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Abstract

Nanoporous materials in the form of Metal-Organic Frameworks (MOFs) such as
zeolitic imidazolate framework-8 (ZIF-8) are promising membrane materials for sep-
aration of hydrocarbon mixtures. To compute the adsorption isotherms in such ad-
sorbents, grand canonical Monte Carlo (GCMC) simulations have proven very useful.
The quality of these isotherms depend on the accuracy of adsorbate-adsorbent inter-
actions which are mostly described using force fields owing to their low computational
cost. However, force field predictions of adsorption uptake often show discrepancies
from experiments at low pressures, providing the need for methods that are more ac-
curate. Hence, in this work, we propose and validate two novel methodologies for the
ZIF-8 /ethane and ethene systems; a benchmarking methodology to evaluate the per-

formance of any given force field in describing adsorption in the low-pressure regime



and a refinement procedure to rescale the parameters of a force field to better describe
the host-guest interactions and provide for simulation isotherms with close agreement
to experimental isotherms. Both methodologies were developed based on a reference
Henry coefficient, computed with the PBE-MBD functional using the importance sam-
pling technique. The force field rankings predicted by the benchmarking methodology
involves the comparison of force field derived Henry coefficients with the reference
Henry coefficients and ranking the force fields based on the disparities between these
Henry coefficients. The ranking from this methodology matches the rankings made
based on uptake disparities by comparing force field derived simulation isotherms to
experimental isotherms in the low-pressure regime. The force field rescaling method-
ology was proven to refine even the worst performing force field in UFF /TraPPE. The
uptake disparities of UFF/TraPPE improved from 197% and 194% to 11% and 21%
for ethane and ethene respectively. The proposed methodology is applicable to predict
adsorption across nanoporous materials and allows for rescaled force fields to reach

quantum accuracy without the need for experimental input.



1. Introduction

In recent years, there has been an urgent need for industries to adopt sustainable and
energy-efficient separation and purification technologies to achieve net-zero carbon emis-
sions. Separation of olefins from paraffins is a key industrial application where there is a
significant potential for gains to be made in terms of energy efficiency!. Among the alterna-
tive technologies proposed for this application, adsorptive membrane separation has emerged
as a front-runner due to its superior energy and separation efficiency, low cost, scalability

26 Since the separation process relies on preferential adsorption of one

and sustainability
olefin/paraffin component over another in a mixture, the choice of the adsorbent plays an
important role in determining the permeance and selectivity of the separation. The lack of
suitable adsorbent material had been a key reason for membrane technology to be held back
until very recently. The emergence of porous materials in the form of Metal-Organic Frame-
works (MOFs) have significantly broadened the possibilities for membrane based adsorptive
separation applications. MOFSs, in general, possess inherent advantages over other porous
materials by having a large structural diversity, modifiable functionality, large surface area

10 Zeolitic imidazolate framework-8 (ZIF-8) isostructures, i.e. ZIFs with a

and porosity
sodalite topology, have additional desirable advantages given by framework flexibility and
tunable properties!!, particularly for gas separation of light olefins/paraffins. ZIF-8 adsorbs
olefin /paraffins with weak interactions and thus the energy required to regenerate the adsor-
bent through desorption is significantly reduced as compared to other MOFs'2. Secondly,
ZIF-8 preferentially adsorbs the paraffin over the olefin and this results in the purifying pro-
cess of the more valuable olefin to be cost effective and less resource intensive. Since the
cracked gas mixtures in industry contain a much larger quantity of olefin over the paraffin, a
paraffin-selective adsorbent material ensures that a smaller quantity of adsorbent is sufficient
for the purification process®?.

Even if the adsorption process itself is kinetically driven such as for the analysis of C2/C3

separation in ZIF-8, i.e. based on difference in diffusion, we would still need to compute



equilibrium adsorption uptake to fully simulate the difference in permeability. Developing
adsorption isotherms to represent equilibrium adsorption uptake is the standard method of
choice. Computational modeling offers the possibility to rapidly analyse and compare various
MOF /hydrocarbon guest molecular systems by computing adsorption isotherms through
grand canonical Monte Carlo (GCMC) simulations'?. This approach offers the possibility
to obtain physically meaningful information about the preferred adsorption sites and the
energetics of the adsorption process. The adsorption isotherms critically depend on both
host-guest and guest-guest interactions, where the host refers to the MOF framework and the
guest refers to the hydrocarbon adsorbate molecule. However, as GCMC simulations require
a large number of energy evaluations, force fields (FFs) have been most commonly employed
in literature'®'5 "for their low computational cost. The pertinent question concerns the
accuracy of the FF| given the fact that there exists a wide variety of FFs in literature. They
may either be FFs that are generic and applicable to a broad range of systems or system
specific FFs.

The work of Li et al.'?> compares the predicted propane/propene uptakes in the ZIF-8
framework simulated by various literature FFs. A wide range of generic and system specific
FF's that describe the ZIF-8 framework were investigated. The guest molecule, however, was
described only with the TraPPE-United Atom (TraPPE)'® FF. The results from this work
illustrate that, although the qualitative predictions of the trend in propane/propene uptake
is correctly predicted by all the investigated FFs, there exists large variations in terms of
quantitative predictions of simulation isotherms among the different FF's.

Their work, however, compares the FF isotherms with the experimental results over a
broad pressure range between 0-4 bar which includes the saturation uptake region of the
isotherm. At higher loadings, the influence of guest-guest interactions increases as seen in
Figure 1. The TraPPE FF, which was specifically developed to describe the bulk properties
of adsorbate gases, is known to be highly accurate in capturing the guest-guest interactions®®.

Consequently, the TraPPE FF based GCMC adsorption isotherms has been shown to capture



the adsorption isotherm well in the medium to high loading regimes for different MOFs2° 22,

A good agreement of the FF isotherms with experimental isotherms at higher pressures can
thus be attributed mostly to the TraPPE FF describing the adsorbate molecules and less
so to the FF describing the host framework?®. On the other hand, the agreement between

19,23

the FF and experimental isotherms is generally worse in the low pressure regime as

illustrated in Figure 1. This is attributed to the poor FF descriptions of the host-guest
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Figure 1: Schematic representation of a full adsorption isotherm illustrating the disparities
in excess uptake between experimental and simulated force field isotherms; insets represent
the low pressure regime and high-pressure regime of the isotherm with illustrations of the
ZIF-8-adsorbate complex at different loadings; black and blue balls represent C and N atoms,
red tetrahedrons represent ZnN,4 units of ZIF-8, H atoms are omitted for clarity, green balls
represent adsorbate molecules.

interactions, which are predominant in the low pressure regime??. For porous materials such
as MOFs, at low pressures, an adsorbate will preferentially adsorb in a smaller pore where

24 Further, strong confinement

there are a larger number of MOF-adsorbate interactions
in porous structures, like in smaller pores, causes condensation to predominantly occur at

lower pressures?®. A focus on the low pressure regime would also provide a clearer comparison



between the different FFs that describe the host frameworks.

To address the shortcomings of predictions of low pressure adsorption properties by
FFs, Fairen-Jimenez et al.26, Pérez-Pellitero et al.?” and Zhang et al.?® have rescaled the
FF parameters of the generic UFF force field to match available experimental results for
methane?®?” and for Ny2®. Fairen-Jimenez et al. and Zhang et al. have uniformly re-
duced the ¢; Lennard Jones (LJ) parameter of the UFF FF describing the ZIF-8 atoms while
Pérez-Pellitero et al. have reduced both ¢; and o; LJ parameters to match the experimental
isotherm results. All three works claim excellent correlation with the experimental results in
the low pressure regime. Fairen-Jimenez et al.?® claim that the Henry coefficients, isosteric
heats of adsorption and uptake at loadings below 30 molecules per unit cell show excellent
agreement with experimental results.

However, when experimental results are not readily available like when considering new
adsorbent materials, this approach will not be useful. This observation forms the motivation
to develop a systematic methodology that can capture the host-guest interactions accurately
without relying on experimental results. From our experience with the currently available
force fields in literature, it still remains challenging to develop a force field that can accu-
rately predict the adsorption isotherm in low-pressure regimes without requiring fitting to
experimental data.

Although there have been several studies involving FF based GCMC simulations in the
field of gas adsorptions in MOF's, a quantitative comparison of experimental and literature
FF isotherms is unavailable. A qualitative comparison of full adsorption isotherms can often
hide the large uptake overestimations by the simulated isotherms in the low pressure regime
as observed in Figure 1. A numerical metric that quantifies the difference in uptake between
the simulated FF isotherms and the experimental isotherms would thus be a useful tool in
analysing the agreement of FFs with the experiments.

To generate adsorption isotherms or compute low pressure adsorption properties such as

Henry coefficients and isosteric heats of adsorption at infinitely low loading, approximately



10° of Widom insertion (WI) simulations are required. This makes it too computationally
expensive to describe the potential energy surface (PES) with ab initio?® methods. However,
an approach that is based on ab initio principles increases the accuracy, compared to FF's,
of the description of the host-guest interactions. There have been previous attempts to
investigate low pressure adsorption properties using ab initio calculations for various MOF's
across CO,, Ny and CH,3% 34, The approaches are limited to systems with distinct adsorption
sites, allowing these sites to be treated at the ab wnitio level. There are, however, other
approaches that are generally applicable which have been recently introduced. Goeminne
et.al.? proposed a procedure based on a trained machine learning potential (MLP) with
a limited set of DFT intermolecular energies to generate adsorption isotherms at ab initio
level of accuracy for ZIF-8/CO, and Mg-MOF-74/CO,. Vandebrande et al.?’ have proposed
a generally applicable importance sampling methodology that samples the ab initio PES
at a fraction of the number of energy evaluations required for a traditional WI simulation
to predict adsorption enthalpies and Henry coefficients. This methodology involves the
selection of a limited set of configurations from a previous FF based WI simulation. As these
configurations are selected with a weight equal to a Boltzmann factor of the interactions
energy, they are termed as “important samples”. Ab initio calculations are subsequently
performed on this configuration set to correct the FF estimate of Henry coefficients and
adsorption enthalpies, derived from the previous WI simulation. This methodology has been
proven thus far to be applicable across different Covalent-Organic Frameworks (COF's) such
as CO, and N, in COF-1 and COF-53% and MOFs such as CO, and methane in Mg-MOF-74
and UiO-66%.

In this work, we aim to address two issues highlighted above concerning the computational
modeling of adsorption isotherms in the low pressure regime, i.e. (1) the need for an adequate
metric to assess the description of the host-guest interactions by a FF and (2) a generic
methodology to rescale a given FF and elevate its predictions towards quantum accuracy.

To this end, we first develop a numerical metric to compare simulated and experimental



isotherms as well as Henry coefficients. We then apply this metric to analyse the agreement
of GCMC simulated isotherms using various FFs from literature with experimental isotherms
for the ZIF-8/ethane and ZIF-8/ethene systems at the low pressure regime, i.e. between
0.001 to 1 bar. Furthermore, we use the Henry coefficient based metric to develop two novel
methodologies; one to benchmark literature FFs at the low pressure regime and a second
to rescale FFs without experimental input. Both methodologies are developed based on
quantum accurate reference Henry coefficients which are determined with the importance

sampling technique?®.

Finally, in order to highlight the computational efficiency of the
proposed methodology we will also explicitly indicate the accuracy of predictions of the
rescaled FF. The transferability of the methodology was investigated by applying it to other
guest molecules, i.e propane and propene and to higher pressure regimes, i.e 0.1 to 8.1
bar. Experiments were performed at a temperature of 303K in the pressure range of 0.001
to 1 bar to obtain isotherms and Henry coefficients for the ZIF-8/ethane and ethene and
ZIF-8 /propane and propene systems. The various terminologies that were abbreviated in

this work have been tabulated in Table S1 of Supporting Information with their respective

definitions.

2. Methods

The ZIF-8 framework consists of Zn metals that are tetrahedrally coordinated by four N
atoms of 2-methylimidazolate linkers and has a cubic sodalite topology. It consists of three-
membered (3MR), four-membered (4MR) and six-membered ring windows (6MR) which are
displayed in Figure 2. The largest interconnected six membered ring window (6MR) has an
accessible diameter and pore width of 3.4 A and 11.6 A respectively3™39. ZIF-8 contains 276
atoms in each unit cell and crystallizes in a cubic space group 143M with a lattice constant
of 16.992A%041 The crystal structure of ZIF-8, which was determined experimentally, was

taken from literature?”.



Figure 2: (a) Topological representation of the ZIF-8 framework and the different cages
present in the framework. (b) Molecular representation of the largest cage of ZIF-8 (6MR);
black and blue balls represent C and N atoms, red and beige balls represents Zn and H atoms
respectively.

2.1 Force fields

In this work, we only consider the non-bonding contributions in literature FFs since they are
applied in GCMC or Widom insertion simulations performed using a rigid framework as is
common in literature!64244 Non-bonding interactions consist of van der Waals (vdW) and
electrostatic interactions.

With regards to the vdW interactions, the ZIF-8 framework has been described by differ-
ent types of literature FF's as illustrated in Figure 3. Generic Lennard-Jones (LJ) potential
based FFs include UFF#°, Dreiding®® and AMBER?". System specific FFs that use LJ in-
clude GenericMOFs*® and ZhouFF%’. GenericMOFs is a hybrid FF consisting of Dreiding
LJ parameters to describe the methyl-imidizolate linker and UFF LJ parameters to describe
the Zn atom. Similarly, ZhouFF uses OPLS-AA%® LJ parameters for the methyl-imidazolate
complex and Dreiding LJ parameters for the Zn atom®?. Apart from the LJ-based FFs,
a couple of Buckingham potential based FFs, namely the MM3 FF (as implemented on
RASPA2%) and MOF-FF5! have also been used to describe the ZIF-8 framework. The

governing potential equations for both these FFs, as seen in Figure 3 are different adapta-



tions of the original MM3 FF developed by Allinger et.al.5? (see equation S1 in Supporting

Information).
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Figure 3: Overview of the different types of literature force fields used in this work to
describe the ZIF-8 framework; Efjdw represents the van der Waals potential between atoms
¢ and j, €; represents the vdW well depth, o;; represents the vdW minimum distance and
ri; represents the interatomic distance.

When the ZIF-8 framework is described using the LJ-based FFs, the guest molecules
are described using the LJ based TraPPE-United Atom (TraPPE)'® FFs, as is common in
literature %17, On the other hand, when the ZIF-8 framework is described using the MM3
or MOF-FF FFs, the MM3 all-atom FF parameters are used to describe the guest molecules.
The vdW parameters for the various FFs are reported in S2.1 of Supporting Information.
The Lorentz-Berthelot mixing rule was used to compute the cross-interaction parameters
between the guests and host. The mixing rules were used to compute the guest-guest cross
interaction parameters for the MM3 all-atom FF's as well. In this work, the label FF1/FF2

is used to represent the paired literature FFs; where FF1 is used for the FF parameters for

10



ZIF-8 while FF2 is used for the guest molecule (ethane/ethene).

The electrostatic interactions between ZIF-8 and ethane/ethene molecules were ignored as
per previous GCMC studies on ethane/ethene in ZIF-842. This is a reasonable assumption
since alkanes and alkenes are usually assumed to be non-polar molecules as we tested by
comparing simulated isotherms with/without Coulomb interactions in Section S2.2 of the

Supporting Information.

2.2 GCMC simulations

The single component adsorption isotherms and density distribution contours of ethane and
ethene in ZIF-8 in this work were obtained using grand canonical Monte Carlo (GCMC)
simulations with the RASPA2 package®®. In the simulations, the common GCMC moves,
translation, rotation, reinsertion and swap were considered with equal probabilities. A cut-off
radius for the non-bonding interactions of 12.0 A was used. No tail corrections were applied.
Periodic boundary conditions were applied across all dimensions. A supercell containing
8 (2x2x2) unit cells was considered. Each simulation consists of an initial 100,000 cycles
for equilibration and subsequent 200,000 cycles for ensemble averages. To compare the
simulation results with the experimental uptake, the absolute adsorption uptake obtained
from simulations needed to be converted to excess uptake. The details of the procedure to
calculate the excess uptake are included in Section S3.4 of Supporting Information.

To validate these simulation settings, previously computed adsorption isotherms of ethane
and ethene in ZIF-8 at 298K“? using the Hertig force field®® were recomputed with our

settings (see Section S3.1 of Supporting Information).

2.3 Widom Insertion simulations

The Henry coefficients and adsorption enthalpies at infinitely low loading across different FF's
were computed using the Widom Insertion (WI) method®*. This method involves the random

insertion of a single guest adsorbate molecule into ZIF-8 and the subsequent computation of

11



the corresponding interaction energy AFE as expressed below:

AE = EZIF8+guest - EZIF8 - Eguest (]-)

Combining all samples of the Widom Insertion simulation, the Henry constant and adsorption

enthalpy could be extracted as follows:

B N
= 2 —BAE
= 3 Do 2)

AH — S AEy e AP0 ] (3)
a sz\il e PaEw B

1

where 6 = kb_T’

N refers to the total number of samples considered for the simulation. The
WI calculations were performed using RASPA2%® and also using the in-house code YAFF
with 200,000 WI cycles, which was the same amount of cycles used for the GCMC calculations

to generate the adsorption isotherms.

2.4 Ab initio calculations at the DFT level

To further validate computational results with experimental results, ab initio calculations
were performed using Density Functional Theory (DFT) with two different functionals, i.e.
PBE- D3(BJ)%57 and PBE- MBD%*. The PBE-D3(BJ) functional has been used before?
to perform importance sampling calculations to compute Henry coefficients for methane
adsorption in UiO-66. In that work, it was also suggested that including (many-body)
dispersion corrections improves the correlation of the predicted ab initio Henry coefficients
with the experimental results. The MBD method developed by Tkatchenko et al.?® is widely
used to include many-body vdW dispersion interactions in DFT calculations. It is based on
correlated quantum harmonic oscillators (QHOs) and it therefore represents a more general
and less empirical approach as compared to DFT-D3 for instance®. MBD is grounded

in the random-phase approximation (RPA), based on the adiabatic connection fluctuation-
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dissipation theorem (ACFDT)®!. Concretely, the MBD expression is formally equivalent to
the RPA correlation energy for a system of QHOs in the dipole approximation, which gives
it clear ab initio origins and is not very empirical®. It was observed that the low loading
properties (i.e. Henry coefficients and adsorption enthalpies at infinitely low loading) derived
from simulations using the PBE-MBD functional closely matches the experimental results,
justifying its choice for the subsequent calculations over the PBE-D3(BJ) level of theory (see
Section S4 of Supporting Information).

The periodic single-point DFT calculations were performed using VASP version 6.25%64
using the projector augmented wave (PAW) method® with the supplied PAW-PBE poten-
tials. A plane wave cutoff of 900 eV was used for the ZIF-8/ethane and ethene systems
while a cutoff of 800 eV was used for the ZIF-8/propane and propene systems. Due to the
large unit cell length of 16.99 A for the ZIF-8 framework, only the gamma point was used to
sample the Brillouin zone. Previous DFT studies involving the ZIF-8 framework have used
similar input parameters®.

For the importance sampling experiments involving ZIF-8/ethane and ethene, a total of
1000 ab initio calculations were sufficient while a slightly larger number of 1400 and 1200
were required for the ZIF-8/propane and ZIF-8/propene systems respectively. To ensure

that the number of samples chosen were sufficient to sample the ab initio potential energy

surface, a convergence test was performed (see Section S4 of Supporting Information).

2.5 Importance sampling methodology

The overview of the importance sampling methodology is illustrated in Figure 4. The first
step of the importance sampling methodology involves using the Widom insertion method
with a FF to generate a random set of N configurations with corresponding FF poten-
tials (AE{I{, Ang, AE{;{, . ,AE{;\S), which allows to extract an estimate for the Henry

coefficient KL

In the second step, we repeatedly propose a random sample taken from the WI pool, as

13



Step 1 - Perform Widom Insertions with reference force field (FF)

Extract Henry coefficient

N
~FF ﬁ —BAELF
[\ o = N e (@)
i=1

(2)

Step 2 - Apply importance sampling

< r< lone Importance sampling
P according to:
P(new)O( Giﬁ(AE(IﬁL};w)iAEg’ﬂ))
(4)init (1)@ 5@ 2@ 6 3@

Step 3 - Compute ab initio energy and estimate Henry coefficient and adsorption enthalpy

AT Al Al Compute Al energy for
AEM) AE(l) X AE@) X X accepted configurations
n
A\ = l Z G Bl -AE[) Monte Carlo sampling
— to compute correction factor
1=
K,{]S =\ [(f}F IS Henry coefficient
—B(AEAI_AEFF
IS % Z?:l AEE?)I ce PR @) 1 IS adsorption
AH™ = Y enthalpy

A B

Figure 4: Overview of the importance sampling methodology; K5 and K refers to the

force field and importance sampling derived Henry coefficient, AE(P;)F and AE{Z.‘)I refers to

the FF and ab initio derived potential for configuration 7, § = kbLT, A refers to the correction

factor, N refers to the number of configurations considered for Widom Insertion while n
refers to the number of configurations considered for computing the correction factor; in
step 2, P(new) refers to the acceptance probability of a new configuration while AE(I; e w)
and AE(I:;@) refer to the force field derived potentials of the new and old configurations
respectively; in step 3, the red crosses symbolize the configurations that were rejected by the

importance sampling procedure for which no ab wnitio calculations were performed.
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defined by its index in the pool instead of having to come up with viable positions of all
atoms. Such random configurations will then either be accepted as the new configuration
or rejected, in which case, the old configuration remains in place. “new” represents the
configuration that is being evaluated to determine whether or not we will accept it or not.
“old” represents the current configuration of the system. The acceptance/rejection is decided
based on the Boltzmann factor with the FF energy. Whenever a configuration is accepted, we
need to compute its contribution to the A correction factor, which means we need to compute
its ab initio energy. If a configuration is rejected, we again account for the contribution to
the A\ correction factor according to the old configuration.

In this context, the fact that the order of the sampled configurations is 'reordered’ just
represents the fact that the initial (“init”) configuration was randomly picked. Picking
a different “init” configuration will not affect the importance sampling result as long as
sufficient n samples are chosen to determine the Henry coefficient for the importance sampling
methodology. We then determine the acceptance probability of selecting a configuration and
this is done according to the Boltzmann probability distribution:

Plnew) oc €& Floen =5 8lo) (4)
where AE(I;fw) and AE(FOE) refer to the force field derived potentials of the newly considered
configuration and current configuration respectively. A total of n configurations is selected
for the subsequent step of ab initio calculations. The choice of n is dependent on vari-
ous parameters involving system size, identity of the adsorbent framework and adsorbate
molecules. Typically, the choice of n should be kept to a minimum to avoid expending large
computational resources since an ab initio calculation is orders of magnitude more compu-
tationally expensive than a FF calculation. To evaluate the choice of n configurations, we
provide a systematic approach to understand the convergence behaviour of the system. We

evaluate the Henry coefficient and adsorption enthalpy for the first 50 configurations, then
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for the first 100 and then the first 150 and so on. When the difference between the con-
secutive evaluations are below the threshold of 1% of the Henry coefficient and 0.1% of the
adsorption enthalpy, the minimum number of configurations required to achieve convergence
has been obtained (n). Section S4 of Supporting Information provides further details as to
how n was determined for the test cases of ZIF-8/ethane and ethene. n was determined to
be 1000 for the test cases of ZIF-8/ethane and ethene.

The geometries of the host-guest complex are then supplied as input to the ab initio
calculations performed in the next step. The ab initio energies obtained from the DFT
calculations which can be performed using any external software package can then be used
to compute the scaling factor for the FF derived Henry coefficient K% and adsorption

enthalpy AHFF which is expressed as follows:

n

1 AT FF
A=~ —BAEG —AEGT) 5
- ; e (5)

The importance sampling (IS) Henry coefficient, K, and adsorption enthalpy at infinitely

low loading AH'® can now be computed as follows:

Kif =X\ Ki" (6)

LS ApAr AR
AHIS _n =1 () = 7
: ! )

The convergence of the IS procedure depends on the similarity of the FF and ab initio
PES. To achieve convergence, it was also imperative that an adequate number of samples
are included to ensure that the ab initio potential energy surface is adequately sampled as
this would directly affect the accuracy of results. The convergence test results are shown in
Section S4 of Supporting Information.

The standard entropy of adsorption at a very low but finite uptake region with P — 0

could be estimated with Ky, AH and the free pore volume of the ZIF-8 framework, Vi,ee,
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as expressed below57:

AS ~ AH + Rln Ku T

T Vfree

where T represents the system temperature and R represents the gas constant.

2.6 Numerical metric to compare simulation and experimental re-

sults

To validate the performance of a FF in its ability to reproduce the experimental adsorption
isotherm, an uptake disparity metric was introduced to measure the difference between two
adsorption isotherms. This metric was evaluated as illustrated in Figure 5 and equation 9
where S(P) represents the function describing the FF uptake against pressure while E(P)
represents the function describing the experimental uptake against pressure.

Udisr — /ab ; i - S(PEE(_P]?P) dP x 100% (9)

1 — Force field simulations (S)
=== Experiment (E)

—
f”
<

— E(P) dP x 100%

Excess uptake

Pressures(P)

Figure 5: A generic isotherm plot illustrating the calculation of the uptake disparity be-
tween force field simulation and experimental isotherms across a pressure interval.

In order to compute the area between the FF simulated isotherm and the experimental

isotherm, a polynomial expression was fitted to the data point set of both isotherms to
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have a mathematical function available for both. The area between both curves can then
easily be estimated numerically using gaussian quadrature (see Section 3.6 of Supporting
Information). In this work, this uptake disparity metric was applied across a pressure range
of 0.001 to 1 bar.

Apart from comparing uptakes between adsorption isotherms, the FF derived Henry
coefficients K5I were compared with a quantum accurate reference henry coefficient, K Ilf’ref ,
computed using the importance sampling methodology. This disparity, KgiSp, is calculated

as follows:
KII_:I‘F _ KI{ISJ“ef

KI{ISJ’ef

K — x 100% (10)

2.7 Experimental methods
2.7.1 Chemicals

Commercial ZIF-8 was supplied by Sigma-Aldrich. Highly pure helium (99.99%), ethane
(99.95%), ethene (99.95%), propane (99.95%) and propene (99.95%) were acquired from Air

Liquide.

2.7.2 Pulse IGC experiments

The performance of ZIF-8 for the adsorptive separation of ethane, ethene and propane,
propene in the low coverage region was estimated using an in-house customized inverse gas
chromatography instrument (based on an Agilent technologies 7820A gas chromatograph).
The detection of hydrocarbons was achieved by a Flame Ionization Detector (FID).

A stainless-steel column (L= 10 ¢cm and ID= 0.216 cm) was filled with adsorbent pel-
lets to prohibit a high pressure-drop in the column. Hence, pelletization was achieved by
compressing adsorbent powder with a mechanical press, followed by crushing and sieving to
obtain pellets with a size range between 250um and 500um.

Prior to pulse IGC experiments, the prepared column was activated overnight at 250°C

using designed thermal ramps under a helium flow (Table 1). A small pulse of an intended gas

18



Table 1: The thermal ramps for the activation of ZIF-8.

| Ramps | Temperature (°C) | Rate (°C/min) | Hold time (min) |
1 80 2 10
2 120 1 30
3 250 2 900

was injected using a Hamilton syringe (CR-700). Helium was used as the carrier gas at the
flow of 15 Nml/min. In order to estimate thermodynamic parameters, each gas was injected
within a temperature range of 30-80°C with 10°C intervals. The dead time was quantified
through zero-length column experiments and obtained values were subtracted from the first
order moment. Three repetitions were conducted, and the average value was considered for
calculations.

The Henry constants (K57"/) were calculated using the first order moment of chro-

matograms and adsorption enthalpies and entropies were determined from the temperature

dependency of the Henry constants, using the van 't Hoff equation.

2.7.3 Measurement of adsorption isotherms

Single gas adsorption isotherms for ethane, ethene and propane, propene on ZIF-8 were
obtained via a volumetric approach by an Autosorb AS-1 (Quantachrome Instruments, USA)
device equipped with an oil bath to stabilize temperature. Using programmed thermal ramps,
the activation temperature slowly increased up to 250°C and ZIF-8 was vacuum-activated

overnight. The isotherms of nitrogen in outgassed ZIF-8 were measured at 77 K.
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3. Results and Discussion

3.1 Benchmarking force field based GCMC isotherms with experi-

ment

The performance of the literature force fields’ predictions across different pressure regimes
was evaluated based on the numerical disparity metrics discussed previously against experi-
mental isotherms developed according to the methodology of Section 2.6.

Figures 6 (a) and (b) show the simulated and experimental single-component adsorption
isotherms of ZIF-8 /ethane and ZIF-8 /ethene respectively in the low pressure regime, between
0.001 to 1.0 bar, at 303K. As the disparities between FF and experimental isotherms were
larger in the low pressure range, these isotherms were included in the main manuscript while
the full simulated isotherm plots across the various literature FFs are included in Figure

S11 of the Supporting Information. It can be observed that there is no single literature
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Figure 6: (a) Adsorption isotherms for ZIF-8/ethane and (b) for ZIF-8/ethene from various
literature FFs compared with experiments at 303K across a pressure range of 0.001 to 1.0
bar. The label FF1/FF2 is used to represent the literature force fields; where FF1 is used
for the FF parameters for ZIF-8 while FF2 is used for the adsorbate molecule.

FF that could match the experimental results across the two adsorbates. All LJ-based FFs
are observed to overestimate the experimental isotherm to various extents. The predictions

of the Buckingham-based FFs were observed to vary according the identity of the guest
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molecule. The MM3/MM3 isotherm underestimates the experimental isotherm for ethane
while overestimating for ethene. MOF-FF/MM3 matches the experimental isotherm for
ethane while significantly overestimating for ethene. To go beyond a qualitative analysis of
the FF isotherms’ agreement with the experimental isotherms, the uptake disparities, U4P,

of the various literature FFs with respect to experimental results are tabulated in Table 2.

Table 2: Uptake disparities with respect to experimental results across different literature
force fields in the low pressure regime.

mc();izzsjes Host/guest FF Udisp(%)
MOF-FF/MM3 -16
GenericMOFs/TraPPE 29
MM3/MM3 229
Ethane ZhouFF /TraPPE 32
Dreiding/TraPPE 60
AMBER/TraPPE 74
UFF/TraPPE 197
MM3/MM3 23
GenericMOFs/TraPPE 29
ZhouFF /TraPPE 31
Ethene Dreiding/TraPPE 59
MOF-FF/MM3 60
AMBER/TraPPE 71
UFF/TraPPE 194

It could be observed that there was a decent quantitative agreement of the MM3/MM3
FF across both guest molecules and MOF-FF/MM3 FF for ethane. However, both FF
isotherms predict that ethene uptake is higher than that of ethane in ZIF-8 for the same
pressure. This is an incorrect qualitative prediction since the experimental results clearly
indicate that the uptake of ethane is greater than that of ethene in ZIF-8 at the same pressure
which is consistent with the observation that ZIF-8 is a paraffin selective MOF#. Despite
the wide variations in quantitative predictions of uptake, all LJ-based FF's correctly predict
the qualitative trend in uptake between ethane and ethene in ZIF-8 unlike the Buckingham-

based FFs. Therefore, for these specific systems, the predictions of the LJ-based FFs are

21



deemed to be more reliable than that of the Buckingham-based FFs.

Only considering the LJ-based FFs, the isotherms estimated with FFs that were de-
rived specific for the system at hand, the so called system specific FFs, such as Generic-
MOFs/TraPPE and ZhouFF/TraPPE were observed to have significantly better agreement
with experimental isotherms than the generic class FFs as observed from Table 2. Both
GenericMOFs/TraPPE and ZhouFF /TraPPE, have on average, approximately 30% lower
disparity than the best performing generic class FF in Dreiding/TraPPE. This is along ex-
pected lines as the system specific FF's have distinct parameters for the methyl-imidazolate
complex in ZIF-8 while this is not the case for the generic FFs. These modifications were an
attempt to better correlate with experimental results.

Nevertheless, even these system specific FF's are observed to have their limitations in the
low pressure regime where disparities are still around 30%. To analyze the reasons behind this
significant disparity, it is instructive to look at the LJ potential expression as seen in Figure
3. The r~!2 term in the LJ expression approximates the strong Pauli repulsion originating
from overlap of electron orbitals. However, this repulsive term is known to be a crude
approximation of exponentially decaying repulsive interactions and usually overestimates
what is observed in experiments as well as ab initio calculations®'. Furthermore, the uptake
at low pressure regimes is proportional to the Boltzmann factor, which means that errors
on the repulsive energy are amplified slightly in the corresponding predicted uptake by the
LJ-based FFs?3.

3.2 Defining the reference Henry coefficient with PBE-MBD using

importance sampling

To accurately capture the host-guest interactions at the low-pressure regime, a Henry coef-
ficient reference needs to be obtained. This reference needs to ideally satisfy a number of
requirements. Firstly, the results should be invariant of FFs. Secondly, the methodology to

obtain the reference needs to be independent of experimental input, however, the results are
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required to have a close agreement with experimental results. Lastly, it needs to be obtained
with minimal computational overhead. To satisfy these requirements, we generate the ref-
erence Henry coefficient KII{S’Tef through the importance sampling technique?® (as outlined
in Section 2.5). The ab initio calculations are performed with the PBE-MBD functional to
ensure a close correlation to the experimental results (see Section S4 of Supporting Informa-
tion). It should be noted that the choice of the most appropriate functional used to perform
the ab initio calculations is system-dependent. Therefore, it is recommended to perform a
benchmark test to choose the appropriate functional for the system at hand.

To prove the FF invariance of the importance sampling refined Henry coefficients, K%,
separate importance sampling trials were performed for five different LJ-based FFs. These
five LJ-based FFs were observed to have distinctly different uptakes in the adsorption
isotherms in Figure 6 in the low pressure regime and are thus ideal to validate the FF
invariance hypothesis. The Buckingham-based FFs were excluded from these trials due to
a sampling issue resulting from the systematic underestimation of the adsorption affinity
(overestimation of the negatively valued adsorption energy) as observed in the MM3/MM3
FF in Figures Sha and S6a. Such underestimation leads to an under-representation in im-
portance sampling of probable configurations, i.e. probable according to the ab initio level
of theory, which cannot be corrected for as it represents missing configurations. In contrast,
if a given FF would give rise to a systematic overestimation of the adsorption affinity (as is
the case in UFF/TraPPE seen in Figures Shb and S6b), it gives rise to over-representation
of configurations which can be corrected for by importance sampling. More details on this
sampling issue, including how to detect it from easy to generate histograms, are included in
Section S52.4 of Supporting Information.

Every other parameter such as temperature and ab initio calculation parameters were
kept constant for the trials. In Table 3, the results were compared with the experimental
derived Henry coefficients, K7” e/ and adsorption enthalpies, AH®*-"ef at infinitely low

loading.
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Table 3: Summary of importance sampling (IS) results across different force fields for

ZIF-8/ethane and ethene at 303K.

KIS Ke:l;pj‘ef AHIS, AHepr"ef ASIS, Asezp,ref
Guest Host/guest FF (mol /kg /bar) (kJ /mol) (kJ /K /mol)

UFF/TraPPE 1.717 £ 0.381 —18.99 + 1.28 —0.0260 £ 0.0042
Dreiding/TraPPE 1.731 4+ 0.405 —19.02 4+ 1.26 —0.0260 £ 0.0042
AMBER/TraPPE 1.748 4+ 0.345 —18.91+1.36 —0.0256 £+ 0.0045
Ethane | GenericMOFs/TraPPE | 1.833 +0.479 —19.32 £ 1.52 —0.0265 4+ 0.0050
ZhouFF /TraPPE 1.998 + 0.460 —19.01 +£1.64 —0.0248 £+ 0.0054

Average 1.806 —19.05 —0.0260
Experiment 1.888 4+ 0.008 —19.50 £ 0.10 —0.0269 £+ 0.0003
UFF/TraPPE 1.277 +£0.270 —18.20 £ 1.32 —0.0258 £+ 0.0040
Dreiding/TraPPE 1.260 £+ 0.269 —18.02 +1.23 —0.0253 £ 0.0041
AMBER/TraPPE 1.423 +0.281 —18.39 + 1.40 —0.0256 4+ 0.0046
Ethene | GenericMOFs/TraPPE | 1.266 + 0.232 —17.91 +1.28 —0.0249 + 0.0042
ZhouFF /TraPPE 1.397 4+ 0.407 —18.28 +1.48 —0.0253 4+ 0.0049

Average 1.325 —18.16 —0.0250
Experiment 1.193 £+ 0.006 —17.70 4 0.20 —0.0247 £ 0.0007

From Table 3, it can be observed that K%’ AH' and AS® originating from various
initial FF's lie within the error margins of each other. There is a maximum deviation of only
14% (ethane), 11% (ethene) for KL%, 2% (ethane), 3% (ethene) for AH'S and 7% (ethane),
4% (ethene) for ASTS. Further, the average Henry coefficient of the five initial FFs deviate
5% (ethane) and 11% (ethene) from experimental results. This proves both the invariance
towards the initial FF used to start the importance sampling technique and good agreement
with experimental results. This makes K77 ideal in terms of benchmarking literature FFs in
the low pressure regime. Among the five K%, the Henry coefficient with the least absolute
difference to the average Henry coefficient was chosen to be the reference Henry coefficient.
In all fairness, the choice of the tested FF does not matter too much in determining the
reference Henry coefficient as shown in Section S2.5 of Supplementary Information. For the
ZIF-8 /ethane system, the GenericMOFs/TraPPE importance sampling Henry coefficient of
1.833 mol/kg/bar and for the ZIF-8/ethene system, the UFF/TraPPE importance sampling

Henry coefficient of 1.277 mol/kg/bar were chosen as reference Henry coefficients, K }f”f
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which will be used to develop two methodologies.

3.3 Benchmarking the force field derived Henry coefficient with the

reference Henry coefficient

The first methodology involves comparing K5¥ with K"/ and introduce a ranking of
FFs based on the Henry coefficient disparity, K ;Z;’Sp , as expressed in equation 10. The Henry
region in the adsorption isotherm is characterized by a linear uptake as a function of pressure.
The Henry coefficient, which is the gradient in this linear regime, completely characterizes
the adsorption properties of a system in this low pressure regime. Therefore, the relative
disparity between K5F and K}’ has an important predictive power in assessing the
accuracy of simulated adsorption isotherms in the low pressure regime.

KEF can be obtained for each trial FF from the Widom insertion simulations as described
in Section 2.3. K> can be obtained from the importance sampling methodology as
described in Section 2.5. FFs are ranked in ascending order according to KIC?SP , such that
FFs with larger K 1‘?57’ receiving lower rankings.

The results for the ZIF-8 /ethane and ethene system at 303K are tabulated in Table 4.
Comparing Table 4 and Table 2 which describes the uptake disparities, U%*P, of the FFs with
respect to experimental isotherms, it can be observed that the ranking of the FFs are similar.
This means that the benchmarking methodology is observed to predict the ranking of FF
isotherms with respect to experimental isotherms at the low pressure regime accurately.
Furthermore, K}'?SP and U%*P have close agreement across all the FFs investigated. This
therefore validates the benchmarking methodology for literature FF's.

Since the benchmarking methodology is based on Henry coefficients, which are a descrip-
tion of the host-guest interactions, it is expected that its predictive power is at its greatest
in regions of the adsorption isotherm where the host-guest interactions are predominant, at
lower pressure regimes. This is indeed confirmed in Figure S12 in Section S3.5 of Supporting

Information, which is a plot of host-guest and guest- guest interaction contributions against
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Table 4: Benchmarking results for literature force fields with importance sampling
reference Henry coefficients for ZIF-8/ethane and ethene at 303K; Henry coefficients and
adsorption enthalpies at infinitely low loading are derived using the Widom Insertion®*
method (see section 2.3).

G KEF K}I{S,re f disy
uest Host/guest FF (mol/kg/bar) | (mol/kg/bar) Ki°P (%)

MOF-FF/MM3 1.566 £+ 0.003 -15
GenericMOFs/TraPPE | 2.179 + 0.003 19

Ethane ZhouFF /TraPPE 2.271 £0.004 24
MM3/MM3 1.259 + 0.002 1.833 -31
Dreiding/TraPPE 2.744 £ 0.004 50
AMBER/TraPPE 2.937 £ 0.005 60
UFF/TraPPE 5.602 £ 0.007 206

GenericMOFs/TraPPE | 1.334 £ 0.001 4

MM3/MM3 1.216 £ 0.002 -

Ethene ZhouFF /TraPPE 1.371 £ 0.001 7
Dreiding/TraPPE 1.649 £ 0.002 1.277 29
MOF-FF/MM3 1.706 £ 0.003 34
AMBER/TraPPE 1.761 £ 0.002 38
UFF/TraPPE 3.145 £ 0.003 146

pressure. However, the figure also indicates that the host-guest interactions are responsible
for as much as 85% of the total interaction energy near the saturation uptake region at 10
bar. This illustrates that this methodology would still have adequate predictive power in
higher pressure regimes for these systems. This notion leads us to our second methodology
which makes use of K;IS’ref to rescale FFs to provide better agreement with experimental

isotherms not only at low pressure regimes but also potentially for the entire pressure range.

3.4 Rescaling force field parameters to obtain better isotherms

Apart from benchmarking literature FFs, the K II{S’T‘Bf

could also be used to generate a rescaled
FF that has close agreement with the experimental results at the very least in the low pressure
regime. However, given the high contribution of host-guest interactions in the saturation

regime, it might also be anticipated that such rescaled FFs reproduce the experimental

isotherm in the medium and higher pressure regimes.
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As seen in Table 2, in the low pressure regime, all five of the generic LJ-based FFs
overestimate uptake as compared to the experimental isotherm. Figure S4 in Section S2.3 of
Supporting Information depicts a plot of short-range interaction energies against interatomic
radius between two sp® hybridized carbons across different generic LJ-based FFs. Among
the various FFs, UFF is observed to have the highest attractive effect as represented by
having the greatest absolute minimum in interatomic energy. In general, comparing Figure
S4 to Table 2, we can see the absolute minimum in interatomic energy has a correlation
with the overestimation in uptake. For instance, UFF strongly overestimates the uptake
compared to experiments, which is correlated with the strongest minima of the interatomic
energy. Therefore, the FF can be made less attractive by uniformly rescaling the epsilon
parameters of the framework atoms such that the new FF predicts a Henry constant matching
the reference. A similar FF rescaling procedure has been performed before in literature
but the reference results used in these works were solely based on experimental adsorption
isotherms?26-28,

This guided search would result in a FF that can be considered as an adequate theoretical
description of the host-guest interactions in the low loading regime. Since the guest-guest
interactions are adequately described by TraPPE, the guest adsorbate molecules will remain
described by TraPPE. It is to be emphasised that this systematic FF rescaling methodology
is not an adhoc tweak to match the experimental results. This rescaling methodology can
be envisioned to apply a quick correction to any available LJ-based FF describing the host
framework to improve the low loading interactions on average. As mentioned in Section 3.1,
since the qualitative predictions of the Buckingham-based FFs were off, these FFs were not
considered to be suitable candidates to apply this methodology.

The epsilon parameter of the ZIF-8 framework atoms of the FFs were systematically
and uniformly reduced, while keeping the sigma parameters unaltered, until the WI Henry
coefficient matches KIILIS’Tef as seen in Table 5. The parameters of the rescaled FFs are

reported in Table S3 of Supporting Information.
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Table 5: Rescaling factor applied to epsilon parameters such that the force field Henry
coefficient matches the reference.

‘ Guest molecules ‘ Host/guest FF Reduced ¢
UFF /TraPPE 0.73cyrr
Ethane AMBER/TraPPE 0.87e AMBER
Dreiding/TraPPE 0.89¢Dreiding
ZhouFF /TraPPE 0.94€7nourF
GenericMOFs/TraPPE 0.95¢ GenerieMOFs
UFF/TraPPE 0.75eyrr
Ethene AMBER/TraPPE 0.89¢ AMBER
Dreiding/TraPPE 0.91€preiding
ZhouFF /TraPPE 0.97€zhourF
GenericMOFs/TraPPE 0.98¢ GenericMOFs

These rescaled FFs were then used to generate adsorption isotherms with GCMC sim-

ulations with similar settings to the earlier simulations. Figures 7 (a) and (b) show the

rescaled and experimental single-component adsorption isotherms of ethane and ethene in

ZIF-8 respectively in the low pressure regime, between 0.001 to 10.0 bar. To evaluate the

agreement of the rescaled FF isotherm at higher pressures, experimental isotherm data at

298K, from Bux et.al.®®, is provided for reference. Accordingly, to effectively compare against

this isotherm, we included the rescaled FF isotherm simulated at 298K.
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Figure 7: (a) Comparison of rescaled force fields and experimental isotherms at 298K and
303K for ZIF-8/ethane and (b) ZIF-8 /ethene between 0.001 and 10.0 bar.

All five rescaled FFs were found to produce similar isotherms with similar uptakes. There-
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fore, only the isotherm of the rescaled UFF /TraPPE has been included in Figure 7. To an-
alyze the numerical disparities across the different rescaled FF and experimental isotherms,
Table 6 describes U4,

Table 6: Uptake disparities with respect to experimental results across different rescaled
force fields, simulated at 303K and the rescaled UFF/TraPPE force field simulated at
298K. The uptake disparities at low pressure (0.001 to 1 bar) are compared against
experimental results from this work while the uptake disparities at the medium-high
pressure regimes are compared against experimental isotherms from literature at 298K %8

disp (07 K disp (07 [298K 68
Guest Host/guest FF ((]0.00YZ()) [lg(iir)] U(0.1(Z>)8[.191§ar) |
Rescaled ZhouFF/TraPPE 9 -
Rescaled UFF/TraPPE 11 -13
Ethane Rescaled GenericMOFs/TraPPE 11 -
Rescaled Dreiding/TraPPE 11 -
Rescaled AMBER/TraPPE 12 -
Rescaled AMBER/TraPPE 20 -
Rescaled Dreiding/TraPPE 20 -
Ethene Rescaled ZhouFF /TraPPE 21 -
Rescaled GenericMOFs/TraPPE 21 -
Rescaled UFF/TraPPE 21 -9

The invariance in adsorption isotherms across the rescaled FFs confirms that the method-
ology is working as expected. Since the K5 of the FFs is matched to that of K1o"“ | the
U®sP of the FFs at the low pressure regime is similar. Furthermore, improving the K5 to
match Kés’mf also results in a corresponding improvement of AH . For ethane and ethene,
AHTF of the rescaled FF are -17.3 kJ/mol and -16.0 kJ/mol respectively. Both values are
within 2.0 kJ/mol of AH?5"¢/ of -19.3 kJ/mol and -18.0 kJ/mol for ethane and ethene re-
spectively. The convergence in the adsorption enthalpy and Henry coefficients ensured that
the description of the host-guest interactions are similar across the five rescaled FFs. Fur-
thermore, since the guest-guest interactions are described by TraPPE for all five FFs, the
isotherms are observed to be similar. Therefore, this means that the rescaling methodology
could be applied across any LJ-based FF describing the host framework with TraPPE used

to describe the guest and a similar result would be obtained. Across the medium and higher
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pressure regime of 0.1 bar to 8.1 bar, the rescaled UFF/TraPPE FF isotherm is observed
to have good agreement with the experimental isotherm with a U%*P of only -13% and -
9%. Although the rescaled FF was specifically developed for the lower pressure regimes, it
has reasonable agreement with the literature isotherm. This means that the FF rescaling
methodology has reasonable predictive power in the higher pressure regimes.

From Figure 7 and from comparing Tables 2 and 6 the rescaled FF isotherms are observed
to have better agreement with the experimental isotherms than the other literature LJ-based
FF isotherms. When comparing the uptake disparities, the best performing FF for ethane
went from having a disparity of -16% to +9% and for ethene from 28% to 20%. This
observation is along expected lines since the rescaled FF's provide a better description of the
host-guest interactions over the original literature FFs.

The rescaled isotherms report higher U%* for ethene than for ethane. This could be at-
tributed to the marginal overestimation of the K12/ to the K&/ For ethene, this over-
estimation stood at 5.6% as compared to ethane at 1.7%. This suggests that the importance

sampling methodology is marginally more accurate for ZIF-8/ethane over ZIF-8/ethene.

3.5 Transferability of the FF rescaling methodology to C3 molecules

We investigated the transferability of the FF rescaling methodology to the C3 guest molecules
(propane and propene) in ZIF-8. As before, we first define the reference Henry coeffi-
cient with PBE-MBD using importance sampling and the results are tabulated in Table
7. UFF/TraPPE was used to perform the FF based Widom Insertion simulations for the
importance sampling methodology. From Table 7, it can be observed that K7 lies well
within the error margin of the experimental results for both the ZIF-8/propane and propene
systems. However, AH'S and AS’¥ are slightly overestimated with respect to the experi-
mental results. As seen from equation 8, the AH'® has a greater influence in the estimate
of ASTS as compared to K% which is within a natural log operator. Therefore, it is not

surprising that a larger error in the estimate of AH'® propagates towards a larger error of
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Table 7: Importance sampling (IS) and experimental results for ZIF-8/propane and
propene at 303K.

KIS, Kea:p:r'ef AHIS, AHexp,ref Asls’ Asezp,ref
Guest Methodology (mol /kg /bar) (kJ /mol) (kJ /K /mol)
Probane IS 11.148 £ 3.410 —25.15+£1.41 —0.0308 £ 0.0047
p Experiment 11.638 £ 0.410 —27.80 +0.10 —0.0391 £ 0.0003
Probene IS 9.586 £2.719 —23.85 £ 1.52 —0.0277 £ 0.0050
P Experiment 9.052 £ 0.290 —27.40 £ 0.10 —0.0399 £ 0.0003

the corresponding AST® estimate. Nevertheless, the close agreement of the K% with the
experiment, with which the proposed methodologies are based upon, indicates the possible
transferability of the methodology to the C3 molecules.

Next, the epsilon parameter of the ZIF-8 framework atoms of the UFF/TraPPE FF was
systematically and uniformly reduced, while keeping the sigma parameters unaltered, until
the WI Henry coefficient matches K%° as seen in Table 8. The exact FF parameters are
reported in Table S3 of Supporting Information. Figure 8 (a) and (b) show the literature,

Table 8: Rescaling factor applied to epsilon parameters such that the force field Henry
coefficient matches the reference.

‘ Guest molecules ‘ Host/guest FF ‘ Reduced ¢
| Ethane | UFF/TraPPE | 0.77=yrr |
| Ethene | UFF/TraPPE | 0.8Leyrr |

rescaled and experimental single-component adsorption isotherms of propane and propene
in ZIF-8 respectively in the pressure regime, between 0.001 to 1.0 bar at 303K. Similar to
the case with the C2 molecules, it is observed that the rescaled UFF/TraPPE isotherm
has significantly closer agreement with the experimental isotherm as compared to the orig-
inal UFF/TraPPE isotherm for both propane and propene. It can also be observed that
the system-specific FFs in GenericMOFs/TraPPE and ZhouFF /TraPPE have closer agree-
ment to the experimental isotherm than the generic FFs and also the rescaled UFF/TraPPE
isotherm. To analyze the numerical disparities across the different isotherms, Table 9 de-

scribes U%*P. As observed from Figure 8, it can be observed that for both propane and
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Figure 8: (a) Comparison of experimental isotherms with literature and rescaled force field
isotherms for ZIF-8/propane and (b) ZIF-8/propene between 0.001 and 1.0 bar.

propene, ZhouFF/TraPPE and GenericMOFs/TraPPE have the closest agreement to the
experimental isotherm with U%P below 10%. This is followed by the rescaled UFF/TraPPE
isotherm which has a slightly higher disparity of 21% for propene as compared to 12% for
propane. This trend is similar to what was observed with ethane and ethene in that U4P
was greater for the alkene guest molecule as compared to the alkane guest molecule. This
was followed by the generic FFs in Dreiding/TraPPE, AMBER/TraPPE and UFF/TraPPE
which is the same order which was observed for the C2 molecules as well. Significantly, the
rescaled FF isotherm provides for a 60% improvement over the original FF isotherm. In gen-
eral, the FF rescaling methodology is clearly observed to provide a significant improvement

over using a generic FF like UFF/TraPPE.

4. Conclusions and future work

In this work, we first illustrated the use of the numerical disparity metric to evaluate the
agreement of the various literature FF isotherms to experimental isotherms. GCMC simula-
tions were used to investigate the adsorption characteristics of ethane and ethene in ZIF-8.
We particularly focused on the low pressure regime (0.001 to 1.0 bar) where the host-guest

interactions are dominant. Despite a significant quantitative disagreement with experimental
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Table 9: Uptake disparities with respect to experimental results across different literature
force fields between 0.001 to 1 bar.

moleeules Host/guest. FF U (50
ZhouFF /TraPPE 8
GenericMOFs/TraPPE 9
Propane Rescaled UFF/TraPPE 12
Dreiding/TraPPE 23
AMBER/TraPPE 33
UFF/TraPPE 72
ZhouFF /TraPPE 5
GenericMOFs/TraPPE 5
Propenc Rescaled UFF/TraPPE 21
Dreiding/TraPPE 23
AMBER/TraPPE 32
UFF /TraPPE 84

isotherms, the LJ-based literature FFs correctly match the qualitative trend of ethane/ethene
uptake. In spite of the seemingly good quantitative agreement with experimental isotherms,
the Buckingham-based FFs fail to capture the qualitative trend in ethane/ethene uptake.
Comparing among the LJ-based FFs, the system-specific FFs provided better quantitative
agreement with experimental isotherms and Henry coefficients as compared to the generic
class FFs. However, even the best system-specific FF in GenericMOFs/TraPPE overesti-
mated ethane and ethene uptake by 29% with respect to experimental isotherms.
Furthermore, we have proposed two novel methodologies; a benchmarking methodology
to evaluate the performance of any given FF in describing adsorption in the low pressure
regime and a refinement procedure to rescale the parameters of any given force field to better
describe the host-guest interactions and provide for simulation isotherms with close correla-
tion to experimental isotherms at low pressure regimes. Both methodologies were developed
based on a Henry coefficient reference, K{f’ref , generated using the importance sampling
technique® at a fraction (1%) of the computational cost of a full ab initio Widom insertion
simulation of 10% steps. The initial step in the importance sampling technique uses FFs to

generate configurations for Widom insertion simulations but the resulting importance sam-
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pled Henry coefficient, K, and adsorption enthalpies, A H' was shown to be independent
of the initial choice of FF. K IIJS’Tef was shown to match the experimental results with only
1.7% and 5.6% error for ethane and ethene respectively at 303K. Thus, K}f’ref satisfies all
the requirements to be a reliable reference i.e. (1) the reference results should be invariant
of FFs (2) the methodology to obtain the reference needs to be independent of experimental
input but the reference results themselves are required to have a close agreement with ex-
perimental input when those are available (3) the reference results need to be obtained with
minimal computational overhead.

Using K}, we could then proceed with the two novel methodologies which is the
subject of this work. For the first methodology involving the benchmarking of FFs; the initial
step was to compute the Henry coefficients of the literature FFs, K5 using the Widom
insertion method. Subsequently, K5 was compared against K12/, The literature FFs
was ranked based on the disparity, Kff;sP , between these Henry coefficients. The predictive
capability of this benchmarking methodology was validated against the uptake disparities of
the simulation and experimental isotherms, U%*P, in the low pressure regime between 0.001
and 1 bar. The benchmarking methodology resulted in similar FF rankings to what was
obtained with comparing the U%P,

For the second methodology involving the rescaling of FF parameters, the ¢; parameter
of FFs was modified such that its K5F matches K1°"*/. To validate this methodology, five
different FFs between UFF, Dreiding, AMBER, GenericMOFs and ZhouFF were rescaled
separately for ethane and ethene. GCMC simulations were performed with these rescaled
FFs, as such displaying a improvement over the original versions in literature. The best
performing FF for ethane went from having a disparity of -16% to +9% and for ethene from
28% to 20%.

We further investigated the transferability of the FF rescaling methodology across higher
pressure regimes i.e 0.1 to 8.1 bar for the ZIF-8/ethane and ethene systems and across

larger guest molecules i.e propane and propene for the lower pressure regime. The rescaled
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FF had good agreement with the experimental isotherm across the medium and higher
pressure regimes with only -13% and -9% uptake disparity respectively for ZIF-8 /ethane and
ethene. The rescaled FF had good agreement with the experimental isotherm across the lower
pressure regime between 0.001 to 1 bar with a 12% and 21% uptake disparity respectively for
ZIF-8 /propane and propene. Although the rescaled FFs could not outperform the system-
specific FFs in terms of uptake disparity, the rescaled FFs outperformed the generic FF's
significantly and posted a significant improvement of over 60% across both propane and
propene over the original UFF/TraPPE FF.

The results of the transferability analysis support the notion that the two novel method-
ologies i.e. benchmarking and FF rescaling proposed in this work could be applied for a
wider range of MOF systems and adsorbate guest molecules and also across higher pressure
regimes. These methodologies are likely to be suited for alcohol molecules like propanol or
butanol in MOFs where experimental results are lacking and FF based GCMC simulations
are computationally intensive due to the large number of GCMC cycles required to achieve
convergence in results. This makes it difficult to compare the isotherms of multiple FF's,
hence, making it challenging to identify the best model for the system. In these cases, the
use of the benchmarking and rescaling methodologies would help determine the best per-
forming literature FF and also produce a FF that can adequately capture the adsorption
properties at the low loading regime.

With regards to future work, the methodologies proposed in this work would be par-
ticularly applicable in the context of high-throughput screening where FFs are currently
preferred over MLPs due to the former’s superior computational efficiency. By rescaling ex-
isting generic FFs based on K Ilf’ref from the importance sampling technique, the host-guest
interactions can be described more accurately in a high throughput study. While MLPs
can be trained to develop accurate adsorption isotherms for individual systems, training a
generic MLP for a large high-throughput study is still unfeasible as this would still require

a few thousand ab initio calculations for every individual system. Although, the methodolo-
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gies proposed in this work also require ab initio calculations for individual systems to obtain
K{f”f , the number of calculations required would be lower than what would be required
to train a MLP as evidenced by the fraction of computational cost required for importance
sampling as compared to that of an ab initio Widom insertion simulation. An improvement
in the description of host-guest interactions with the use of rescaled FFs would be a signif-
icant boost for evaluating the performance of a large combination of adsorbent/adsorbate
systems far more accurately than current methods. Further, the implications of the assump-
tion of a rigid framework is something that can also certainly be further looked at in future
work. Such work will most probably involve the training of a dedicated MLP, to describe
the interaction energy of a guest molecule with a flexible host material, as well as advanced
sampling schemes, such as Transition Matrix Monte Carlo, to account for the host flexibility

in computing the lambda correction factor.
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