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Porous molecular materials are constructed from molecules that assemble in the solid-state such
that there are cavities or an interconnected pore network. It is challenging to control the assembly
of these systems, as the interactions between the molecules are generally weak, and subtle changes
in the molecular structure can lead to vastly different intermolecular interactions and subsequently
different crystal packing arrangements. Similarly, the use of different solvents for crystallisation,
or the introduction of solvent vapour, can result in different polymorphs and pore networks being
formed. It is difficult to uniquely describe the pore networks formed, and thus we analysed 1033
crystal structures of porous molecular systems to determine the underlying topology of their void
spaces and potential guest diffusion networks. Material-agnostic topology definitions are applied.
We use the underlying topological nets to examine whether it is possible to apply isoreticular design
principles to porous molecular materials. Overall, our automatic analysis of a large data set gives us
the opportunity to gain a general insight into the relationships between molecular topologies and the
topological nets of their pore network. We show that while porous molecular systems tend to pack
similarly to non-porous molecules, the topologies of their pore distributions resemble those of more
prominent porous materials, such as MOFs and COFs.

Porous organic molecular materials are alternatives to extended
porous materials, such as metal–organic frameworks (MOFs) and
zeolites, for applications such as gas storage, molecular separa-
tions, and catalysis because of their tunability and solution pro-
cessability. Porous molecular materials form bulk materials in
the solid-state, in either crystalline or amorphous forms, with
structures governed by the interplay of weak intermolecular in-
teractions between constituent molecular components. Unlike
extended porous materials, the porosity of a molecular material
results from “extrinsic” porosity, which is defined by the voids cre-
ated by the inefficient solid-state packing of the molecular com-
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ponents.1 Alternatively, the molecules themselves can have an
internal cavity, generating “intrinsic” porosity in the solid state,
for example with cucurbiturils2 or cage-like molecules, the latter
having more than two entry or exit routes to the internal cavity.3

With recent research effort, the porosity of molecular systems has
even rivalled that of extended networks.4 The solid-state packing
of cage-like compounds determines firstly, the presence of extrin-
sic porosity, and secondly, whether any intrinsic porosity is ac-
cessible. For example, intrinsic porosity will be accessible in the
case where the cage windows align, but can be made inaccessible
in the case where windows are blocked by the walls of neigh-
bouring cages. The ‘efficiency’ of the solid-state packing, there-
fore, governs the overall porosity of the material. For a given
molecule, it is difficult to predict its molecular packing and hence
porosity prior to experimental testing. There are several examples
of polymorphism influencing porosity,5 with reports of switching
porosity “on” and “off” via solvent exchange.6 It is also possi-
ble to control cage packing through solvent effects,7 modification
of external chemistry8 and co-crystallisation.9,10 Through crystal
structure prediction methods, it has become possible to computa-
tionally predict the most likely crystal packings for a given porous
molecule.10–12

Crystalline, extended porous materials are often defined by
their underlying topology, which describes the connectivity of the
components of the network. The topological analysis of frame-
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works allows for a simpli�ed categorisation, 13 and analysis of
their structures 14 and porosities.15–20 In this work, we apply the
Reticular Chemistry Structure Resource (RCSR)21 de�nition of
topology 22, which has become well-known in the �eld of MOFs
through the idea of isoreticular structure design based on the
underlying topological net of the framework. 23 Similar analyses
have been applied to non-covalently connected species24 to yield
insight such as the distribution of regular hydrogen bonds,25 the
packing of small molecules compared to proteins,26 and to de-
termine the relative importance of different intermolecular inter-
actions in sulfonamides.27 One recent study generated energy-
structure-function (ESF) maps for porous molecular crystals.28

However, topological analysis of the porosity and packing of
porous molecular materials has not yet been performed. Yet, the
topology of the migration pathways within porous molecular ma-
terials is fundamental to their utility as porous materials. For
example, polymorphism would be evidenced by a change in the
topology of migration pathways; breathing can be shown by a
change in the migrating probe of extrinsic migration pathways;
and responsive behaviour of molecules would be illustrated by a
change in the migrating probe of intrinsic channels.

The molecular-level topological landscape of porous organic
cages (POCs) has previously been detailed, where, topology was
de�ned as “the underlying connectivity of molecular building
blocks in the molecular cage, which is unchanged upon any phys-
ical deformation”. 29 This de�nition only describes the connectiv-
ity of a single cage and gives no information regarding the spatial
relationship of cages with respect to each other. Unlike extended
materials, it is possible to de�ne multiple `levels' of topologies
in porous molecular materials in the solid-state, which do not,
by de�nition, have a concrete relationship between them. The
archetypal POC,CC3,8 formed by a [4 + 6] cycloimination re-
action of four 1,3,5-triformylbenzene units with six (R,R)-1,2-
diaminocyclohexane linkers yields a diamondoid (dia) network
of connected pores in the solid-state.30 In this example, the four
windows de�ned by the tetrahedral molecular topology align dur-
ing crystal packing to form a porous network. However, CC1,
with the same molecular topology asCC3can form a non-porous
structure in the solid-state, where the cage windows do not align
to connect the isolated pores.6

In this work, we introduce an analysis of the pore topologies of
porous molecular materials in the solid-state using ToposPro,31

which we apply to a large data set of X-ray diffraction crystal
structures of porous molecular materials. The complex correla-
tions between molecular porosity and material porosity have re-
cently been explored using geometrical descriptors.32 Through
our analysis, we show relationships between the different levels
of distinct topologies present in porous molecular materials, with
a goal to developing guiding principles for the formation of mate-
rials with target properties. Furthermore, we attempt to use the
underlying topological nets to determine if it is possible to apply
isoreticular design to porous molecular materials. Overall, our
automated analysis of a large data set gives us the opportunity to
gain a general insight into the relationships between the differ-
ent topological nets.22,33,34 Our analysis also allows comparison
of the pore topologies of porous molecular materials to that of

extended porous materials, such as MOFs and zeolites.35,36

1 Methods

1.1 Database generation

We have assembled a database (available athttps://github.
com/andrewtarzia/cage_collect/ ) of organic crystal structures
containing at least one molecule with an intrinsic void. For
each porous molecule, the Centre-of-Mass (COM), Centre-of-Pore
(COP) and Centre-of-Window (COW) positions were all identi-
�ed and marked using pyWindow. The Centre-of-Pore position
is re�ned from the Centre-of-Mass, and differs typically only in
non-symmetric cages (i.e. where a functionalized linker distorts
the COM from the geometric center of the pore).37 Full details
of the database generation can be found in Supporting Informa-
tion Section S1. This cleaned database was then analysed using
ToposPro.31

1.2 Topological analysis

To undertake a topological analysis of the crystal structures, we
used several different approaches (each described below) to con-
struct topological nets that show distinct aspects of the connec-
tivity motifs in the crystal structures. In this way, we can explore
the connections between the distinct aspects that can govern the
packing of cage-like molecules.

1.2.1 General work�ow description

The geometrical and topological analysis of porous molecular sys-
tems was arranged in the logic “from local to overall" and can be
summarized by four general interrelated steps. The details for
computing physical parameters of the systems are given in the
subsections 1.2.2 to 1.2.7 and in this subsection, we describe
the overall physical picture of the analysis and illustrate it by
�owchart in Figure 1 with the example of the well-known porous
molecular system (CC3) (Covalent Cage 3), Refcode FOXLAG8.

First, chemical bonds, pores, and windows within a molecule
should be identi�ed to make sure that the structure under
consideration belongs to the class of porous molecular sys-
tems. The structure of (CC3) (FOXLAG) consists of four 1,3,5-
trimethylidenebenzene groups enclosed in four cycles with six
(R,R)-1,2-diaminocyclohexane spacers, and it has four windows
and one pore with radii of Rw = 2:01Å and Rp = 2:82Å respec-
tively.

Second, using information about chemical bonding of
building blocks porous molecules can be grouped by sim-
ilarity of their topologies and shapes. The structure of
(CC3) molecule has adamantane-like topology with 1,3,5-
trimethylidenebenzene groups in the 3-connected corners, and
(R,R)-1,2-diaminocyclohexane spacers at the 2-connected edges,
and this topology predetermines existence of four macrocycles.

Third, molecular packing, de�ned from the information about
valence bonds within each molecule and weak interactions with
surrounding molecules, in the porous molecular systems can be
assigned to known topological types. The molecular packing of
CC3 can be described as a diamondoid-like structure since: Each
of the four macrocycles is contacting with one other molecule
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by the largest area of interactions; The molecular coordination
number equals the number of macrocycles; And their orientation
follows tetrahedral geometry that is typical for diamondoid-like
structures.

Fourth, the migration pathway topology, crucial for practical
applications, can be classi�ed into different groups of branch-
ing based on the information about availability of the windows
and pores, as well as intermolecular interactions, since only con-
tacting molecules can exchange guest molecules directly, without
losing the guest to external pores. The diamondoid topology of
strongest intermolecular interactions, close proximity of macrocy-
cles and their large-enough size enable CC3 to make the most of
the opportunity of porous space inside molecules, that topology
follows maximally possible branching of 4-c diamondoid motif
and the widest cavity and channel of Rw = 2:85Å and Rf = 1:93Å
respectively.

Using this logic, it can be seen that when combined, the four
steps of geometrical and topological analysis comprise a complex
picture of structural interrelations governing the organization and
functionality of the porous crystalline solid starting from �nite
objects and �nishing with periodic nets that are important for
developing strategies of designing new porous molecular systems.
We consider this approach in detail in the following subsections.

1.2.2 Molecular skeleton topology

We considered the topological type of the molecular topology
(named the “skeleton topology” from here on). It is the simple
representation of the cage in terms of points of extension and link-
ers (spacers), which are classi�ed using the NDk nomenclature
of ToposPro.31 This nomenclature gives the same information as
both the “N-(connected) building block and N,M-net” nomencla-
ture often used to describe MOFs, and theXm

p Yn nomenclature
of POCs.29 A detailed description of the NDk nomenclature is in-
cluded in the SI Section S2. For example, the cagesCC1–13 all
belong to the same topological type 2,3M10-1, which is a type of
adamantane-like cage observed in 150 of 1033 of our structures,
they are composed of four 3-c vertices, joined by six 2-c (ditopic)
linkers yielding a Tri 4Di6 topology (Fig. S1).

To determine the skeleton topology from the molecular coor-
dinates only, atoms are clustered into building blocks using the
same method as used to deconstruct MOFs into building blocks
and implemented in ToposPro.35 A more detailed description is
included in SI Section S3.

1.2.3 Molecular packing topology

The underlying net of molecular packing was established by
ToposPro31 as described in Reference 26. For this, valence
and non-valence interatomic interactions were identi�ed with
the “Domains” method. 38 The molecules were identi�ed as parts
of a structure connected by valence bonds, while the molecu-
lar environment and strength of intermolecular interactions were
determined from construction of the molecular Voronoi polyhe-
drons.24,39 Two molecular Voronoi polyhedrons interact when
they have a common external face, constructed by faces of atomic
Voronoi polyhedrons on the interface of two molecules (Fig. 2a).
Counting the molecules forming the interface around a central

molecule gives the molecular coordination number.

The underlying net of molecular packing (Fig. 2b) is con-
structed by representing each molecule by a node at the cen-
tre of mass (COM) and drawing a single simple edge between
two COMs. Such an underlying net focuses on the connec-
tions between building units, which helps comparisons of struc-
tural topological motifs for different compounds and allows for
grouping them into isoreticular series de�ned by their topological
types.22,35 To denote nets, the same nomenclature as commonly
used for MOFs is employed,viz. most nets are described by the
RCSR three-letter21 and the TTD collection NDk35 symbols, but
Fischer's symbols of 3D (e.g. 6/4/c1), 2D (e.g. KIa), 1D (e.g.
(4,4)(0,2)) sphere packings, 40,41 EPINET nets (e.g.sqc36), 42 or
Blatov's subnets e.g. fcu/cubic closest packing; Fm-3m ! C2/c
(b-2c,a,-b; 1/4,0,1/4); Bond sets: 1,2,3,4,5,7,8,9: fcu are also
used.43

1.2.4 Molecular packing topology of strongest interaction

The edges of the underlying net may correspond to intermolec-
ular contacts of different geometries and strengths. Ignoring
the weakest interactions, will reduce the connectivity of the un-
derlying net. The accumulative value of intermolecular inter-
actions and the geometric arrangement of molecules in a local
environment can be measured using one parameter, termed the
solid angle of the intermolecular interface ( Wmol). Wmol corre-
sponds to the intermolecular contact area, which has been shown,
in the absence of particularly strong intermolecular interactions
(e.g. hydrogen bonds), to correlate well with the interaction
energy.26,44–48 Similarly, we reduced the connectivity of the un-
derlying net to the level of strongest intermolecular interactions,
so edges are related to the extrinsic faces of the largestWmol

within a periodic structure. For example, the structure with Re-
fcode FOXLAG has intermolecular interactions of two types: the
strongest with solid angle Wmol of 17.6% and the weakest with
Wmol of 2.5% (Fig. 2a). Removing edges of the underlying net
related to both types of interactions disjoins the net into separate
nodes. Removing the edges related only to the weak interactions
reduces the connectivity of the net from 16 to 4 (Fig. 2c and d),
and the net keeps the periodicity as 3D. For FOXLAG, the period-
icity can not be further reduced without losing the periodic struc-
ture. In this case, we choose the 4-c net as the net of strongest in-
teractions. In other structures, a net of strongest interactions can
have lower dimensionality, 2D or 1D. Such a representation helps
to reveal the underlying net of the most important interactions.
For example, we can �nd all structures and porous molecules
where interactions between faces are the strongest ones, and they
predetermine the formation of diffusion pathways through cages.

1.2.5 Migration pathway topology

The search for migration pathways in a crystal structure was per-
formed by constructing its Voronoi net. 49–51 Each vertex of a
Voronoi net is located in the centre of an elementary void and
each edge is the elementary pathway between two voids. We
scanned the Voronoi net for the vertices and edges distanced more
than 1.2 Å from the van der Waals surface of atoms in the struc-
ture. This representation �nds the whole map of potentially sol-
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Fig. 1 The geometrical and topological analysis of porous molecular systems from local to overall in four general interrelated steps: (I) the chemical
bonds, pores, and windows within a molecule are identi�ed, (II) molecule can be known by similarity of its topology and shape with other compounds,
(III) molecular packing in the porous molecular systems is assigned to known topological types, (IV) migration pathway topology can classi�ed into
di�erent groups according to their branching and ability to exchange guest molecules directly.

vent accessible channels and voids in the structure (Fig. 3a).

1.2.6 Migration pathway topology of largest probe size

By further increasing the size of the migrating probe radius, the
map may be reduced to 3D, 2D, or 1D (Fig. 3b),51 and accord-
ingly yields the largest possible size of a migrating probe, which
can travel in three, two or only one dimensions, respectively.

1.2.7 Pore-to-window pathway (COP-COW) net

The above four approaches have been previously described and
employed elsewhere. However, we also use a new type of net,
termed the “COP-COW” net, consisting of connections between
dummy nodes positioned at the Centre of Pore (COP) and Centre
of Window (COW) as calculated by pyWindow37 (Fig. 3c). To
de�ne this net, the following criteria were used:

1. The COP node of a molecular pore has edges only with COW
nodes of windows of the same molecule.

2. COW window nodes of one molecule can have only one edge
with a COW node of another molecule, this will be the short-
est one.

3. The COW-COW edge does not intersect with the van der
Waals spheres of any atom of the structure.

4. The COW-COW edge is added only if a direct migration path-
way exists between pores of the two cages. Direct pathways
mean that edges and nodes of the Voronoi net connecting
pores of the two molecules are formed by only Voronoi poly-
hedrons of the two molecules and the edges and node do not
have connections to Voronoi edges and nodes of any other
molecule. In other words, there is no gap between molecules
where the migrating probe can go outside of the elementary
channel between two molecules.

For example, the structure with Refcode OFOQAE has a 3D 4-c
dia topology from the COP-COW net, but after cutting one COW-
COW edge that does not satisfy rule (d) above, the topology be-
comes 2D 3-chcb (Fig. 4), which means that the topology of the

channels going through only the molecules without coming out to
the space outside of molecules is actually 2Dhcb. The molecules
from neighbouring hcb layers are more distanced from each other
and have gaps, while molecules within the hcb layer are close to
each other and have continuous pores between windows. This
COP-COW net represents then, in the simplest way (in compari-
son to Voronoi nets), potential connectivity of pores and windows
of the molecules and can also be classi�ed into topological types
in accordance to conventional nomenclature.

Altogether, the hierarchical description of molecules and
their solid-state packing enable one to reveal the geometrical-
topological relations that drive the assembly of molecules with
a given number and spatial arrangement of windows into molec-
ular packings with speci�c topologies and migration pathways.
The information about topological classi�cation of the skeleton
topology, underlying nets, Voronoi nets, and COP-COW net is pre-
sented in the ESI (spreadsheet).

2 Results and Discussion

2.1 Skeleton topology of the individual porous molecules

We begin our analysis by describing the intrinsic features of the
molecules present in our dataset. An understanding of these fea-
tures is important to know the molecule types that our anal-
ysis is applicable to. The individual molecules in the crystal
structures under consideration in this work can be grouped ac-
cording to their topological and geometrical parameters, such
as skeleton type, number of macrocycles in the skeleton, num-
ber and size of windows, and the size of their intrinsic pore.
The skeleton topology, or molecular topology,29 of a porous
molecule predetermines the number of possible windows in
the molecule and its underlying shape. In our database, we
found 42 different types of skeleton topologies in 720 distinct
molecules with the number of atoms ranging from 35 to 972.
The most frequent skeleton types are 2,3M5-1 (count of 245),
2,3M10-1 (154), 2,4M18-3 (115), which are depicted in Fig. 5.
For example, the diyne-bridged macrobicyclic molecule shown
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