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Abstract

Accelerating progress in the discovery and deployment of advanced nanoporous
materials relies on chemical insight and structure property relationships for ratio-
nal design. Because of the complexity of this problem, trial-and-error is heavily
involved in the laboratory today. A cost-effective route to aid experimental ma-
terials discovery is to construct structure models of nanoporous materials in silico
and use molecular simulations to rapidly test them and elucidate data-driven guide-
lines for rational design. For example, highly-tunable nanoporous materials have
shown promise as adsorbents for separating an industrially relevant gaseous mix-
ture of xenon and krypton. In this work, we characterize, screen, and analyze the
Nanoporous Materials Genome, a database of ca. 670,000 porous material struc-
tures, for candidate adsorbents for xenon/krypton separations. For over half a
million structures, the computational resources required for a brute-force screening
using grand-canonical Monte Carlo simulations of Xe/Kr adsorption are prohibitive.
To overcome the computational cost, we used a hybrid approach combining machine
learning algorithms (random forests) with molecular simulations. We compared the
results from our large-scale screening with simple pore models to rationalize the
strong link between pore size and selectivity. With this insight, we then analyzed
the anatomy of the binding sites of the most selective materials. These binding sites
can be constructed from tubes, pockets, rings, or cages and are often composed of
non-discrete chemical fragments. The complexity of these binding sites empha-
sizes the importance of high-throughput computational screenings to discover new
materials. Interestingly, our screening study predicts that the two most selective
materials in the database are an aluminophosphate zeolite analogue and a calcium
based coordination network, both of which have already been synthesized but not

yet tested for Xe/Kr separations.



Introduction

Nanoporous materials have applications in gas storage,! gas separation,? gas sensing,”
catalysis,* and drug delivery.” By combining different molecular building blocks in their
synthesis, advanced classes of nanoporous materials are highly tunable. For example, in
metal organic frameworks (MOFs),® metal nodes or clusters form a coordination network
with organic linkers. Other highly adjustable materials include covalent organic frame-
works (COFs),” zeolitic imidizolate frameworks (ZIFs),® and porous polymer networks
(PPNs).” High chemical tunability enables one to tailor-make a material for each applica-
tion under a variety of conditions, but also inundates researchers with practically endless
possibilities. Due to limited resources and time in practice, only a small subset of the
possible materials can be synthesized and tested for each application. A component of

the Materials Genome Initiative®H

is to use computational tools to navigate this vast
chemical space’® of materials and rapidly test them in silico to accelerate the discovery
and deployment of new materials and aid experimental efforts for clean energy, security,
and human welfare.

13 we explore the chemical space of possible

Within the Nanoporous Materials Genome,
nanoporous materials by constructing materials in silico; this is achieved by combining
different molecular building blocks in various topologies, much like snapping together
Lego blocks or K’'NEX. In the Nanoporous Materials Genome Center,™® over 670,000
structures have been constructed to date: libraries of predicted MOFs,™ all-silica zeo-
lites, 1% PPNs, 10 ZIFs, 18 and COFs'™ as well as data sets of zeolites? and MOFs“! that
have been experimentally synthesized. Henceforth, we will refer to this set of materials as

the Nanoporous Materials Genome. We can rapidly and cost-effectively test each of these

materials for a given application using mathematical models and molecular simulations.



This type of computational screening focuses experimental efforts on the most promising
materials, elucidates trends or guidelines for synthesizing an optimal material, and iden-
tifies performance limits. High-throughput screenings of porous materials can be found in
the literature for vehicular natural gas storage,?? carbon capture,*®23 hydrogen storage,**
ethene/ethane separations,® ethanol purification,”® and sulfur dioxide removal.*"

In this work, we screen the libraries of materials in the Nanoporous Materials Genome
for high-performing materials for room temperature xenon /krypton separations. The no-
ble gases xenon (Xe) and krypton (Kr) have several important applications.*® Xenon is
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used as an anesthetic and for imaging®? in the health industry and as a satellite

propellant in the space industry.®? Both xenon and krypton are used in lighting,** in
lasers,®?% in double glazing for insulation,*®® and as carrier gases in analytical chem-
istry.®? As krypton and xenon are present in Earth’s atmosphere at concentrations of 1.14
and 0.087 ppm, respectively,?” the conventional method to obtain xenon and krypton is as
a byproduct of the separation of air into oxygen and nitrogen by cryogenic distillation.*!
This byproduct stream from air separation consists of 80% krypton and 20% xenon.*2 At
Air Liquide, this mixture is compressed to 200 bar and stored in cylinders, then sent to a
separate Xe-Kr separation plant to undergo another cryogenic distillation to obtain pure
xenon or krypton.*? Cryogenic distillation for the separation of krypton and xenon has
a very high energy and capital requirement, reflected by the cost of high-purity xenon,
ca. $5,000/kg.** An alternative, potentially energy- and cost-saving Xe/Kr separation
process is to use a nanoporous material as an adsorbent to selectively adsorb either Kr
or Xe at ambient temperature through a temperature- and/or pressure-swing adsorption
process.?® Xenon and krypton are also products of the nuclear fission of uranium and

plutonium;“? porous materials could be used to capture the radioactive xenon and kryp-

ton in the processing of used nuclear fuel.*"* Experiments regarding xenon and krypton



ABAS0T02 gyeoest that it may be feasible to use nanoporous materials in an

adsorption
adsorption-based process to separate a Xe/Kr mixture.

For an adsorption-based separation of xenon and krypton, we seek to exploit the
differences in their size and van der Waals interactions with the framework atoms of the
nanoporous materials. Xenon is larger than krypton (van der Waals radii: rx. = 1.985
A and rg, = 1.83 A) and has a deeper Lennard-Jones attractive potential well (see
Figure [S1f). Thus, we expect the majority of materials to selectively adsorb xenon over
krypton; other materials will be reverse selective if their pores are the appropriate size for
krypton, but too small for xenon.

A brute-force high-throughput screening for Xe/Kr separations has been done on the
hypothetical MOF dataset®* and a set of experimental MOFs.%* We extend these stud-
ies to include PPNs, ZIFs, zeolites, and COFs. With such a rapid increase in the number
of materials, the required computational resources will become a bottleneck for these
brute-force screening techniques. Therefore, it is important to develop algorithms that
allow us to screen these databases more efficiently. In this work, we utilize machine
learning algorithms to predict performance from structural descriptors. Simple structural
descriptors, such as the surface area and void fraction, can be quickly computed. Some
structural descriptors, such as crystal density and pore size, are independent of the ap-
plication and conditions studied and thus can be computed once, stored as a material
property, and utilized in several different contexts. These structural descriptors are often
correlated to and thus predictive of material performance, underlying the concept behind
quantitative structure-property relationship (QSPR)® modeling. As such, the array of
structural descriptors of a material serves as a representation/fingerprint of the material
in a high-dimensional space, a feature vector. Machine learning techniques, such as ran-

dom forests,® support vector machines,®” and neural networks,* can then be trained to



predict material performance from the feature vector (for a review, see Ref.%?). With
this pre-screening technique, we focus the molecular simulations on only a fraction of the
total number of structures, the most promising ones, and avert simulating adsorption in
materials that are most likely poor performers.

In the realm of nanoporous materials, Fernandez and coworkers® showed that machine
learning techniques can predict methane uptake in MOF's from geometric descriptors. In
another work, Fernandez and coworkers™ illustrated the classification of MOFs as high-
or low- performing for CO4 uptake using support vector machines. These works illustrated
machine learning as a potential method to be utilized in high-throughput screenings of
materials.

We utilize a random forest,® an ensemble”™ of decision trees, to predict the Xe/Kr
separation performance from structural descriptors. For a given material, we predict the
selectivity by running the corresponding vector of descriptors through a set of decision
trees. Figure [l illustrates a decision tree regressor. A decision tree is grown using a
training set of materials with known selectivities. However, if we train a single decision
tree on the entire training set, the prediction is not very accurate, as a single decision tree is
highly prone to overfitting.™ Overfitting leads to an accurate representation of the training
set but a high variance prediction for materials that are not in the training set, thus
yielding poor generalization error.™ Much better accuracy on unseen data can be obtained
by training many trees — a forest of trees — on randomly selected subsets of the training
set, decorrelating the trees from each other. The prediction of the selectivity in a random
forest is then the average vote among each tree in the forest. The reason that an ensemble
of decorrelated trees gives a greater accuracy than a single tree, a Wisdom of the crowds™
effect, is as follows. Each tree is allowed to overfit its own training data. Thus each tree in

the forest accurately describes its own training data, and so we retain a low bias prediction,



i.e., the average does not systematically shift away from the true average. While each tree
has a high variance prediction on unseen data on its own, by taking the average of each
tree in the forest, we reduce the variance, leading to a low-bias, low-variance prediction.
Consequently, random forests have been shown to be remarkably accurate™ in a wide
variety of problems. For example, in computer vision, by training a random forest on
a set of pictures of humans in different positions, Microsoft successfully implemented
random forests to accurately label body parts from video in real-time for the Kinect in
the XBox video game console.™ Similarly, by feeding a random forest training examples
of porous material structures and their Xe/Kr separation performance as predicted by
molecular simulation, we show that random forests can successfully expedite the discovery
of high-performance porous materials.

The success of machine learning in screening materials is predicated on having highly-
predictive structural descriptors. In this work, we introduce a new descriptor, the Voronoi
energy F,, that takes into account both geometrical structural information and the en-
ergetics of the guest-host interaction. The Voronoi energy is the average energy of a
xenon atom at the accessible Voronoi nodes that represent the pore topology; we find this
descriptor to be highly predictive of Xe/Kr separation performance.

With the large volume of data from our hybrid machine learning- molecular simulation
screening approach, we uncover guidelines for synthesizing a highly selective material. In
particular, we rationalize the strong relationship between performance and pore size by
considering two simple caricatures of spherical and cylindrical adsorption pockets. With
this insight, we then analyze in detail the top candidates from the Nanoporous Materials
Genome for Xe/Kr separations. We identify the characteristic chemistry that makes a
binding site selective for these type of separations. This molecular insight provides some

guidelines for a possible rational design of these materials.
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Figure 1: Decision tree regressor illustration for the function y(x), where z is in two-
dimensions. (a) A decision tree regressor partitions the feature space into rectangles and
models y(x) as a constant in each one. The plane shows the two-dimensional feature
space, and the color indicates the value y(z) assigned to a feature vector x that belongs
to that region. (b) The decision tree shown takes a feature vector x at the root node
(top) and represents y(z) depicted in (a). At each node, a binary decision is made by
comparing a component of x and a threshold. The data point is sent to the left (right)
if condition in the box is true (false). The terminal/leaf nodes assign a value of y. The
colors of the leaf nodes correspond to the regions represented in (a).
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Figure 2: Screening procedure. We first select a mathematically diverse training set from
the structures in the Nanoporous Materials Genome and simulate the adsorption of Xe/Kr
in this training set. Then, we train a random forest of decision tree regressors to predict
performance from structural descriptors. We run the structural descriptors of the remain-
ing materials through the trained random forest to identify the most promising materials.
We simulate Xe/Kr adsorption in the most promising set to refine the prediction. Note
that some high performing materials are discovered during training.
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Methods

The workflow of our method to screen ca. 670,000 structures in the Nanoporous Materials
Genome is illustrated in Figure 2] and consists of the following six steps. 1. Character-
ization: we compute the feature vector of each material, whose components are seven
quickly-computed structural descriptors. 2. Selection of the training set: we use a diver-
sity selection algorithm™ to ensure that our training set of materials adequately covers
our seven-dimensional feature space. 3. Label the training set: we perform binary grand-
canonical Monte Carlo simulations to compute the Xe/Kr uptake in the training set. 4.
Training of the forest: we use these training examples to grow a forest of decision tree
regressors to predict Xe/Kr separation performance from the structural descriptors. 5.
Pre-screening: we run the structural descriptors of the remaining materials through the
trained forest of decision tree regressors. 6. Materials discovery: if the forest predicts
the material to be promising for Xe/Kr separations, we run grand-canonical Monte Carlo

simulations to refine the prediction.

Molecular simulations

The potential energy of interaction of an adsorbate (Xe or Kr) with the atoms of the
material and other adsorbates is modeled with pairwise Lennard-Jones potentials. The
Lennard-Jones parameters for Kr-Kr and Xe-Xe interactions are taken from Ref.™ The
parameters for MOF, ZIF, COF, and PPN atoms are taken from the Universal Force
Field.™ For zeolites, the Lennard-Jones parameters for oxygen are back-calculated using
Lorenz-Berthelot mixing rules from a force field for krypton developed specially for zeolites
by Talu and Myers;™ in this force field, Kr-Si interactions are not explicitly considered

and are instead embedded in the Kr-O parameters. The cross-interaction Lennard-Jones
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parameters of Xe/Kr with atoms of the framework are then calculated from the Lorenz-
Berthelot mixing rules.

We truncate the Lennard-Jones potentials at 12.5 A and approximate interactions
beyond the cutoff distance to be zero. We implement periodic boundary conditions to
mimic an infinite crystal and assume the structures to be rigid, which induces some errors
since some structures are flexible upon gas adsorption.5%&l

We simulate the equilibrium Xe and Kr uptake in a material with the grand-canonical
Monte Carlo algorithm® for a two-component system. We consider a 20/80 molar Xe/Kr
mixture at 298 K and 1 atm of total pressure. The Monte Carlo moves are particle ex-
change (insertion/deletion), particle translation, and particle identity change with proba-
bilities 0.6, 0.2, and 0.2, respectively. We utilize a parallel algorithm written for graphics
processing units (GPUs)® to pre-compute potential energy interpolation grids (ca. 0.1 A
grid point spacing) to speed-up our simulations.

As evidence that our force field can reasonably predict the experimental Xe/Kr uptake
in materials, simulated adsorption isotherms of Xe and Kr match well with the experi-
mental Xe/Kr uptake in metal-organic frameworks IRMOF-1 and IRMOF-2z, for  =Cl,
Br, F, [,°¥ and Silicalite.®** With a generic force field such as the UFF, it is particularly
difficult to predict uptake in MOFs with open metal sites.®” Still, for the purposes of a
high-throughput screening, where we seek to identify the top candidates, the UFF provides
a similar ranking of materials compared to highly accurate but more computationally ex-
pensive ab initio force fields.®™® See Sec for detailed comparisons of simulated and
experimental Xe/Kr adsorption isotherms.

Some pores in nanoporous materials are large enough to fit an adsorbate molecule, but
are inaccessible in a periodic system due to prohibitively high energy barriers to diffuse

into the pore. In our molecular simulations, we identify such pockets automatically in
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a high-throughput manner and refrain from sampling adsorbate configurations in these

regions using an inaccessible pocket-blocking algorithm in Ref.®” (see Sec [S2.1]).

Structural descriptors

Table [I] summarizes the structural descriptors used to form the feature vector of the
material. The first six descriptors are established geometric structural descriptors. The
last descriptor is, to our knowledge, a new descriptor that we invented that incorporates
both geometrical structure information and guest-host interaction energy.

While one can imagine many other structural descriptors, those in Table (1| were eas-
ily computed and, as we will later see, are satisfyingly predictive of Xe/Kr separation
performance for our screening.

Table 1: Structural descriptors used to construct a feature vector for each material.

Descriptor Symbol  Description

Void fraction [unitless] €v fraction of material that is free volume

Crystal density [kg/m?] p mass of crystalline material per volume

Largest free sphere diameter [A] Dy largest sphere to percolate through material

Largest included sphere diameter [A] D; largest sphere to fit inside the material

Accessible surface area [m?/cm?] a probe-accessible surface area along pore walls
Surface density [kg/m?] Ps mass of atoms per acccessible surface area = p/a
Voronoi energy [kJ/mol] E, average energy of Xe at the accessible Voronoi nodes

Established geometric structural descriptors

To compute geometric structure descriptors, we use open-source software Zeo++,%% which
models the accessible void space space inside a porous material with a periodic Voronoi
network. The framework atoms as well as Xe/Kr are modeled as hard spheres with
radii adopted from the Cambridge Structural Database® % and the zeros of the Lennard-

Jones potentials in Figure [ST] respectively. The periodic Voronoi network is calculated
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by Voro++.I Figure [3| shows a two-dimensional sketch of the Voronoi network in a
toy material. From this periodic graph representation of the pore space, we can identify
regions that are accessible to Xe and Kr and calculate the diameter of the largest included
and free spheres (D; and Dy),*2 accessible surface area (a), and void fraction (e,).®¥ The
crystal density (p) is easily computed from the crystal structure. Another descriptor we

use is the surface density ps, i.e. the mass of material per surface area, p, = p/a [kg/m?|.

Fractional y coordinate

B Accessible node

Inaccessible node

ool . 4
8.0 0.2 0.4 0.6 0.8 1.0
Fractional z coordinate

Figure 3: Voronoi network model of void space (2D caricature). The unit cell of a toy
material is shown. Red circles represent atoms of the material; accessible and inaccessible
Voronoi nodes are blue squares and green triangles, respectively. The black lines are the
edges in the periodic Voronoi graph that models the void space. The descriptor F, in
eq |1} is the average potential energy of a xenon atom adsorbed at the accessible Voronoi
nodes.

The Voronoi energy descriptor

Gas uptake at low pressures can be dominated by the strongest adsorption sites due to

the exponential contribution of the energy in the Henry coefficient.®2 The established
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geometric structural descriptors above have difficulty capturing such “sweet spots” %3
In an attempt to capture such strong binding pockets that are important for Xe/Kr
adsorption, we included a descriptor E, [kJ/mol] that is the average energy of a xenon

atom among the nodes of the xenon-accessible Voronoi network:

1 N
E, =+ ZE@), (1)

where F(v) is the potential energy of a xenon atom at a point v in the pore space of
the material as calculated by our force field. The set of points {v;} for i =1,2,..., N are
the accessible Voronoi nodes in the Voronoi network used to model the xenon-accessible
pore space; the Voronoi network conveniently and automatically identifies points that are
located at the ‘center’ of the accessible pore landscapes (see Figure|3]). Thus, the descriptor
FE, can be viewed as a biased sampling of the potential energy of an adsorbate in the pores.
In a material with pores that are near the optimal size for xenon, the energetic minimum
will be at the center of the pores, where Xe can maximally interact with all surrounding
atoms (see Figure later). As the Voronoi energy E, is a measure of energy at the
‘center’ of the pore, our intuition is that FE, will capture these strong binding regions
in materials with nearly optimal pore diameters. Local structural features, such as a
pocket, can also be identified automatically with the Voronoi network, for example, the
pocket in Figure [3] In contrast, the energetic minimum in materials with large pores will
be near the surface instead of the center; however, materials with large pores are poor
for Xe/Kr separations (see Figure [5| later), and D; should take responsibility to rule out
materials with large pores in the random forest algorithm. Later, we will find that our

new descriptor E, is highly predictive of separation performance.
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Selecting a diverse set of materials

To ensure that the training data set adequately represents the chemical space? of crystal
structures in our dataset and for the decision forest that we train to be accurate, the
training data set must include a diverse set of materials. To pose a mathematical definition
of diversity, we represent each material in a high dimensional space with a feature vector
x and utilize the Euclidean distance as a notion of similarity. For diversity selection, we
define the feature space a priori as © = [p,a, D;, €,] and normalize each component of
the vector to range from zero to unity. To select the diverse set, we use an algorithm in
Ref.,™ which we outline in Sec . We selected a diverse subset of ca. 15,000 materials
to serve as training data (3,640 experimental MOFs, 2,750 hMOF's, 1,000 hPPNs, 2,319
hZeolites, 194 1ZA zeolites, 3,757 hZIFs, and 834 hCOF's [‘h’ indicates hypothetical or

predicted materials that have not been synthesized)).

Forest of decision tree regressors

With a random forest of decision tree regressors, we can quickly predict the Xe/Kr sep-
aration performance from the seven-dimensional feature vector x; of a material. We will
characterize the performance of a material by the selectivity in eq [2, but we will denote
the performance score here as y; for a general discussion. Using the training data set
(s, ;) for i = 1,2,..., N, we show here how to train a forest of decision tree regressors
that serves as our regression y(x).

A decision tree® resembles a flowchart and assigns a value y(z) to a feature vector
x by the path it takes through the tree. Geometrically, a single decision tree regressor
partitions feature space into a set of hyperrectangles and models the output y as a constant

in each partition.®® For an illustration, Figure [1| shows a decision tree and corresponding
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function y(z) for the case of a two-dimensional feature vector.

To train/grow a decision tree, we consider splits at each node of the form z[i] < k.
The component of the feature vector (i) and threshold (k) are chosen using a greedy
algorithm.®® See Section for a more formal description. We used open-source scikit-

% in Python to implement the decision forest. For our trees in the random forest,

learn
we grow each tree to the maximum extent possible.

A strong advantage of decision tree regressors is interpretability; we can quantify the
importance of a particular feature in improving the quality of prediction by keeping track
of the reduction of the mean square error at each node and to which feature this reduction
in error is attributed.”* We will later plot the relative importance of each feature in our
random forest. Other advantages of decision trees are: (1) normalization or scaling of the
data is not required, as decision trees are invariant to monotone transformations of the
features, (2) irrelevant features will not severely detriment performance, as the decision
nodes can simply ignore these unimportant features and not consider them for splits,%®
and (3) decision trees are relatively robust to outliers.” Still, a [single] decision tree is
often not as accurate as other models, in part due to the greedy construction procedure,
and is highly prone to overfitting."™

A decision forest® is an ensemble™ of randomly trained decision trees. In this en-
semble method, by taking the average vote among a committee of diverse/de-correlated

' we obtain much greater accuracy and generalization than by using a

decision trees,
single decision tree,”® a Wisdom of the Crowds™ effect. We inject diversity into the trees
of the forest by inducing randomness during training using the following techniques: (1)
bagging (bootstrap aggregating), where each tree is trained on a random subset of the

training data,”” (2) random split selection,” where at each split node, the split is selected

at random from the K best splits, and (3) the random subspace method,”” where a ran-
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dom selection of the features are considered for each tree. The prediction of the forest is
the average prediction among each tree in the forest.

In general, the utility of a model for making predictions is determined by its expected
error over future data not seen during training time — the generalization error.™ Typically,
one sets aside a validation data set or performs cross validation.®®™ As we use bagging in
our random forest, despite training on the full data set, we essentially set aside a validation
set during training in the process of leaving out a subset of the data for each tree in the
forest during the bagging procedure. After training each tree, we take the data left out
from the training during bagging, run it through the tree, and store the prediction. In
this way, we get the out of bag error, which is the error of the forest’s prediction on data
unseen during training® and a quality metric of how well our forest will perform on future

data.

Results

We consider a crystalline nanoporous material in equilibrium with a 20/80 molar Xe/Kr
mixture at 298 K and 1 bar. A good material for Xe/Kr separations should have a high

selectivity Sx./k, for Xe over Kr:

(IXe/xK'r)

Sxe/kr = T, (2)
“ (Yxe/yxr)

where z{x, iy} is the mole fraction in the adsorbed phase and yyxe i} is the mole fraction

in the bulk gas phase (yx. = 0.2, yx, = 0.8 in our study). A good material could also be

reverse selective if its pores are too small for and thus exclude Xe but are large enough to

accommodate Kr. In addition to a high Xe selectivity, a good material should also have

a high Xe uptake to reduce the amount of material that is needed and the size of the
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adsorption column to obtain a given amount of Xe.

Training data

Using the diversity selection algorithm and = = [p, a, D;, €,] as a feature vector, we se-
lected a mathematically diverse training set of ca. 15,000 materials. The feature space
explored by these materials and a scatter plot matrix of these features are depicted in
Figure[S3|and Figure[S4 We then performed grand-canonical Monte Carlo simulations to
predict the uptake of xenon and krypton in each material in the training set (20/80 molar
Xe/Kr mixture at 298 K and 1 atm). The key performance plot for Xe/Kr separations in
Figure shows the simulated Xe/Kr selectivity against the Xe uptake in the training
set (as in Ref.#?); the best materials lie in the upper-right region.

For machine learning algorithms to be a successful pre-screening tool, the structural
descriptors must be correlated to the Xe/Kr separation performance. Scatter plots of
selectivity against our structural descriptors indeed show correlations (Figure . As
an example, Figure |5 shows a strong relationship between the selectivity and the largest
included sphere; the highest selectivities occur when the pore diameter is close to the dis-
tance that yields the optimal energy in the Xe-Xe Lennard-Jones potential (2'/%0x._x.),
plotted as a vertical, dashed line (more on this later). Despite the pore size playing an
important role and having some predictive value, other variables are at play; there are
several structures with this optimal pore size that have poor selectivities. There is not
a simple recipe of a given geometric structural feature that guarantees a material with
a high selectivity (Figure [S9). This motivates the utility of our random forest of deci-
sion tree regressors that predict performance by “looking” in higher dimensional feature
space and simultaneously considering all structural features. The exceptionally predictive

structural descriptor is the Voronoi energy.
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Figure 4: Performance plot regarding training data selected from the diversity selection
algorithm. Xe/Kr selectivity Sxc/x, against volumetric Xe uptake. Each structure is a
point, and color indicates material class. In this plot as well as others, points are plotted
in a random order to avoid seeing only data points plotted last. In Figure we show
the performance plot for each class of material separately. The performance plot using
gravimetric xenon uptake closely resembles this because volumetric and gravimetric xenon

uptake are correlated (see Section .
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Figure 5: Selectivity against pore size. Xe/Kr selectivity Sx./k, against diameter of
largest included sphere D;. Vertical, dashed line is 2165 v xe, the optimal Xe-Xe dis-
tance. Selectivities clipped at 40.

Training the random forest

In the absence of a purity specification and an economic model of a Xe/Kr separation plant
(describing capital costs of equipment and material and recurring costs of regenerating the
material) to construct a sensible performance metric of a material, we use the selectivity
for the performance score y of a material for parsimony. This score implicitly takes xenon
loading into account since selectivity positively correlates with Xe uptake in Figure .
For the decision forest to predict the selectivity of a material, we use as a feature vector
r = [p,€,a,D;, D¢, E,, ps] (see Table [1| for descriptions).

We then grew a random forest of 1000 decision tree regressors using the diverse train-
ing set. Figure shows that 1000 is an adequate number of trees for our regression. We
excluded materials with inaccessible pockets as determined by our pocket blocking algo-

rithm (see Methods) to avoid confusing the trees, as a subset of the geometric structural



21

descriptors cannot possibly predict this phenomena that nonetheless could significantly
affect the simulated selectivity. In total, we trained the random forest using 9,376 training
examples. We used four features in the random subspace method,” as this yielded the
smallest out of bag error.

Figure displays a histogram of the simulated selectivity Sx./k, in the training
set of materials against the out of bag prediction (see Methods) by the random forest.
The red, diagonal line indicates where the random forest’s prediction exactly matches the
simulated selectivity; the root mean squared error is 1.2. We observe a high variance in
the predictions of the decision forest for materials with the highest selectivities, possibly
due to the scarcity of data in this performance range, which we will later address, or the
inadequacy of our descriptors for these materials (irreducible error).

An interesting question is what features are most important in predicting selectivity.
We plot the relative importance of each feature (see Methods) during training, averaged
over each tree in the forest, in Figure a higher feature importance implies the feature
played a larger role in decreasing the mean square error in the decision tree regressor
during training. We see that the expected energy of a xenon atom at the accessible
Voronoi nodes, F,, is by far the most important feature. This is not surprising, given
that energy is a major thermodynamic driving force for adsorption. The second most
important feature is the void fraction. We duly note that correlations between variables
can influence this feature importance plot.®* For reference, the correlations between
the features in our training set are depicted in the correlation matrix in Figure To
further support that the Voronoi energy F, is the most predictive descriptor, we performed
feature subset selection; in both forward selection and backward elimination,®® E, is the
first feature selected and last feature eliminated, respectively. An exhaustive search over

all possible combinations of features in the random forest regression showed that, in
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selecting the top d predictors, E, was included in the best feature combination for every

d. For details, see Section [Sh]

Screening the remaining materials

The good agreement between the out of bag prediction and simulated selectivity in Fig-
ure indicates that the trained random forest can reasonably predict the selectivity
in the remaining (outside of the training set) ca. 655,000 materials for which we did not
yet perform molecular simulations. To screen the remaining materials, we run their fea-
ture vectors of structural descriptors through the trained random forest. If the prediction
S Xe/ir > 11 (to the right of the green vertical line in Figure @), we refine the prediction
by a grand-canonical Monte Carlo simulation of the Xe/Kr adsorption. In this manner,
we focus the computational resources for molecular simulations on the materials predicted
to be the most selective by the random forest. We choose a threshold selectivity of 11 in
part because the random forest exhibits low variance in the region S xe/kr < 11, and thus
we have greater confidence in its prediction.

The trained random forest predicted that 4,066 remaining structures satisfy the con-
dition S xe/kr > 11, which we refer to as the promising set. In Figure we show the
simulated selectivities of the promising set against the prediction by the random forest.
The root mean squared error is 2.2. This includes materials with blocked pockets that
the decision trees were not trained to predict, which account for most of the outliers in
Figure .

We visualize the efficiency of our screening strategy by comparing the distribution of
simulated selectivites in the promising set with the distribution in a randomly selected
set of ca. 1000 materials from the Nanoporous Materials Genome in Figure . The

mode of the simulated selectivity distribution for the promising set is significantly greater
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than that for the randomly selected set, confirming the efficiency of our screening strategy
using random forests. The random forest selects the best materials from the database and
circumvents wasting simulation time on poorly performing materials, as in a brute-force
screening strategy. For comparison, we also show the distribution of selectivities in the
diverse training set, which mimics that of the random set.

It is important to ensure that the random forest does not incorrectly label promising
materials as low performing. The match between simulation and out of bag prediction
for materials with low selectivities in Figure is evidence already. To test this further,
we simulated Xe/Kr adsorption for the 500 materials in the remaining set that the ran-
dom forest predicted to have the lowest selectivities. These simulations confirmed (see
Section that indeed these materials have low selectivities.

To ensure that the decision forest is not under-predicting the selectivity of some ma-
terials because of the paucity of example structures with a high selectivity in the diverse
training set (Figure , we trained a decision forest using the wunion of the diverse
training set in Figure and the promising set in Figure , providing more training
examples of high-performing materials. We then ran the feature vectors of the remaining
materials through this re-trained random forest and find 461 additional materials that
meet the criteria S Xe/ir > 11. We then simulated Xe/Kr adsorption in these materials to
refine the prediction. We did not discover any additional materials beyond those found in
the first round of training with exceptionally high selectivities (see Figure . Thus, we
are confident that our training set selected by the diversity selection algorithm adequately
explores feature space.

By utilizing random forests, we performed grand-canonical Monte Carlo simulations in
only 20,000 of the 670,000 materials in our process of screening the Nanoporous Materials

Genome for Xe/Kr separations and utilized the quickly-computed feature of structural



24

descriptors to rule out the rest. Before looking at the top materials from our screening,

we first gain insight into how the pore size and shape affect the selectivity.

The role of pore size and shape

Snurr and coworkers found that the highest Xe/Kr selectivities in MOFs were obtained

with pores around the size of a Xe atom,?

as we see in Figure . To grasp how the
selectivity of a material depends on its pore size, we study here two simple model materials
which capture the relationship between Xe/Kr selectivity and pore size that we observe
in Figure 5] Since a given diameter of the largest included sphere D; can be achieved
with differently shaped pores, for example, a spherical and cylindrical pore with the same
radius, we also investigate the effect of pore shape on the selectivity.

Consider two model adsorption pockets, one constructed from a spherical shell of radius
R and the other constructed from an infinite cylindrical shell of radius R. See Figure .
The framework atoms are uniformly distributed on the surface of the sphere/cylinder.
We model the interactions between Xe/Kr and atoms of the shell using Lennard-Jones
potentials (energy parameter €, size parameter o). By integrating the Lennard-Jones
potential over the surface of the sphere and cylinder — “smearing” the atoms over the

U' — we obtain effective interaction potentials between an adsorbate and

shell surfaces'
the shells that are functions of r, the radial coordinate of the guest molecule in the

sphericall® /cylindrical'® shell:
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Figure 6: Decision forest results. (a) Two dimensional histogram of simulated selectivity
against selectivity predicted from feature vector by the random forest. This includes
all materials in the training set. The z-axis shows the out of bag prediction; each tree
contributing to the prediction for a given structure has not been trained on it. The
red, diagonal line is a perfect prediction. For perspective, all materials predicted to
lie to the right of the green, vertical line are deemed as promising and assigned to the
promising set. (b) The average feature importance among the decision tree regressors
in the random forest. A higher feature importance implies that the feature is more
important in reducing the mean square error. See Table (1] for feature descriptions. (c)
Two dimensional histogram of simulated against predicted selectivity for the promising
set of materials (outside the training set). (d) Distribution of simulated selectivities in
the diverse training set, the promising set, and a random selection of the materials. To
ensure a proper comparison, we fixed the percentage of the random set that consists of
each material class to be equal to that of the diverse training set.
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Here, B(z,y) and oF}(a,b;c; z) are the beta and hypergeometric funtions, respectively,
and 7 is the surface density of atoms on the shell. These shell models are useful to intuit
the relationship between pore size and Xe/Kr separation performance because they tease
out the effects of varying pore shapes, topologies, compositions, and surface density of
atoms that are present in Figure 5| for a given pore size.

For parsimony, we perform all calculations in this section at infinite dilution and
assume the adsorption isotherms are in the Henry regime so that loading can be approx-
imated as Ky P, where Ky is the Henry coefficient and P is the partial pressure. To
compare our model to real material structures, we computed the Kr and Xe Henry coef-
ficients in the dataset of experimental MOFs?Y using Widom insertions.®? We imposed a
uniform, constant surface density of framework atoms, 7, and investigated the effect of
composition in our model material by using different types of atoms (o and € in eq .
We found that Universal Force Field™ Lennard-Jones parameters for silicon and n = 0.1
A recapitulate the trends of the Henry coefficients of the experimental MOFs.

Using the potentials in eq 3] we calculate the Henry coefficient of xenon and krypton
in the model materials as a function of pore size R via Widom insertions.®? We plot
the selectivity at infinite dilution for various shell sizes in Figure . In our model,

we define the largest included sphere diameter D; := 2(R — rg;) to correspond to that
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calculated by Zeo++, where rg; = 2.1 A is the van der Waals radius of silicon.®? The
models recapitulate the trend in the experimental MOFs (black points), and we observe
a well-defined pore diameter that maximizes the selectivity (sphere: 5.7 A, cylinder: 4.7
A). The shell models also recapitulate the performance plot of the experimental MOF's in
Figure . As these crude model materials recapitulate the trends in the experimental
MOFs, it is evident that the pore size plays a central role in Xe/Kr separations.

Let us rationalize the poor performance of materials with large R. Figure shows
the Xe and Kr potentials in a large sphere (R = 8A) and in a smaller sphere that yields
maximal potential well depth for Xe (R = 4.38A). For the larger sphere, the minimum
potential energy occurs on a surface near the walls; adsorbates at the center (r = 0) are
too far from the walls to feel strong interactions. As R decreases, eventually the minimum
energy becomes a point at the center r = 0, as we see with the smaller sphere. Thus, one
reason large pores are ineffective is that the attractive interactions at the center are weak
and resemble an empty space. The size of the shell also determines the degree of potential
overlap by multiple framework atoms contributing van der Waals interactions to recruit
the adsorbate. In the large pore, an adsorbate near the surface sees a relatively flat surface,
whereas in the smaller pore, an adsorbate is proximal to the shell in all radial directions.
As a result of these combined interactions, the potentials in Figure are deeper in the
smaller pore. More importantly, the difference in energy of interaction between a Xe and
Kr is greater in the smaller pore, yielding a higher selectivity. Of course, if the pores get
too small, repulsive forces become dominant and the selectivity and adsorption decrease
rapidly with decreasing R. These observations hold for the cylinder as well.

Note that the radius R of shell that yields the minimal energy for Xe (sphere: 4.38 A) is
larger than that for krypton (sphere: 4.2 A). Thus, two factors contribute to the selectivity

for xenon over krypton in the model materials: (1) xenon has a deeper Lennard-Jones
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attractive potential well (larger €) than krypton and (2) the pore diameter that maximizes
interactions with xenon is larger than that for krypton, a size effect (see Figure . We
can assess the extent to which the size difference is responsible for the selectivity of the
model material for xenon by constructing an artificially enlarged krypton molecule by
assigning the Lennard-Jones o to be equal to that of xenon and but keeping the € equal to
that of krypton. By simulating the selectivity of our model material for xenon over this
artificially enlarged krypton, the peak selectivity was observed to decrease approximately
three-fold (See Section [S13.2). Thus, the difference in the sizes of Xe and Kr accounts
for 2/3 of the selectivity of our model material, while the difference in Lennard-Jones
potential depths accounts for the other third.

Finally, we remark on the differences between the spherical and cylindrical shell. A
spherical shell has a deeper potential well than a cylindrical shell with the same R and
surface density of atoms (Figure . The reason is that a xenon atom in a sphere
is encompassed by framework atoms in all directions, whereas inside a cylinder, lateral
interactions, from the direction along the cylindrical axis, are lacking. As a result, with the
same 7, we achieve a higher selectivity with the spherical shell in Figure . Also note
that the R that yields the maximal selectivity is larger in a sphere than in a cylinder. This
is largely because a Xe or Kr atom in the cylindrical shell experiences its minimum energy
in the (r, R) parameter space at a smaller R than in the spherical model (Figure [S17).
The sphere has the minimum energy at R = 2'/6¢, the distance that yields the minimum
in the adsorbate interaction with the atoms of the shell. The cylinder has a smaller
optimal radius, as the suboptimal interactions with the closest atoms are compensated
by increasing more interactions in the lateral/axial direction.

While our discussions have centered around energy, we duly note that entropy plays

a role in determining the Henry coefficient as well.#2
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The scatter about the model curves exhibited by the experimental MOF's in Figure
is due to real materials having more complex shapes than perfect cylinders and spheres as
well as varying compositions and surface densities. We did not observe a clear difference in
the pore size-selectivity relationship between MOFs with 1D channels and 2D /3D channels
(Figure because of these significant and complex perturbations in real materials.
While these simple models give us great intuition, the deviation of real materials from
spheres and cylinders leads us to perform a detailed analysis of the pores of the top

performing materials next.

Top performing materials and binding site analysis

We show the performance plot including the promising set in Figure [S14 Also shown
is porous organic cage solid CC3™ with groundbreaking measured Xe/Kr separation
performance,*® simulated with a force field developed especially for it in Ref.#% Our models
predict many more selective materials for Xe/Kr separations than CC3, which has a
selectivity of 13.8 at our conditions. An interactive dashboard with the performance plot
data is openly available at:

http://nanoporousmaterials.org/xekrseparations/.

Top candidates

We display the structures of the top performing materials in Figure [§ The two struc-
tures with the highest selectivity in the Nanoporous Materials Genome are JAVTAC,
an aluminophosphate zeolite analogue that has been synthesized by Cooper et al, 205

and KAXQIL, a calcium based coordination network synthesized by Banerjee et al.10

Both structures are found in the experimental MOF database.2l! Figures [8(a)] and [8(b)]

show that KAXQIL and JAVTAC consist of 1-dimensional channels. The structure with
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Figure 7: Spherical and cylindrical shell models. (a) In the model, framework atoms are
uniformly distributed across the shell and ‘smeared’ over the surface, leaving an effective
potential which is a function of the radial coordinate r. (b) The selectivity in the model
materials as a function of the pore diameter. (c¢) The performance plot of the spherical
shell model. Each point is a sphere of a different radius R; colormap indicates D;. Per-
formance plot for cylinder is similiar (Figure [S19). In both (b) and (c), the black, opaque
points in the background are the experimental MOFs. (d) The Lennard-Jones potentials
in eqn 3| for Xe (blue) and Kr (red) for two differently sized spherical shells. Dashed lines
are for the larger sphere (R = 8 A); solid lines are for the smaller sphere (R = 4.38 A).

the highest volumetric Xe loading (8223 mol/m?) is predicted porous polymer network
hPPN_Si_4080_1-net_001,™ which has three-dimensional channels (see Figure . This

structure is a diamond analogue, in which connections between C atoms are extended

with -C=C- groups, therefore the name extended diamond (extDIA). This extDIA struc-
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Figure 8: Top performing structures. (a, b) Calcium coordination network KAXQILMY
(a, yellow:S, gray:C, red:O, green:Ca) and aluminophosphate zeolite analogue JAVTACY
(b, orange:P, gray:Al, red:O) have the highest simulated selectivities (Sx¢/xr =82). (b)
Predicted porous polymer network hPPN_Si_4080_1-net_001 has the highest Xe loading.
(tan:Si, gray:C) (c) Aluminophosphate molecular sieve GOMREG has the highest product
of selectivity and Xe loading. (orange:P, gray:Al, red:O) (d) A reverse selective predicted
zeolite h8166173. (tan:Si, red:O)
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ture was previously highlighted for its methane storage capability.*’Y The structure with
the highest product of selectivity and xenon loading is an aluminophosphate molecu-
lar sieve™” that has been synthesized,"™ GOMREG (Sx¢/x, = 76, Xe loading =4500
mol/m?; also found in the experimental MOF database“!), shown in Figure to con-
sist of 1-dimensional channels.

Some materials are reverse selective because their pores are too small for and thus
exclude xenon but are large enough to accommodate a krypton atom. The most reverse
selective material we found is a predicted all-silica zeolite**1% h8166173, shown in Fig-
ure , with a selectivity Sx./k, =0.10. The diameter of the largest included sphere in
h8166173 is D; = 3.73 A, between the van der Waals diameter of a krypton and xenon

atom (2rg, = 3.66; 2rx, = 3.97 A).

Characteristics of top materials

To further confirm that there is not a simple formula of structural descriptors to yield
a material with a high selectivity, we investigate the difference in structural descriptors
between highly and poorly selective materials. Figure [9] compares the distributions of
each structural descriptor among highly selective (Sxe/xr, > 14) and poorly selective
(Sxe JKr < 14) materials separately.

Highly selective materials have low void fractions, very low (favorable) xenon ener-
gies at the accessible Voronoi nodes (E,), and pore sizes around that of a xenon atom
(reiterating Figure . Interestingly, highly selective materials tend to have lower surface
areas.

Aside from D; and Dy, the distributions of geometric structural properties among
the most selective materials are very broad; if there were a simple recipe of a structural

descriptor to yield an optimal material, the distributions would be narrow. Furthermore,
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the distributions of geometric properties for the poorly and highly selective materials
overlap to a large extent. This again motivates using machine learning to look in this
high-dimensional feature space to consider all features at once. The exception is the
Voronoi energy descriptor, which, while predictive for screening, is not a straightforward
quantity to tune in the synthesis of new materials.

Sikora et al.#? found that the most selective hMOFs for xenon have cylinder-like pores
in contrast to large cavities connected by narrow channels; we found that this generalizes
to other classes of materials (Figure . We further looked at the dimensionality of
the channels and found that the probability that a material is within the top 10% most
selective materials given that it consists of one-dimensional channels is higher than for
two- and three-dimensional channels for all classes of materials except for COFs (Section
for details). However, 1D channels are not required to form a highly selective binding
site.

Our spherical and cylindrical shell models suggested that spherical cages would have
higher selectivities than tube-like channels (Figure . Inherent in this comparison
is that the surface density of atoms 7 is equivalent in the two shell shapes; however, a
spherical shell with a high surface density in all radial directions is not pragmatic, as an
opening must exist for the adsorbate to enter the pocket. Also, there is an upper limit
to the surface density 7 that can be obtained in real materials. Due to material design
constraints, it may be that this surface density is easier to obtain with 1D tube-like

channels.

Binding site analysis

To gain chemical intuition, we detected and analyzed the strongest Xe binding sites in

the most selective materials by finding the minimum potential energy position of a xenon
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atom. Here, we analyze the molecular structure of the most selective binding sites.

First, we create a working definition of which atoms in the structure form the binding
site. We expand a sphere centered at the binding site until 90% of the computed potential
energy is accounted for (recall we employ a Lennard-Jones cutoff radius of 12.5 A to define
the binding energy); all atoms falling in this sphere are defined to create the binding site.
For a selection of materials with the highest selectivities, we display a Xe atom (teal)
centered at the binding site with the contributing structure atoms in Figure The
neighboring bar plot shows the cumulative contribution of each atom type to the binding
energy as we expand the sphere. The vertical dashed line is the sphere radius such
that 90% of the binding energy is accounted for, and it corresponds to the binding site
visualization in the left panel.

Figure shows that binding sites can be constructed from a striking diversity of
geometries. For example, the binding site in one of the most selective materials, JAVTAC,
is constructed inside a 1D channel (a) by forming a cylinder-like tube to host Xe atoms.
The two structures in (b) form binding sites in a 1D channel using discrete chemical
fragments, namely aromatic rings. Both structures suggest that aromatic rings provide
a favorable arrangement of carbon atoms to achieve high Xe binding energies; note that
C atoms account for most of the binding energy. While in (a) and (b), the structures
form a tube of optimal diameter to accommodate Xe, the 1D channel in the MOF in (c)
exhibits a pocket inside the channel with a favorable Xe binding energy. The hPPN in
(d) also forms 1D channels, but it creates the binding site in a slightly different manner.
With its adamantane core and benzonitrile monomer, it forms a ring that provides strong
interactions with Xe. The hPPN in (e) exhibits 3D channels. In this hPPN, the binding
site is surrounded by a cage of structure atoms in all directions.

In Section [S17, we show the binding sites of the five most selective materials within
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each class, detailed visualizations of how the atoms contribute to the binding site, and
atom counts. The most selective binding sites range from 43 to 193 atoms. In some cases,
a small number of atoms are at the optimal interaction distance from the binding site;
in other cases, a larger number of atoms are offset from the optimal interaction distance
but achieve the a similarly favorable binding energy. We observed no clear correlation
between the number of atoms forming the binding site and material family.

In summary, binding sites are complex entities, displaying a diversity of often non-
discrete chemical fragments and arrangements in space. Based on this analysis of the
top materials, we believe it will be difficult to rationally design crystalline materials
with such sites embedded in their structures. This underscores the importance of using

computational screenings to discover the top materials for Xe/Kr separations.

Conclusions

We computationally screened a set of 670,000 predicted crystal structures of zeolites,
MOFs, ZIFs, PPNs, and COFs as well as already-synthesized zeolites and MOFs for
promising materials for Xe/Kr separations at room temperature. The brute-force method
of screening a database of materials by performing molecular simulations of Xe/Kr adsorp-
tion in each material is prohibitively expensive. To overcome this computational barrier
to screening, we used a hybrid molecular simulation- machine learning approach. We char-
acterized each of the structures by more easily-computed geometric properties, namely
the largest included and free spheres, void fraction, surface area, and crystal density. We
invented a new structural descriptor, the Voronoi energy, that is the average energy of a
xenon atom at the Voronoi nodes of the accessible pore space. The Voronoi energy was

found to be the most predictive structural descriptor. Using these structural descriptors
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as a feature vector to serve as a fingerprint of the material in a high dimensional space,
we trained a random forest of decision tree regressors to predict selectivity for xenon over
krypton by showing the forest a mathematically diverse set of 15,000 training examples.
For the remaining 655,000 materials, we predicted the selectivity by running their feature
vectors through the trained random forest. We then used molecular simulations to refine
the prediction if the random forest predicted the material to be promising. In this manner,
we screened the Nanoporous Materials Genome by performing molecular simulations in
only 20,000 of the 670,000 structures. Our screening strategy exploits the predictive power
of random forests and is a promising high-throughput screening paradigm for expediting
the discovery of new materials in the face of rapidly expanding materials datasets. Our
screening paradigm can rapidly accelerate high-throughput screenings of the Nanoporous
Materials Genome for other applications of porous materials, such as gas storage, gas
sensing, drug delivery, and catalysis.

Many materials in our database are predicted to have better Xe/Kr separation per-
formance than CC3,1%4 3 leading material for Xe/Kr separations.?® Our models predict
that the two most selective materials in the Nanoporous Materials Genome are JAV-
TAC, an aluminophosphate zeolite analogue,2 and KAXQIL, a calcium coordination
network.l1% Both materials have been synthesized but not yet tested for Xe/Kr separa-
tions. We hope that our open database of simulated Xe uptake and Xe/Kr selectivities
(http://nanoporousmaterials.org/xekrseparations/) will inspire the synthesis and
characterization of a new material for Xe/Kr separations.

Our analysis of the spherical and cylindrical shell models rationalized the strong link
between the selectivity and the pore size. Still, by comparing the structural descriptors of
good-performing to poor-performing materials, we found that there is not a simple recipe

of geometric descriptors that will guarantee a material to be good for Xe/Kr separations.
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This motivates using machine learning algorithms to learn the relationship between se-
lectivity and features in a high dimensional space.

By analyzing the top materials, we revealed chemical insights about their highly se-
lective binding sites. They can be constructed from a diverse array of often non-discrete
chemical fragments, arranged into tubes, cages, pockets, or rings. The complexity of
these binding sites makes rational design difficult and underscores the importance of
high-throughput screening for the discovery of novel and/or optimal materials for a given

application.
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