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ABSTRACT

Porous molecular belts are a common type of porous molecules that can be assembled
into nanotube porous crystals for various applications. The inherited nature of crystal
porosity allows exploiting molecular properties in order to fine-tune the nanotube
crystals for specific applications. However, molecular features determining nanotube
formation remain unclear. Molecular shape has been suggested as a potential aspect
determining packing at crystal level, but this hypothesis has not yet been tested. In
this work, we define the first set of methods to characterize the shape of molecular
belts, demonstrating their application to discover nanotube crystals by screening large
datasets. Moreover, we introduce and characterize (in terms of porosity, shape and
chemistry) the largest available repository of molecular belts, with 4412 molecules

mined from the PubChem dataset. With this study, we show that molecular shape can



play a major role in solid-phase assembly of porous molecular materials, opening new

avenues in molecular characterization and material discovery.



INTRODUCTION

Molecular belts are defined as macrocycles with permanent cavities that can be
accessed from two windows. These molecules have been of interest due to their
capacity to capture chemical species within the opening of their structures. Crown
ethers are a prime example of such species, and have been investigated, designed and
used to capture ions from the solution for decades.'” Interestingly, there are new
application opportunities for molecular belts in the context of porous molecular
materials, in which molecules with permanent internal voids assemble into solids with
exploitable porosity in applications such as molecular separations, storage, ion
transport and sensing. Typically, porous organic cage materials, i.e. based on
molecules with internal cavity accessible by at least 3 windows, have been considered
in this context, ** whereas molecular belts have been less explored. There have been
reports of their window-to-window assemblies forming nanotube-like solid structures.
Numerous experimental examples of such structures exist in the literature.”® For
instance, Sakamoto et. al. assembled molecular belts formed by benzene rings into
crystals with high adsorption capacity’. In another work, Kameta et. al. introduced

artificial chaperones based on hydrogel nanotubes. *

The ability of molecular belts to assemble into tubular structures relies on weak
interactions, and sometimes on the presence of solvent.”"" In a recent work, we
discussed a set of three known crystals that showed nanotube-like crystal structures.'”
All three presented noria-like shapes (i.e. molecular belts with high symmetry and
three wide corners) and showed nanotube structure in presence of solvent. In that
study, we proposed a modified version of these molecules that retained the noria-like

shape forming a nanotube crystal structure in the absence of solvent. This study



illustrated how molecular shape affects the macromolecular arrangements with

exploitable porosity.

Thus far, the characterization of molecules with voids has been mostly focused on the
internal cavity due to its importance in the context of porous solids. Previous works in
this direction include efforts from Miklitz et. al., that characterized molecular pore
and windows for cage molecules by combining information about the center of mass
of the molecule and a Monte Carlo approach to scan its vicinity to detect windows."
Another approach, taken by our group, incorporated the Voronoi tessellation to
improve detection of void spaces within the molecular framework, and the definition
of Pore Exposure Ratio, allowing for discrimination between porous and non-porous
molecules." These efforts focused on detection of cavity and characterization of size
and its accessibility to guest molecules. In a recent article, Sturluson and coworkers
introduced a method to characterize shape of cavities of molecular cages.” They
utilized singular value decomposition to construct the latent space of the screenshots
of molecular cavities, for a total of 74 cage molecules, obtaining a clean space where
similar cage molecules appeared together. The rather small set of molecules used to

train the space is the main limitation of their approach.

Molecular cavity in belts heavily determines their application. Thus, there have been
numerous efforts to combine different chemistries in order to design it. For instance,
Sung Kuk et. al. introduced a method to tune calix[4]arene cavities using different ion
pairs.'® In another work, McCann et. al. introduced computational methods to tune

bis-phosphine oxide based molecular belts for extraction of lanthanides."

In this article, we introduce a geometry-based analysis of the shape of molecular belts.

Our approach generates a set of four descriptors that encode key aspects of the



molecules’ shape. The goal is to produce molecular descriptions that allow
characterization of large set of molecular belts such as those deposited in PubChem, a
repository c.a. 94M molecules, being a representation of all molecules considered by
chemists up to date. ' In previous works, our group screened this dataset, with focus
on porous organic molecules (including both cages, belts and other molecules such as
bowls and molecules with inaccessible pores, e.g. fullerenes). From those studies, we
extracted a set of porous molecules,” out of which 4412 are molecular belts. This is
the largest available repository of molecular belts. Previous efforts to construct
repositories porous molecules led to repositories containing, respectively, 41 porous
molecules,” and 481 porous crystals,” out of which only 50 (~10%) were formed by
porous molecules, and only 15 (~3%) were molecular belts. Thus, our repository
increases by two orders of magnitude the size of similar existing repositories in
current literature. We demonstrate our tools through the analysis of our repository of
molecular belts, including: (1) a description the set of molecular belts in terms of their
molecular shape, studying the distribution of the different descriptors introduced; (2)
study the capacity of novel descriptors to identify categories of molecules within
molecular belts; (3) observe the relationships between molecular porosity and
molecular shape in molecular belts using classical statistics; and (4) analysis of the
chemistry of the molecules deposited. We further, demonstrate the application of our
descriptors via screening of molecular candidates with given shape properties, shared
with noria-like molecules previously discussed (Bernabei et. al. '), to discover

nanotube crystals in the Cambridge Structural Database (CSD).*!



Materials and Methods

By observing multiple examples of molecular belts, we have identified typical
geometrical features that both allow classifying the shapes and are natural to the way

in which chemists view and describe these molecules.

1) Number of corners: This corresponds with the number of vertices of the
geometry (e.g. a triangular molecule will have three corners).

2) Wideness of corners: Our observations revealed that these corners may not be
vertex-like, but rather wide. We want to distinguish, for instance, noria-like
molecules from triangular molecules.

3) Elongation: Some molecules present a more elongated shape (e.g. rectangular
molecules) and we want to consider this feature.

4) Regularity: The shape of molecular belts is not always identifiable with a

particular geometrical object geometry.

In the following sections, we introduce a set of descriptors that capture these features,
and algorithms to compute them. To validate our algorithms, we analyze several

molecular examples, comparing descriptor values with visual inspection.

Molecular shape analysis

The underlying geometry of molecular belts is 2-dimensional; thus, we can obtain
information about the shape by analyzing a projection of their top view. Additionally,
we can approximate the overall geometry of the molecules by constructing a minimal
error ellipse w.r.t. the atoms’ projections. This ellipse will leave all corners outside,

facilitating their identification.



2D projection and minimal error ellipse. To obtain a projection that properly
resembles the shape of the object, we rotate the molecule using its largest entry path
(an edge connecting the cavity with the surroundings, while keeping maximum
distance with atoms; it is computed with Molipor") to determine the rotation. Both
the molecule and the entry path are rotated together so that the entry path gets aligned
with the Z-axis. This rotation produces a top-view of the molecule’s atoms. These are
then projected on the XY-plane, i.e. an atom with coordinates (x,y, z), is projected
into (x,y). This set of 2D coordinates is used to compute the minimal error ellipse.
This done with help of a numerically stable method based on direct least squares. >

The minimal error ellipse is defined by an equation with of the following form:
Ax?+By?+ Cxy+Dx+Ey+F =0 (1)

External elliptical sharp regions (EESR). Using equation (1), we define the

following function:
G(x,y) = Ax* + By?+ Cxy+Dx+Ey+F (2)

We want to identify the clusters of atoms external to the ellipse, each capturing a
corner of the molecule. To do so, first, for any atom projection point p,, it is classified

as being inside the ellipse as follows:

Pa € € & sign(G(p,)) = sign(G(c)) 3)

where c is the center of the ellipse. Now, we apply DBSCAN for all p, & € (i.e. for

every external point). The distance function used is the polar angle, ¢, with two
points being clustered together if @g;r < g, where @55 18 the difference in polar

angle between these two points (module 27). The minimum number of points to



define a cluster is one, as a single atom can define a corner of a molecule. The number

of clusters defines our first descriptor, the External Elliptical Sharp Regions (EESR).

EESR(M) = #{Clusters} 4)

The EESR captures the number of corners the molecule has, capturing an important
aspect of its geometry. Thus, molecules with triangular shapes will have EESR=3,
whereas squared and rectangular molecules will have EESR=4, and so on. The

process of computing EESR is depicted in Figure 1.

Arc proportion. We introduce a new descriptor named arc proportion. This
descriptor is a number between 0 and 1 that reflects how wide corners are (the closer
to 1, the wider). Formally, it is the proportion of the 2r arc surrounding the center of
the molecule covered by corners. To obtain the arc proportion, we first compute the
arc covered by each corner, i.e. the arc difference between the leftmost (clockwise)

and the rightmost (clockwise) points of the corner. Formally, this is defined as:

CA = min(2m — max(@) + min(¢), min (¢) — max(¢p)) (7)

The CA value is the difference between the maximum and minimum angles within the
points of the cluster, corrected if the cluster is in the region of periodicity of polar
coordinates. Let CA; be the arc covered by the i-th cluster. Then, the arc proportion is

then defined as:

1
AP = 21 Y CA;

®)

Ellipse ratio. This descriptor accounts for the elongation of the molecule. Let Ry, be
the major radius of the ellipse €, and R, be its minor radius. The ellipse ratio is

computed as the ratio between the major and the minor radii of €, i.e:



ER = 2u 9)

Rm
Algorithm implementation and datasets

We compute descriptors of molecular porosity using Molipor'. In particular: (1) the
molecular largest cavity diameter (mLCD), i.e. the largest sphere that can lie within
the molecule; (2) the pore exposure ratio (PER), a number determining how exposed
the cavity is (O totally surrounded, 1 totally exposed); (3) the number of windows of
the molecule; (4) the entry paths to the molecule (i.e. the minimal collision
trajectories for molecular probes that enter the molecule); (5) the internal surface
area, i.e. the surface of the atoms placed inside the molecule; and (6) the maximum
window size, i.e. the diameter of the largest window of the molecule. We introduce a
repository of 4412 molecular belts. These are extracted from our repository of 6020
porous molecules mined from the PubChem database. The default output from
PubChem are the lowest energy conformers available, and these are the candidates
deposited in our repository and used for descriptor calculation. Our repository of
molecular belts consists of molecules selected via chemical filters (e.g. molecules
with >50 atoms, organic, etc.) and further characterized molecular porosity using
Molipor. We deposit all molecules presenting PER < 0.45, mLCD > 1.0 A and exactly
2 windows. Our molecules are presented as SDF files, alongside tabularized data files
containing molecular descriptors. We implement a GitHub repository in which, with
help of version control, older files are kept after changes in the records (due to, e.g.
refinement of molecular structure via more accurate estimation or experimental

measure, algorithm refinement, etc.).

We demonstrate the applications of the introduced tools by characterizing the

repository of molecular belts, comparing with the information provided by porosity



descriptors. We apply both classical statistics and unsupervised learning techniques,
namely principal component analysis (PCA)* and density-based cluster analysis

(DBSCAN).*

All the statistical analyses done in this work are performed with R (version 3.6.1) and
RStudio.” We implement an R library that computes the shape descriptors for

molecular belts, based on output description provided by our tool Molipor.

Results & Discussion

Shape descriptors validation

We validate the proposed shape descriptors over a diverse set of molecular belts. In
Figure 2, molecules with different shapes are shown, alongside their descriptors.
From the Figure, it can be seen that triangular molecules (e.g. Fig. 2a) have EESR =
3, whereas squared and rectangular molecules (e.g. Fig. 2f, 2g) have EESR = 4, and
so on. Thus, the EESR captures the number of corners of the molecules. Certain
molecules present “wide corners” (e.g. Fig. 2b, 2d), placed outside the ellipse and
clearly separated among each other. The arc proportion allows discrimination between
molecules with sharp and wide corners (e.g. Fig 2a and 2b present molecules that are
very different but have similar EESR and ellipse ratio). Finally, the ellipse ratio
identifies molecules that are more elongated. For instance, Fig. 2f and 2g present,
respectively, a rectangular and squared molecule, with equal EESR and similar arc
proportion. The ellipse ratio successfully differentiates these molecules. In our
inspection of the dataset, we identified some issues on the algorithms. Having a poor
projection of the molecule on the XY plane due to an anomalous entry path is one of

the main. These are rare cases that cannot be considered molecular belts (e.g.



molecules with 2 windows but presence of side groups that break the belt shape) and
can be detected and filtered out by combining Molipor descriptors and information

about the minimal error ellipse.

Shape description of molecular belts

We characterize the set of 4412 molecular belts and further examine their shape
descriptors from a statistical perspective to gain an insight on the information they
add (e.g. compared to porosity descriptors). Our results are summarized in both Fig.
3, and in Table 1. In Fig. 3a, a bar plot representing the number of molecules within
each value of EESR is presented. It can be seen that molecules with 4 elliptical sharp
regions predominate, followed by those with 3, 5 and 6 regions. In other words,
molecules that are (approximately) squared/rectangular, triangular and pentagonal are
more common in the dataset. The plot resembles a normal distribution, thus we run
the Shapiro-Wilk test for normality, obtaining a p-value of 0.00059, which confirms
this observation. In Table 1, we present the main statistics for the three continuous
shape descriptors: arc proportion, ellipse ratio and regularity. The results inform about
the distribution of the data: (1) 75% of the molecules have an ellipse ratio value under
1.29, reflecting that non-elongated shapes are much more common among molecular
belts. (2) 75% of the molecules have an arc proportion under 0.38, indicating that
molecules with “sharp” corners (as in Fig 2a) predominate over “wide” corners (as in
Fig 2b) in the population. For reference, see the rectangular molecule presented in
Fig 2f, which has an ellipse ratio of 1.91. (3) 25% of the molecules regularity over
0.79, 50% of them are over 0.66, and 75% of them are over 0.56. Typically, regularity
values over 0.7 indicate regular shape and good prediction of EESR corners and arc

proportion. Regularity values between 0.5 and 0.7 seem to correspond with small



variations in one of the corners, whereas regularities below 0.5 typically indicate that
at least one corner that is very different (typically much wider) than the others, which
may correspond with a molecule that has no clear underlying geometry. However, in
some cases, especially when the corners are too close to the ellipse, small
perturbations on the shape may lead two corners to get merged, lowering regularity
even though visual inspection suggests a clear underlying geometry (more details in
SI). Interestingly, in such cases, the EESR tends to show small variations (typically of
only 1 point). Also, the arc proportion can increase, but not significantly, and the
ellipse ratio remains equal. Overall, regularity serves as an indicator of either absence
of underlying geometry, or of it being fragile (i.e. sensitivity to perturbations in
molecular structure). Even in this case, the EESR remains close to intuition. These
variations are not expected to heavily affect the distribution of EESR presented above,
as all categories (except EESR=0) may loose and gain few candidates. Thus, despite
the limitations of these methods (coming from the unsupervised design they rely on),
they provide an insight on the molecular shapes existing on our repository and can be

used to mine molecules with desired shapes from large datasets.

We analyzed the pairwise correlations among shape and porosity descriptors. We
considered PER, LCD, ISA and number of entries, being the least self-correlated
porosity descriptors. '* The pairwise Spearman correlations are presented in Fig. 3b.
The correlations between porosity and shape descriptors are small to non-existent,
confirming that shape descriptors add information w.r.t. porosity descriptors. The
largest shape-porosity correlation is the negative association between ellipse ratio and
LCD (-0.3 Spearman correlation), indicating that elongation disfavors porosity. We
found a weak positive association between LCD and regularity (0.24 Spearman

correlation), suggesting that larger molecules tend to be more regular. Regarding the



correlations among shape descriptors with themselves, they are also weak. The
strongest correlation found is a negative association between EESR and regularity (-
0.39 Spearman correlation) i.e. more corners tend to imply less regularity. This aligns
with our observation that molecules with lower regularity may be rounded, with many
corners close to the minimal error ellipse. Another negative correlation can be found
between arc proportion and EESR (-0.29 Spearman correlation) indicating that
molecules with “wide” corners tend to have a smaller number of such corners.
Naturally, if the molecule has corners that occupy more space, necessarily needs to

have less of them.

Categories of molecular belts

We analyzed the space of molecular belts based on their shape descriptors. The aim is
to produce a map of the molecules based on their shape features. The results of this
analysis can be seen in Fig. 4. Interestingly, shape descriptors produce a disperse plot
on the PCA space, with variance explanation of PC1 and PC2 is of 51.1% and 29.8%,
respectively. The plot and variance explanation reflect the high heterogeneity in
shapes of molecular belts. DBSCAN over molecular shape successfully identifies
numerous clusters, corresponding mostly with EESR values. This is not surprising
due to the discrete nature of this descriptor. Clusters are mixed up within the PCA
components and the different directions indicate increase in arc proportion (horizontal
axis) and ellipse ratio (vertical axis) respectively, which is indicative of these

descriptors driving an important amount of variance in the population.

The clustering capacity showed by shape descriptors cannot be achieved strictly with
porosity descriptors. We performed a similar analysis over these, without being able

to determine shapes nor construct any clusters. More details are given in SI.



Chemistry of molecular belts

To have a more complete description of our repository of molecular belts, we studied
their chemistry analyzing the organic chemical groups present in the molecules. These
results are shown in Fig. 5, where the number of structures containing each group (or
pair of groups) is shown. It can be seen that aromatic groups predominate over the
rest, due to the large presence of benzene rings among molecular belts. Some pairs of
groups can be found more often together (e.g. aromatic ethers and aromatic groups
coexist in high numbers). In general, aromatic groups are those paired more often,
which is a natural consequence of them being present in most of the molecules
presented. We further studied chemistry correlations with porosity and shape
properties of molecules. No relevant correlations were found, suggesting that there’s a
broad chemical heterogeneity leading to different molecular shapes and pore sizes

(more details can be found in SI).

Shape-based discovery of nanotube-like PMM

We aim to demonstrate the potential application of shape analysis for the discovery of
porous molecular materials with specific properties. Our goal is to detect porous
crystals with nanotube-like channels, with help of shape analysis. To do so, we select
three noria-like molecules known to form nanotube crystals and characterize their
shapes. In a previous work by our group, we extracted individual molecular
candidates from CSD.* Here, we extract and characterize molecular belts within CSD
dataset to find molecules with shape descriptors similar to the selected noria-like
molecules. In particular, these noria-like molecules presented arc proportion values
ranging from 0.42 to 0.48. We allowed molecules in the interval [0.3, 0.6], selecting

those with EESR = 3, mLCD > 3A and regularity > 0.8. All the structures obtained



are further analyzed with help of Zeo++"' to see if they presented mPLD/PLD ratios
close to 1, an expected property of nanotube crystals. Since this property could also
hold coincidentally on non-nanotube structures, visual confirmation is needed, which

was done with the Mercury visualization tool provided by CSD.

The shape-based filter resulted in the finding of 11 structures with building blocks
that presented shape descriptors within the desired ranges. Posterior analyses
confirmed that 6 of these structures were nanotube-like, i.e. a relevant percentage
(61.3% 1if counting the three initial structures) of the structures formed by rounded
molecules with three wide corners form the crystals of our interest. Although this
percentage suggests that shape can be informative about the properties of crystal
structure, this message must be taken with caution, as 39.7% of the molecules found
do not have this property. Five of the discovered structures can be found in Fig. 6. All
11 molecules from initial filter, along their shape descriptors, mLCD and PLD, are

described in Table 2.

To further extend this analysis, we applied the same filters to our repository of 4412
belts, in order to discover a set of potential candidate molecules that could form
nanotube-like structures. This led us to the detection of 52 molecules with similar
shape descriptors. We intend to further examine their crystal structures in the future to
confirm their material properties. The list of molecules is presented in the Supporting

Information file.



Conclusions

We presented a set of molecular shape descriptors dedicated to molecular belts, which
are based on a projection of the molecules into according planes and further
characterization of the projection with a minimal error ellipse. Additionally, we
introduced the largest known repository of molecular belts, mined from PubChem,
with a total of 4412 molecules. We analyzed this repository in terms of molecular
shape, chemistry and porosity, gaining an insight of the properties of the deposited
molecules. Our analyses on the repository revealed that: (1) the set of molecular belts
is dominated by non-elongated molecules, and the main shape (characterized through
EESR) follows a normal distribution centered in 4-corners (i.e. squared or rectangular
molecules); (2) there are weak correlations between molecular porosity and shape,
indicating that molecular shape adds relevant information about molecular belts,
whereas molecular chemistry shows no correlation with porosity or shape; and (5)
molecular shape provides a form of classification for molecular belts that wasn’t
possible with previously existing descriptors (e.g. porosity descriptors). We further
demonstrated the introduced methods with an application in the field of materials
science, focusing on the discovery of porous molecular materials. Our efforts led us to
the identification of five porous molecular crystals with nanotube structure based on
similarity analysis with molecules with the same known properties from CSD
database. We extended this analysis to our repository, identifying 52 belt candidates

to be assembled into nanotube crystals.
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Figure 1. Shape analysis depiction. To determine the shape of a molecular belt, we
first rotate it so that the largest molecular entry (previously computed with Molipor) is
aligned with the Z-axis. Then we project the atoms on the XY-plane. By doing this,
we obtain a 2-dimensional representation of molecular atoms that resembles
molecular shape. Then, we compute the minimal error ellipse, and determine the
external regions. With help of density-based clustering (DBSCAN) we determine the
number of corners as the number of clusters in the DBSCAN algorithm. This is the
EESR number. Other parameters are determined using both the external points (arc

proportion and regularity) and the ellipse major and minor radii (ellipse ratio).
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Figure 2. Shape analysis examples. Eight molecules, taken from our repository, are

shown to demonstrate the methodology. Each molecule is presented with EESR, arc

proportion (AP) and ellipse ratio (ER). In all cases, EESR coincides with the intuition

of what would be the number of vertices of the equivalent polygon. Arc proportion is

demonstrated through examples (b), (d) and (e): these have wide corners and larger

AP values. Ellipse ratio and its capability to identify rectangular/elongated shapes is

demonstrated through examples (e) and (f).
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Figure 3. Shape descriptive and descriptor correlations. (a) Distribution of EESR
values within the population of belt-like molecules, alongside the p-value from
Shapiro-Wilk test for normality. (b) Correlation diagram reflecting Spearman
correlations between pairs of shape and porosity descriptors for the molecular belts of
the repository. Upper triangular panel shows actual correlation values, whereas lower
triangular panel shows color coding corresponding to the values shown in the upper

panel. Red and blue colors indicate negative and positive correlation, respectively.
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Figure 4. PCA combined with DBSCAN for the set of PubChem molecular belts. The
color-coding reflects clustering under DBSCAN. Molecules are clustered mainly by
their EESR. The principal components capture combined information between the
EESR and the arc proportion descriptors (PC1) and the ellipse ratio (PC2). There’s a
color gradient across the PC1 axis (i.e. EESR governs this direction). Molecules with
higher arc proportion tend to be at the right side of the plot (e.g. 101218461) whereas
molecules with smaller arc proportion are placed at middle and left side of the plot
(e.g. 101183823). Accordingly, more elongated molecules tend to be at the top of the

plot (e.g. 10700376).
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Figure 6. Molecules selected on the screening process (top) and their corresponding
nanotube-like crystal structures (bottom). The molecules can be seen to share shape

properties with those used as reference (high arc proportion, EESR = 3, ellipse ratio ~

1).



TABLES

Parameter Min. IstQu. Median Mean 3rdQu. Max.

Arc 0 0.28 0.36 0,37 0.45 1
proportion
Regularity 0 0.56 0.66 0,67 0.79 1
Ellipse ratio 1 1.11 1.26 1,36 1.48 10.11

Table 1. Summary of the shape descriptors over the set of belt-like molecules. All

parameters are presented with minimum, 1st and 3rd quartiles, mean, median and

maximum.
Arc Ellipse Regularity mLCD Material Material Nanotube
CID EESR proportion ratio LCD PLD structure
CEBCOC 3 0,33 1,01 0,81 6,70 9.93 470 No*
KAHQEP 3 0,35 1,05 0,97 4,15 3.17 1,58 No
MEXBEW 3 0,31 1,04 0,96 5,78 6.41 373 No
OJIDOB 3 04 1,06 09 7.88 7.92 526 No*
TEDZAG 3 0,39 1,02 0,88 621 6.96 4.48 Yes
UFANIY 3 0,31 1,05 1 9.29 10.09 4.97 No
UKADOZ 3 0,36 1,01 1 5,84 7.55 4.63 Yes
UKADUF 3 0,35 1 1 5,79 7.87 5.10 Yes
VUCQUH 3 043 1,01 1,01 7,56 8.57 6.53 Yes
YAQVEU 3 0,39 1,06 0,98 6,19 10.17 6.47 Yes*
YARNEN 3 0,5 1,06 0,87 6,36 7.67 6.45 Yes
YELKUW 3 042 1,09 0,87 6,13 6.49 4.94 Yes
YELLAD 3 0,48 1,02 0,88 6,68 7.87 6.52 Yes

Table 2. Descriptors of mined structures with similar shape to reference. Shape
descriptors and mPLD for the molecules with similar shape to those known to form
nanotube structures (YELLAD and YELKUW, included in the table) and
corresponding material properties of interest. LCD and PLD after solvent removal.
Two structures (CEBCOC and OJIDOB) are marked as no nanotube, although they

show non-aligned 1-dimensional channels. The YAQVEU structure is a cocrystal



with C60 that shows nanotube channels, but the behavior of the molecule alone is

unclear.
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