sarin/H2O, sarin/MeOH and sarin/IPA selectivities from rigid 

and flexible calculations.65,66 This ranking can vary between -1 and 1, with values of -1, 0 and 1 

corresponding to rankings that are anti-correlated, uncorrelated and completely correlated, 

respectively. For the 23 materials we studied, ρ for sarin/H2O was 0.08, for sarin/MeOH was 

0.15 and for sarin/IPA was 0.23. These values show there is little correlation between the two 

MOF rankings65 with respect to adsorption selectivity provided by rigid and flexible calculations. 

To illustrate this differently, the three most selective MOFs from our set of 23 for sarin/MeOH as 

predicted using rigid structures have CSD reference codes WAYMIU, COMDOY and 

HAFQOW (see Fig. 3). However, in our intrinsically flexible calculations, these three MOFs 

ranked 2nd, 20th and 11th for sarin/MeOH selectivity. Earlier work by Gee et al.40 suggested that 

simulations based on flexible MOFs as we have performed here give more reliable predictions 

than simulations based on rigid MOFs. This observation suggests that attempting to accurately 
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select a handful of the “best” MOFs for sarin separation based on rigid structure calculations 

may be difficult. It is important to note, however, that the rigid calculations do correctly describe 

key trends in CWA adsorption. That said, both the rigid and flexible structure calculations 

predict that sarin selectivity as a function of solvent follows the general trend sarin/MeOH > 

sarin/IPA > sarin/H2O mixtures.

Fig. 5 shows a histogram of MOFs as a function of SFlexible/SRigid for each mixture. For 

sarin/MeOH and sarin/IPA, the rigid MOF calculations underestimate the result from the flexible 

materials by 60-70%, on average. Meanwhile, the rigid MOFs overpredict the selectivity in 17% 

of materials. For sarin/H2O, however, the rigid MOFs underestimate the selectivity by an average 

of 322%. The variability in the difference between the rigid and flexible calculations is more 

marked for aqueous mixtures than non-aqueous mixtures. Three of the 23 MOFs we examined 

showed more than 600% higher selectivity for sarin/H2O in the flexible calculations, while for 

two MOFs the selectivity for the same mixture was overestimated by the rigid MOF calculation.

Fig. 5. Histogram plots showing the number of MOFs observed as a function of SFlexible/SRigid in 
each mixture of (a) sarin/H2O, (b) sarin/MeOH, and (c) sarin/IPA. Green dashed lines show 

Page 11 of 21 Physical Chemistry Chemical Physics



12

SFlexible/SRigid = 1, indicating the situation with no effect of intrinsic flexibility. For each histogram 
the mean (μ) and standard deviation (σ) on SFlexible/SRigid are given.

Agrawal et al.41 recently conducted similar studies for four different bulk mixtures containing 

equimolar mixtures of nonpolar adsorbates with similar sizes in 100 randomly chosen MOFs. At 

conditions in which the pores were highly loaded with adsorbing molecules, the mean and 

standard deviation of log(SFlexible/SRigid) from their simulations were -0.01 and 0.57, respectively. 

This indicates that, on average, the selectivities predicted with rigid structures were quite 

accurate, although there is considerable variation in this statement from case to case. Describing 

our data in the same logarithmic terms gives a mean (standard deviation) of 0.43 (0.30), 0.17 

(0.22), and 0.20 (0.21) for sarin/H2O, sarin/MeOH, and sarin/IPA mixtures, respectively. This 

indicates that unlike the results of Agrawal et al.41 the mixtures of polar molecules of disparate 

sizes that we examined show systematic deviations between rigid and flexible structures, even on 

average.

3.3. Effect of Coulombic interactions of molecular mixtures

It is worthwhile to try to understand what aspects of the adsorbing molecules contribute the most 

to lack of quantitative agreement between simulations with rigid and flexible MOFs. The bulk 

mixtures we considered contain solvents that have distinct polarities and molecular sizes, but the 

results above cannot indicate which of these two factors plays a dominant role. To probe this 

issue, we performed simulations with unphysical nonpolar versions of each solvent by removing 

the point charges from each solvent molecule. Identical binary GCMC simulations as described 

above were carried with these unphysical solvent models for rigid and flexible MOFs. These 

simulations used the same partial pressures for each component as used above; we did not 

attempt to determine the effective vapor pressure of the unphysical solvents.

In Fig. 6, we repeated the same analysis as in Fig. 4 but using the unphysical nonpolar solvents 

in the GCMC simulations. Much, although not all, of the difference between the rigid and 

flexible results seen in Fig. 4 disappears when using the nonpolar solvents. This indicates that the 

polarity of adsorbing species, i.e. solvent, was much more responsible for the influence of 

framework flexibility than solvent size. The decreased sarin selectivity in intrinsically flexible 

MOFs when using nonpolar solvents occurs primarily because of lower sarin uptake rather than 
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changes in solvent loading relative to the rigid MOFs (see also Fig. S4). We note that Coulombic 

interactions in these molecular mixtures are not totally eliminated because the atomic point 

charges for sarin remained non-zero in these simulations.

Fig. 6. Parity plot of adsorption selectivities predicted at 298 K in 23 MOFs approximated as 
rigid (horizontal axis) and allowed to have intrinsic flexibility (vertical axis) for each molecular 
mixture using unphysical nonpolar (np) solvents. The parity line indicates the result that would 
be obtained if there was no effect of intrinsic flexibility.

We revisit in Fig. 7 the histograms of SFlexible/SRigid after omitting the point charges on solvent 

molecules. Both μ and σ were significantly reduced in each binary mixture compared to those 

shown in Fig. 5. In agreement with Fig. 6, this indicates that solvent polarity is significantly 

more important than solvent size in determining the impact of framework flexibility on selective 

adsorption of sarin. The selectivity in the sarin/H2O mixture, however, is still more sensitive to 

intrinsic flexibility than the other two mixtures. The difference in molecular sizes of sarin and the 

solvents is largest for sarin/H2O and smallest for sarin/IPA (see Table S3). This implies that the 

impact of framework flexibility on adsorption can also be affected by the disparity in molecular 

size between adsorbing species. As an aside, we examined the effect of physical properties of 

MOFs, i.e. pore sizes, on the quantitative predictions of adsorption selectivity at rigid and 

flexible modes. We found the deviation between two predictions become more pronounced with 

small pore MOF materials (see Fig. S5).
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Fig. 7. Histogram plots showing the number of MOFs observed as a function of SFlexible/SRigid in 
each mixture of (a) sarin/H2O, (b) sarin/MeOH, and (c) sarin/IPA using unphysical nonpolar (np) 
solvents. Green dashed lines show SFlexible/SRigid = 1, indicating the situation with no effect of 
intrinsic flexibility. For each histogram the mean (μ) and standard deviation (σ) on SFlexible/SRigid 
are given.

4. SUMMARY

In this article, we examined the adsorptive capture of sarin under bulk mixture adsorption 

conditions with aqueous and non-aqueous solvents in a collection of sarin-selective hydrophobic 

MOFs that were approximated as rigid and intrinsically flexible. Efficient catalytic degradation 

of sarin in MOFs in liquid environments can be feasible only if sarin is selectively adsorbed in 

the frameworks. Quantitative molecular modeling of adsorption, however, can be affected by 

including intrinsic flexibility that all porous materials indeed have by nature. Higher adsorption 

selectivity for sarin in non-aqueous solvents was predicted, both in rigid and intrinsically flexible 

MOFs, indicating that sarin detoxification using those solvents may be viable in properly chosen 
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MOFs when hydrolysis is incompatible. More importantly, we assessed the nontrivial deviation 

in adsorption properties predicted via rigid and intrinsically flexible MOFs. Our observations 

implied the impact of flexibility of this kind upon mixture adsorption is not negligible for 

mixtures containing polar adsorbates and adsorbates of disparate sizes. The computational 

methods we have used incorporate flexibility effects in the adsorbing materials, but neglect 

deformations of the adsorbent by the adsorbed species. It is computationally intensive to include 

these deformations67-69, but doing so may be useful if calculations with our more efficient 

methods indicate a particular sensitivity to framework flexibility and high precision predictions 

are desired for specific adsorption conditions.

Our assessment of intrinsic framework flexibility effects for sarin separation has relied on a 

relatively small number of MOFs. Because the observed effects do not rely on special structural 

or chemical properties of the MOFs we considered, we anticipate that our observations may also 

apply to MOFs and porous materials more broadly. The viability of MOFs for CWA 

detoxification relies on both selective adsorption of CWAs and the catalytic activity of MOFs for 

adsorbed CWAs. Framework flexibility effects on catalytic activity is likely to be quite different 

than on adsorption, although the impact of these effects on adsorption hint that understanding the 

coupling between adsorbed CWAs, co-adsorbed solvent species and MOF frameworks may be 

important in achieving quantitative descriptions of this activity.
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