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Abstract

An automated molecular porosity detection approach was developed and applied to
PubChem, a repository of ca. 94 million molecules, to discover intrinsically porous cage
molecules, which, although previously considered by chemists, have remained in oblivion
to the porous solids community as neither their crystal structures nor solid-state porosity
have been previously reported. The effort led to identification of six such cage molecules
reported over the span of the last two decades. The following crystal structure prediction
effort suggests that these molecules can form stable low-energy porous crystalline phases.
One of the identified lowest energy phases exhibit zeolite-range porosity with pore

diameters of ca. 8A and internal surface area of 1070 m2/ g.
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Crystal structure prediction for six cage molecules, which are identified by a tailor-made
screening approach, suggests that these molecules can form stable low-energy porous
crystalline phases. One of the identified lowest energy phases exhibit zeolite-range porosity

with pore diameters of ca. 8A and internal surface area of 1070 m2/ g.



1. Full work presentation

Materials composed of molecules exhibiting intrinsic porosity are rare. Examples of the
latter include Noria' and triptycenetrisbenzimidazolone® as well as families of calixarines,’
cucurbiturils,’ cyclodextrins,” cryptophanes® and porous organic cages (POC).” Porous
molecules can be classified as ‘belts’” or ‘cages’ depending whether they have, respectively,
two or more windows on the perimeter of the internal pore. Unlike network polymers and
framework materials, porous molecules can be synthesized first and then assembled into
crystalline and amorphous solid state phases. Many properties of recently reported porous
molecular materials are in par in those reported for framework materials such as metal
organic frameworks. For example, Covalent Cage 3 (CC3) material exhibits high
xenon/krypton selectivity® while a cage-based material reported by Zhang e al’ was
reported to have the surface area of 3758 m®/g. Porous molecular materials are subjects of
intensive investigations, and a number of recent review articles summarizing these efforts
are available."

The introduction of a porous molecule to the porous solids community requires three
steps: (1) the molecule has to be synthesized, (i) the corresponding solid material
(amorphous or crystalline) needs to be obtained, and (iii) its porosity needs to be confirmed
and, preferably, further characterized by, for example, Brunauer-Emmett-Teller (BET)

. . - 1
surface area measurement. In the case of recent rational synthesis efforts,®mo Mareader ro d

efinido-11 21 three steps were completed, and these molecules can be easily identified by a
routine literature search. A recent study by Milkitz ez a/'' relied on review articles to identify
41 intrinsically porous molecules, for which the corresponding crystal structures were
available from the Cambridge Structure Database(CSD). In the case of molecules, for
which only the first two steps were completed, their identification is more challenging.

Although databases of experimental crystal structures are available, the crystals are often

reported with solvents, which makes the structures non porous. Two studies of the



CSD'" have either removed solvent or focused only on single-entity ctystals, and used low
density as a key to identify porous molecules. For example, the latter study of Evans and
coworkergitrror Mareador no definido- a4 jdentified 481 porous molecular materials though the f
raction of the number corresponding to intrinsically porous molecules have not been
reported, i.e. the number of 481 also includes molecules with extrinsic porosity as well as
ones that do not pack efficiently in the crystal structure.

In this study, we seek to identify porous molecules for which only step (i) has been
completed. As the crystallographic information is not available in this case, these molecules
scatter the scientific literature, patents and other databases in a form of structural formulas
and the corresponding electronic formats. Fortunately, the scattered molecules are being
collected into large repositories such as PubChem'* or ChemSpider'®. Our effort focuses on
the larger of these two, i.e. PubChem (ca. 94 million compounds). The identification of the
targeted molecules relies on a porosity detection approach, which is based on the limited
information available in PubChem. Our search approach is therefore agnostic of the form,
year and language in which the questioned porous molecules were originally introduced. By
doing so, we can target molecules that could not be identified in previous searchers.

Our core algorithm for detection in intrinsic porosity requires 3D molecular model, e.g.
Cartesian coordinates of atoms composing the molecule. It then identifies the void regions
within the perimeter of the molecule, and characterizes them to determine if they
correspond to intrinsic pores. The latter are defined on the basis of their exposure to the
surroundings of the molecule. Our algorithm, described in detail in the Supporting
Information (SI), can be highlighted as follows. First, a set of candidate voids for a given
molecule is detected with the help of Voronoi tessellation, i.e. they are defined by Voronoi
vertices. Then, for each of the vertices, we check whether it is an intrinsic void by
calculating its Pore Exposure Ratio (PER, see Fig. 2-2). PER provides a measurement of

the exposure of a Voronoi vertex is to the surroundings of the molecule, approximated by



a spherical perimeter, see Fig. 2-2. PER is defined as a ratio between the surface area of the
largest fragment of the sphere exposed to the candidate void (Voronoi vertex), and the
surface of the sphere. In practice, a spherical mesh is used to represent the sphere and the
exposed regions are defined by a set of triangles formed within this mesh. By setting a PER
threshold value, pore candidates can be identified as intrinsic, and in particular, cage-type.
Visual analysis of a large set of molecules allowed setting the threshold empirically, i.e. PER

below 0.36 identifies molecules with an internal pore.

~—

PER,, = Max(Len(L)) / 2IIR

PER,; = Max( Surf(C,) ) / Surf(C)

Figure 2-1. Intrinsic porosity detection with Pore Exposure Ratio. A) Method overview in 2D: A
caricature of linear (left) and cage (right) molecules. A point (black dot) representing a void within
the perimeter of the molecule (heavy black line) is partially exposed to the circle of the radius R
surrounding the molecule. Colored regions in the circular boundary, L, correspond to openings that
expose the internal void. Their size w.r.t the circular boundary, PER, represents how open is the
space to access the point from the surrounding. Thus, too high PER values may indicate no actual
cage is being observed (linear or close to linear objects). B) PER calculation in 3D: a linear (left)
and cage (right) molecule. Spherical boundary mesh used in computing PER, i.e. PER is computed
as the ratio of the surface of the biggest connected component, Cy, and the total surface area, S,
being the sum of surface areas of all triangles forming the mesh. The illustrated linear molecule has

PER of 0.81 while the cage molecule has a PER value of 0.15.



PubChem Compound Database (herein referred to as PubChem) stores 94 333 141 unique
records of which only 80 828 441 have 3D coordinates available (referred to as
PubChem3D)."

The coordinates of the molecules in PubChem3D were generated by the OpenEye
Scientific’s OMEGA tool using the MMFF94 force field."” We filtered PubChem database
to discard: records with more than one molecule (mostly accompanied by solvents or salts),
non-organic molecules, charged molecules, radicals, molecules without rings and lastly,
molecules with more than 8 rotatable bonds in their ramifications (“flexible arms” increase
degrees of freedom and render the corresponding crystal structure prediction
computationally unfeasible (see the SI and references therein). For the remaining molecules
that did not have a corresponding entry in Pubchem3D, we generated 3D structures using
Ligptrep tool from Schrodinger'®. However, the latter step was executed only for those
molecules with 48 or more atoms. The latter cutoff was based on the size of the smallest
calixarene (i.e. calix[4]arene, 56 atoms) corrected for a ‘safety margin’ of 8 atoms.
Technical details of the 3D generation with LigPrep are provided in the SI,

The resulting database of 1 258 975 molecules with 3D coordinates was characterized to
predict their corresponding PER value. Out of that set, only 4 767 molecules were
identified with PER below 0.36, corresponding to their cage-like nature. Upon further
inspection, the set was further pruned to remove carbon nanostructures, e.g. buckyballs
and buckybowls, belt-shaped molecules, cages with very small internal pores (i.e. diameters
less than ca. 2.0A) and molecules whose corresponding crystal structures were already
deposited in the CSD. For the remaining structures, the search for the low energy
conformers was carried out using Schrodinger’s MacroModel suite with the OPLS_2005
force field” (see the SI for additional details). The latter search was performed in vacuum
to exclude any solvation effects that could stabilize the internal pore. Finally, the lowest

energy conformers were investigated again using the PER descriptor to confirm that they



were indeed porous. The final set of structures contained six entries, herein called M1
through M6, depicted in Fig 2-2. Although not in the scope of this work, we note that the
above conformer search approach can be also performed in the presence of solvent, i.c.
targeting molecular cages that are suitable for encapsulation and transport of molecular
guests in liquid phases despite being non-porous in vacuum and (likely) desolvated

crystalline phases.

Figure 2-2. Porous organic molecules identified in this work. Gray, blue, red and yellow atoms

represent carbon, nitrogen, oxygen and sulfur, respectively. Hydrogen atoms are omitted for clarity.

Molecules M1-M6 show different chemistries,” two of which were not highlighted in a
recent review of porous molecules (M2, M6).*» M1 belongs to the family of the porphyrin
box cages. M2 includes ester and ketone functional groups in the structure. The cage M3 is
a carbon-carbon cage that includes thiophene groups which clearly affect the shape of the
cage forcing the sulfur atoms to point towards the center of the cage. M4 and M5 are,
respectively, a symmetric and an asymmetric variation of the well known imine cages such
as CC3, where the imine bond is one bond further from the aromatic ring. M6 is a tertiary
amine cage.

In order to investigate whether M1-M6 can form crystalline porous materials, a crystal
structure prediction study (CSP) was executed. The CSP was limited to 13 space groups

(P21/c, P-1, P212121, P21, Pbca, C2/c, Pna2l, Cc, Pca2l, C2, P1, Pben, Pc) which



account for about 90% of the observed crystal structures for organic molecules. Within
each group, 5000 random solvent-free configurations with one molecule in the asymmetric
unit were generated and subsequently relaxed (see section SI for further details). The free
energy of the crystal was approximated with a static lattice energy, defined as the sum of an
intermolecular cohesive pair-wise potential energy, consisting of Lennard-Jones and
Coulomb terms, and a combination of intramolecular energy terms which account for
molecular flexibility. All calculations involved OPLS_2005 force fie]diError! Marcador no definido.
nd were executed in the UPACK program.” The porosity of the crystal structure, i.e. pore
limiting and largest cavity diameters (PLD and LCD, respectively) and the nitrogen surface
area (SA) were characterized using Zeo++ program.”** Nitrogen probe radius was set to
1.86 A.

As mentioned above, a random search for possible solvent-free crystal structures and the
subsequent minimization of the static lattice energy are at the core of the UPACK method
for CSP calculations. CSP results are often presented as an energy landscape, i.e. a plot of
the predicted lattice energy w.r.t the structure density for each predicted phase, which is a
very useful crystal engineering tool. It does not, however, contain information on the
phases’ physical properties required to discover materials for a specific application. To
address the latter, the energy-structure-function (ESF) maps®™ were recently introduced and
successfully applied to guide the experimental discovery of porous molecular crystals with
targeted properties.

If a large number of low energy distinct structures are found at the end of the CSP
procedure, it might suggest the presence of a rich polymorphism, i.e. the existence of
several crystal phases with different properties and/or porosity despite comparable values
of the lattice energy. Recent calculations on over 1000 crystal structures of small organic
molecules demonstrated that the free energy difference between pair of polymorphs

seldom exceed the value of 7 kJ/mol** However, molecules that can form host-guest



complexes and more generally crystallize in porous phases, show the tendency to pack less
effectively giving rise to different polymorphs within and energy range of up to 50k]/mol

27,iError! Marcador no definido.

from the lowest predicted structure and a relative energy difference t
hat can exceed 20k]J/ mol.®® Moreover in some cases a reversible/irreversible switch
between different polymorphs can be experimentally observed by exposure to different
solvents.” Therefore, it is not surprising that experimental structures do not always
correspond to the predicted lowest energy phase(s).

Our CSP approach was first verified by predicting the different solvent-driven polymorphs
of cage molecule CC1 (see section in the SI for more exhaustive discussion). The non-
porous polymorph CCl-a’ and the Hi-porous polymorph CC1-B’ were predicted
approximately 7kJ/mol and 26 kJ/mol above the global minimum, respectively. A closer
inspection of the energy-density plot (Fig. 2-S6) reveal that despite their energy difference
both polymorphs lie in what is called the leading-edge of the landscape, defined as the set
of structures with the lowest predicted energy at a certain density. Experimental accessible
structures are indeed often identified in this region of the landscape.

We applied the sample CSP methodology to obtain possible experimentally accessible
crystal phases for molecules M1-M6, and characterize their porosity. Fig. 2-3 shows the
PLDs for the predicted structures for molecules M1-M6 within the energy range of
50k]/mol w.r.t. the lowest predicted phase. The horizontal line at 2.32 A represents the
PLD of the experimental polymorph CC1- of the imine cage CC1, which indeed is
selectively porous to H,. For molecule M1 we observe that 100% of the structure predicted
in the 50kJ/mol range are at least porous to Ho. This result is mainly due to the rectangular
box-shape of the molecule and the absence of phenyl, pyrrole or thiophene cyclic groups,
present in the other molecules, which can partially reduce the size of the windows
connecting intrinsic molecular pores and hence a decrease in the value of the

corresponding PLD. The fraction of predicted structures in the 50k]/mol range, with PLD



larger than 2.32 A for molecules M2, M3, M4, M5 and M6 are, respectively, 2.6%, 16.2%,

41.3%, 9.4% and 9.4%.
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Figure 2-3. Pore limiting diameter (PLD) as a function of the relative lattice energy w.r.t. the
corresponding lowest energy structures for molecules M1-M6. The horizontal line at 2.32 A

corresponds to the PLD of cage molecule CC1.

The lowest energy predicted structures with PLD larger than 2.32 are depicted in Figure 2-
4, and are referred to as a-phases. As in may practical applications, it is required that the
materials are also porous to larger guest species, we selected phases that compromise larger
PLDs and low energy. They are referred to as B-phases, and are shown in Figure 2-5. The
corresponding space group information and coordinates CIF files are collected in the SI.
The porosity a- and B-phase polymorph were characterized in terms of PLDs, LCDs, and
SAs, with the resulting highlighted in Figs. 2-4 and 2-5. Further void space analysis,
including the void channel dimensionality and the visualizations of pore landscapes, are
placed in the SI. The most porous of identified the lowest energy phases is assembled from
molecule M1. «M1 has pores of 8.17 A in diameter and the internal surface area of 1070
m2/g. These features make it comparable with inorganic zeolites.

The predicted energy landscape for molecules M1-M6 are depicted in Fig. 2-6. They
resemble the typical ones observed for organic molecules, i.e. the leading-edge of the

landscape as a function of density decreases almost monotonically. Except for the M2 and



the aM>5 structures, all the other «- and B-phase polymorphs belong to the leading-edge of
the predicted crystal landscape. Thus, they constitute an example of possible crystal phases
that could be experimentally accessible by crystal engineering procedures. Recrystallization
or exposure to different solvent might lead to the discovery of other phases possibly
comprised in Fig. 2-3 and Fig. 2-6.

Finally, it is important to comment on the synthetic feasibility of the identified six
molecules. In the effort to confirm the previous reports on M1-M6, we followed their
PubChem source information (see the SI). We were only able to directly identify the
corresponding literature sources for M2 and M3. Neither of them reported the synthesis of
these molecules (though a methyl-substituted M3 was synthesized). We could confirm,
however, a previous synthesis of M4 though it required a rather extensive Web search,
starting from a Google-based translation of the M4’s PubChem-listed Japanese source
article. Cleatly, it can be noted that the discovery potential of the approach presented
herein is significantly limited by the reference data included in the screened database, i.e.
PubChem. This observation highlights the need for further development of community-
available databases such as PubChem as well as tools used to mine the literature to create

such databases.



AE =0 kJ/mol p=0.920 g/cm? AE=32.4kl/mol p=1.238 g/em?
PLD =4.27A LCD =8.17A PLD = 2.64A LCD =3.57A
SA=1071 m¥/g SA=0m?/g

aM4
AE=18.5kl/mol p=1.204 g/cm? AE=12.3 kl/mol p=1.004 g/cm?
PLD = 2.39A LCD =4.72A PLD = 2.64A LCD = 4.47A
SA=108 m?/g SA=145m?/g

AE=23.1kl/mol p=1.167 g/em? AE=35.8kJ/mol p=1.039 kg/m?
PLD = 2.54A LCD =3.98A PLD = 2.67A LCD =5.73A
SA=6m?/g SA=160 m?/g

Figure 2-4. Lowest energy and porous (PLD>232A) crystalline structures for M1-MG. The
information in the captions includes the lattice energy w.r.t the lowest energy phase (AE), density

(0), PLD, LCD and the nitrogen surface area (SA).

In the article, we presented new porous materials based on cage molecules, which have
stayed out of the sight of the community, i.e. ones that have been introduced and/or
synthesized in the past but for which the porosity of the corresponding solid forms has not
been discussed. Identification of these cages was facilitated by the development of
molecular porosity characterization tools and approaches. Application of this methodology
to PubChem repository of a ca. 94 million molecules led to identification of six molecules
tulfilling our oblivion criteria, e.g. in many cases their PubChem entries point to national
conferences, non-English journals or commercial labs, and they do not have any

corresponding entry in the current version Cambridge Structure Database. Through



computational crystal structure prediction, we observed that the identified six molecules
can form low-energy polymorphs with different porosity and therefore are good candidates
to form porous molecular crystals. Our effort highlighted the potential of tailor-made

material informatics tools to mine chemical databases to identify rare building blocks of

porous cage materials.

AE=19.0 kJ/mol p=0.872 g/cm? AE=43.1kJ/mol p=1.256 g/cm?

PLD=6.25A LCD=8.32 A PLD=3.25A LCD=3.74A
SA=1207 m¥/g
oy -. ”
astiemetivmeivmests oUBUN 7 R in® i
EHee 1
St T Ff P 5

e

YR

M3 ¢ ¢ R B
PM3CIRIRIRIGIRE S
AE=44.4kfmol p=1.125 g/cm? AE=24.8kl/mol p=0.973 g/cm?
PLD = 3.34A LCD =5.35A PLD =3.72A LCD =4.67A
SA=179 m%/g
EEEED)
CHCATHA
BEEE
YGEG
pPM5
AE=49.5 kl/mol p=0.989 g/cm? AE=39.3kl/mol p=1.031g/cm?
PLD =3.62A LCD = 4.69A PLD = 3.41A LCD =5.72A
SA=224m?/g SA=176 m?/g

Figure 2-5. Examples of M1-M6 phases that combine low lattice-energy (AE<50 kJ/mol) and

large PLDs.
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Figure 2-6. Energy landscape of molecules M1-M6. The o-phases and the B-phases are labeled

and indicated. Except for the predicted M2 and aM5, the identified o-phases and the B-phases

belong to the leading-edge of the predicted landscape.



2. Notes and References

Supporting Information.

The following files are available free of charge.

A detailed description of the molecular porosity detection algorithm, the implementation of

database screening approach and the crystal structure prediction algorithm (PDF).

Predicted crystal structures of « and 3 phases (compressed CIF).

All predicted phases for molecules M1-M6 (compressed CIF).
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3. Supporting information

3.1 Molecular porosity detection - Algorithm and its implementation

General overview. Four important steps of the molecular porosity detection and

characterization approach are depicted in Figure 2-S1. They are as follows:

1. The algorithm starts with a given molecule, which is specified as a list of atoms
with their Cartesian coordinates. The molecule can be preprocessed to remove

atoms not relevant to the analysis, e.g. hydrogen atoms;

2. Voronoi tessellation is executed using the atoms of step (1), and as a result the
Voronoi network is generated (built from vertices and edges of the individual
Voronot cells). The Voronoi network provides a graph representation of the void
space around the atoms, i.e. the Voronoi nodes highlight the position of cavities
formed by sets of 4 atoms as the nodes are positioned at the center of spheres that

circumscribe the quadruplets of atoms;

3. For each node, Pore Exposure Ratio (PER) is calculated. It measures the exposure
of a given Voronoi node to the surroundings of the molecule, integrating both

geometrical and topological information about the molecule’s structure;

4. Finally, a threshold PER wvalue is used to determine if the Voronoi nodes

correspond to internal or external cavities.



Input molecule Voronoi graph for molecule

_ =
Voronoi

tessellation
(over atoms)

Compute PER
(for each Voronoi node)

Voronoi nodes
classification
(PER-based)

Internal Voronoi nodes and edges PER faor one Voronoi node
(analogous procedure applied to
all Voronoi nodes)

Figure 2-S1. Outline of the pore detection algorithm: In order to detect the pores of a molecule
(top left), empty space is first characterized with the help of Voronoi tessellation (top, right). Then,
each Voronoi node’s PER is computed (bottom, right), and those below a given threshold are
classified as internal. A map of internal porosity is obtained (bottom, left), as a subset of the initial

Voronoi graph.

Identification of void space: Voronoi tessellation. For characterization of the empty
space around and within the molecule, Voronoi graph of atoms is constructed. This graph
places nodes and edges in regions where the distances to nearest atoms are all equal,
dividing the space in several regions (one per atom) called Voronoi cells. In the interior of
each cell, distance from any point to the associated atom is always smaller than to any other
atom of the molecule. Cell boundaries correspond to shared regions, where points are at
equal distance to two or more atoms. An example Voronoi tessellation is depicted in Figure

2-82.
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Figure 2-S2. 2D Voronoi tessellation. Left, a set of points (grey). Right, 2-dimensional Voronoi
tessellation constructed around the points within a rectangular boundary. Blue lines represent

Voronoi edges, blue dots represent Voronoi nodes.

The algorithm starts with a set of points § (in our implementation, the set of points is the
set of molecule's atoms). For each point s in §, a Voronoi cell is computed as the region of

space that is closer to that point than to any other in §. That is:

x in Voronoi_cell(s) if dist(x, s) < dist(x, s') for every s' in 5-{s}

where dist(x, 5) stands for the distance between point x and atom 5. The points on the
boundary of the Voronoi cell are those at the exact same distance to the corresponding
neighbor, thus being part of another point cell (see Figure 2-S2). This process constructs a
graph in space that covers regions of maximal separation between atoms. Thus, is to be

expected to represent voids around and within the molecule.

To take into account atom radii, the radical Voronoi tessellation was used following our
past experience in developing Zeo++ software tool.' This technique changes the distance
function to add atomic radii information. When using radical Voronoi tessellation, cells are

given by the equation:

x in Voronoi_cell(s) if dist?(x, s) — rad?(s) < dist? (x, s’) — rad ?(s’) for every s' in S-{s}



Where rad’(s) stands for the square radius of atom s, and dist’(x, 5) stands for the square of

the distance from the atom s to the point x.

Several open source implementations of Voronoi tessellation are available and well

described in the scientific literature.” In our work, we used Voro++ library.’

Identification of internal regions: Pore Exposure Ratio. To identify the internal space
of a molecule, we introduce the Pore Exposure Ratio (PER) descriptor, which characterizes
how exposed a given point is with respect to a defined surrounding, i.e. spherical perimeter
around the molecule. A point buried inside a molecule will be fully encapsulated by the
molecule’s atoms, therefore, its PER will be zero. A point in a shallow, “on-surface”,
molecular cavity will be exposed to the molecule’s surroundings and its PER will approach
a value close to 1. In our approach, we calculate PER only for points defined by the

Voronoi nodes as they highlight centers of cavities.

The workflow of the algorithm is depicted in Figure 2-S3. Given a point of space, x, a
spherical grid (it can be also seen as a mesh of triangles) G is constructed around x (see
Figure 2-83, top), centered at the point, and with the radius equal to 1.5 times the largest
value of the distance between x and each of the atoms (thus G completely encapsulates the
entire molecule). The algorithm decides whether x is an intrinsic pore of the molecule by
studying its accessibility from the outer sphere without crossing any chemical bonds or
atoms. To do this, it modifies the outer grid, erasing some of its triangles, according to the
following criterion: for each triangle T'in G, a tetrahedron P formed by T and the point x is
constructed (see Figure 2-S3, right). If P intersects any bond of the molecule, T is erased,
being kept otherwise. As a result, a subgrid with one or more connected components is
obtained. Pore Exposure Ratio is then computed as the ratio among the biggest connected

component’s (BCC) surface and the total surface of the grid G. Le:



PER(x) = S(BCC)/S(G)
The algorithm for computation of PER can be described in terms of pseudocode as

follows:

PoreExposureRatio (Point)
G = spheric grid around(Molecule, Point)
GridSurface = surface (G)
Subgrid = erase triangles(Molecule, Point, G)
CCs = connected components (Shadow)

for (i in 1 to number (CCs))

SurfaceslList[i] = surface(CCs[i])
end for
SurfaceMax = max (SurfaceslList)

Rate = SurfaceMax/GridSurface

The functions are defined as follows:

spheric grid(Molecule, Point) : Constructs a spherical grid around the point
and the molecule. The grid is centered at the point, and has radius equal to 1.5 times the
maximum of the distances from the point to the atoms. Thus, it surrounds the molecule.

To make it regular, grid is constructed using Vogel’s method.*

surface (Grid) : Computes the surface of a set of triangles, by computing each

triangle surface individually and then summing them all.

erase triangles (Molecule, Point, G): Computes subgrid for the given
point and molecule, erasing triangles from the grid surface if there is a bond in between
them and the reference point. This procedure is depicted and explained in Figure 2-83,

right side.



connected components (Grid) : For a given set of triangles in space, computes
the set of connected components of those triangles. Two triangles are considered to be

connected if they share an edge. Result is returned in form of a linked list.

Molecule (black spheres and lines) G - Spherical grid Example of study:
and studied point (white sphere) around the molecule Two triangles (marked in blue)

(orange triangles)
3

o

o

Study grid

/B
Construct grid J triangles

Repeat for alf
Area(BCC) triangles in G
PER = -

Area(G)

Y s
3 ¢ @
S - Spheric grid after erasing triangles
(with criterion described in previous "
steps)
: L 1
BCC - Biggest connected component -,
of 8
Triangles formed by T1 Triangles formed by T2
edges and reference point edges and reference point
do not cross any bond. do cross at least one bond.
KEEP T1 ERASE T2

Figure 2-S3. Pore Exposure Ratio algorithm description. PER is computed for a given point of
space with respect to the given molecule (top, left). First, a spherical grid is built centered at the
point and surrounding the molecule (top, center). Then, every triangle of the grid is studied
separately. Two cases are shown in the figure: one triangle that is kept (I'1) and one that is erased
(T2). Resulting object is a grid with some missing triangles (bottom, left). Connected component
with highest surface is chosen, and PER is computed as the ratio of that surface and total grid

surface.



Pore identification with help of PER and Voronoi tessellation: In order to identify
molecule’s pores, previously described methods are combined. The algorithm for such

identification can be described in terms of pseudocode in the following way:

V = voro tessellation(Molecule)
for (v_node in V)
PER[v_node] = pore exposure ratio(v_node)
if (PER[v node] < PER Threshold)
v_node.type = internal
else
v_node.type = external
end if

end for

A molecule is considered to have internal porosity (i.e., being a porous molecular cage) if it

has at least one internal Voronoi node. The threshold for determination porosity is

selected empirically (see next Section).

With the previous classification of internal Voronoi nodes, the pore size of a porous

molecule can be determined as well as the molecule’s PER can be assigned. This process

can be described in the following pseudocode:

GetInternalPore (VoronoiGraph)

InternalNodes =
get internal nodes (VoronoiGraph)

N = node with max radius (InternalNodes)
MoleculePoreSize = N.radius
MolecularPER = N.PER

return (PoreSize, MoleculePER)



Above, the radius of a given Voronoi node is the minimum of the distances from that node
to the atoms minus the atom radius. This value is returned directly from the Voronoi

library (Voro++).

Comparison of Pore Exposure Ratios for selected molecules. Threshold selection.
In order to establish a threshold value for the PER, many molecules were examined. In
Figure 2-S4, few example of molecules are presented along with the PER values associated
to either their pores (if any) or the center of the box (for non-porous molecules). Porous
molecules in Figure 2-S4 have PER values between 0.1 and 0.31. On the other hand, PER
values for non-porous molecules are much larger, i.e. above 0.75. By inspecting more than
300 molecules from PubChem, a PER threshold of 0.36 was chosen. We note here that it is
quite challenging to capture the tremendous shape diversity of possible porous molecules
with just one descriptor. The selected value is, therefore, rather conservative to favor the
selection of porous molecules at the cost of increase of the false positives during the
PubChem screening (i.e. filtering of the PubChem database and collected in the “PER

prediction set” (see Figure 2-85)).



CID = 101377082 CID = 16148678 CID =102210546
Pore Exposure Ration = 0.15 Pore Exposure Ration = 0.1 Pore Exposure Ration = 0.31

CID = 88543151 %%._, CID = 10008508
Pore Exposure Ration = 0.81 Pore Exposure Ration = 0.75

Figure 2-S4. Examples of PER for selected molecules. Several molecular schemes are shown,
all with their PubChem CIDs. Top three molecules are identified as cage molecules while bottom
two molecules are non porous molecules. PER values are computed for the center of the box
containing the molecule and for the position of the largest pore for non-porous and porous

molecules, respectively.

3.2 Screening of PubChem database

The PubChem Compound Database (PubChem) was downloaded in the SDF data format
from the PubChem FTP server. Molecules in each SDF file were converted to the SMILES
format by using the OpenBabel Software to facilitate processing.” The resulting set of 94
333 141 compounds was filtered to remove molecules that were irrelevant to our search for
cage molecules. The filtering consisted of 6 steps, which are outlined below and were

implemented in Python. They are also and depicted in Figure 2-S5.



Step 1. Single Molecule filter: Fach compound with more than one molecule was identified

o

by detecting a “.” in the corresponding SMILES sequence and discarded.

Step 2. Organic Molecule filter: In order to reduce our set to only organic molecules we used
the same criteria described in the PubChem3D release notes,® i.e. molecules with at least
one match of the following SMARTS pattern
“HLIHGIHTIHSIHIH141#151#161#17;1#35;1#53]” in their SMILES were labeled as

non-organic and discarded.

Step 3. Neutral Molecule filter: The total charge of a compound was deduced directly from
the SMILES sequence. Molecules with and absolute charge larger than 0 were labeled as
charged and discarded.

Step 4. Non-radical Molecule filter: Radicals were identified using the SMARTS pattern
“IX5v4,X5v3,X5v2,X5v1, X4v3,X4v2 X4v1,X3v2,X3v1,X2v1]”. Those molecules with at
least one match of the former pattern were labeled as radical and discarded.

Step 5. Core-based Molecule filter: Here, we refer to the “core” of a molecule as a
substructural unit that can encapsulate internal space due to its topology. The "core" is a
subgraph of the molecular graph that fulfills either of the following: 1) it is a non-planar
graph or 2) it is a non-planar graph after adding a universal vertex. Molecules with at least
one “core” were identified using an algorithm of Boyer and Myrdov,” implemented in the
graph-tool module of Python.8

Molecules without a “core” were labeled and discarded.

Step 6. Molecule with more than 8 rotatable bonds filter: First, the largest core (from Step
5) in a molecule is detected. Then, all the atoms and their connecting bonds that emanate
from the previously identified largest core substructure are identified. Those bonds were
considered to be rotatable if they were single bonds and were not part of a small ring
structure (we consider a ring as small if its size is smaller than 8). Bonds involving
hydrogen atoms were not included in the counting of rotatable bonds.

Molecules with more than 8 rotatable bonds emanating from the largest core were labeled
and discarded. This step allowed us to keep only possible good candidate for which crystal
structure prediction (see below and main text) calculations were computationally feasible.

The above 6-steps of sequential filtering reduced the PubChem set to 1 417 637 molecules.
Among them, 308 018 molecules did not have an entry in PubChem3D database, hence
their 3D coordinates were not available in the original PubChem database. For those
structures, 3D coordinates were generated only for those molecules with 48-or-more
atoms. The cutoff of 48 was chosen based on the size of the smallest calix[4]arene (a basket
molecule with and internal pore and extensively investigated in the field of guest-host

chemistry and porous materials).



The final set of compounds suitable for the internal porosity analysis contained 1 258 975

molecules.

Pubchem Compound Database 1) Single molecules > 2) Organic Molecules
94 333 141 89 910 395 89 501 325

v

3) Core-based Molecules ‘ 4) Non Radicals 5) Neutral Molecules
2 749 691 87 393 415 87 537 080

Without 3D coords > More than 48 atoms

308 018 149 356
> 6) <=8 rotatable bonds
1417 637 #
> With 3D coords PER prediction Set
1109619 1258 975

Figure 2-S5. PubChem database screening flow-chart. A 6-steps sequential filtering protocol is
applied to the PubChem data base, searching for candidates for porous organic molecules. The
initial number of 94 333 141 compounds was reduced to a final set of 1 258 975 molecules that

were further analyzed with our molecular porosity detection algorithm.

3.3 Crystal structure prediction

Approach. Crystal structure prediction (CSP) calculations were performed using a random
search technique implemented in the UPACK (Utrecht Crystal Package) program suite.”
UPACK provides hypothetical crystal structures by approximating the free energy of the
crystal with a static lattice energy and minimizing it by using a molecular force field (FF).
The latter is defined as the sum of an intermolecular potential, consisting of van der Waals
and Coulomb terms, and a combination of intramolecular energy terms, which account for

molecular flexibility.

We employed the widely used transferable OPLS_2005 force field" to model the lattice

energy for the systems considered in this study. In the OPLS_2005-FF framework, the



cohesive energy is modeled as the sum of Lennard-Jones and Coulomb terms while
intramolecular interaction include stretching, bending and torsional terms. OPLS_2005 FF
is an enhanced version of the original OPLS force field," and is developed by the
Schrodinger'? company to provide a bigger coverage of organic functionality. In particular,
intramolecular parameters have been fit to reproduce the conformational energies derived

at a higher level of quantum theory for a large set of organic molecules.

As stated above, static lattice energy minimization is at the core of the UPACK method for
crystal structure prediction simulations.  Energy minimization steps are normally
performed by a combination of the steepest descendent method followed by a certain
number of conjugated gradient minimization steps. Intermolecular interactions are
truncated at a certain cut-off based on the charged groups distance and the Ewald

summation method is employed for Coulomb and Lennard-Jones r° dispersion terms.

A full CSP study with UPACK was carried out in three steps:

Step 1. In the first step, we generated candidate structures (5000 are usually sufficient) by
means of a random search method combined with a rough energy minimization (using a cut-
of 8A for intermolecular interactions). Initial structures are generated for a set of selected
space groups with Z’=1 molecules in the asymmetric unit cell.

The number of degrees of freedom for the random search comprehends up to 6 variables for
the unit cell plus 6 degrees of freedom that describe global translation and rotation of the
molecule in the unit cell. For molecules with rotatable bonds further degrees of freedom are
considered during the random search to account for different molecular conformations.

The total number of degrees of freedom, D, cannot be arbitrarily large for the random search
method to be successful. Indeed, it was empirically noticediErrort Marcador no definido. that the r

andom search method started to fail when the total number of random wvariables is around
20.

Step 2. During this step, a minimization of the static lattice energy with a larger cut-off of
20.0A w.r.t all the degrees of freedom was used to further refine the structures generated in
Step 1.

Step 3. Equivalent structures resulting from different initial orientations of Step 1 were
grouped together by the means of a clustering algorithm based on interatomic radial
distribution functions as implemented in UPACK. The final set of unique structures was
finally ranked according to their lattice energy relative to the lowest minimum found.



Validation. In the last few years, OPLS_2005 FF was successfully employed to investigate
the lowest energy conformers of shape persistent molecules with large cavities and their
ability to form guest inclusion complexes in permanent porous liquids."” In this work, we
adopt OPLS_2005 parameters to predict the packing behavior of such cage-like molecules
in the crystal phase, and as it is the first such application, we have carefully validated it. We
tested our aforementioned procedure by performing the CSP calculations for the well-
known porous imine cage CC1. CC1 cage molecule is one of a series of porous organic
shape-persistent cages with large internal cavities synthesized in the group of Prof. Cooper
of University of Liverpool, UK. These molecules have been of great interest especially for

their capacity to tune porosity when exposed to different solvents."*

The energy landscape of cage CC1 has been already investigated in two independent CSPs
works employing different approaches such as Monte Carlo simulated annealing and quasi-
random sampling for generating the initial trial set of structures.” In both cases the final
minimization procedure was carried out with the DMACRYS crystal structure modeling

software for rigid molecules, which employs anisotropic atom-atom model potentials.'® In
both studies, the two experimentally observed polymorphs CCl-a (non-porous) and

CC1-P’(H; selectively porous) were found in the low enetrgy region of the phase landscape.

Currently, all the triclinic, monoclinic and orthorhombic space groups are available to be
searched in UPACK but in this work we limit our CSP calculations to a subset of 13 space
groups (P21/¢,P-1,P212121,P21,Pbca,C2/c,Pna21,Cc,Pca21,C2,P1,Pben,Pc), which
account for about 90% of the observed crystal structures for organic molecules with Z’=1
molecules in the asymmetric cell. For a group with internal symmetry, the generated
structures can actually belong to a space group with higher symmetry. In such cases, the

full symmetry was determined by post-processing the structures with the program



PLATON." Finally, the interatomic interactions cut-offs during the first and the second

stages of our procedure were set equal to 8A and 20A respectively.

The obtained potential energy-phase landscape for cage CCl1 is shown in Figure 2-S6.

Both polymorphs are found by the UPACK search. Polymorph CCl-o is correctly
predicted in the space group P21/c (see Table 2-S1). On the other hand, polymorph CC1-
B’ was predicted in the P1 space group, which reduced to higher symmetry R3 after analysis
with PLATON. A closer inspection of the energy landscape reveal that o’ and B’ structures
lie approximately 7kJ/mol and 26 kJ/mol above the global minimum, respectively. More
precisely, UPACK predicted energy difference between the two polymorphs is AE = E(a)

— EP) = -19.88 kJ/mol. This energy difference, its value and sign, is within generally
acceptable difference from the corresponding -9.57 kJ/mol value obtained after further
relaxation of the structures by means of dispersion-corrected solid state DFT-D
calculations performed with QuantumEspresso.”® A difference of 20 kJ/mol or more
between the experimentally recognized polymorphs was predicted for other organic porous

15,19

molecular materials, >~ and its order of magnitude is well maintained between anisotropic

atom-atom model potentials and DFT-D approaches.

Our predicted structures for cage CC1 present comparable geometrical match to the
experimental polymorphs, see Figure 2-S7 and 2-88, when compared with the DMACRYS
results of reference 15. Comparisons for unit cell parameters, root mean square
displacement RMSD3y for a cluster of 30 molecules, and values of the pore limiting

diameter (PLD) are resumed in Table 2-S1.

Motivated by the results for cage CC1, we decided to apply UPACK prediction procedure

to study the porosity properties of the predicted structures for the molecules selected in



this work. In particular we will focus on the porosity properties of all the structures

predicted in a 50k]/mol range above the global minimum.
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Figure 2-S6. Energy-density plot for porous cage CCl. Energy density map for cage CC1 as

predicted by UPACK with OPLS_2005 force field. Each point corresponds to a unique structure.

Predicted structures that geometrically match the experimental polymorphs CC1-o” and CC1-p’ are

labeled and highlight with a filled red and blue point, respectively. Geometrical parameters are given

in Table 2-S1.

Cell axes length Density | RMSD3p | PLD
Cell angles
A (g/cmd) | A) A)
Material Structure
a b C o B Y
Exp. 12.810 | 10.910 | 36.810 | 90.00 | 97.49 | 90.00 | 1.033 1.675
UPACK  +
o OPLS 2005 | 12725 | 10865 | 37.689 | 90.00 | 10172 | 90.00 | 1032 | 0.749 1.495
a'(P21/c) | Quasi-
fﬁg&m 13.425 | 11.156 | 37.761 | 90.00 | 94.45 | 90.00 | 0934 | 0.812 2.025
DMACRYS
Exp. 21.015 | 21.015 | 10.491 | 90.00 | 90.00 | 120.00 | 0.988 2.318
ccl
UPACK #1151 119 | 21119 | 10730 | 90.00 | 90.00 | 12000 | 0.953 | 0191 2.469
, OPLS_2005
B'(R3)
Quasi- 21623 | 21.623 | 1985 19002 | 90.02 | 119.98 | 0.899 | 0.603 | 2405




random-+rigid
DMACRYS

Table 2-S1. Geometrical parameters from our CSP study with UPACK-OPLS_2005 FF, compared
to experimental values and CSP results from reference 15. Polymorph CC1-f3’ was predicted in P1
space group but showed the full R3 space group symmetry after analysis with PLATON. RMSD
over a cluster of 30 molecules where computed with the RMS module implemented in the

GROMACS package.?’ Pore limiting diameters (PLD) were evaluated with the Zeo++ code.iFrror! M

arcador no definido. 21

Figure 2-S7. Structural comparison for experimental and UPACK-predicted CCl-o” structures.

Structural overlay of a cluster of 30 molecules for experimental (blue) and predicted (red) CC1-o’

structures. The root mean square displacement, computed without taking into account the

hydrogen atoms, takes a value of RMSD30=0.749 A.




Figure 2-S8. Structural comparison for experimental and UPACK-predicted CC1-f’ structures.

>

Structural ovetlay of a cluster of 30 molecules for experimental (blue) and predicted (red) CC1-3

structures. The root mean square displacement, computed without taking into account the

hydrogen atoms, takes a value of RMSD3,=0.191 A.



3.4 Source information for the identified molecules M1-M6

The PubChem Compound Database contains validated chemical information provided to
describe substances in PubChem Substance database. The latter contains descriptions of
samples from a variety of sources. By inserting the corresponding CID (Compound-Index)
in the web page https://pubchem.ncbi.nlm.nih.gov/# is possible to retrieve information
about the source, the deposit date and possible scientific publications that make reference
to a specific compound object of study. In the table below we resume such information

for molecules M1-M6, respectively.

p— G
e g 2y
8 5Aa PubChem Source Reference § 5 5
S 3 2o 8
2 =
M1 | 101377082 The Japanese Oniki, Y. and Kenta, G., Structural and Japanese
Science and Organic Chemistry Discussion Paper
Technology Preliminary Proceedings, Volume 35, Page
Agency. 377 (2005).
M2 | 102021452 The Japanese Colquhoun, H. M., Arico, F., Williams, D. English
Science and J. One-step syntheses of very large cage-
Technology type molecules from aromatic sub-units.
Agency Chem. Comm., 2574-2575 (2001).
M3 | 102210546 The Japanese Kurata, H., Haruki, K.m Oda, M. Stilbene- English
Science and Extended Trithienylmethanophanes: A
Technology novel C3-symmetric cage molecule capable
Agency of accommodating and organic molecule as
well as three Silver(I) ions. Chemstry
Letters 34, 484-485 (2005).
M4 | 102263757 The Japanese Iwasaky, Y., Nagata, K. Inomata, T. Ozawa, | Japanese
Science and T. Proceedings from the Symposium on
Technology Complexation Chemistry, Volume 64,
Agency Page 127 (2014).
M5 | 102333795 The Japanese Publications:Yonaga, S., Tange, K., Japanese
Science and Hatanaka, T., Funahashi, Y. Proceedings
Technology from the Symposium on Complexation
Agency Chemistry, Volumet 64", Page 332 (2014).
M6 | 16148678 Thomson-Pharma
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