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ABSTRACT

High-throughput calculations based on molecular simulations to predict the adsorption of
molecules inside metal-organic frameworks (MOFs) have become a useful complement to
experimental efforts to identify promising adsorbents for chemical separations and storage. For
computational convenience, all existing efforts of this kind have relied on simulations in which
the MOF framework is approximated as rigid. In this paper, we use extensive adsorption-
relaxation simulations that fully include MOF flexibility effects to explore the validity of the rigid
framework approximation. We also examine the accuracy of several approximate methods to
incorporate framework flexibility that are more computationally efficient than adsorption-
relaxation calculations. We first benchmark various models of MOF framework flexibility for four
MOFs with well-established CO, experimental consensus isotherms. We then consider a range of
adsorption properties, including Henry’s constants, non-dilute loadings, and adsorption selectivity,
for seven adsorbates in 15 MOFs randomly selected from the CoORE MOF database. Our results
indicate that in many MOFs adsorption-relaxation simulations are necessary to make quantitative
predictions of adsorption, particularly for adsorption at dilute concentrations, although more
standard calculations based on rigid structures can provide useful information. Finally, we
investigate whether a correlation exists between the elastic properties of empty MOFs and the
importance of including framework flexibility in making accurate predictions of molecular

adsorption. Our results did not identify a simple correlation of this type.



B INTRODUCTION

Metal-Organic frameworks (MOFs) are crystalline nanoporous materials consisting of metal
clusters and coordinated organic linkers. These frameworks have been widely studied due to their
distinctive features, such as ultrahigh porosities, high surface areas (up to 10,000 m?/g), and the
diverse chemical environments that can be created in their pores.!- %3 Collections of thousands of
MOF structures have been systematically developed to enable high-throughput computational
studies of MOF properties.*7 Multiple studies have used molecular simulation techniques to
predict the adsorption properties of molecules in large libraries of MOFs,” and data of this kind
has been used in conjunction with machine learning methods to expand the scope of these
predictions.!%!% To the best of our knowledge, all existing high-throughput studies of adsorption
in MOFs are based on molecular simulations in which the MOF structure is assumed to be rigid.

All MOFs exhibit some forms of flexibility, ranging from large-scale structural transformations
induced by external stimuli to lattice vibrations around equilibrium positions, which influence
adsorption isotherms, selectivity ratios, and intracrystalline diffusivity.'>-!7 The different modes of
MOF flexibility can be categorized into extrinsic flexibility and intrinsic flexibility. Extrinsic
flexibility is triggered by external stimuli and includes MOF swelling, breathing, etc. An instance
of MOF extrinsic flexibility that has been carefully described with experiments is MIL-53, which
exhibits variations in pore shapes depending on adsorbate loading.!® '8 Another example is
Co(BDP), which shows multi-stage phase transitions during N, adsorption.!” The second
flexibility type, intrinsic flexibility, is a ubiquitous phenomenon that occurs due to thermal
vibrations of framework atoms, even in the absence of external stimuli. A study by Witman et al.
suggested that intrinsic flexibility has significant impacts on molecular adsorption in MOFs.?0

Following Witman et al.’s work, Agrawal et al. studied 100 randomly selected structures from the



CoRE MOF database* and examined the influence of intrinsic flexibility on saturation uptake,
Henry’s constant, and selectivity.?!

For MOFs sensitive to flexibility, a variety of models and force fields (FFs) have been developed
for incorporating flexibility into adsorption simulations. These models have been previously
applied to other materials including polymers and zeolites by combining different ensembles and
simulation tools.?>?” For example, Rogge et al. modeled adsorption in MIL-53 using hybrid
MC/MD simulations in the Osmotic Ensemble.?® This approach allows for influences from
adsorbates, temperature, and pressure on MOF flexibility, and thus can capture the phase transition
during adsorption. However, it is more difficult to apply than simulations in rigid materials because
of the added computational burden. Other researchers tried to simplify the MOF flexibility
modeling by using the snapshot method, an approach that neglects adsorbate-induced MOF
flexibility and assumes a constant MOF volume.?!-2°-32 However, for flexible MOFs, it is not clear
a priori which type of flexibility model should be used. Flexible FFs that reproduce experimentally
observed structural and adsorption properties of MOFs have been developed,3? but these FFs are
typically system-specific and their transferability is unclear. On the other hand, generic FFs for
MOFs have been defined, but their accuracy has only been sparsely tested.

Although techniques are available for modeling flexible MOFs, the tradeoff between
computational cost and simulation accuracy has led to most work on adsorption in MOFs
neglecting flexibility. In many cases neglecting flexibility can give results of acceptable accuracy.
Being able to reliably identify instances where this is not the case would improve the fidelity of
performance predictions from high-throughput simulation approaches.

We focus here on describing the impact of flexibility on adsorption in MOFs using different

simulation approaches. In every case, we compare our results to calculations with an adsorption-



relaxation method that fully accounts for intrinsic and adsorption-induced framework flexibility.
After performing some validation of the generic FF used in our calculations, the UFFAMOF33: 34,
we compare a variety of FF-based simulation methods with consensus isotherms from several well-
known MOFs. Some FF-based simulation methods and a FF-free method called the ellipsoid
method are then applied to 15 MOFs selected from the CoRE MOF database* to illustrate issues
that can arise in high-throughput screening. Finally, we illustrate links between the elastic
properties of empty MOFs and the influence of MOF flexibility on adsorption.
HE MODEL AND METHODS

Rigid adsorption models

Simulations with rigid MOF structures were performed with methods consistent with earlier
studies.” 3 Two different types of structures are used in the rigid adsorption model: DFT-
optimized structures and FF-relaxed structures. The DFT-optimized structures were energy
minimized using the Perdew—Burke—Ernzerhof (PBE) generalized gradient approximation (GGA)
exchange-correlation functional with Becke-Jonson damping D3 dispersion corrections (PBE-D3)
using the VASP software. Previous benchmarking calculations have indicated that this approach
gives results in good agreement with experimental structures.’® FF-relaxed structures were energy-
minimized using cg style in LAMMPS?37- 38 with all degrees of freedom in the MOF frameworks
modeled using the UFF4AMOF. The stopping tolerance for energy is 10-1° for force is 1010
(Kcal/mol-A). Simulation input files for LAMMPS were prepared with LAMMPS INTERFACE
and checked manually.*® We note that UFF4AMOF does not include any Coulomb interactions
between framework atoms. During the relaxation process in both kinds of calculations, atom

positions and the unit cell dimensions were allowed to change.



Single-component adsorption with fixed frameworks was assessed using Grand Canonical
Monte Carlo (GCMC) simulations with RASPA.3% 40 In these GCMC simulations, the van der
Waals (vdW) interactions between adsorbates were described by the TraPPE-UA#*!- 42 The FF for
hydrocarbons and CO,. Xe and Kr interaction parameters were taken from the work of Hirschfelder
et al.¥® and Talu and Myers,* respectively. Lorentz-Berthelot mixing rules were used to define
adsorbate-MOF interactions with the vdW parameters for MOF atoms given by the UFF4MOF.
Lennard-Jones interactions were truncated at 12 A with tail energy corrections applied. For polar
molecules, Coulombic interactions were modeled pairwise using the long-range Ewald summation
scheme with a relative accuracy of 10~°. The point charges on MOF atoms were assigned using
the DDEC6 method.*>**” We reiterate that MOF charges were only used to account for adsorbate-
framework interactions in CO, adsorption simulations, not within the framework-framework
interactions. MOF unit cells were replicated to a minimum of 24 A along each dimension with
triclinic periodic boundary conditions in all dimensions. Monte Carlo trial moves allowing for
translation, rotation, reinsertion, deletion, and insertion moves were attempted with equal
probabilities during GCMC. Widom insertion was used to compute Henry’s constants. 107
equilibration and 10° production cycles were used at each condition, and initial tests indicated this
choice gave well-converged results.

Adsorption-relaxation flexible adsorption models

Adsorption-relaxation simulations were performed at 300 K with a combined GCMC and MD
technique using a LAMMPS-RASPA interface developed by Anstine et al.?6 Adsorption—
relaxation is carried out in multiple iterations, where GCMC simulations are used to predict
adsorbate loading and isothermal-isobaric MD simulations are employed to account for system

rearrangement. Each GCMC portion of the adsorption-relaxation approach was performed using



RASPA for 103 equilibration and production cycles, with the same settings as in the adsorption
simulations defined above. MD simulations were carried out with the LAMMPS software package
for 1 ns (with a 1 fs timestep) with barostat conditions corresponding to the adsorbate’s bulk phase
pressure and thermostat conditions corresponding to isotherm temperature. The barostat and
thermostat coupling constants were both 0.1 ps. This iterative process was repeated until an
equilibrated simulation cell volume and adsorbate loading is reached, which typically required
around 10 iterations depending on the structure. The results from the final iteration are regarded
as the adsorption properties predicted by the adsorption-relaxation model. These adsorption-
relaxation calculations include all effects due to intrinsic and adsorbate-induced flexibility in the
MOF framework. The use of relatively long-time MD simulations to include the influence of
structural flexibility is more robust than an alternative such as hybrid MC simulations, which rely
on extremely short MD trajectories using time steps chosen to deliberately violate energy
conservation.*® While adsorption-relaxation calculations can be viewed as the “gold standard” for
predicting adsorption properties, their computational expense limits high-throughput calculations
with diverse collections of adsorbing molecules because independent calculations must be
performed for each state point of interest.

Flexible snapshot adsorption models

The snapshot method is an approximate approach for assessing the impact of thermally-driven
flexibility in an empty MOF structure without the inclusion of adsorbate-induced deformation.?!-
2932 We tested two versions of this method that differ by using either the NVT or NPT ensemble
to generate the empty structure’s snapshots. These calculations began with FF-relaxed MOF
structures defined above and used either NVT or NPT MD simulations at 300 K to account for

framework flexibility. The temperature in these simulations was controlled using the



Nosé—Hoover thermostat with a decay period of 0.1 ps. A barostat is used to maintain a pressure
of 10 bar in the NPT snapshot flexible model with a decay period of 0.1 ps. MD simulations were
performed with a timestep of 1 fs for an equilibration period of 500 ps and a production period of
1 ns. Flexible snapshots from our MD simulations were taken every 100 ps from the production
period for a total of 10 snapshots, which was shown previously to give adequately converged
results for MOFs.?! Following this process, each snapshot was treated as rigid and GCMC
simulations in each snapshot were conducted using the techniques described above. Reported
loadings are averaged over the independent snapshots. Although the snapshot method is more
computationally demanding than calculations based on rigid structures, it is amenable to high-
throughput calculations because the set of snapshots for each material is independent of the
adsorbing species or mixture.

Ellipsoid model

A disadvantage of the flexible snapshot methods and adsorption-relaxation approaches is that
they rely on the availability of high-quality forcefields for the framework degrees of freedom. It
would be helpful to have an approximate means to determine the importance of framework
flexibility for new materials without invoking a FF. Below, we explore a FF-free approach based
on the observation that when MOF crystal structures are obtained experimentally from single-
crystal data atomic vibration parameters, also known as thermal parameters, are reported alongside
the locations of atoms. These parameters are readily available in Crystallographic Information
Files (CIF)* for MOFs and many other crystalline materials, and they give a direct quantitative
description of the displacements in a MOF structure due to thermal vibrations.’% 3! Our ellipsoid
method generates physically plausible snapshots of a flexible MOF using these experimentally

measured atomic displacement parameters instead of using FF-based MD.
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Atomic displacement parameters from experimental structures are typically reported only for
non-hydrogen atoms and are either provided in an isotropic or anisotropic form, denoted as a single
value Ugq,iy Or a 3x3 matrix with elements Uy, respectively. We, therefore, use Ucgqiy as the
variance for a Gaussian distribution or use the matrix elements Uj; as covariances for a multivariate
Gaussian distribution to estimate non-hydrogen atom displacements. These parameters are
rescaled from the experimental temperature to the temperature of interest by reweighting using a
Boltzmann factor. Snapshots were generated by sampling the Gaussian distributions of atomic
positions for non-hydrogen atoms and fixing hydrogen atoms bonded to heavy atoms at the relative
positions defined in the experimentally reported structure. Initial tests with this approach showed
that moving each heavy atom in an uncorrelated way led to unphysical bond lengths and, as a
result, to physically implausible structures. To avoid unphysical bond length changes, correlations
are added between bonded atoms, which means the final vibration of an atom is the average of the

Gaussian displacement from itself and its bonded atoms. For example, for a Zn atom coordinated

by four oxygen atoms, the displacement of the Zn atom is calculated as 0.5 X mm +0.5 X Avg

(WOX) , Where WZH and WOX represent the uncorrelated displacement of the Zn atom and the

coordinated oxygen atoms, respectively. Once a set of independent structures have been generated
with this approach the adsorption properties of each structure are assessed using GCMC in the
same way as in the flexible snapshot method. As with the snapshot method, the ellipsoid method
includes information about the constant volume flexibility of the empty structure but not any
effects associated with adsorption-induced deformation.

The method defined above can be readily applied when an experimental crystal structure is
available. We acknowledge there are numerous examples where this experimental data is not

available, including disordered porous materials and hypothetical porous materials generated from
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computational approaches.’ For these cases, the ellipsoid method could still be applied by using
Gaussian parameters that are adapted from similar materials.

Computational overhead for approximate methods and adsorption-relaxation calculations

It is useful to consider the relative computational time associated with the various methods
defined above. Here, we give expressions for the computational time associated with predicting
the single component adsorption of N,4s different adsorbates at Np different pressure values in a
single MOF in calculations where the time for a GCMC calculation in a given rigid structure is
tgeme and the time for a MD simulation of the same MOF is typ. The ratio tgemce/tvp depends on
a variety of factors that may differ between computing environments. For example, in our
calculations MD was performed with a code that is readily run in parallel, an advantage not
available in GCMC. If multiple GCMC simulations are performed within a single rigid structure
then it is advantageous to precompute the adsorbate’s potential energy on a finely space grid, but
this effort may be less worthwhile in adsorption-relaxation calculations where a completely new
grid is necessary for every GCMC calculation. We have not attempted to include the effects of
these grids in the following estimates of timing.

The computational time required for a single MOF using rigid structure calculations as defined
above 18 tygiq = NpNagstoeme. The time necessary for the same MOF using the snapshot method
1S tsnapshot = Nsnapshot(trigia + tvp), Where Ngapshot 18 the number of independent snapshots used. If
calculations are performed for a sizeable number of pressure points and/or different adsorbates
then the MD contribution to this time is negligible, SO tyapshot 1S approximately Ngnapshottrigid- FOr
adsorption-relaxation calculations the time required is tags-rel = Nittrigia(1 +tmp/temce), where Nj; is
the number of adsorption-relaxation iterations needed to reach convergence. It is evident from

this expression that if adsorption-relaxation calculations were going to be attempted for large

12



collections of materials that it would be valuable to understand how to minimize typ/tgemc and

Nj; while still achieving well converged results.

Calculation of geometrical properties

We characterized the internal void of each MOF by computing what Ongari et al. termed the
probe-accessible and probe-occupiable pore volume by using the Zeo++ code version 0.3.31.53 %4
The total accessible void fraction is the sum of these two quantities. We calculated the accessible
void fraction by using He as the probe with a radius of 1.32 A.5

Calculation of elastic properties

The elastic properties of empty MOFs, including the bulk, shear, and Young’s moduli, were
calculated by determining the elastic tensor at 0 K. We used a similar method as in the calculations
for multiple MOFs by Rogge et al.>> The elastic tensors were obtained by least-squares linear fit
of 0 = Ce. Four pairs of data were obtained by the application of a modest compressive and
elongational constant strain (¢ = + 0.005, % 0.01) in six independent directions and remapping
atomic coordinates to the deformed simulation cell before relaxation. The methods for energy-
minimization, application of periodic boundary conditions, and convergence criteria were the same
as in the work of Rogge et al. The accuracy of FF-based calculations of this tensor with UFFAMOF
has previously been validated by comparing to results from an ab initio-derived FF by Moghadam

et al.5®

B RESULTS AND DISCUSSION
Benchmarking with experimental data
We initially selected four MOFs with consensus isotherms for room temperature CO, adsorption

for our benchmark: IRMOF-1, UiO-66, ZIF-8, and MIL-53. Experimental consensus isotherms

13



were obtained from a literature meta-analysis conducted by Park et al.>” These materials are among
the most widely studied of all MOFs.”® UFFAMOF gave optimized structures for each of these
materials in good agreement with DFT-optimized structures and with experimental data (see
Supporting Information Table S1). This observation suggests that UFF4MOF is an appropriate FF
for each material.

Simulated isotherms were obtained from each of the rigid and flexible models defined above.
These results are compared to the consensus experimental data in Figure 1. For IRMOF-1, ZIF-8,
and UiO-66 the adsorption-relaxation calculations and the rigid structure calculations give
isotherms that differ only marginally. Not surprisingly, the two variants of the snapshot method
are also consistent with these results in IRMOF-1 and ZIF-8. Notably, some systematic difference
exists between the simulated and experimental data for IRMOF-1, ZIF-8, and UiO-66; this
observation was also noted in the work of Park et al. for simulations with the rigid structures>’.
Our calculations show that this difference is not due to a neglect of framework flexibility. Instead,
our results point to the generic FF used to describe the adsorbates as not being quantitatively
accurate. The CO, adsorption results for IRMOF-1 and ZIF-8 are examples where using the more
computationally demanding adsorption-relaxation method does not lead to results that differ in
any significant way from the simpler rigid structure calculations.

In UiO-66, the NPT snapshot method gives a lower uptake than the other methods due to the
large negative thermal expansion (NTE) predicted by the simulations. This strong NTE is not
consistent with experimental observations of the UiO-66 structure and appears to be caused by
inaccuracy of the UFFAMOF. More information on this issue is given in the Supporting
Information. The UFF4AMOF predicts negligible thermal expansion for ZIF-8 and IRMOF-1, so

the NPT and NVT snapshot method results for these two materials are similar.
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MIL-53 is different from the three examples discussed above because it is known to undergo
adsorption-induced phase transitions together with large cell volume changes. Figure 1(d) shows
GCMC results from two different rigid structures, a large pore (Ip) structure, and a narrow pore
(np) structure.?® In situations like this, simulations using the osmotic ensemble can be used to
predict when a transition between the rigid structures will occur.>® ¢ Figure 1(d) shows that the
results from our adsorption-relaxation calculations can capture the two steps observed in the
experimental isotherms based on a single initial structure, namely MIL-53-lp, without using the
osmotic ensemble. This observation is useful because it did not require prior knowledge or
assumptions about the possible structures available to the MOF, which are required by the osmotic
ensemble. As with the other three MOFs there is some systematic deviation between the loadings
predicted by our calculations and the consensus experimental data, suggesting that the FF used to
describe the adsorbate-framework interactions is not quantitatively accurate. It is clear from Figure
1(d) that the MOF’s volume depends on the CO, pressure. The predicted trends in this volume as

a function of pressure are shown in Figure S5.
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Figure 1. CO, adsorption isotherms in (a) IRMOF-1, (b) UiO-66, (c) ZIF-8, and (d) MIL-53(Ip:
large pore, np: small pore). Symbols and lines show simulation results at 300 K using the methods
described in the text and the shaded regions represent the upper and lower quartile from

experimental consensus isotherm reported by Park et al.’” at 298 + 5 K.

Flexibility effects on adsorption at high loading conditions for a diverse range of MOF's

The results above for CO, in IRMOF-1, UiO-66, ZIF-8, and MIL-53 are examples in which the
only significant effect from structure flexibility is in a material that was previously known to
undergo an adsorbate-induced phase transition. Previous calculations using the snapshot method
for a wider range of MOFs, however, have suggested that framework flexibility even in the absence
of adsorbate-induced changes can have a strong impact on adsorption properties in MOFs.?! For
high-throughput calculations to accurately predict adsorption in MOFs, it would be useful to

understand what kinds of structures exhibit flexibility effects that cannot be neglected. To begin
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to examine this issue, we performed calculations for a set of 15 MOFs selected randomly from the
subset of the CoRE MOF database whose room temperature Henry’s constants for butane, using
rigid models, are greater than 10-3> mol/(m3-Pa). The structure codes for these materials, along with
their cell parameters obtained from DFT calculations and FF optimization are listed in Table S2.
The UFF4AMOF gives accurate cell parameter predictions with a mean absolute difference of 2.4%
compared to DFT optimized structures. Because of the computational demands of these
calculations, applying the same methods to the large numbers (thousands) of distinct structures
sometimes examined in high throughput calculations with rigid structures would be challenging.

For each MOF, we computed the room temperature single component adsorption of seven
molecules (ethene, ethane, propene, propane, butane, Xe, and Kr) at a pressure of 10 bar. Figure 2
compares the loading for each example determined with the adsorption-relaxation method to the
loading obtained using the rigid FF-optimized structures. Among the 105 data points in Figure 2.
47.6 % have loadings that changed by less than 25% (|log (q Flex / qn-gl-d)| < 0.1) upon including
flexibility, 41.9 % had loadings that were underestimated by 25% or more in the rigid structure
and 10.4 % had loadings in the rigid structure that were overestimated by 25% or more. The
distribution of log (q Flex /| qn-gid), where ¢ is the loading at 10 bar, has a shape close to Gaussian
distribution. The mean (u) and standard deviation (o) of this distribution are 0.13 and 0.60,
respectively (see Figure S10). Both the y and o are larger than the results from the work of Agrawal
et al. using the NVT snapshot method?! (u = —0.02, 0=0.06), indicating the flexibility has a
stronger impact on adsorption than was estimated in previous work.

Many of the cases in which the rigid structure underestimates the loading are associated with
swelling of the structure upon adsorption, as shown by the color bar in Figure 2. A striking example

of this effect is the MOF AROFET, for which adsorption of the seven adsorbates listed above
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increases the unit cell volume by around 48 %. Notably, the change in volume from temperature
and pressure for this material is -3%, which means adsorbates have the dominant impact on
swelling. AROFET structures obtained from different models are shown in Figure S7, showing
that the MOF swelling occurs via the extension of the originally bent ligand.

Although the unit cell volume is a convenient measure of swelling, a more relevant quantity for
adsorption is the accessible volume. The accessible volume of flexible structures was obtained by
removing the adsorbed molecules from the structures in equilibrated adsorption-relaxation
calculations. The change for the accessible volume is often larger than the comparable effect for
the unit cell volume, as it contains the influence of both unit cell and pore environment. Figure S6
compares loadings in fully flexible and rigid structures in terms of the ratio of the accessible
volume in the two structures. There are several MOFs in which the accessible volume in the rigid
structure is small but for which significant adsorbed loadings are observed in the flexible material.

It is straightforward to understand how swelling of a MOF can lead to calculations with rigid
structure underestimating adsorption loadings. There are examples in Figure 2, however, where
there is negligible swelling of structures and the fully flexible results give lower loadings than the
rigid structures. For example, in GITWIQ the computed loading of butane is 1.79 mmol/g in the
flexible structure, compared to 1.91 mmol/g in the rigid structure, while the volume ratio of the
two structures is 1.02. Temperature and pressure alone change the volume of this MOF by -1%
and the adsorbate slightly enlarges the volume by 3%. Images of these two structures are shown
in Figure S8, where it can be seen that local disorder and rotation in the MOF’s linkers reduce the
accessible surface area in the flexible material. This effect can be captured quite accurately by
calculations with the NVT snapshot method; for this example the NVT snapshot model gives a

loading of 1.74 mmol/g. A similar phenomenon has also been observed by Anstine et al., where
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local structure change occurs to a greater extent than macroscopic volume change in microporous

polymers.26
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Figure 2. Comparison between loading at room temperature and a pressure of 10 bar for seven
molecules (ethene, ethane, propene, propane, butane, Xe, and Kr) in 15 MOFs as predicted by fully
flexible calculations (with the adsorption-relaxation model) and with rigid FF-optimized MOF
structures. The color bar shows the ratio of cell volume in the flexible structure and the rigid

structure. Exact values are listed in the adsorbate.csv files in SI. The dotted lines show a parity line

and values deviating from the parity line by £25%.

The impact of flexibility on the adsorption loadings of different adsorbates at a pressure of 10
bar is summarized in Figure 3. In general, the degree of swelling increases as the molecular weight
of the adsorbate increases. Butane appears to be an exception to this trend, but this is because
butane is too large to have a significant loading in some of our simulated MOFs and thus no
adsorbate-induced swelling can happen. For example, CUNWEO has a 50% unit cell volume
expansion with a 7.0 mmol/g uptake of propane but less than 10 % unit cell volume shrinkage with

0.6 mmol/g butane uptake. If only the MOFs that can adsorb 1.5 mmol/g or more of butane are
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included, the loading and volume change for butane are larger than our results for C, and C;

hydrocarbons, as shown in Figure S9.
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Figure 3. (a) The ratio of loadings between the adsorption-relaxation model and rigid FF-
optimized model for individual species in 15 MOFs at room temperature and 10 bar (b) the ratios
of unit cell volume comparison from the same calculations. The boxes show the quartiles of the
dataset while the whiskers extend to show the rest of the distribution, except for points that are
determined to be outliers. Outliers are defined as values more than 1.5IQR (IQR = interquartile

range) from either end of the box.%

Flexibility effects on adsorption at dilute loadings for a diverse range of MOF's

Previous work by Witman et al.?°, Agrawal et al.?!, and Park et al.?® indicated that intrinsic
flexibility of MOFs can cause considerable sensitivity in the determination of Henry’s constants.
It is useful to look at this issue for the same set of 15 MOFs and 7 adsorbates that we considered
above. The adsorption-relaxation and NPT snapshot models yield equivalent results at dilute
loadings, as adsorbate-induced framework rearrangement is minimal in this limit. Thus, structures
from the NPT snapshot model at 300 K, 1 bar are used to calculate Henry’s constant here. These
structures are influenced by both intrinsic flexibility and thermally driven volume changes, while

in the previously mentioned studies only the effect of intrinsic flexibility was considered.
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Henry’s constants obtained from flexible and rigid MOF calculations are shown in Figure 4.
Among the 105 cases in Figure 4, 16.2 % have [log (Khfjex/Khp;giq)| less than 0.1 (which means
that the change in Henry’s constants due to flexibility is less than ~25 %), 40.9 % have |log (
Khfiex/Khpigiq)| between 0.1 to 1, and 42.8 % have |log (Khfiex/Khpigiq)| larger than 1. The
distribution of log (Khfiex/Khgigia) is close to a Gaussian distribution with u = -0.25 and o =
0.77 (see Figure S11). Compared to the results from Agrawal et al. using the NVT snapshot
method?! (u = 0.38, 0=1.11), the flexibility has a similar influence on these 105 cases, but with a
tendency to reduce the Henry’s constant relative to the rigid simulations. This is because some
MOFs are predicted to have unit cell volume changes due to NTE at dilute loadings. For example,
UFF4MOF predicts COGWEB experiences a ~ 20 % volume decrease due to NTE, and all Henry’s
constants calculated in this MOF are strongly affected. Usually, we observe that NTE is caused by
bond length changes, especially near metal clusters. We note by comparison with the NTE
discussed above for UiO-66 that the accuracy of the UFFAMOF in instances with large NTE is
unclear. Henry’s constants in MOFs without a large unit cell volume change can still be influenced
by significant flexibility effects when their accessible volume is small. One example is FIPXEJ,
whose fraction of accessible volume is the smallest among the 15 MOFs. It has a 12.4% change in
inaccessible volume when flexibility is included but this leads to a drastic change of more than

1100% in the ethene Henry’s constant.
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Figure 4. Comparison between Henry’s constant(mol/(m?-Pa)) of 7 adsorbates in 15 MOFs
predicted by the flexible model and rigid model. The flexible model here refers to the NPT
snapshot model and the rigid model used FF-minimized structures. The color bar represents the
unit cell volume ratio of flexible structure to the rigid structure, which is limited to 0.85-1.05 for
visualization purposes; exact values are listed in the SI. The inclined dashed lines mark |log (

Khfiex/Khpigia)l = 0.1 and 1, respectively.

The impact of flexibility on Henry’s constants increases with increasing adsorbate size (kinetic
diameter). The median value of |log (Khfjex/KRpigia)| for Kr (kinetic diameter d = 3.60 A%?), Xe
(3.96 A%?), ethene (4.16 A%3), ethane (4.44 A®%), propane (4.30 A%, propene (4.50 A%), and butane
(4.68 A%) are 0.26, 0.31, 0.39, 0.42, 0.46, 0.51, and 1.61, respectively. It is also interesting to ask
whether the impact of flexibility on Henry’s constants is correlated among different molecules.
The Pearson product-moment correlation coefficients of Henry’s constants in Figure 5 show that
Henry’s constants of adsorbates with similar geometry are highly correlated, while adsorbates with

different geometry are less correlated.
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Figure 5. Pearson product-moment correlation coefficients of Henry’s constants between

different adsorbate pairs at 300 K.

The ratio of Henry’s constants for two molecules is, without approximation, the adsorption
selectivity for a mixture of these molecules in the dilute limit.®® In Figure 6 we show the selectivity
for 21 pairs of adsorbates (all of the pairs that can be formed between the 7 adsorbates we
simulated) in 15 MOFs. The shaded regions in Fig. 6 indicate cases where including flexibility
changes which species the MOF is predicted to selectively adsorb. Only ten examples fall into this
category, but considerable scatter around the parity line can be seen. The distribution of log (S ex/

SRrigia) 1s shown in the Figure S12, giving u = -0.02 and ¢ = 0.80. The deviation in our study is

slightly larger than the results from Agrawal et al?' (u=—0.01, 0=0.57). Based on the
comparison between the distribution of selectivity and Henry’s constants the effects of flexibility
partially cancel out in mixtures with similar geometry, e.g., ethene/ethane, but they tend to be
uncorrelated (and therefore stronger) for mixtures with different geometry, e.g., ethene/butane.
Therefore, mixtures of dissimilar molecules are most likely to be misrepresented with a rigid

framework approximation because flexibility effects are compounded rather than being offset.
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Figure 6. Dilute loading mixture selectivity at 300 K calculated using the NPT flexible model
(horizontal axis) and rigid model (vertical axis). For visualization purposes, selectivity values <
0.01 are shown as 0.01 in the figure. Shapes and colors represent the A/B mixture pair with the
adsorbate represented by the shape being A and the adsorbate represented by the color being B.

For example, the red dot indicates the selectivity of Xe (circle) to ethene (red color).

Comparison between approximate simulations and adsorption-relaxation simulations

Although adsorption-relaxation simulations are a reliable strategy to fully include the effects of
MOF flexibility in simulating adsorption, they are not well suited to high-throughput calculations.
It is therefore worthwhile to explore criteria for appropriately choosing to apply the thorough
adsorption-relaxation technique or a computationally efficient alternative.

A qualitative way to consider each approximate method is to ask whether the method can predict
the relative ranking of MOFs in terms of species loading. This issue is probed by Spearman’s
correlation coefficients, which is a nonparametric measure of rank correlation. The Spearman’s
correlation coefficients comparing the ranking of MOFs in terms of their loading at 10 bar given

by approximate methods and the fully flexible simulations are shown in Fig. S14. In each case the
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Spearman’s coefficients for different molecules are similar. The Spearman’s coefficients for the
simulations with rigid structures (the most widely used and computationally efficient approximate
method) and the flexible snapshot approach with either NVT structures or the ellipsoid approach
are all > 0.8, indicating a high degree of correlation. Somewhat surprisingly, the flexible snapshot
method with NPT structures performs considerably worse, with Spearman’s coefficients as low as
~0.2. Figure 7 compares the predicted adsorption loadings at 10 bar from four approximate
simulation methods to predicted loadings from the adsorption-relaxation model. As already noted
above, multiple examples exist where each approximate method fails to be quantitatively accurate,
although there are also examples where the impact of flexibility is minimal, and all the methods
give similar results. Notable, MOFs with close to zero loadings, for example, BENXUP, have
extremely large errors, which may be due to numerical issues. All these observations suggest that
while the rigid framework simulations are useful for ranking materials there may be challenges in
using these kinds of simulations to make quantitatively accurate predictions about diverse sets of

MOFs.
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Figure 7. Loading ratio of results from approximate simulations and adsorption-relaxation
simulations for seven adsorbates at 10 bar, 300 K. In (a) orange boxes are from the NVT snapshot
model, green boxes are from the NPT snapshot model and blue boxes are from simulations in the
rigid FF-optimized structures. (b) blue boxes are from simulations in rigid FF-optimized structures,
orange boxes are from simulations from the ellipsoid model. The box plot uses the same approach
as Figure 3. but outlier data points are not shown in this plot. The specific value can be found in
adsorbate.csv files in SI. The MOFs are ordered according to the ethene loading using the

adsorption-relaxation model, where ANUGIA has the largest loading.

A comparison between simulations fully accounting for MOF flexibility and approximate
methods for Henry’s constants is shown in Figure 8. As discussed above, dilute loadings

(represented by Henry’s constants) are more sensitive to MOF flexibility than non-dilute
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adsorption loadings. The Spearman’s correlation coefficients comparing the ranking of MOFs in
terms of their Henry’s constants given by approximate methods and the fully flexible simulations
are shown in Figure S15. The flexible snapshot method with NVT structures has similar
Spearman’s coefficients (0.7-0.9) to the results for higher loadings in Figure S14, but simulations
with the rigid structures or with the ellipsoid method are quite poorly correlated with the fully
flexible simulations, with Spearman’s coefficients of 0.3-0.5. Figure 8 compares the predicted
Henry’s constants with three approximate simulation methods to adsorption-relaxation results.
Similar to our discussion above, rigid frameworks can yield qualitatively useful predictions while

missing some quantitative insights of adsorption properties.
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Figure 8. Henry’s constant ratios of different approximate simulations to adsorption-relaxation

simulations for 7 adsorbates in 15 MOFs. The presentation of the figure is similar to Figure 7.

Rapid identification of flexible MOFs using elastic properties
The results above suggest that it would be useful to be able to rapidly identify the subset of
MOFs for which flexibility has a limited impact on predictions of adsorption. As an initial test of

whether this is possible, we considered the mechanical properties of the MOFs we studied as a
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potential indicator. The mechanical properties of MOFs have been widely examined.> ¢7 Instead
of using the full elastic matrix, which can be challenging to interpret, the minimum Young’s
modulus (MinY) and the anisotropy ratio of the maximum shear modulus to the minimum shear
modulus (AniG) have been proposed as scalars indicating MOF softness.®® In terms of
computational cost, the mechanical properties of an empty MOF are inexpensive to compute using
FFs. In this work, we use the UFF4AMOF to predict mechanical properties, which was benchmarked
by comparing results from DFT and UFF4MOF at 0 K for UiO-66 and MIL-53 as shown in Table
S3 and Figure S16. Results from these two levels of theory agree with each other qualitatively. As
mentioned previously by Moghadam et al. there are some quantitative differences between the FF
and DFT derived mechanical properties.’® To simulate adsorption in flexible MOFs using the
methods we have considered in this paper, it is the response of the MOF at the FF level to the
presence of adsorbates that is important.

Figure 9 compares the ratio of adsorbed loadings at 10 bar, 300 K in adsorption-relaxation
simulations and in rigid structures to MinY and AniG for the empty MOFs. This figure includes
data for 7 adsorbates in 15 different MOFs. We initially expected that materials with small values
of MinY or large values of AniG would be particularly susceptible to adsorption-induced
adsorption effects. Our data does not support this idea; Spearman’s coefficients between the
loading ratio and MinY or AniG are both < 0.3. Unfortunately, this initial comparison of MOF
mechanical properties and the impact of MOF flexibility on adsorption has not given a
straightforward way to rapidly test whether a MOF can reliably be simulated using a rigid structure.

We hope, however, that these observations spur additional ideas for addressing this issue.
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Figure 9. Relationship between loading ratios and mechanical properties of simulated MOFs. The
loading ratios are the mean values of the ratios of loadings from the adsorption-relaxation model

and loadings from the rigid model at 10 bar, 300 K for seven adsorbates.

B CONCLUSION

Accurately predicting adsorption properties in MOFs computationally is a useful complement to
experimental approaches for identifying high-performing materials for chemical storage or
separations. The large number of MOFs and potential adsorbing species that exist have driven
strong interest in high-throughput methods for predicting adsorption. To date, all high-throughput
molecular simulation efforts for MOFs have utilized a rigid structure approximation. In this paper,
we have presented the most comprehensive collection of simulations currently available that fully
assess the role of MOF framework flexibility on adsorption. Our simulations using adsorption-
relaxation methods have incorporated all aspects of MOF flexibility during adsorption in a robust
way. We presented data for CO, adsorption in four well-known MOFs for which consensus
experimental isotherms are available and for seven different adsorbates in 15 MOFs selected

randomly from the CoRE MOF database.

29



Simulated CO, adsorption results indicate that the effects of framework flexibility in ZIF-8,
IRMOF-1, and UiO-66 are small. For MIL-53 the adsorption-relaxation approach is capable of
reproducing the stepped adsorption isotherm shape. This behavior is consistent with the
experimentally observed adsorption-induced structural transition. The differences that exist
between the isotherms from these calculations and consensus experimental data point to
inaccuracies in the force fields used to define adsorbate-MOF interactions. Besides assessing the
FF for adsorbate-MOF interactions we also reported some benchmarking to show UFF4MOF gives
accurate predictions for several MOF structures. However, there are cases where intraframework
interactions need more testing and careful parameterization. We suggest that future MOF
interatomic potentials should consider framework flexibility in their parameterization process,
despite the complexities associated with this approach.

For the MOFs selected from the CoRE MOF database, simulations of adsorption of seven
different molecules at 10 bar and 300 K showed that including flexibility changes the adsorbed
amount by more than 25% in 52% of the cases we considered. In the dilute limit, this effect was
stronger, with Henry’s constant changing by more than 25% in 84% of cases. In general terms, the
effects of flexibility were observed to be strong for larger adsorbates, as might be expected if the
outcomes are driven by adsorption-induced effects. The effects of flexibility tend to be similar for
similar molecules, so the ideal selectivity calculated from single-component adsorption properties
tends to be less sensitive to flexibility for these pairs of molecules. Unfortunately the same
tendency for mixtures of dissimilar molecules is generally not observed. As a result, care should
be taken when broadly applying a rigid approximation method to screen mixture selectivity of
diverse species. In this work, we mainly focus on neutral molecules, while the extension of these

statements to molecules of differing polarity but similar sizes requires further study.
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The adsorption-relaxation model considers temperature, pressure, and adsorbate influence on
framework flexibility and thus is the most accurate model in our work. However, adsorption-
relaxation is a computationally demanding technique and it is therefore worthwhile to consider
efficient alternatives and the conditions under which they apply. We assessed the use of
approximate models that neglect various factors of framework flexibility. The NVT snapshot and
rigid models showed qualitative agreement with adsorption-relaxation data when predicting
Henry’s constants, but all the approximate models we tested had limited success in making
quantitatively accurate predictions of Henry’s constants and loadings at non-dilute conditions.
When characterized by Spearman’s coefficients, the NVT snapshot method is more reliable than
more standard rigid structure calculations. These conclusions have important implications for any
effort using high-throughput calculations to make predictions about adsorption in MOFs. It would
certainly be valuable to develop computationally efficient methods that incorporate the effects of
MOF flexibility with greater quantitative reliability than the methods we have tested. In the
absence of these methods, it is advisable for high-throughput calculations to be coupled with more
detailed adsorption-relaxation calculations for materials of particular interest.

An important observation from our results is that the importance of framework flexibility to
accurately describe adsorption in MOFs is difficult to discern before testing. Examples exist for
which the impact of framework flexibility is small, so calculations with rigid structures for these
structures are reasonably appropriate. At the same time, several systems show large differences
between fully flexible calculations and approximate calculations with rigid structures. This
situation creates an obvious challenge for accurate high-throughput screening of MOFs as
adsorbents. It would be useful if computational characterization methods were available that could

categorize MOFs in terms of the degree that framework flexibility impacts adsorption properties.
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We tested the viability of adsorbate-free MOF elastic properties for addressing this issue.
Unfortunately, the correlation between these mechanical properties and the importance of
framework flexibility was poor.

Our results illustrate how robust adsorption-relaxation calculations can be used to examine the
effects of framework flexibility on adsorption in MOFs. Although these calculations are best suited
for detailed studies of individual materials and limited sets of adsorbates, they are less suitable for
high-throughput screening because independent calculations must be performed for every state
point of interest. To the best of our knowledge, all machine learning models to date aiming to
predict adsorption properties of MOFs have been trained on simulation data from rigid structures.
Examples exist in which information from one (or a small number of molecules) is used to enable
predictions for a range of other adsorbing molecules.®® 70 Thus, one interesting direction for future
work may be to augment the training data for machine learning models with carefully selected

adsorption-relaxation simulation to capture the impacts of framework flexibility.
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