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Crystalline porous materials have many applications, including catalysis and separations. Identifying suit-
able materials for a given application can be achieved by screening material databases. Such a screening
requires automated high-throughput analysis tools that characterize and represent pore landscapes with
descriptors, which can be compared using similarity measures in order to select, group and classify mate-
rials. Here, we discuss algorithms for the calculation of two types of pore landscape descriptors: pore size
distributions and stochastic rays. These descriptors provide histogram representations that encode the
geometrical properties of pore landscapes. Their calculation involves the Voronoi decomposition as a
technique to map and characterize accessible void space inside porous materials. Moreover, we demon-
strate pore landscape comparisons for materials from the International Zeolite Association (IZA) database
of zeolite frameworks, and illustrate how the choice of pore descriptor and similarity measure affects the
perspective of material similarity exhibiting a particular emphasis and sensitivity to certain aspects of
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structures.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Crystalline porous materials exhibit complex networks of inter-
nal void space, which can permit the adsorption and diffusion of
guest species. The shape, size and chemistry of localized regions
within these networks determine the interactions that can occur
between a guest and the host material. Many applications in the
chemical industry take advantage of the pore properties of these
materials. For example, zeolites are particularly important as crack-
ing catalysts in oil refining [1], and they also find application as
alkylation and isomerization catalysts and materials for separations
[2-5]. In addition to zeolites, metal organic frameworks (MOFs)
[6,7] and zeolitic imidazolate frameworks (ZIFs) [8] have gener-
ated interest for their potential use in gas separation and storage
[9-11]. The search for materials with better performance is ongo-
ing. Roughly 194 zeolites with 1400 various chemical compositions
have been synthesized [12], while millions of new, computationally
generated zeolites await investigation [ 13-16]. Thousands of MOFs
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have been synthesized in the last decades [17], and large databases
of hypothetical structures are being compiled [18].

Databases of materials can, in principle, be screened to identify
materials with useful and superior catalytic, storage or separation
properties. The current state-of-the-art computational method-
ology, based on molecular simulations and electronic structure
calculations, can be used to accurately predict adsorption and/or
catalytic properties of a particular structure and provide reliable
information on its performance in specific applications, such as
hydrodewaxing [3] and CO, separation [19,20]. However, finding
the optimal material for a given application remains a formidable
challenge because the number of possible materials is extremely
large. Fortunately, recent advances in high-performance parallel
computing and void space analysis algorithms have enabled simu-
lation of material sets as large as 100,000 structures [18,20]. At the
same time, the development of large material databases and high-
throughput molecular simulations have brought new challenges
related to material data analysis. New, automated computational
and cheminformatics techniques need to be developed to charac-
terize, categorize, and search such large databases as well as enable
data-mining for useful knowledge.

A key feature of automated material analysis tools is that they
convert structural information describing a material, e.g. positions
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of atoms in a periodic unit cell, into one or more sets of descriptors.
Descriptors can be symbols, letter codes or numbers that capture
important features of a material and thus enable structure com-
parison. Recently, a number of algorithms and software tools have
been developed to allow automatic analysis of a material’s struc-
ture and its void space. For example, Foster et al. and Haldoupis
et al. have presented methods to calculate geometrical parameters
describing pores in zeolite materials [21,22], namely the diameter
of the largest included (D;) and the largest free (Ds) spheres [23].
The largest included sphere reflects the size of the largest cavity
within a porous material, whereas the largest free sphere corre-
sponds to the largest spherical probe that can diffuse fully through
a structure and measures a minimum restricting aperture along a
diffusion path. Other descriptors include accessible volume (AV)
and accessible surface area (ASA) with efficient Monte Carlo algo-
rithms for calculation thereof explored by Diiren et al. [24,25] and
Do et al. [26].

Another approach to the analysis of porous materials is a
fragment-based approach where the basic building units for a
material are identified and characterized. For example, Blatov and
coworkers have pursued the concept of natural tiling of periodic
networks to find and classify primitive building blocks in zeolites
[27]. First et al. have developed ZEOMICS and MOFOMICS tools [28]
that fragment and represent the void space inside porous materi-
als as a set of geometrical blocks such as cylinders and spheres.
Another approach, which combines simple structure representa-
tions and local information about the void space, is characterization
by pore size distribution (PSD) histograms. PSD histograms indicate
the fraction of the void space volume that corresponds to certain
pore sizes. They lack, however, information about pore connectiv-
ity. Algorithms for PSD and their implementations were recently
discussed by Do et al. [26] and Sarkisov et al. [29], and involved
computational geometry and grid-based approaches, respectively.

Our group has also contributed algorithms and software for
high-throughput geometry-based analysis of materials and their
void space [30-32]. The core of our approaches is a computa-
tional geometry technique, the Voronoi decomposition [33]. In the
Voronoi decomposition, the space surrounding n atoms is divided
into n polyhedral cells such that each cell face is a plane equidistant
from the two atoms sharing that face. Edges of such cells overlap
with lines equidistant to three neighboring atoms, whereas vertices
of cells, the Voronoi nodes, are equidistant from four neighbor-
ing atoms (in a general asymmetric case). The Voronoi network, a
three-dimensional graph comprising such nodes and edges, maps
the void space surrounding the atoms. Analysis of such a network
can provide parameters such as D; and Dy and detailed informa-
tion about void space geometry and topology [32]. For example,
void space regions inaccessible to a given probe can be identified,
and this information can be utilized in the calculation of ASA and
AV [32]. Moreover, the Voronoi decomposition served as a starting
point for the development of a novel structure descriptor, which
encodes the entire shape of the void space for a given material: the
Voronoi hologram [34]. The Voronoi hologram is a histogram rep-
resentation of the guest-accessible portion of the Voronoi network.
Its development allowed us to establish a framework for efficient
navigation through the chemical space of all-siliceous zeolites [34].
Our algorithms have been implemented in the Zeo++ package [35]
and use the Voro++ software library [36,37]. The Voronoi decom-
position has also been used by others in the analysis of crystalline
materials [38] and their voids [39], as well as membranes [40] and
has been suggested as a tool to investigate ion transport pathways
in crystals [41].

In the current contribution, we present new algorithms that
allow high-throughput automatic analysis of pore landscapes of
porous materials and generation of the corresponding descrip-
tors. In particular, we demonstrate an efficient algorithm for

PSD calculation as well as highlight recently developed stochas-
tic ray-tracing histograms [42]. Finally, we illustrate and discuss
applications of these and previously developed descriptors in calcu-
lating pore-shape similarities, which then can be used in database
searching and diverse structure sampling.

2. Methods

2.1. Calculation of the Voronoi network and prediction of void
space accessibility

The calculation of the Voronoi network and its analysis to pre-
dict void space accessibility have been described in detail in Ref.
[32] and will therefore only be briefly introduced here. The Voronoi
network is computed using a modified version of Voro++, an open
source library for three-dimensional Voronoi calculations [36,37].
The library is based upon individually computing the Voronoi cell
associated with each atom, which is stored internally as a collection
of edges and vertices. During computation of the Voronoi network,
several important parameters are tabulated for use in later anal-
ysis. For example, for each edge and node (vertex), the minimum
distance to an atom (or its surface) is stored and we denote these
as node radii. The library can also handle chemical systems with
atoms of various radii by making use of the radical Voronoi tessel-
lation, which is a common approach to handle polydisperse particle
arrangements and has been previously shown to be a good method
of constructing a network for porosity calculations of unequally
sized spheres [43].

The obtained Voronoi network represents the void space in a
porous material. Analysis of such a Voronoi network using Dijkstra-
like graph algorithms [44] allows the detection of probe-accessible
subnetworks. This information can then be used to determine if
any point inside a periodic unit cell is accessible to a probe. Here,
an accessible point is defined as a point that can be reached by
the center of a spherical probe of a given radius. In practice, the
Voronoi decomposition is performed on a copy of the atom net-
work in which all atom radii are increased by an amount equivalent
to the probe radius. Therefore, any point outside of such expanded
particles can accommodate the spherical probe. The procedure for
determining accessibility of points is described in detail in Ref.
[32], and was employed in Monte Carlo sampling of accessible vol-
ume. The same procedure provides the basis for new algorithms
presented herein.

2.2. Pore landscape characterization

2.2.1. Pore size distribution

The pore size distribution (PSD) provides information about the
fraction of void space that is occupied by pores of certain size. The
PSD can be calculated using a Monte Carlo approach similar to
accessible volume calculations [32], but with each sampled point
described by both its accessibility and pore size. The key features of
our algorithm focus on the determination of the largest sphere that
encapsulates the sampled point without overlapping any atoms of
the structure. In the discussion below, the atoms are treated as
having zero radii and the regular Voronoi tessellation is used. The
generalization to take into account atom radii is presented later.

Let the atoms in a given structure have positions x; fori=1,...,n
and let d(x,y) be the Euclidean distance between two positions x
and y. For a given atom i, the Voronoi cell is defined to be

d(x, x;) < d(x, x;)

foralljnotequal toi. The Voronoi cells formirregular polyhedra that
tessellate the space. Here, we consider a general asymmetric case,
wherein each Voronoi cell face is equidistant to two atoms, each
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cell edge is equidistant to three atoms, and each Voronoi cell vertex
is equidistant to four. In some cases, additional symmetries of the
atomic arrangement may increase the number of atoms equidis-
tant to faces, edges, and vertices, but these cases do not need to be
considered in describing the PSD algorithm since they can be made
into an asymmetric arrangement by moving atoms by arbitrarily
small displacements.

At a given position s, the maximum radius of a pore centered at
that location is given by the minimum distance to an atom,

R(s) = min{d(s, x;):i=1,...,n}.

This function consists of patches of the form d(s,x;) within each
Voronoi cell, which connect continuously to neighboring patches.
Now consider a sample point p: if a pore located at s covers p, then
d(s,p) <R(s) and thus

d(s, p) < d(s, x;)

for all i. This can be interpreted geometrically: the point s must
be in the Voronoi cell Vp of p with respect to the extended set of
points {p,X1,Xz, ..., Xn}. We refer to Vj as the ghost cell of p, and it
can be calculated with a straightforward extension of the Voronoi
software library that makes use of the existing Voronoi cell com-
putation routines. Hence, finding the largest pore containing p is
equivalent to the constrained optimization problem of maximizing
R(s) within the volume Vj,.

To solve this, the algorithm must locate all local maxima of R(s)
within Vp and choose the largest. There are several possible cases.
First, a maximum may lie in the interior of V}, in which case it will
be at a node of a Voronoi network - these points can be tested
quickly from the previously stored network information.

Otherwise, a local maximum must lie on the boundary of Vj. The
first possibility is for a maximum to lie in the interior of a face of Vj.
However, the function d(s,x;) has no local maxima when restricted
to an arbitrary plane s.n= A, and thus if R(s) was maximized within
the plane, it must correspond to a transition between two Voronoi
cells, so d(s,x;)=d(sX;) =d(s,p) for someiandj. Sinces is equidistant
from p and two atoms, it implies that s is on an edge of Vp, violating
the original assumption. Thus, it is not possible for a local maximum
of R(s) to exist on the interior of a face of V.

Directly analogous steps can be taken to show that a local maxi-
mum cannot exist on an edge of Vj: the function d(s,X;) has no local
maxima when restricted to a line, and if R(s) is maximized on a line,
it is equidistant to three atoms plus p, meaning that it must lie on a
vertex of Vp. The PSD algorithm therefore searches over all Voronoi
network vertices and all ghost cell vertices in order to determine
the maximum value of R(s).

To take into account the atomic radii, the radical Voronoi tessel-
lation is employed, whereby in the equations above, the distance
d(x,x;) is replaced with d(x,x;)? — R;2, where R; is the radius of atom
i.The sampled point pis, for the purposes of this calculation, defined
to have radius equivalent to the probe radius. The square weighting
in distances ensures that the Voronoi cells of the network and the
ghost cells are irregular polyhedra with planar faces.

The case where s is positioned at a node of the ghost cell is illus-
trated in Fig. 2. Fig. 2A shows the initial radical Voronoi tessellation
of the void space, and Fig. 2B shows the corresponding spheres that
are centered on the nodes. The largest sphere that could possibly
encapsulate the sample point, as seen in Fig. 1, is not centered on
a node, and must therefore be calculated separately. Fig. 2C shows
the construction of a Voronoi ghost cell and Fig. 2D shows the place-
ment of spheres defined by nodes of the ghost cell. The largest of
the latter encompasses the sample point and is displayed in purple.

The PSD calculations sample a specified number of random
points and generate a histogram presenting the number of points
assigned to particular pore diameters. We use 100,000 samples per

M

Fig. 1. Sample point where Voronoi node sphere does not represent the largest
possible sphere that encapsulates sample point: (1) framework atom, (2) large node,
which does not contain sample point, (3) largest possible sphere that encapsulates
sample point, (4) sample point, inside small Voronoi node sphere and outside large
Voronoi node sphere, and (5) small Voronoi node sphere.

structure and a histogram bin size of 0.5 A. Our implementation of
the algorithm provides three versions of the PSD histogram: the
bin count, the cumulative distribution, and the derivative of the
cumulative distribution. The cumulative distribution describes the
probability that p can be found either at or below the stored diame-
ter value, and is normalized by the maximum number of accessible
samples. The derivative distribution describes the change in the
cumulative distribution with respect to pore size.

2.2.2. Stochastic ray-tracing approaches

The stochastic ray tracing algorithm [42] is an alternative
approach, complementary to the PSD, to generate a histogram rep-
resentation of a material. In this approach, the void space is probed
by randomly sampled rays within the unit cell of a material. For
each ray, the distance that it travels until it hits the probe accessi-
ble surface, defined as the periphery of space accessible to the probe
center, is recorded. The Monte Carlo algorithm samples a specified
number of rays that originate at random points in accessible space,
and creates a histogram of the resultant ray lengths.

In this algorithm, the starting point and direction of a ray are
selected at random. The algorithm then proceeds to identify inter-
section points of the ray with the probe AS of the material, enabling
lengths of rays within the pore to be calculated. We consider two
versions of this approach.

In the constrained ray-tracing approach, sample points are only
selected from within the probe accessible volume, and rays are
terminated upon their first collision with the AS. The constrained
approach therefore only provides information on probe-accessible
regions within a material. In the unconstrained ray-tracing (or sim-
ply, ray-tracing) approach, any point sampled within the unit cell
can give rise to a sampling ray. Additionally, the ray is permitted
to continue through the AS, and may explore many voids on its
path until it reaches the maximum length threshold as defined in
the algorithm. Lengths of each ray fragment going through each
void space segment are recorded and contribute to the overall
histogram. Hence, the unconstrained approach includes some rep-
resentation of a materials density, which may be desired in some
applications.

All of these calculations make use of periodic boundary condi-
tions. The above procedure is repeated until the desired number
of sampled rays is reached. We sample 100,000 rays per material,
with an allowed maximum ray-length of 100 A. The ray histograms
were prepared using 1000 bins of 0.1 A size.
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Fig. 2. (A) Voronoi tessellation of pore network in Fig. 1. Red circles represent framework atoms; green dot represents sample point; black lines represent perpendicular
bisectors that form Voronoi cell edges. (B) Addition of node spheres. The blue and purple dots represent Voronoi nodes; the blue and purple circles represent the corresponding
Voronoi node spheres. The purple circles signify the largest spheres that can fill this area. Note that the sample point falls within the smaller node. (C) Construction of new
Voronoi “ghost” cell, using the radical Voronoi tessellation method. The green circle represents a pseudo-sphere with a radius equivalent to the probe radius, centered on
the sample point. The new cell edges are the perpendicular bisectors between the pseudo-sphere and the surrounding atoms. (D) Ghost cell node spheres. The purple circle
denotes the largest sphere out of these node spheres; note that it is larger than the original node sphere that encapsulates the sample point. (For interpretation of the

references to color in text, the reader is referred to the web version of this article.)

2.3. Similarity searches and criteria

There is a great deal of literature [45] regarding the quantifi-
cation of (dis)similarity between chemical structures, particularly
small drug-like molecules, using both binary [46] and continuous
[47] structural descriptors. In this work we have used two meas-
ures: similarity based on Euclidean distance [45b], and a modified
version of the Tanimoto coefficient [48], MTU, which we developed
previously to compare Voronoi hologram representations of void
space [34].

2.3.1. Euclidean similarity
Euclidean distance is a common method for measuring the dif-
ference between two histograms:

(1)

distgyclig =

where n is the histogram length, and A; and B; are the values in
bin i of histograms A and B, respectively. The range for Euclidean
distance is [0,00); as the distance increases, histograms can be con-
sidered to be increasingly dissimilar. However, for a set of Euclidean
distances, we can obtain normalized (range [0,1]) distances by
dividing each value by the absolute range (i.e. diStmax — diStpin). A
set of Euclidean distances can hence be converted into a set of
normalized similarities:

E -1_ ( disteyclig )
norm distmax — distmin

(2)
2.3.2. Modified Tanimoto similarity

The binary version of the Tanimoto similarity coefficient
between two histogram representations is given by

c

a+b-c 3)

Tanb,-n =

where a and b represent the number of nonzero bins in A and B,
respectively, and c represents the number of coincident nonzero

bins. The Tanimoto coefficient can be also defined for continuous
data with A; and B; defined previously:

Z?:]A'Bi
n n n .
Dot AT + D0 BE = DL ABi

The sparseness of data in histograms, which may contain many
empty bins, can lead to very low Tanimoto similarity values. There-
fore, to counter this effect, we also consider coincident empty
histogram bins and quantify common absence. The Tanimoto com-
mon absence coefficient is strictly binary:

(4)

Tancon: =

n+c—a->b
Tangys = Th-c (5)
The modified Tanimoto coefficient (MTU) [34] is obtained by
combining these similarities:

Tancont + Tangps

MTUcone = 5

(6)

2.4. Structural datasets

We demonstrate here the application of these void space rep-
resentations in pore landscape comparisons using a dataset of 148
zeolites from the International Zeolite Association (IZA) database.
This set was obtained by selecting IZA structures with free sphere
diameter larger than 1.625 A, corresponding to a CH, probe. All cal-
culations of descriptors were carried out using our Zeo++ code, with
100,000 samples in all Monte Carlo algorithms. When discussing
the PSD and stochastic ray approaches (Section 3.1), we used a
small probe radius of 0.5 A, as such a small probe maps details of
the pore landscape. However, when discussing similarity measures
(Sections 3.2 and 3.3), we used a probe radius of 1.625 A following
Ref. [34]. The radii of oxygen and silica atoms were set to 1.35A.
In our survey of various representations and similarity measures,
we included Euclidean and MTU similarity for PSD histograms, ray
trace histograms, and Voronoi holograms. PSD histograms were
truncated to 16 A, as pore diameters seldom exceeded this value
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Fig. 3. PSD histograms for (A) AFT and (B) SIV. Both PSD histograms were generated with a 0.5 A probe radii.

in our sets. For completeness we include Euclidean similarity com-
parisons based on one-dimensional structure representations: Dj,
Dy, accessible surface area (ASA), and accessible volume (AV).

3. Results
3.1. Pore landscape characterization

We present analysis of two example zeolites, AFT and
SIV, to demonstrate the capabilities and characteristics of PSD
and ray tracing techniques. AFT has a non-orthogonal unit
cell (13.691Ax13.691A x29.449A), with a y angle of 120°,
and a three-dimensional 8-MR channel structure with larger
cages between channels. SIV has an orthogonal unit cell
(9.8768 A x 14.0754 A x 28.1314A) and intersecting straight and
sinusoidal 8-MR channels with cages formed at their intersections.
Both materials exhibit a 3-dimensional channel system accessible
to a 1.625 A radius probe. We also comment on the computational
time required to generate descriptors for the 148 structure dataset,
utilizing one CPU core on a standard Intel i7 desktop machine.
We note that computational time varies greatly among structures,
depending on factors such as channel shape and size, and unit cell
parameters.

3.1.1. PSD analysis

The number of data points in a PSD histogram is equal to the
number of random sample points that are within probe-accessible
space. 67 min were required to generate PSD histograms for all 148
structures, with 100,000 sample points for each structure, and a
0.5 A probe radius.

In the following examples, we generated plots of the derivative
distribution (Fig. 3), which essentially provide a normalized rep-
resentation of the bin count histogram. The relative heights of the
peaks are equivalent to the magnitude of change in the cumulative
distribution column; bin counts of 0 will not change the cumulative
distribution and will therefore have a derivative distribution value
of 0, while nonzero bins will have derivative distribution values
that are relative to the fraction of bin count over total number of
accessible points.

The PSD for AFT required 41 s to compute, and contained 43,708
accessible data points. The plot of the AFT derivative distribution
(Fig. 3A) shows that AFT has five peaks at 3A, 5A, 7.3A, 8.2A, and
8.7 A (and a small one at 5.5 A), which correspond to the distinctive
blocks of color in the AFT scatterplot (Fig. 4A). The peaks at 3 A and
5A (blue and green points in Fig. 4A, respectively) are only half
the height of the 7.3 A peak (yellow points), and the 8.2 A and 8.7 A

peaks correspond to the orange and red regions that make up the
majority of the probe-accessible space.

The PSD for SIV required 28 s and contained 39,309 data points.
The plot of the SIV derivative distribution (Fig. 3B) shows that SIV
has four peaks at 4.3 A, 4.8A, 5.4 A, and 6.1 A. These peaks are much
less spread apart than those observed in the AFT distribution, indi-
cating a smaller range of pore diameter sizes, with most of the
points in the 5-6 A region (green and yellow points in Fig. 4B).

3.1.2. Ray trace analysis

All ray tracing analyses presented here made use of 100,000
rays per structure and 0.5 A probe radii. The constrained ray trace
technique required 31 min to analyze all 148 structures, while the
unconstrained method required more than 4 h. This significantly
higher computational requirement is a consequence of tracking

A

(B)

Fig. 4. PSD scatterplots for (A) AFT and (B) SIV, with corresponding pore diameters
(in A) colored according to the key.
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Fig. 5. Ray trace method for AFT. Lines of length (a) 0-100A, (b) 0-3 A, (c) 3-6 A, (d) 6-9 A, (e) 9-12 A, and (f) larger than 12 A.
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Fig. 6. AFT ray trace histograms: (A) constrained ray trace method and (B) unconstrained ray trace method.

each ray until its maximum length set up by the user (100 A) instead
of stopping the algorithm after the closest surface is reached.
Figs. 5 and 7 display the rays generated by Zeo++ using the con-
strained method, with views B through F showing rays at various
length intervals.

The constrained ray trace for AFT (Fig. 6A) required 17.01s,
whereas the unconstrained ray trace (Fig. 6B) required 242s. As

€ (F)

Fig. 7. Ray trace method for SIV. Lines of length (a) 0-100A, (b) 0-3 A, (c) 3-6 A, (d)
6-9A, (e)9-12A, and (f) larger than 12 A.

the rays are oriented in different and random directions, we are
able to approximate the pore curvature, as can be seen from Fig. 5C
through E. The rays in the 3-6 A range and 6-9 A range (Fig. 5C and
D), fill the pores horizontally and diagonally, and the rays in the
9-12 A range (Fig. 5E) fill the large pores vertically.

The constrained ray trace (Fig. 8A) for SIV required 15.56s5,
whereas the unconstrained ray trace (Fig. 8B) required 237s. The
ray distribution in this structure is more uniform, with a large sin-
gle distinct peak in the histogram (Fig. 8A). In Fig. 7B and C, the
uniformity displayed in the histogram plot is supported by fairly
even dispersal of the rays in the channels, with the exception of
dense clusters at the narrower pore diameters in Fig. 7B that cor-
respond to the cluster of blue dots seen in the PSD scatterplot
in Fig. 4B.

3.2. Comparing pore landscapes

PSD and ray-tracing histograms can be used to automatically
compare pore landscapes of materials. They capture distinct but
complementary characteristics of pores, and can therefore be used
for different applications. In this section, we comment on the
differences between structure comparisons using these two tech-
niques. By means of example, we compare zeolites AFX and CHA
(Fig. 9), which are similar in their constrained ray tracing his-
tograms, and AWW and CFI (Fig. 10), which are similar in their PSD
histograms. Pore landscapes, PSD, and constrained ray trace his-
tograms for these structures are presented in Figs. 9 and 10 as well.
They were calculated using 100,000 samples and a probe radius of
1.625A.
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The Euclidean similarity between constrained ray tracing his-
tograms for AFX and CHA is 0.9195, while the corresponding MTU
similarity is 0.9634. These materials appear almost identical by
inspection of their ray histograms and pore landscapes (Fig. 9A,
B, D and E); however, they exhibit small differences in their pore
diameter. These small deviations are captured in PSD histograms
(Fig. 9C and F): CHA exhibits a single peak at around 8 A, whereas
AFX exhibits two smaller peaks. This subtle difference in PSD is
reflected in smaller PSD similarity values: the Euclidean similar-
ity between AFX and CHA is 0.7246, whereas the corresponding
MTU similarity is 0.5436. We observe, then, that the PSD is much
more sensitive to subtle differences in pore size than the ray tracing
method. Accordingly, comparing materials by their PSD histograms

is a superior choice if pore size variations are important. However,
it is important to note that the pore size distribution derived pore
size is a product of a spherical representation of the pore such that
the ray tracing method may be more informative if pores do not
accommodate the spherical probe shape and if the overall pore
shape comparison is considered more important. This example also
highlights the difference between the Euclidean and MTU similar-
ity measures: MTU exhibits smaller similarity values, and therefore
detects subtler structural differences.

CFland AWW, as seen in Fig. 10, are composed of approximately
spherical cages connected by narrow channels. The cages exhibit
nearly identical size, as shown by the PSD histograms (Fig. 10C
and F): the PSD Euclidean similarity value is 0.9486, and the
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Fig. 9. Comparison of pore landscapes: (A) AFX pore landscape with (B) constrained ray trace histogram and (C) PSD histogram, and (D) CHA pore landscape with (E)
constrained ray trace histogram and (F) PSD histogram. All figures generated with respect to 1.625 A radii probes.
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corresponding MTU value is 0.9400. Despite their similar pore size,
these two structures exhibit very different pore surface textures,
with the pore of AWW being smoother than CFIL. This difference
in pore surface is easily observed in the constrained ray trac-
ing histograms (Fig. 10B and E), and their calculated similarities
of 0.6869 and 0.5925 for Euclidean and MTU, respectively. This
comparison serves as a contrast to the previous example; here,
we observe greater sensitivity to small structural differences and
therefore lower similarities with the ray tracing approach. We illus-
trate by these comparisons that each descriptor captures different
structural information, and that the choice of descriptor chosen to

PSD similarity
PCOD8325389 PCODS8307105
Seed:
PCOD8000013
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Ray similarity

PCOD8067893 PCOD8309330
2\ ¥
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classify and compare materials must be appropriate to the require-
ments of a specific application.

3.3. Similarity measures

In the previous section, we demonstrated how two repre-
sentations of microporous solids can capture different structural
features. With a broad choice of descriptors and representation,
together with a range of similarity measures, it is essential to know
which approaches can provide quantitatively new ways to compare
materials. Therefore it is important to consider how the similarities
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Fig. 11. Visualization of first 5 structures from heuristic MMDP diversity selection, for PSD (top row) and rays (bottom row).



Table 1
Correlation matrix: Pearson’s similarity coefficients for 1D descriptors (included sphere (D;), free sphere (D), accessible surface area (ASA) and accessible volume (AV)) using Euclidean distance (E); and holograms (H), ray trace
methods (unconstrained (URT) and constrained (CRT)), and PSD coefficients using both Euclidean distance (E) and modified unweighted Tanimoto (MTU) coefficients.

D;i(E) 0.3189 0.3064 0.6956 0.2781 0.1790 0.7106 0.7707 0.5740 0.4736 04713 0.4834
03189 D¢(E) 0.0098 0.2317 0.2021 0.0269 0.5307 0.3657 0.6681 0.3665 0.2275 0.2568
0.3064 0.0098 ASA(E) 0.6658 0.0876 0.0087 0.2729 0.4328 0.2346 0.1974 0.1594 0.3596
0.6956 0.2317 0.6658 AV(E) 0.1601 0.0872 0.6268 0.8299 0.4896 0.3472 0.3065 0.6361
0.2781 0.2021 0.0876 0.1601 H(MTU) 0.1775 0.5104 0.4099 0.4741 0.4999 0.4885 0.2002
0.1790 0.0269 0.0087 0.0872 0.1775 H(E) 0.0517 0.1128 0.0699 0.0942 0.1361 0.0977
0.7106 0.5307 0.2729 0.6268 0.5104 0.0517 CRT(MTU) 0.8441 0.8586 0.7231 0.5093 0.4091
0.7707 0.3657 0.4328 0.8299 0.4099 0.1128 0.8441 CRT(E) 0.6909 0.5689 0.4892 0.6865
0.5740 0.6681 0.2346 0.4896 0.4741 0.0699 0.8586 0.6909 URT(MTU) 0.8142 0.4120 0.3725
0.6268 0.3665 0.1974 0.3472 0.4999 0.0942 0.7231 0.5689 0.8142 URT(E) 0.3896 0.2017
04713 0.2275 0.1594 0.3065 0.4885 0.1361 0.5093 0.4892 0.4120 0.3896 PSD(MTU) 0.6013
0.4834 0.2568 0.3596 0.6361 0.2002 0.0977 0.4091 0.6865 0.3725 0.2017 0.6013 PSD(E)
Table 2
First 5 structures from heuristic MMDP (diversity selection), with structure PCOD8000013 as seed.

Structure 1 Structure 2 Structure 3 Structure 4 Structure 5

PSD MTU similarity Structure PCOD8325389 PCOD8307105 PCOD8323347 PCOD8329781 PCOD8200851
Similarity 0.2195, with 0.2966, with 0.3051, with 0.3305, with 0.3362, with

PCOD8000013 PCOD8000013 PCOD8000013 PCOD8000013 PCOD8000013

Ray MTU similarity Structure PCOD8067893 PCOD8309330 PCOD8177526 PCOD8325389 PCOD8324618
Similarity 0.0224, with 0.1243, with 0.3023, with 0.3231, with 0.3806, with

PCOD8000013 PDOC8067893 PCOD8309330 PCOD8309330 PCOD8000013
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obtained with each descriptor are correlated. In this work, we have
considered Euclidean similarity and modified Tanimoto similar-
ity coefficients. The choice of coefficient determines the similarity
obtained when comparing descriptors, indicating that one must
select an appropriate similarity coefficient as well as an appropri-
ate descriptor. It is worth noting that overall, there were varying
degrees of correlation between the one-dimensional and the multi-
dimensional variables. Descriptors such as D; or Dy are limited to
very specific comparisons, and a low correlation value between D;
and PSD makes sense when one considers that similarity between
sphere diameters fails to describe the rest of the unit cell. The
degree of correlation between similarity measures depends upon
the distribution of similarity values in a dataset, and choosing the
appropriate method for calculating similarity requires an under-
standing of what the similarity coefficients are quantifying.

Similarity based on normalized Euclidean distance is sensitive
to large outliers in a dataset, due to the normalization requirement.
For example, we observe that the distribution of Euclidean similar-
ities between Voronoi holograms was heavily skewed toward 1,
with a small percentage at or near 0. This is the result of a large
proportion of Euclidean distances being small: in the distribution
of raw distance values, most were clustered in the 0-1000 range,
with a smaller number in the 1000-2000 range and a tiny fractionin
the 5000 range. However, because the distance values are normal-
ized by the maximum distance, all values were divided by 5184.43,
so the majority of normalized distances were in the 0.1-0.2 range,
yielding a majority of similarity coefficients in the 0.8-0.9 range
for holograms utilizing the Euclidean distance method. Thus, a few
outliers (most likely the distances between the smallest and largest
structures) affected the similarity coefficients of the entire set.

As a general observation, it is important to note that since nor-
malized Euclidean similarity between two materials is affected by
the range of Euclidean distances observed in the set, it will be
altered as new materials exhibiting greater distances are added to
the dataset. A similarity coefficient, such as MTU, does not exhibit
this behavior; the MTU similarity between two descriptors is a con-
stant. However, while MTU does not have the same sensitivity to
outliers and new data points as Euclidean distance, the distribution
of the MTU coefficient, due to the binary nature of the Tang,; com-
ponent, could be skewed in the positive or negative direction by
common absence; indeed, this skew was observed for the PSD sim-
ilarities using MTU, whereas Euclidean similarities provide a more
normal distribution.

The differing Euclidean distance and MTU similarity coefficients
indicate that the two methods are not interchangeable. Using the
Pearson correlation coefficient [49], we have examined the correla-
tion of descriptor similarities, obtained for each similarity measure
(Table 1, also Supporting Data), and have determined that not only
is the correlation between Euclidean distance and MTU less than 1
for all descriptors, but that the amount of correlation is also vari-
able. This raises a fundamental question: what is the definition
of similarity in the context of these descriptors? Euclidean dis-
tance does not explicitly detect common presence/absence, since
distance values do not specify whether bins are full or empty;
a distance value of 1000 could be the difference between 3000
and 2000 or the difference between 1000 and 0. MTU addresses
this situation, but in restricting similarity to common features,
it might miss features that are close in size, but not exactly
alike.

The contrast between these two methods was particularly evi-
dent in the case of holograms, where the Pearson’s correlation
between MTU and Euclidean similarities is only 0.1775. Overall,
the Euclidean hologram similarities had the lowest correlation val-
ues with respect to the other similarity coefficients, while the ray
trace similarities had some of the highest correlation values with
respect to the other similarity coefficients. In some circumstances,

the Tanimoto coefficient of a descriptor exhibited a higher corre-
lation with the one-dimensional descriptors, while in other cases
the Euclidean distance coefficient exhibited a higher correlation
value. Therefore, we cannot definitively state that either simi-
larity measure can be applied in all circumstances; choosing the
correct method requires insight into the nature of the data (possi-
bility of outliers, distribution of raw data, number of empty bins,
etc.).

3.4. Diversity selection

Beginning with the structure that was alphanumerically first
on the list of hypothetical zeolites, PCOD8000013, we utilized the
heuristic MMDP algorithm to obtain a list of the 1,000 most diverse
structures in the PCOD dataset, with computation time of roughly
4.5 h per descriptor.

In the preceding sections, we discussed how PSD and ray trac-
ing methods select for different types of structural characteristics
of materials. For the IZA dataset, we had calculated a Pearson’s cor-
relation coefficient of 0.5093 between the two descriptors’ MTU
similarity values, so it is logical to assume that we would see
differences in diversity selection as well. Out of the 1000 struc-
tures per diversity selection subset, there were only 88 duplicates
between the two lists (including the seed structure). In the PSD
diversity subset, similarity values range from 0.2195 to 0.8743 (a
range of 0.6548); in the ray diversity subset, similarity values range
from 0.0224 to 0.6751 (a range of 0.6527). Table 2 and Fig. 11
respectively display the MTU similarity values and structures for
the first five selections in the PSD and ray MMDP subsets. We
observe that, from a purely visual standpoint, the diverse struc-
tures identified using rays appear to be more dissimilar to one
another than those identified using PSD. However, we emphasize
that despite multiple structures exhibiting a similar overall pore
layout, the structures in the PSD diverse set exhibit pores and con-
necting channel systems of differing sizes.

4. Conclusions

We have presented pore size distribution and stochastic
ray tracing techniques for characterizing void space within a
porous material and have demonstrated that these techniques
provide complementary information about the pore structure. PSD
describes pore landscapes with lower and upper bounds of pore
diameters and their relative proportions, and accordingly is highly
sensitive to small changes in pore diameter; however, it does not
reflect subtle changes in features such as the surface texture of a
pore. By comparison, stochastic ray trace histograms describe pore
landscapes in terms of overall shape, and reflect a subjective visual
assessment of a material’s pore shape; ray tracing captures sub-
tle deviations in pore texture, but is not as sensitive to deviation
in pore diameter and features can often be obscured by overlap
in histograms. These new tools enable a materials researcher to
assess pore structure from multiple perspectives, without the need
for visualization of individual structures, in an automated and high-
throughput manner. Moreover, these sophisticated descriptors can
be utilized for material analysis needs that are not adequately met
by conventional one-dimensional, numerical descriptors such as
restricting pore diameter (Dy).

Additionally, we have discussed the performance of these new
descriptors under two distinct similarity measures, and in compari-
son to existing pore descriptors. These comparisons have illustrated
that the choice of pore descriptor and similarity measure has a large
influence on the perspective of material similarity obtained with
each descriptor exhibiting a particular emphasis and sensitivity to
certain aspects of structural similarity. The addition of these new
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tools to the array of techniques available for porous material anal-
ysis will enable researchers to make an informed choice on how
to characterize and screen material databases, and to efficiently
and automatically discover materials exhibiting the particular pore
characteristics of their interest.
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