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ABSTRACT: Structural analysis of molecular pores can yield
important information on their behavior in solution and in the
solid state. We developed pywindow, a python package that
enables the automated analysis of structural features of porous
molecular materials, such as molecular cages. Our analysis
includes the cavity diameter, number of windows, window
diameters, and average molecular diameter. Molecular dynamics
trajectories of molecular pores can also be analyzed to explore
the influence of flexibility. We present the methodology,
validation, and application of pywindow for the analysis of
molecular pores, metal−organic polyhedra, and some instances of framework materials. pywindow is freely available from
github.com/JelfsMaterialsGroup/pywindow.

■ INTRODUCTION

The bulk properties of porous solids are greatly influenced by
structural variations at the atomistic level.1 The pore network,
as defined by the size, shape, and interconnectivity of the
pores, naturally impacts the material’s properties. Thus,
structural characterization is often a key part of computer-
aided design of porous materials.2,3 Common structural
descriptors for porous networks are the largest cavity diameter
(LCD), the largest sphere that can be inserted in the porous
material without overlapping with any of the atoms, and the
pore limiting diameter (PLD), the largest sphere that can freely
diffuse through the porous network without overlapping with
any of the atoms.4 The LCD and PLD, in tandem with the
computationally determined pore size distribution (PSD),
surface area (SA), and pore volume, are often used to estimate
the porous material’s performance in silico.5

Various software exists for the structural characterization of
porous materials. An early example, HOLE,6 determines the
ion channel dimensionality with a Monte Carlo (MC)
simulated annealing procedure by probing the sphere sizes
that can fit along the channel. MC sampling is commonly used
to calculate the PLD, LCD, PSD, and SA in ZEOMICS,7

MOFomics,8 and Poreblazer.9 The Zeo++ package10 deter-
mines the pore network interconnectivity with a Voronoi
tessellation.11 The channel interconnectivity allows one to
distinguish between accessible and nonaccessible SA. Lastly,
the pore cavity shape can be analyzed in terms of its
asphericity, acylindricity, and relative shape anisotropy with
pyMolDyn,12 which is also equipped with a graphical user
interface.
The provided software examples are mostly intended for the

analysis of porous materials in the solid state. However, if one
wishes to characterize molecules of intrinsic porosity, also
known as “molecular pores”,13 there are not many software
options. Molecular pores are cage- or belt-like molecules that

host an internal cavity that can be accessed by two or more
windows. As these molecules are often soluble in common
solvents, they can find in-solution applications such as
sensing14 or be incorporated into mixed-matrix membranes
for molecular separations.15,16 In the bulk, molecular pores can
self-assemble and form a porous molecular material (PMM).17

However, the structure of the resulting PMM is often not
known until it is resolved experimentally, and it is dependent
on the solvent and conditions used18 and can be poly-
morphic19 or amorphous.20 Simultaneously, computational
crystal structure predictions are still too expensive to be used
routinely.21 Thus, the structural descriptors of individual
molecular pores, such as the void size and window diameter,
and their relationship to properties might be more
informative.22 This is especially true if the isolated molecules
are studied or the solid-state assembly and the void
connectivity have a minimal effect on the properties of the
resulting PMMs. Recently, Garcia et al.23 reported the analysis
of a single molecule’s surroundings and the projection of void
regions within the perimeter of a molecule. This method
identifies windows but does not allow calculation of the
window diameters.
The void size and window diameters yield a general

description of the individual molecular pores in the same
fashion as the LCD and PLD describe a porous network, and
in some particular molecular assemblies these can be the same.
However, if the software described in the previous section is
used to characterize PMMs, one does not definitively obtain
the underlying features of the individual molecular pores but
rather obtains the features of the pore network as a function of
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the molecular pores’ assembly. Simultaneously, the manual
measurement of window diameters using visualization software
is laborious and prone to human error. This approach is also
unfeasible for the analysis of thousands of frames of molecular
dynamics (MD) trajectories. Here we report the python
package pywindow, released under an MIT license and
available at github.com/JelfsMaterialsGroup/pywindow. The
software enables rapid analysis of the static and dynamic
features of molecular pores, such as pore breathing from MD
trajectories.

■ SOFTWARE OVERVIEW

The pywindow package is intended for structural analysis of
molecular pores, whether in isolation or as PMMs.17 The
software was validated against the well-established Zeo++
package10 where the functionalities of the two overlap and a
literature circumcircle method to determine a circular window
diameter in porous organic cages.24 pywindow has no
underlying units and inherits those of the input file, but all
molecular coordinates are assumed to be in angstroms. The
structural analysis does not depend on the given topology and
chemistry of the molecule. Thus, other materials such as
coordination polyhedra or representative fragments of metal−
organic frameworks can also be analyzed.
A simplified schematic of the structure of pywindow is

presented in Figure 1. The Cartesian coordinates and atom

types can be extracted from a commonly used file extension
(e.g., XYZ, PDB, MOL), ported directly from the RDKit25

molecule object, or extracted from the trajectory file loaded
with one of the trajectory module classes (XYZ, PDB,
DLPOLY). The last of these requires preprocessing steps to
extract each individual frame from the trajectory and to
decipher force field atom keys, features that are implemented
in pywindow. The input source can contain one or more
molecular pores that can be individually extracted from the
system for the analysis. Molecules split over cell boundaries
due to periodic boundary conditions are reconstructed (see the
Supporting Information). Lastly, the calculated values can be
stored in JSON format.

Structural Properties of Molecular Pores. The max-
imum diameter of a molecule (Dmax) is defined as the distance
between the edges of the van der Waals spheres of the two
atoms at the greatest distance from each other in the molecule.
The intrinsic void diameter (Dvoid) is calculated as the distance
from the center of mass (COM) of a molecule to the van der
Waals edge of the closest atom. This value is then used to
calculate the spherical pore volume (Vvoid). However, in some
unsymmetric systems, the COM might not coincide with the
actual pore center. Thus, we implemented the optimized
intrinsic void diameter (Dvoid_opt) and volume (Vvoid_opt), which
includes COM coordinate minimization to find a better
estimate of the pore center. The average diameter of a
molecule (Davg) is determined as the mean distance from the
COM of a molecule to its van der Waals surface. Values of Davg
can match experimentally determined solvodynamic diameters,
as shown in our recent work.26 The methods of calculating
these structural properties are detailed in the Supporting
Information.
Finally, the most important feature of pywindow is the

window diameter calculations. A schematic of the method is
presented in Figure 2. The process is fully automated and does
not require prior visualization of the molecule or assumptions
about the number of windows. From a sphere of sampling
points distributed evenly around a molecular pore, vectors
connecting these points and the molecule’s COM are analyzed
for the largest included sphere that can be placed at a given
vector point without overlapping with any van der Waals
spheres of the host. This allows calculation of the largest
sphere diameter that can fit into that window and thus the
window diameter (see the Supporting Information for further
details).

■ APPLICATIONS OF PYWINDOW

Computational Details. The crystallographic information
files (CIFs) were obtained from the Cambridge Structural
Database (CSD).27 The molecular pores are denoted by the
CSD references under which the CIFs were found in the CSD.
The analyses were then performed using pywindow. For
comparison and validation, the window diameters with the
circumcircle method24 and the LCD and PLD using the Zeo+
+0.2.2 package10 were calculated.
MD simulations were performed for the previously obtained

CC3 organic cage (code PUDXES) using DL_POLY2.20.28

The OPLS_2005 all-atom force field29 was used.
DL_POLY2.20 software input files were prepared using
DL_FIELD3.3.30 A 0.2 ns equilibration followed by a 1 ns
production run was performed with a time step of 0.5 fs at 300
K. The Coulomb summation for the electrostatic interactions

Figure 1. Schematic of pywindow and some possible workflows.
The molecular module contains the MolecularSystem class, which is
used to load in the input. In the case of trajectories, input is loaded
through one of the available classes (DL_POLY, XYZ, or PDB)
depending on the format. Each frame is then returned as a
MolecularSystem object. If the MolecularSystem object contains
multiple molecules, it is then separated into individual Molecule
objects.
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and the leapfrog Verlet algorithm31 were used. The image
conversion was set to 0 in the CONFIG file.
Computational Expense. The time required to calculate a

single window diameter of PUDXES is less than 1 s on a single
CPU processor (2.4 GHz Quad Core Intel Xeon). However,
this time will scale with number of windows, their size, and the
maximum dimension of a molecule. The process of trajectory
analysis is parallelized so that multiple frames can be analyzed
simultaneously. Thus, the analysis is still cheap and easily
achievable over a matter of hours or days at most with the
benefit of an automated process for the extraction of the
coordinates, reconstruction of the unit cell, and determination
of structural properties of individual molecular pores.
Window Diameters and Number of Windows. The

first step in validation of the pywindow package was the
comparison of the calculated window diameters to those
obtained using other methods. The porous organic cage
(CC3) PUDXES system was chosen as a test case for two
reasons. First, PUDXES was previously studied using the
circumcircle method to calculate window diameters, allowing
for a direct comparison with that method. Second, the
window-to-window assembly of molecules in the crystal
structure results in the window diameter coinciding with the
narrowest point in the porous network, and therefore, it is
possible to compare the PLD output by Zeo++ to the window
diameter. PUDXES is shown in Figure 3.
The result of a comparison of the pywindow window

analysis (Dwindow) to the window diameters determined with
the circumcircle method and the PLD output by Zeo++
software is given in Table 1. The circumcircle method is also
equivalent to a manual measurement in any software with a
graphical user interface. The results for the three methods are
comparable. The Zeo++ results give the largest window

diameter of 3.66 Å. The circumcircle method gives a value of
3.63 Å and pywindow a value of 3.64 Å.
Next, a set of molecular pores that are intrinsically porous

and possess a variety of numbers of windows were analyzed
with pywindow. These are shown in Figure 3. The
BATVUP, NUXHIZ, PUDXES, and REYMAL molecules
contain two, three, four, and six windows, respectively.
YAQHOQ (C60) has no windows and was used as a control.
The results are shown in Table 2. The total number of

Figure 2. Steps to determine the window diameter. (a) A sphere of
evenly distributed sampling points is generated around the host
molecule. (b) Vectors connecting the center of mass of a molecule
and the sampling points are analyzed for overlap with the host’s
atoms. (c) The vectors that do not overlap with any of the host’s
atoms (i.e., vectors passing through windows) are clustered into
distinct windows. (d) For each window, the vector with the largest
included sphere along its path is chosen, and the window’s circular
diameter is calculated.

Figure 3. Five molecular pores chosen for pywindow validation.
CSD reference codes are given below the molecules.

Table 1. Comparison of the Four Window Diameters
Determined for PUDXES Using pywindow, the
Circumcircle Method, and Zeo++a

method Dwin.1 [Å] Dwin.2 [Å] Dwin.3 [Å] Dwin.4 [Å]

pywindow 3.64 3.64 3.64 3.63
circumcircle 3.63 3.63 3.63 3.63
Zeo++0.2.2 3.66 3.66 3.66 3.66

aOnly one PLD is generated by Zeo++. However, on the basis of
symmetry considerations we report the value for each window
separately.
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windows identified for each molecule equals the number of
windows identified from visual inspection.

Analysis of Molecular Dynamics Trajectories. MD
trajectories of molecular pores can be analyzed to study
breathing effects by determining the pore-limiting envelope
(PLE), a distribution of window diameters over the trajectory,
the fluctuations of Dvoid_opt and the fluctuations of Dmax. Results
for PUDXES are presented in Figure 4. We recently published
a study in which the PLE was used to characterize the possible
application of molecular pores in xenon/krypton separation.22

Other Material Classes. As pywindow depends only on
Cartesian coordinates and atom types, host molecules need not
be fully organic. For example, we analyzed a metal−organic
cage (CSD reference: SAYGOR). Systems that are not
inherently discrete, such as framework materials, can also be
analyzed if the user provides a representative fragment to
mimic an isolated molecule with no boundary conditions for
void and window diameters to be calculated. As an example,
we analyzed a fragment of a metal−organic framework (CSD
reference: MIBQAR). The analyzed materials are shown in
Figure 5, and the pywindow output is given in Table 3.

■ CONCLUSIONS
pywindow enables the structural characterization of
molecular pores. The possibility of using pywindow to
determine the number of windows and their diameters in
molecules of various shapes and chemistry has been
demonstrated, as has the applicability to metal−organic cages
and, in certain circumstances, framework materials. The object-
oriented character and modularity of the code make it easily
extendable, and the code is freely available. pywindow can be
used to determine whether a material has a predisposition to
be porous and whether the windows are big enough to allow
for guest diffusion. We have presented the functionality to
analyze molecular dynamics trajectories in an automated and
straightforward fashion. The pore-limiting envelope allows one

to relate the dynamic change of window diameter to the
diffusion of guests in flexible materials. The possibility that
guest molecules will bind within the pores can be assessed with
the calculation of the cavity size. There is no requirement to
visually assess the molecules prior to the analysis, and no
predefined information about the molecule is required. Thus,
the software is easily applied for high-throughput simulation.
The planned future extension of pywindow is to include
methods for further structural properties, such as the host
molecule’s shape, in terms of asphericity and acylindricity, and
the shapes of the cavities and windows.
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Table 2. Structural Parameters Calculated with pywindow
for Different Molecular Pores

system
Dmax
[Å]

Dvoid_opt
[Å]

Vvoid_opt
[Å3] nwindows

mean(Dwin.x)
[Å]

YAQHOQ 10.5 3.6 25.0 0 −
BATVUP 14.8 5.0 63.6 2 3.5
NUXHIZ 18.6 9.0 377.0 3 7.2
PUDXES 22.2 5.4 82.3 4 3.6
REYMAL 34.0 13.8 1363.1 6 9.1

Figure 4. Histograms of the window diameter, pore diameter, and
maximum molecular dimension from an MD trajectory for PUDXES
(CC3), shown at the right. The window diameter and pore diameter
histograms share the bottom X axis, whereas the maximum molecular
dimension histogram is plotted with respect to the top X axis.

Figure 5. Examples of the transferability of pywindow to other
materials: (a) a metal−organic cage (CSD reference: SAYGOR) and
(b) a representative fragment of a metal−organic framework (CSD
reference: MIBQAR).

Table 3. Structural Features Calculated for a Metal−
Organic Cage (SAYGOR) and a Representative Fragment of
a Metal−Organic Framework (MIBQAR) with pywindow

system
Dmax
[Å]

Dvoid_opt
[Å]

Vvoid_opt
[Å3] nwindows

mean(Dwin.x)
[Å]

MIBQAR − 12.3 968.9 6 7.9
SAYGOR 32.5 9.4 435.6 4 7.2
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