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In general, most porous materials are so complex that structural information cannot be easily observed with
3D visualization tools. To address this problem, we have developed a special abstract 2D representation to
depict all important topological features and geometrical parameters. Our approach involves reducing these
structures based on symmetry and perceived building blocks to a compressed, graph representation that
allows for quick structure analysis, classification, and comparison.

INTRODUCTION

Porous materials such as zeolites and metal organic
frameworks contain complex networks of void channels and
cages that are exploited in many different industrial applica-
tions, such as catalysis or separations.1-4 The properties of
these materials are determined by the topology of the void
space and their chemical composition. Researchers usually
must rely on 3D visualization to gain insight into structural
features and the corresponding void space dual. For example,
they look for geometrical parameters responsible for suitable
guest-host interaction such as the diameters of the channels,
cages, and windows that compose the structure. Additionally,
knowledge of the void space topology is essential for several
reasons, including the determination of spaces inaccessible
to guest molecules (e.g., before conducting molecular
simulations).

Molecular visualization is employed to present important
structural features, along with their connectivity and spatial
relation, facilitating conceptual understanding. This under-
standing provides the insight we perceive between a par-
ticular chemical structure and its properties and functions.
Visualization of large systems, such as proteins or DNA,
usually involves abstract representations as opposed to all
atom models, such as ribbons5,6 or cartoon diagrams,5 as
they depict essential structural information that would not
be clear otherwise. Beyond proteins and DNA, there are few
abstract visualization techniques available for chemical
structures. For small molecules, software developers continue
to improve molecular models to better visualize molecular
features such as cyclic and multibranched components.7

Currently, there are no commonly available tools to provide
structural information in a facilitated form for other complex
systems such as porous materials.

The zeolite class of porous materials is probably the most
recognized. Zeolites are nanoporous crystalline materials that

have found wide use in industry since the late 1950s, with
common applications as chemical catalysts and membranes
for separations and water softeners. They are particularly
useful as cracking catalysts in oil refinement.2,3 There is an
increasing interest in utilizing zeolites as membranes or
adsorbents for CO2 capture applications.4 In addition to
zeolites, other classes of nanoporous materials, such as metal
organic frameworks (MOF)8,9 and zeolitic imidazolate
frameworks (ZIFS),10 have enormous potential for gas
separations or storage.11,12 A key aspect for the success of
any nanoporous material is that the chemical composition
along with pore topology is optimal at the given conditions
for a particular application. It should be noted that the number
of possible pore topologies is extremely large. There are
approximately 190 unique zeolite frameworks known to exist
today in more than 1400 zeolite crystals of various chemical
composition and different geometrical parameters.13 These
experimentally known zeolites constitute only a very small
fraction of more than 2.7 million structures that are feasible
on theoretical grounds,14,15 of which between 314 k and
585 k are predicted to be thermodynamically accessible as
aluminosilicates, with the remainder potentially accessible
via elemental substitution.16 Databases of similar or greater
magnitude can be developed for other nanoporous materials
such as MOFs or ZIFs. New computational and cheminfor-
matics techniques are required to characterize, categorize,
and screen such large databases. These new techniques have
to rely on facilitated-visual or automatic structure analysis
approaches in order to process a large number of structures
in reasonable time.

Usually, geometrical analysis of a particular structure
involves answering a number of questions: (i) what kind of
building blocks are within the structure, (ii) how are they
connected, and (iii) what are the topological and geometrical
parameters that describe each building block and their
interconnectivity. Information about building blocks obtained
from (i)-(iii) is then used to analyze structural features on
a large scale. One can classify structures as being channel-
type or cage-type materials depending on (i)-(iii). Also, the
same information is required to determine which cages (if
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any) are accessible to penetrating molecules. The types of
molecules observed in a particular application might be too
large to enter some of the cages. This information is not
only important for practical application but also essential for
performing Grand Canonical Monte Carlo simulations,17

where penetrating molecules are randomly placed in the void
space of a porous material. These molecules should not be
placed in regions of the void space that are not accessible to
guest species by diffusion due to the small sizes of restricting
windows. Such regions have to be excluded from consider-
ation. The same level of caution needs to be taken when
studying molecular trajectories with molecular dynamics
simulations. In this case, one needs to make sure that the
starting position of molecules are in the accessible void space.
To facilitate structural analysis of the complex embeddings
of porous materials, we have developed an abstract visualiza-
tion approach to depict building blocks, their connections,
and important geometrical parameters. Here, the complex
3D structure is represented as a graphlike 2D structure, where
colors, sizes, and patterns of nodes and edges encode the
most desired information about the void space in a porous
material. Since the most distinctive graphical elements of
our abstract representation are rings, the representations are
named “topological rings” or just T-rings. The concise T-ring
representation allows for quick and easy determination of
structure type (channel or cage-type structure) as well as
identification of building blocks inaccessible to penetrating
molecules due to sterical restrictions coming from the small
sizes of connecting windows.

METHODOLOGY

To generate a T-ring, our simplified depiction of void
space topology, the following steps need to be performed:
(i) analysis of the topological structure of a porous material
to retrieve information on existing building blocks and their
connectivity, (ii) analysis of each building block to determine
geometrical attributes, and (iii) combination of the obtained
information into a graphical representation. There is an
optional (iv) step for pruning and performing postprocessing
of the generated plots to further improve the representation
and to maximize the efficiency of structural analysis. All of
the steps, (i)-(iv) will be described in the subsections below,
followed by a brief summary of technical issues and
implementation details.

Selection of a Set of Structural Building Blocks.
Generation of T-ring graphs for porous materials begins with
the detection of structural building blocks. A building block
is a small, repeating fragment of a periodic structure that
carries explicit information about that structure’s void space
(pore) topology. Examples of building blocks are cages and
segments of channels, which are often used by chemists when
discussing the structure of porous materials. Such building
blocks are composed from rings of the atoms in the
embedded structure. The exact definition of a building block
depends on the specific algorithm used to detect these
building blocks, in particular, specific criteria of systematic
structure segmentation. It must be noted that the building
blocks we discuss here do not correspond to IUPAC’s
definition of composite building blocks (which may include
also chains, not only rings) nor do they exactly correspond
to the IUPAC definition of pores, which distinguishes cages,

cavities, and channels.18 IUPAC’s cage and cavity definitions
are polyhedral pores whose windows are respectively, too
narrow and wide enough, to be penetrated by a guest species
larger than water. Both cages and cavities may be valid
building blocks according to our definition, and both will
be referred to as cages throughout this article. In turn,
IUPAC’s channel is defined as an infinitely extended pore
large enough to allow guest species to diffuse, and this entity
must be segmented to form valid building blocks.

The task of detecting building blocks has to be performed
either by hand with 3D visualization, a task that is often
hindered by the structure’s sheer complexity, or by the use
of a systematic approach encoded in computer programs. In
order to demonstrate our visualization techniques, we employ
systematic structure segmentation to produce tilings19 of
periodic nets. Tiles can be considered building blocks within
our definition. Recently, rules for the determination of the
unique tiling (natural tiling) that carries a given three periodic
net have been presented by Blatov and co-workers.20 The
vertices and edges of such nets correspond to, respectively,
the atoms and bonds of a periodic chemical structure.

It should be stressed that our T-ring representation, in
principle, is not restricted to the visualization of a natural
tiling obtained with the approach of Blatov and co-workers.
The latter is used here because of its convenience and
demonstrated success24 in processing the large number of
zeolite structures that are in our focus. Our approach can be
used, in general, to visualize the topology and properties of
structural building blocks coming from any other method,
including, for instance, visual detection or tessellation of
surfaces representing nanostructures.21 The latter are par-
ticularly useful when considering porous materials built from
carbon nanostructures.

The generation of unique (natural) tilings of the periodic
nets representing input porous developed by Blatov et al. is
implemented in the TOPOS package.22 The analysis starts
with the determination of atom connectivity based on
interatomic distance. Then, so-called strong rings are detected
by analysis of the resulting molecular graph. Strong rings
are defined as rings that are not the sum of any number of
smaller cycles. They are then used to divide a structure into
separate tiles. Determination of a unique natural tiling of a
net relies on a number of rules. The rules are (a) the tiling
must have the symmetry of the net (be proper); (b) the faces
of tiles must be locally strong rings (no tile has one face
larger than the rest); (c) a tile does not have nonface strong
rings that do not intersect other such rings; (d) when rules
(a)-(c) result in multiple tilings because of intersecting
strong rings, only the smaller of a pair is used if the
intersecting rings are unequal in size and both are rejected
if the intersecting rings are equal in size; and (e) rule (b)
may be overridden for tiles with waists of all negative-
curvature vertices. For a detailed discussion of these rules,
as well as general discussion on tiling of periodic nets, its
drawbacks and flaws, we refer to ref 20 and references cites
therein. Output from TOPOS provides the tiling, tiling
connectivity, individual tile coordinates, and ring coordinates
with point group symmetry. By interpreting the information
given the symmetry of the system, we can calculate how
building blocks are arranged in space and, in particular, the
geometrical attributes we need to calculate for the T-ring
representation.
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Characterization of Building Blocks. Each building
block is composed of rings. The notation [np] is used to
specify a building block built from p n-member rings. In
many cases, building blocks are composed of a number of
rings of different sizes and, therefore, each ring type is
separated by a dot. For example, a [n1

p1 ·n2
p2] cage consists

of p1 n1-member rings and p2 n2-member rings. Rings are
built from atoms. Atom coordinates are known and can be
used to calculate geometrical parameters. For the application
presented in this article, only two parameters are considered:
the diameter of the largest sphere included in a block, di,
and the diameter of a free sphere associated with every ring
composing the building block, df.

23 These parameters cor-
respond to, respectively, the size of the building block itself
and the sizes of the building block’s windows. The param-
eters are approximated and calculated in the following
manner. The radius of the largest included sphere is the
shortest distance from the centroid of the building block to
the van der Waals surface of the closest atom forming the
building block. Similarly, the radius of a free sphere
associated with a given ring is calculated by determining
the shortest distance between the ring’s centroid and the van
der Waals surface of the closest atom forming the ring. The
zeolite structures used in this study are all-siliceous zeolites
contained in the IZA database. These zeolite structures have,
therefore, only silicon and oxygen atoms. The van der Waals
radii for both of these atoms are defined as 1.35 Å, which is
the published standard for these atom types in zeolites.23 It
is straightforward to include our types of atoms, with
corresponding radii, into the presented framework. We
believe that the approximations in the diameters of the largest
included and free spheres introduced by our approximation

are reasonable for the purpose of our simplified T-ring
representation. In general, as the building block is less convex
and spherical, the maximum included sphere may become
less accurate. Similarly, as rings deviate from a planar
geometry, the free sphere is less likely to be equivalent to
the largest sphere at the centroid of the ring; however, the
(strong) rings that form the faces of the building blocks are
mostly “simple” and fairly planar.

Building T-Rings. A T-ring representation can be gener-
ated after calculating the geometrical parameters of a
structure’s composing building blocks. A T-ring is a 2D
graphical representation of a 3D embedding composed of
nodes and edges used to describe the building blocks of the
structure and their connectivity, respectively. First, repre-
sentations of cages and segments of channels are depicted
(Figure 1). Only one building block of each type is drawn
for maximum clarity. Connections between them are then
drawn (Figure 2). Please note that Figures 1 and 2 present
building blocks of LTA zeolite. We selected this zeolite
because of its structural simplicity, which is desired to clearly
demonstrate our approach. Building blocks in zeolites do not
only correspond to basic Platonics and Archimedeans. An
interested reader can appreciate their diversity by browsing
the IZA database.24

In a T-ring graph, building blocks are represented as
circles, with diameter proportional to the corresponding
diameter of the largest included sphere (Figure 1). The circle
may be composed of a single or multiple colors. The colors
correspond to the sizes of the rings that compose the building
block and can be interpreted by the numbered color key
provided with the T-ring (Figure 1b). The colors in each node
are ordered by ascending size from the inside out with each

Figure 1. Representations of the building blocks of zeolite LTA in a T-ring graph. (a) Three building blocks of LTA together with the
notation used. (b) T-ring nodes: circles representing the building blocks of LTA presented in a color key with diameters proportional to the
corresponding maximum included sphere, di.
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color’s width weighted proportionally to the corresponding
ring composition of the building block. For instance, a node
representing a building block composed of only four-
membered rings will be entirely yellow, while a node
representing a building block composed of an equal number
of four-membered and six-membered rings will have half
of its diameter yellow and the other half dark-green. Example
cages for the zeolite LTA are presented in Figure 1. Cage
[46] is composed of only four-member rings and is, therefore,
represented by one yellow circle. Cage [46 ·68] is composed
of two types of rings, four-membered and six-membered
rings, and therefore is represented by an inner yellow circle
and dark green outer circle. The largest of LTA’s cages,
[412 ·68 ·86], is composed of three types of rings represented
by three circles of light green, dark green, and yellow.

The connectivity between building blocks is also repre-
sented in T-rings (Figure 2). If two building blocks share a
common ring (building block face) in the chemical system,
an edge between the corresponding nodes is depicted on the
T-ring graph. The edge is drawn as a black line with a width
proportional to the diameter of the largest free sphere that
may diffuse between the two building blocks. The length
and shape of the edges are not significant. A cutoff diameter
may be specified, where all edges less than that diameter
will be dashed, to help clarify a T-ring for visual analysis,
e.g., these building block connections will not be suitable
for diffusion of a probe with diameter larger than the
specified threshold. The default threshold diameter is set to
2.8 Å, which is based on a hard sphere often used to represent
a water molecule.23 This threshold parameter can be read-
justed to correspond to other molecules, e.g., benzene. In
this way, it is straightforward to visually compare the
topology of a given porous material accessible to different
guest species.

When the nodes and edges of a T-ring are explained, the
entire graph may be understood (Figure 2). The layout of
the nodes is not significant and no topography is implied.
To achieve a clear presentation with minimal oversight, we
use the following rules for the initial depiction of a T-ring.
(1) The nodes are ordered in descending order based on the
estimated maximum included sphere size. (2) The edges are
ordered in descending order based on the estimated maxi-
mum free sphere size. (3) Coordinates are set for each of
the nodes in the T-ring in a radial manner. If there is only

one node, it is placed in the center. If there are two nodes,
they are placed in order in the following angles from the
center: 180°, and 0°. If there are three nodes, they are placed
in order in the following angles from the center: 135°, 270°,
and 45°. If there are four nodes, they are placed in order in
the following angles from the center: 90°, 180°, 270°, and
0°. If there are five or more nodes they are placed in order
based on the angle calculated by the equation, 180 - (360/
t) × i where t is the number of tiles, and i is the index of the
tile in the sorted order starting at index 0. (4) The centroid
of all the nodes is calculated. (5) The edges are drawn. For
an edge connecting a node to itself, a circle is drawn from
the center of the node pointing away from the centroid of
all nodes with radius based on the eqation 55/(1 + i) pixels
where i is the number of self-linking edges that have already
been painted for that node. For edges between two differ-
ent nodes, a quadratic curve is drawn from the larger to
the smaller, bending away from the centroid of all nodes.
The control point for the quadratic curve is placed on the
perpendicular bisector of the line connecting the two nodes.
The distance of the control point from the center of the line
connecting the two nodes is based on the equation (100 ×
t- 2)/i where t is the number of tiles, and i is the number of
edges that have already been drawn including the larger node.
(6) Nodes are drawn. The inner spaces are weighted
proportionally to the ring composition of the tile, such that
a measurement of the length of each color from one end to
the other end of a node will give the exact proportion of the
corresponding ring size ratio of the cage.

Postprocessing. Postprocessing is an optional step and can
be performed to optimize the clarity of a T-ring for visual
analysis. In some cases, several tiles have the same topology
but differ in topography. One tile may be a “squashed”
version of another, or two tiles may differ by segment angles.
These building blocks are essentially different, but to the
human eye, this distinction is not significant. Therefore, a
compression function was written to discover such cases and
merge them. The tiles are checked in a pairwise manner to
see if they contain the same rings. If two are found, then the
difference in included sphere size is calculated, where a value
of 0.3 Å is used as the threshold ceiling for merging. After
merging, all associated edges are redirected to the new
merged building block, and pairs of edges are then merged

Figure 2. Example T-ring obtained for zeolite LTA. Cages A, B, and C correspond to the [412 ·68 ·86], [46 ·68], and [46] building blocks,
respectively, as presented in Figure 1. Each edge of the T-ring is depicted with a diameter proportional to the diameter of the maximum
free sphere corresponding to the connecting window, df.
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if ring sizes are the same and their corresponding included
sphere diameter difference is less than 0.3 Å.

Implementation and Other Technical Issues. The pre-
sented procedure for generating T-ring graphs has been
implemented in a software package written in Java.25 The
T-ring generator requires two output files from the program
TOPOS. The first file is the 3dt input file that is generated
by the ADS application in TOPOS. It contains the tiling
information along with their connectivity and the corre-
sponding rings that form their facets. The second TOPOS
output file contains the coordinates of the centroids for the
tiles, which are used for the estimation of the maximum
included sphere for each tile. For this reason, the corre-
sponding CIF file of the investigated structure must also be
provided. Once T-rings are generated, they are written to
the standard PDF format. We have developed both a
command-line and graphical user interface (GUI) version of
the T-ring generator. The first one is convenient for process-
ing a large number of structures. The GUI can be used to
analyze, process, and improve presentations by manipulating
T-rings individually. A user can easily generate a T-ring and
alter the graphical features, such as scale, node location, and
restricted probe diameter and whether or not to display
building block tags. The use of this tool eases the creation
of optimal T-rings for very complex embeddings with many
types of building blocks.

RESULTS

Walk-through Interpretation of a T-Ring. We have
selected to use the zeolite LTA in a demonstration of a T-ring
representation for its geometrical and topological simplicity.
A fragment of the zeolite’s embedding and the full T-ring
representation of LTA are presented in Figure 2. There are
a total of three different types of building blocks and four
different types of shared rings. Correspondingly, the T-ring
contains three nodes and four edges.

The three nodes A, B, and C correspond to the three
building block types [412 ·68 ·86], [46 ·68], and [46], respec-
tively (Figure 1). Building block A is composed of the three
different ring sizes 4, 6, and 8. Building block B is composed
of the two different ring sizes 4 and 6. Building block C is
composed of only 4-membered rings. The colors for the
nodes reflect these ring sizes, and the color key is located at
the bottom of Figure 1b. The widths of the colored spaces
in the nodes are proportional to the ring distribution of the
corresponding cage. For building block A, there are 12 four-
membered rings, eight six-membered rings, and six eight-
membered rings. Therefore, the yellow part of the node has
the largest width; the dark green part has the second largest
width, and the light green part has the smallest. The widths
are in the ratio 12:8:6.

The four edges in the T-ring correspond to the four types
of rings that are shared between the cages (Figure 2).
Building block A is connected to another building block A
via an eight-membered ring of df ) 4.2 Å. The size of the
free sphere corresponding to this window is larger than the
set threshold; therefore, it is plotted as a solid line. The other
connections present in the LTA zeolite are a 6-membered
ring that connects building block A to building block B, a
four-membered ring connecting building block B to building
block C, and another four-membered ring that connects

building block A to building block C. These rings have a
corresponding df value of 1.7, 1.1, and 1.1 Å, respectively.
The previous three sphere diameters are below the set
threshold of 2.8 Å, and therefore, the edges corresponding
to those rings are plotted using dashed lines.

Although it may not be obvious from Figure 2, T-rings
are plotted conserving the size ratio between nodes and
edges. Therefore, estimations for free and included sphere
diameters may also be measured from the T-ring. In the
output of our software, the scale may be printed in addition
to the T-ring. So using a ruler, one may easily estimate
specific geometric parameters or use his/her sight to judge a
particular structure for a particular engineering task.

Having explained how the structure of LTA is converted
into the nodes and edges of the corresponding T-ring, the
most important topological characteristics may be easily
analyzed. From the presence of only a single solid edge, it
is understood that there is only one transport pathway in LTA
that is derived of A-type building blocks. This transport
pathway is connected by windows much narrower in
diameter than the maximum probe size that may reside in
building block A. Therefore, LTA can be quickly character-
ized as a cage-type zeolite, as opposed to a channel-type
zeolite for instance. (Note that these types have a different
meaning from the IUPAC definition.) LTA has been exten-
sively studied, so this characterization is trivial; however, it
proves useful for the millions of theoretical structures not
yet investigated. In addition to characterizing a porous
material, one can also determine that there are spaces
unavailable to diffusing guest species corresponding to
building blocks B and C since the only edges connected to
them are dashed. These spaces may introduce errors in Monte
Carlo simulations (e.g., when applied to predict adsorption)
if they are not excluded, so a T-ring provides a quick means
to understand which spaces should be removed from Monte
Carlo studies. In common practice, these spaces are blocked
by inserting dummy atoms in them or by rejecting Monte
Carlo moves that place a structure in that volume (e.g., see
refs 26 and 27).

Structure Analysis and Classification. T-rings can be
used to quickly analyze the structure of a porous material
and assign it to the channel, cage, and inaccessible cage-
type categories. The channel and cage categories correspond
to structures where the void space is arranged in such a way
that guest species, respectively, are not and are restricted by
windows on their passage. An inaccessible cage type is
defined by a passage that is blocked by small windows
connecting cages. In most cases, zeolites have a mixture of
features of different categories and have to be classified using
the dominant one. Although topography is not implied in
T-rings, a researcher is presented with a very simple method
for selecting the zeolites suited for a given engineering task
by quickly scanning over T-rings. We present a number of
representative T-rings in Figure 3. T-rings obtained for all
zeolites currently stored in the International Zeolite Associa-
tion (IZA) database are provided in the Supporting Informa-
tion.

All zeolites presented in Figure 3a are cage type, zeolites
having channels with restricting windows. In all three cases,
channels are formed by the largest cages [418 ·64 ·124],
[324 ·86 ·128], and [43 ·512 ·61 · .83] for FAU, RWY, and DDR,
respectively. Information about restricting windows is ob-
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tained by comparing the width of these cages with the width
of the connected solid black edges, and the latter ones are
narrower. Other, smaller cages are not accessible.

All three zeolites presented in Figure 3b are channel-type
structures. In this group, the width of the black lines is about
the same size as the largest cages presented in the structure.
In channel types, just like carbon nanotubes, the channel
diameter will fluctuate along the length coordinate, being
smaller when the density of atoms is greater in the plane of
that coordinate, so the edge width will not be exactly equal
to the node width in channel-type T-rings. We define a
channel type by having a node with a self-connecting edge
or two separate edges that are greater than 85% of the width
of the node. Additionally, the TOPOS application generates
a tiling where some tiles are small connector fragments that
have large openings but small included spheres. These nodes
have much smaller diameters than the edges that connect to
them.

Another utility is that our T-ring representation offers a
means to quickly detect structures that do not allow for
practical guest diffusion due to the small size of restricting
windows. Examples of such structures are presented in Figure

3c. All connecting windows in the zeolites LIO, LOS, and
LTN, have di of less than 2.8 Å, and the corresponding edges
are plotted as dashed lines. A researcher can quickly go
through many T-rings and easily discard these candidates.
Additionally, zeolite separations are well implemented by
structures that allow for facile diffusion of one species over
another. Application of T-rings to this problem will be
discussed in the next section.

Case Study: How Molecules “See” Their “Host”. This
example illustrates how one can use our software in a
practical application. Let us assume that we are interested
in the adsorption and diffusion behavior of, say, H2, CO2,
and benzene and suppose we are interested in a material that
has a very different behavior for these three molecules. As
our software allows for the setting of the restricted diameter
cutoff used to determine dashed edges in a T-ring, a
researcher may produce several T-rings for a given structure
based on the hard sphere estimates of the adsorbents he/she
is considering. This may help to determine if one adsorbent
will diffuse at all or faster than the others, and if so, it is a
good candidate to investigate.

Figure 3. Classification of zeolites based on T-ring representations: (a) cage type, (b) channel type, (c) structures with inaccessible cages,
and (d) color key and scale used to generate nodes of T-rings.

466 J. Chem. Inf. Model., Vol. 50, No. 4, 2010 THEISEN ET AL.

http://pubs.acs.org/action/showImage?doi=10.1021/ci900451v&iName=master.img-002.jpg&w=323&h=423


In Figure 4, four different zeolites are presented using three
different restricting diameters for hard sphere diffusion. The
diameters chosen are (a) 2 Å to represent a hydrogen
molecule, (b) 3 Å to represent a carbon dioxide molecule,
and (c) 5.85 Å to represent a benzene molecule.28 The
volume accessible to smaller molecules is greater since a
smaller size allows for diffusion through small windows. The
zeolite CGS is composed of a single building block with
several different ring types (Figure 4, left column). Benzene
would not diffuse through the small windows, while hydro-
gen and carbon dioxide can hop through the largest ring.
Hydrogen has another option for hoping, which may lead to
a selectivity over carbon dioxide. The zeolite PAU (Figure
4, second column from the left side) has a very complex
topology, and similarly to CGS, benzene diffusion is not
favorable. There are several channel systems available to
hydrogen and carbon dioxide. Hydrogen has a few extra
options for diffusion trajectories. In zeolite AFI (Figure 4,
second column from the right side), the T-ring is identical
to both carbon dioxide and benzene, so selectivity between
the two cannot be determined from our representations.
However, hydrogen has several more pathways to diffuse
through, suggesting selectivity over the larger molecules.
Zeolite CLO is made up of many large building blocks
(Figure 4, right column). The T-rings for hydrogen and
carbon dioxide are identical and those guest species have
access to a discrete channel system that benzene cannot
access. Figure 4 presents how quickly scanning over different
probe perspectives for a zeolite allows one to generate simple
conclusions about the selectivity to and diffusion of mixtures
of guest species.

Other Porous Materials. All examples presented so far
are zeolite structures. However, a T-ring can be generated
for any porous material such as a metal organic framework
(MOF). A T-ring for the MOF, MIL-47,29 is presented in
Figure 5. The T-ring depicts a large cavity, [34 ·82 ·122],

which is connected to itself by a similarly large window.
Comparisons between MOF structures and zeolites can be
made based on this topological analysis, for instance, if one
intends to find MOF equivalents for popular zeolite structures.

DISCUSSION

Our T-ring representation provides a simple and fast tool
to analyze the void space of a porous material and the related
geometrical parameters. T-rings can be used to facilitate
screening of structures by quickly removing candidates of
no practical use or suggesting potentially suitable ones. As
with every tool of this kind, it is has some limitations that
will be discussed in this section.

The first limitation is related to the fact that free and
included spheres are used to approximate guest molecules
passing through and contained within a building block. In
practice, most molecules of interest, even the simplest
solvents or gases, rarely have a spherical shape, and treating
them as such may lead to errors. For example, using the
length of the molecule as a spherical probe diameter leads
to a non-negligible overestimation of the required size of a
channels diameter (defined by df) in a material considered
for diffusion. One has to consider these shortcomings when

Figure 4. T-ring representations of four zeolites highlighting differences in accessible building blocks. (a,b,c) Correspond to H2, CO2, and
benzene, respectively; (d) color key and scale used to generate nodes of T-rings.

Figure 5. T-ring representation of MIL-47.
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analyzing a T-ring before drawing any conclusions. At this
moment, it is worth mentioning that we have recently
proposed an advanced approach,30 in which a spherical probe
is replaced with one resembling the shape and flexibility of
a “real” molecule, a complex object built from solid blocks
connected by flexible links. Such advanced probes are able
to change shape during the traversal of a porous material,
reaching areas not accessible to either a single large spherical
probe or rigid molecular-shaped probes. We presented the
problem as an Eikonal equation in configuration space, in
which the cost of entering each point in configuration space
corresponds to the local geometry. Although this approach
can give accurate predictions of accessible building blocks
and volumes inside a porous material, its computational cost
is much greater. We believe that, ultimately, one would like
to use both approaches: T-rings to visually prescreen large
sets of materials and, then, a more advanced approach to
refine the prescreening results and verify structures before
conducting even more computationally intensive molecular
simulations.

Another limitation of T-ring representations comes from
the fact that T-rings contain only topological information of
building blocks and their local geometrical parameters. These
limitations are a natural consequence of dimension reduction,
which was a goal of developing our simplified representation.
In particular, this representation does not provide information
about the spatial location of the blocks, their quantity, and
location within the periodic unit cell of a material. This
limitation has three consequences: (i) it is not possible to
classify channels by their dimensionality, nor distinguish
zigzag channels; (ii) it is not possible to reconstruct 3D
structure given a T-ring graph only; (iii) it is not possible to
tell, judging only from a T-ring graph, if the represented
void space is accessible to a probe with a diameter larger
than the smallest df within the T-ring. Although we cannot
point out any specific examples within the IZA database that
would fail (iii), we can imagine a system where a large void
space is surrounded by impenetrable building blocks. In such
a case, a corresponding T-ring may look very similar to other
T-rings presented within this article. Fortunately, problem
(iii) could be easily detected by 3D visualization and further
structure inspection, which is probably conducted before
performing any further characterization.

Finally, we would like to discuss the influence of input
data on the availability and quality of T-ring representations.
It is required that building blocks of a given structure are
known before a T-ring is generated. The porous materials
used as examples throughout this article are structures for
which natural tiling can be obtained. In particular, we have
used the approach and software of Blatov and co-workers
to obtain such tiling. In a general case, however, there may
be structures for which tiling cannot be obtained, e.g., highly
disordered structures or structures with very large rings (in
the aforementioned procedure (strong) rings need to be
detected in order to determine a natural tiling). These rare
cases will require either manual detection of building blocks
or writing dedicated software, and they go beyond the scope
of this article. We should also mention here the influence of
crystal structure on the obtained T-ring representation. As
mentioned in the introduction, there may be a number of
zeolite structures that correspond to one framework topology.
These structures usually differ by their chemical composition,

and as a result, their geometry varies. These differences in
geometries will be reflected in T-ring representations. For
example, we recently reported13 that for ITE zeolite the
diameter of the largest free sphere can vary up to 0.36 A
depending on a selection of a (crystal) structure. Clearly,
such a large difference can be noticed in T-rings representa-
tions.

CONCLUSIONS

Most porous materials are so complex that structural
information cannot be easily observed with 3D visualization
tools. To address this problem, we have developed a special
abstract representation, where all important topological
features and geometrical parameters of these complex
structures are depicted in a 2D plot, facilitating their analysis.
This approach may be performed on large numbers of
structures, allowing for quick structure analysis, classification,
and comparison.

In the depiction, the complex 3D structure is represented
as a 2D graph, where colors, sizes, and the patterns of nodes
and edges encode the most desired information about a void
space in a porous material. Since the most distinctive
graphical elements of our abstract representation are rings,
they are simply named “topological rings” or just T-rings.
The concise T-ring representation can allow for quick and
easy determination of structure type (channel or cage type
structure) as well as the identification of building blocks
inaccessible to penetrating molecules due to sterical restric-
tions coming from the small size of connecting windows.

Our future pursuits include adding more visual cues to
the T-rings to depict topographical features. One example
is to discover rings that have a geometry optimized for
interacting with certain guest species, such as how CO2

interacts with restricting cage windows to block the diffusion
of other guest species.31 These special features can be flagged
by changing the colors of the corresponding T-ring edges.
Therefore, it would be convenient to browse over T-rings
and limit ones scope to comparing only T-rings with this
tag present. Additionally, several new material informatics
descriptors will be generated for porous materials based on
these methods, such as %cage/%channel/%inaccessible vol-
ume ratios and numerical descriptors that describe the extent
of different types of connectivity. Another interesting direc-
tion of research is to investigate the possibility of the use of
information about structural building blocks to interpret
infrared (IR) spectra of zeolites. This idea is inspired by a
recent article,32 where it was proposed to analyze an IR
spectrum by comparing the computed spectrum of the
framework with that of the asymmetric unit that was used
to generate this framework. We believe that similar analysis
could be performed for secondary building blocks (e.g.,
computed spectra of secondary building blocks are compared
with the spectrum of the framework).
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