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Self-organizing maps as a data-driven approach to
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The efficient classification or prediction of crystal structures into a small number of families of related
structures can be extremely important in the design of materials with specific packing and properties. In
this respect, the traditional way to classify the crystal packing of organic semiconductors as herringbone,
sandwich-herringbone, and B- or y-sheets by visual inspection has its limitations. Herein, we present the
use of a clustering method based on a combination of self-organizing maps and principal component
analysis as a data-driven approach to classify different n-stacking arrangements into families of similar
crystal packing. We explored the m-stacking arrangements within the crystal structures deposited in the
Cambridge Structural Database of perylene diimide (PDI) derivatives with different types and positions of
the substituents. The structures were characterised by a set of descriptors that were then used for
classification. Six different packing families of PDIs were identified and their characteristics are discussed
here. Finally, the effects of different substituent types and positions on the resulting packing arrangement
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Design, System, Application

Perylene-diimide (PDI) derivatives are a promising class of organic molecules for semiconductive applications and their properties can be tuned by
substitution on the imide, bay or ortho positions. Their use as semiconductors is strictly related to the packing of their crystal forms that is strongly
influenced by the nature and the position of functional group. In the present work, we explore a chemometric method based on self-organizing maps
(SOM) with the aim of classifying PDIs in families of structures sharing similar characteristic. The present approach is a mathematical computation that
starts from the structural characteristics of the crystal forms, and shows and describes six main families, with some structures not univocally classified into
any of them. Our results indicate the limitations of the traditional classification method for PDI, that is based on a visual inspection of the structures and
identifies only four classes, and demonstrate the advantages of the use of a chemometric approach for crystal forms grouping.

Introduction

Organic electronics have received an increasing amount of
academic and industrial interest in recent decades in the
form of research and development across various fields such
as chemistry, physics, material science and engineering. The
rapid growth in research related to m-conjugated materials,
and in particular organic semiconductors (OSCs), has been
inspired by their numerous attractive properties, including
mechanical flexibility, low cost, solution processability and
molecular-level tunability. These properties make OSCs highly
versatile functional materials for use as the building blocks
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for fabricating high-performance flexible optoelectronic
devices.'™ Currently, OSCs are widely used in various organic
electronic devices, such as organic light-emitting diodes
(OLEDs),*” organic field-effect transistors (OFETs),*® and
organic photovoltaic (OPV) cells."*™® The performance of
these devices depends critically on the efficiency of charge
transport within the material. Therefore, to successfully
develop and commercialise everyday devices based on OSCs,
these materials must achieve high charge-carrier mobility,
good air stability and solubility in common solvents to enable
low-cost processing.’*"*

Since their discovery, a large number of OSCs have been
developed, reported and investigated, such as oligoacenes (like
pentacene and rubrene),"®° oligothiophenes,"® thiazole
derivatives,""> benzothienobenzothiophenes,”*® fullerenes,"*'
and perylenes."*®'” Among them, perylene diimides (PDIs)
have been a research topic for more than 100 years, mainly
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because of their use as high-performance industrial organic
pigments, which are currently used in fibre applications and
industrial paints."®"® In the past 20 years the interest in PDI, as
well as other dyes and pigments, has moved from the use as a
traditional colourant toward applications as functional solid-
state material.’**° In fact, PDI derivatives are currently a well-
known family of very promising and versatile n-type materials
for organic optoelectronic applications owing to their
commercial availability; low cost; excellent chemical, thermal
and photostability; high electron affinity; strong absorption in
the visible region; low LUMO energies and good charge-
transport properties. Furthermore, their electronic, optical and
charge-transport properties can be tuned over a wide range via
functionalisation.>*"**> The combination of these properties
makes PDIs promising candidates for several applications, such
as OFETs, 7212 OpV cells,"" ™ laser dyes, sensors*® and
bioimaging.® PDIs are also studied for low-temperature
thermoelectric generator applications.>”

Because of their planar structure and peripherally rich
oxygen atoms, PDIs typically arrange to form m-n stacking
interactions between molecules. Nevertheless, substitution
can greatly vary the extent of intermolecular n-orbital overlap
among PDI derivatives and thus can significantly affect the
solubility, optical and electrochemical properties, crystal
packing and structural morphology.”'”*** The PDI core has
10 positions that can be functionalised: the N,N' imide
positions; the 1,6,7,12 bay positions and the 2,5,8,11 ortho
positions (Fig. 1). These numerous positions for introducing
functional groups are the reason for the popularity of PDIs,
as they enable versatile tailoring of the properties for specific
applications.””*' In general, substitution at imide positions
maintains the planarity of the perylene aromatic core, and
can effectively tune solubility, aggregation and solid-state
molecular packing, but has only limited effects on the
molecular-level optical and electronic properties of
PDIs."”'92%3% However, the optical and electronic properties
of PDIs can be significantly modified via substitution at the
perylene core in the bay and ortho positions. In addition,
substitution at bay positions may lead to the twisting of the
two naphthalene half units in PDIs due to steric effects;
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Fig. 1 Chemical structure of a generic PDI showing the different
positions for substitutions: imide positions highlighted in green, bay
positions in red and ortho positions in blue.
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however, large geometric distortions of the core may weaken
the intermolecular n-n overlap and thus may decrease the
charge-carrier mobility,' 712434 Finally, ortho
functionalisation enables modification of the optoelectronic
properties while retaining the planarity of the perylene
core.””* The adjustment of the PDI properties can be
achieved through combinations of imide, bay and ortho
functionalisation.

Much experimental and computational effort has been
applied to a long-standing goal and challenge of OSCs
materials and crystal engineering, namely, understanding the
relationships among the molecular packing motifs,
intermolecular interactions and properties of molecular
materials for efficient design of crystalline material for
specific applications. Attempts to correlate the structural
arrangements to specific properties to predict solid-state
materials with tailored properties have been made since the
1980s, where the crystallochromy (dependence of colour on
crystal packing) of PDIs with various substituents at the imide
position was investigated in depth both experimentally and
theoretically, highlighting that intermolecular packing greatly
affect the optical properties. In particular, an empirical
model to correlate the absorption maxima with the n-n
contact area between stacked molecules was developed, and
a strong correlation between crystal colour and displacement
along the long (x) and short (y) axes of the perylene core was
predicted.”®?®?° After these pioneering works, much effort
has been made to provide theoretical insight into the
optoelectronic properties of PDIs to provide a deeper
understanding of the structure-property relationships. For
instance, the potential energy surfaces for the ground state of
PDI dimers as a function of the shift along the x- and y-axes
of the perylene core was evaluated as a function of the
rotation (p) between co-facially stacked dimers, and the
excitation energies of PDI crystal
evaluated.””?® Another study mapped the relationships
between stacking geometry, binding energy and electronic
coupling for dimers of 20 PDI derivatives based on density
functional theory.* The effect of the type, number and
position of the substituents on the charge-transport
properties of 30 imide-substituted PDIs and 7 bay- and bay/
imide-substituted PDIs was investigated.*" In addition, the
influence of the substituents at different positions (ortho, bay
and imide) of 17 PDI derivatives on their packing,
intermolecular interactions and electronic properties was
studied.®®  Furthermore, several other works, both
experimental and theoretical, have been published on the
effects of different substituents on the material performance
of PDIs for specific applications, for example, the use of
linear chains,>'® fluorinated chains® or branched
chains®**** at the imide position and the use of cyano
substituent,**  halogenated  substituents®®> or  other
substituents at the core.*"*®

Most of the works mentioned above mainly used dimer
approaches based on reduced data sets of similar molecules,
because analysis of the large target molecules leads to high
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computational costs. Recent advances in computational
power and the development of smart algorithms in the field
of machine learning and artificial intelligence are helping
overcome the limitations of the dimeric approach. The
discovery and design of OSCs materials with interesting
properties and the investigation of their structure-property
relationships now applies two main computational
approaches that consider the entire -crystal
multiscale approaches and data-driven searches.*” Multiscale
approaches combine different methods and models for
computing the reorganisation energies and electronic
couplings, and evaluating disorder effects.*” ™ These
methods can be combined with crystal structure predictions
to screen for interesting packing arrangements.’*>> Data-
driven searches make use of the high amount of data present
in databases such as the Cambridge Structural Database
(CSD) to perform large-scale screening strategies to predict
the semiconducting properties of materials from various
computable descriptors and thus to explore their structure-
property relationships.*”**~>°

The recent advances in predicting OSCs with interesting
properties make use of prior knowledge on the crystal
structures, either experimental® or calculated from CSD.*!
The knowledge of the crystal packing is very important for
investigating the material properties, because it gives
information about the intrinsic properties of organic
semiconductors, providing a powerful tool for examining
structure-property relationships. Therefore, achieving a good
understanding of the molecular packing features is beneficial
for both the design and synthesis of OSCs and for enhancing
the understanding of the structure-property relationships
and the charge-transport limitations.” Furthermore, the
possibility to efficiently classify observed or predicted
molecular crystals into a small number of families of related
structures can be extremely important in the design of
materials and crystal phases with specific packing and
properties. The conventional method of classifying the crystal
packing of OSCs is to describe the =n-stacking interactions
responsible for the charge-carrier mobility, such as
herringbone, sandwich-herringbone and B- and y-sheets by
visual inspection of the structures. However, there are
limitations to this method, and the classification can be
insufficient.

In this work, we investigate the packing arrangements of
103 PDI-derivative crystal structures from the CSD database
to test a clustering method based on a combination of self-
organizing maps (SOMs) and principal component analysis
(PCA) as a data-driven approach to classify the different
n-stacking arrangements of PDIs. This aim of this method
was to identify families of PDI stacking arrangements using a
number of descriptors that were chosen to characterise each
PDI crystal structure, thereby providing guidelines for
predicting the most likely packing family depending on the
substituents and assessing new families of PDI crystal
structures. Furthermore, we believe that this method of
crystal structure clustering can be applied to other types of
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OSCs and assist future theoretical studies in achieving
efficient and data-driven clustering of structures to identify
the model systems that best describe a specific family of
packing arrangements. Finally, this clustering-based
classification of crystal structures can be used in the future
to correlate different families of structures with OSC
properties, although this was beyond the scope of this work.

Results and discussion

The search for PDI-derivative structures in the CSD resulted
in the selection of 103 different crystal structures which
resulted in 142 independent molecules for analysis variables
indicating the temperature of the data collection (7), Z
(number of molecules in the cell) and Z' (number of
molecules in the asymmetric unit) were used to give
information about the crystal structure. The variables used to
describe the molecule within the crystal structure included
the molecular volume (Vi,,1), substituent position, type of
substituent at the imide position, type of substituent at the
core, torsional angle of the perylene core resulting from the
twisting of the two naphthalene half units (r) and molecular
aspect ratio (with the three variables S, S/L and M/L). Finally,
the m-stacking arrangement within the crystal packing was
described by considering the stacking between dimers
formed by two neighbouring PDI molecules in the structure,
where the variables were calculated to give the relative
position of one molecule in the dimer with respect to the
other. The variables describing the stacking arrangement
included the distance between the centroids of the perylene
cores (SV); interplanar distance between the perylene planes
(dr-r); displacement of the perylene units along the long (Ax)
and short (Ay) molecular axis; directional cosine of SV (y with
the x-axis and y with the y axis); angles of perylene unit
slipping along the x- and y-directions (P and R, respectively);
tilt angle between the plane of the two perylene cores within
the dimer (0) and the degree of rotation of the molecules
along the stacking direction (p). These variables were
collected or -calculated, as described in detail in the
Experimental section.

From the collection and calculation of the different
variables, we observed two different mechanisms by which
PDIs minimise repulsion between the aromatic units and
achieve tighter stacking compared with the face-to-face
situation: (i) shifted cofacial alignment, i.e., means non-zero
Ax and Ay, and/or (ii) rotation between the stacked aromatic
cores, i.e. NON-ZEro p.

After collecting and calculating the variables for the 142
samples (henceforth called ‘objects’), we used the SOM
method®® to identify families of packing arrangements. SOM
is an unsupervised machine learning technique that does not
require initial information about the samples group, and was
used to identify groups of objects with similar features. The
computation was performed with the R package SOMEnv,”’
adapting the algorithms developed by Licen et al for
environmental problems for crystallographic analysis.

This journal is © The Royal Society of Chemistry and IChemE 2023
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Since the SOM output and the final object grouping may
depend on the map dimensionality and number of clusters
in which the SOM units are divided, we trained and clustered
four different maps. After training, SOMEnv enables
automatic calculation of several numbers of clusters for the
SOM units, and the optimal number of clusters was selected
as the one that minimised the DB index.”® For all trained
maps, up to eight clusters were calculated.

The first two eigenvalues calculated by PCA on the original
dataset were 4.38 and 3.51. These values (together with the
number of samples) were then used as guidelines to define
the map dimensions, following the empirical rules of
Nakagawa et al”>® The trained maps had the following
dimensions and number of clusters: 5 x 3 with eight clusters;
9 x 7 with five and eight clusters (the two DB indices were
very similar, making it difficult to choose between them); 10
x 6 with five clusters and 17 x 4 with six and seven clusters.
Therefore, six different results of object grouping were
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obtained. To ensure that these grouping were reliable, the
SOM results were compared, and the structures that were
grouped together by all trained SOMs were considered to
belong to the same family. In this way, six main families of
structures were identified, describing 109 of the initial 142
objects. In general, the remaining objects were at the borders
between these families and were either grouped into minor
families (with fewer than five objects) or not grouped at all.
To best visualise the result of SOM grouping, the PCA scores
were plotted. The scores of principal components PC1 vs.
PC2 are shown in Fig. 2a, where the colour of the scores
corresponds to the family assigned to each structure.

From the score plot in Fig. 2a, we observed that the main
families obtained using SOM were grouped well in different
areas of the PC1-PC2 plot. We named the different groups
depending on the area of the score plot where they were
located. The six major families were tight-long-x (purple
coloured), which lies close to the origin; crisscross (red),
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Fig. 2 a) PC2 vs. PC1 score plot obtained by PCA, with the scores categorised by family. The six major families are: tight-long-x (green), crisscross
(brown), tight-long-y (blue), nostack (red), tight-twist (orange) and verylong-x (yellow). The ‘extra’ group (purple) contains all the minor groups
that do not entirely fit into any of the six major families, while the black dots are the scores that do not belong to any major or minor group. b)
PCA loading plot providing a visualisation of the most-influential variables for each family.
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which lies at positive values of both PC1 and PC2; tight-long-y
(orange), which lies at positive PC1 and negative PC2 values;
tight-twist (yellow), which lies at moderately negative PC1;
verylong-x (brown), which lies at negative PC1 and positive
PC2 values and nostack (green), which lies at negative values
of both PC1 and PC2. The extra group (blue) contains all
minor clusters found in the SOM, whereas the black points
are those that did not fit unambiguously in any of the major
or minor groups. Interestingly, the scores at negative PC1
tended to be more scattered than those at positive values, i.e.
, the families on the right side of the score plot are more
homogeneous than those on the left side.

Once the different families were established, we
investigated the principal characteristics and typical structure
of each family in detail. A visualisation of the variables most
influencing each family is shown by the PCA loading plot in
Fig. 2b. Indeed, there exists a quadrant correspondence
between the score and loading plots. The variables in a
certain quadrant of the loading plot are those that most
directly influence the scores in the same quadrant. For
example, the families tight-twist and verylong-x had higher
values of Ax and P, while the crisscross family had higher p
and Z values. However, to better visualise important insights
into the variation of the variables in each group, boxplots of
the most important variables were created and are shown in
Fig. 3. Boxplots of the other variables are reported in the ESIf
(Fig. S1-S10). In the boxplots, the variation range of each
variable is plotted for each family, which gives information
about the range and distribution of each variable. The use of
boxplots, coupled with the inspection of the scores in each
family allowed us to identify the most important
characteristics of each family.

The tight-long-x group comprised 31 of the initial 142
objects and was characterised by a very narrow distribution
of all variables (Fig. 3). This group is characterised by a short
d,._ distance, in the range 3.31-3.52 A, typical of effective n-n
interactions between aromatic cores.®® Similar d,_, distances
were found in the crisscross (3.32-3.55 A) and tight-long-y
(3.36-3.70 A) families. The groups with short d,_, distances
are those on the right side of the score plot, at positive PC1,
apart from two with small negative PC1. The other variables
characteristic of tight-long-x are Ax and Ay. For tight-long-x, Ax
= 2.45-3.46 A and Ay = 0-1.33 A, which means that this
family is characterised by a displacement with rather high Ax
and small Ay (Ax > Ay). Finally, no molecules with non-zero z
were present in this family, and it is the only group with such
characteristics.

The tight-long-y family comprised 17 of the initial 142
objects. Apart from the short d, . distances (3.36-3.70 A)
already mentioned, similar to the tight-long-x family, the
tight-long-y family was characterised by a displacement along
the x- and y-directions to achieve tighter packing. However,
in this family, the displacement was higher along the
y-direction than along the x-direction, with Ax = 0.18-2.03 A
and Ay = 2.41-4.35 A. Nevertheless, as a consequence of their
similar d,_, distances and their displacement (although in
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different directions), tight-long-x and tight-long-y had similar
SV values. Finally, 5 of the 17 objects in this family have non-
ZEero .

The crisscross family comprised 23 of the initial 142
objects. The principal characteristics of this group are
highlighted by Fig. 3e and f, which shows that crisscross is
one of only two families (with verylong-x) with non-zero p and
6. In particular, crisscross is the only group with all structures
in criss-cross (non-zero p). Furthermore, crisscross is the
family with the shortest SV, which is a consequence of the
crisscross arrangement. Since rotation between the aromatic
cores allows a closer packing, a displacement such as that
observed for the tight-long-x or tight-long-y families is not
necessary for close packing in the crisscross family. Thus, Ax
(0-2.4 A) and Ay (0-0.75 A) were both very small in this
family, resulting in short d,_, distances (3.32-3.55 A) and
small SV. Even in this group, some objects present torsion,
but only 5/23, so it is not a common feature of the group.

The tight-twist family comprised 16 of the initial 142
objects. This group lies in an area of the score plot between
tight-long-x, verylong-x and nostack, at small negative PC1 and
between small positive and small negative PC2. Therefore,
this family has intermediate characteristics between these
other three families. However, a unique characteristic of the
tight-twist is that it is the only one with all structures having
a twisted perylene core and the highest z. Furthermore, in
this family, the distribution of the variables are quite narrow,
as for the other families. This family is characterised by
rather large d,_. distances (3.94-4.50 A). Furthermore, Ax
(4.1-5.64 A) and Ay (1-3.16 A) are larger than for tight-long-x,
although the Ay values were not as high as those in the tight-
long-y family. Indeed, considering the large values of d,_,, Ax
and Ay, this family is characterised by a higher SV than for
other families where very small d,_, values were observed.

The verylong-x family consisted of 14 of the initial 142
objects. This family is characterised by very high SV (6.51-
10.55 A) and Ax (4.29-9.62 A), but small Ay (0.17-2.16 A). The
d.n values of this family were slightly lower than those in the
tight-twist family (3.34-4.29 A), apart from one object with a
high value (5.22 A). Although some of the objects within this
group had non-zero p and/or 6, they are a minority (4/14 with
6 and 6/14 with p). The objects were not assigned to the
crisscross group because some other parameters differ.

The last major family, nostack, contained 8 of the initial
142 objects. As Fig. 3 clearly shows, this group had the
highest SV, Ax, Ay and d,_,, indicating that intermolecular
interactions are more important for the structures in this
family than n-stacking interactions. Furthermore, despite the
low number of objects in this family, it had the largest
distributions of variables. Therefore, it seems that these
objects were grouped together not because they share real
common traits, but because they have significantly different
characteristics compared to the other families.

Among the 33 objects that did not fit into any of the major
families, 12 were not assigned to any family, and 21 were
assigned to the extra group, which was divided into five

This journal is © The Royal Society of Chemistry and IChemE 2023
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minor families (see Fig. S117). These five extra families did
not fit unambiguously in any of the six major families,
because some of their parameters fit in one family, while
other parameters fit into other families. The four extral
objects were assigned to tight-twist, nostack or none of the
major families by the various SOMs. This was because they
have high d, . (4.05-4.09 A), a non-zero 7 and intermediate

a) Tight-long-x

b) Tight-long-y
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Ay values that could fit in these groups, but their Ax and SV
are too small. The three extra2 objects could fit into tight-
twist, nostack or none of the major families according to the
different SOMs, depending on the chosen parameters. They
have high SV, Ay and d,,_, values (close to nostack values), but
small Ax that do not fit in this family, resulting in high R
values (>38°, higher than P) that are only typical of the tight-

c) Crisscross

Fi

—E—— e —— *
— ——————— *
d) Tight-twist e) Verylong-x f) Nostack

9 gasc:cats

*’

Fig. 4 Stacking of the perylene core for the major families viewed along the z (top) and x (bottom) axis. a) tight-long-x, CSD reference code
(refcode) DICNIM; b) tight-long-y, refcode SAGWEC; c) crisscross, refcode MIWHEF; d) tight-twist, refcode NIXWIC02; e) verylong-x, refcode

KUWXOR and f) nostack, refcode USAFEBO1.
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long-y family. The three extra3 objects lied between the
crisscross and tight-long-y families, and in various SOMs, they
were assigned to one of these two families. These objects had
small SV, d._, and Ax values that could fit in the crisscross
family, but they did not have a non-zero p or 6 characteristic
of this family, and their Ay was slightly too high.
Furthermore, their Ay and SV were too low to fit in the tight-
long-y family, despite their similar d, . and Ax values. The
extra4 family (eight objects) and extra5 family (three objects)
had parameters that could fit into the tight-long-x and tight-
twist families. However, these objects had d,_, values higher
than those for the tight-long-x family and lower than those in
the tight-twist family, some of them were twisted and their SV
values were similar to those of the ¢ight-long-x family (except
for a couple of extra4 objects). In addition, their Ax and Ay
values were similar to those of the tight-long-x family, but not
those of the tight-twist family.

A visual representation of the typical stacking in the
crystal structures of the major families that best summarises
the characteristics of each group is given in Fig. 4.

Fig. 4 shows that the overlap between perylene cores in
the tight-long-x and crisscross families (Fig. 4a and c) is high.
The structures within these families are characterised by a
well-defined 1D packing motif along the =n-stacking
direction. In contrast, the structures in the tight-long-y
family (Fig. 4b) have large displacement along the y
direction, leading to a minor overlap of the perylene cores.
However, the large displacement leads to a 2D packing
motif, which can be beneficial for charge mobility.** The
structure of the tight-twist family (Fig. 4d) clearly resembles
the characteristics described previously, such as large 7, Ax
and Ay that result in a low degree of core overlap and a

d)
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high d,_,. Nevertheless, some degree of m-stacking is still
important in this structure, although it is clear that the
packing is also driven by other interactions. Finally,
although the objects within the nostack and verylong-x
families were always clustered by the SOMs, they differed
from each other, especially those assigned to the nostack
family. Thus, the structures given in Fig. 4e and f are meant
to show the main stacking characteristics that are similar
for all objects in the same family. In the nostack family,
there is high variability in the parameters, although some
objects have torsions or rotation, whereas others do not. In
contrast, the objects in verylong-x were similar, apart from
the few with high p and/or twist. In particular, two objects
(CSD reference codes YIWMEY and XAPRIQ) had extremely
high 6 values (~80°). In these cases, there was no n-stacking
interactions between the perylene cores, because they were
almost perpendicular to each other. Instead, a dipole-n
interaction was observed between the perylene core and
carbonyl oxygen of the closest molecule (Fig. S127).

Some examples of common molecular packing motifs of
the PDI crystal structures are shown in Fig. 5. The packing
motifs in Fig. 5a and b were common for the tight-long-x
family, and there was two ways in which their well-defined
1D stacking could be achieved in the structure, i.e. B-sheets
(Fig. 5a) and y-sheets (Fig. 5b). Another form of 1D stacking
is shown in Fig. 5c, where the packing of a crisscross structure
shows the crisscross of the molecules along the n-stacked
columns. Fig. 5d shows a packing from the tight-long-y
family, where its large Ay resulted in 2D packing, where the
structure can be also be described as a p-sheet packing motif.
Fig. 5e shows a typical 1D packing motif with a twisted core
that was observed in the tight-twist family.

e)

Fig. 5 Common molecular packing motifs for the PDI crystal structures of each family: a) DICMUX, tight-long-x; b) DICNIM, tight-long-x; c)

FEDPOU, crisscross; d) FEHROA, tight-long-y and e) OWOMEU, tight-twist.
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Fig. 6 Example of a crystal structure with good =n-stacking interactions within the dimer, but weaker interactions with other neighbouring
molecules. The crystal structure of BAMCAYV is viewed along two perpendicular slices of the packed structure, described by three different objects
that were clustered into the: a) verylong-x; b) crisscross or c) extra2 family. Substituents were omitted to aid readability.

A limitation of this work is that the descriptors for the
structures used to investigate the stacking interactions were
calculated by considering the dimer of one molecule with the
closest molecule. Therefore, few cases within the considered
PDIs showed good m-stacking interactions within the dimer
but weaker interactions with other neighbouring molecules
owing to steric hindrance effects or other interactions caused

by the presence of substituents. An example of such
structures is shown in Fig. 6.

These results clearly show that for the studied PDIs, there
are many different structures that can be achieved through
different types of functionalisation, leading to a very rich
landscape of possible packing arrangements and stacking
interactions. The simple conventional description of the

©
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Fig. 7 PC1-PC2 score plot obtained by PCA, with the imide-substituted objects categorised by the family they were assigned to colour. The core-
substituted objects are coloured in grey. Most of the imide objects are at positive PC1 values, where the objects are characterised by closer

stacking between perylene cores.
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packing motif cannot fully describe such complexity. For
example, Fig. 5a, ¢ and d show structures that can all be
described as B-sheets even though the stacking is quite
different.

To investigate the role of different types of
functionalisation in the packing of different PDI derivatives,
we first investigated how different positions for substitution
(i.e. imide, bay and ortho positions) can influence the packing
and then how different types of substituents can determine
into which group they are more likely to be classified.

First, we considered the PDIs substituted only in the imide
position (68/142 objects). In these PDIs, two of the major
families (tight-long-x and crisscross) are strongly preferred over
the others. From these 68 objects, 29 were classified into the
tight-long-x family and another 20 were in the crisscross
family. This means that almost all the objects within these
families (apart from two objects in tight-long-x and three in
crisscross) were PDIs with only imide substitution. The third
most important family for imide-substituted PDIs was the
tight-long-y family with 7 objects, while the 12 remaining
objects were divided between the other groups. Therefore,
most of the imide objects were found in the top-right area of
the scores plot where tight-long-x is located (Fig. 7) where the
clusters are characterised by closer stacking between perylene
cores.

We observed some patterns between the type of
substituents at the imide position and the resulting stacking
arrangement, and thus, the family they were assigned to.
When the substituents are linear chains, especially long
chains, they are most likely to have a packing arrangement
characteristic of the tight-long-x group. Few PDIs with linear
chains were assigned to different groups, and all of them
have short chains (with one, two, three or five atoms). The
structures with five atoms are various polymorphs of
DICMUX that instead belong to the tight-long-x group.
Therefore, we concluded that short chains allow more
possible packing motifs than longer chains, maybe because
the higher volume occupied by longer chains limits the
interactions between PDI cores. For the same reason, short
chains may be more prone to polymorphism.®> The
outcome is different when a branched chain is used. It has
been reported in the literature that the presence of
branched chains causes the molecules to rotate along the
stacking direction to reduce the steric hindrance between
the chains.***® In fact, most of the imide objects
substituted with branched chains had non-zero p, apart
from one where the branching is not on the carbon atom
bonded to the imide nitrogen. However, only five structures
with branched chains are published, three of them were
classified into in crisscross, one in verylong-x and the non-
rotated one in the extra4 family. When an aromatic ring is
present on the imide-substituted group, the possible
structure depends on whether this ring is directly bonded
to the imide nitrogen or there are atoms between them and
the ring substitution. If the aromatic ring is directly linked
to the nitrogen, typically it has a nearly 90° torsion angle

This journal is © The Royal Society of Chemistry and IChemE 2023
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with the PDI core; such conformation results in steric
hindrance that enables the perylene cores to stack one
above the other. Therefore, two outcomes driven by the
tendency of the perylene unit to form close n-stacking
interactions are possible: (1) the PDI molecules rotate along
the stacking direction, similar to that for branched chains,
resulting in the structure typical of the crisscross family or
(2) the molecules are stacked with a higher Ay, resulting in
the structure typical of the tight-long-y family (or extra3).
This occurs except in the case in which the aromatic core is
substituted at the ortho position with respect to the
nitrogen, where steric hindrance does not allow close
packing and the structure results in the nostack family or
no classification. When the aromatic ring is not directly
bonded to the hydrogen, there is no more steric effect and
the resultant packing is usually that of the tight-long-x
family, except when the aromatic ring is substituted with
halogens (which in some cases produce interactions that
result in other structures packing), or when the atom
between the nitrogen and aromatic ring has other
substituents (which produces steric hindrance that results
in the structures of the tight-long-y or crisscross families). In
conclusion, the most likely stacking arrangement can be
predicted when substitution only in the imide position is
concerned. However, substituents in this position are not
able to tune the HOMO and LUMO energies of PDIs.*"

In contrast, substituents at the core can efficiently tune
HOMO and LUMO energies. However, when the substitution
at the core positions is considered, the situation becomes
more complicated. First, core substitution usually introduces
functional groups in the PDIs that can result in different
interactions that can compete with the n-n interactions and
induce twisting of the perylene core. Furthermore, this is
usually accompanied by substitution at the imide position,
resulting in a wider variety of possible PDI structures. Of the
core-substituted PDI structures studied here, 55 were bay-, 11
bay- and ortho- and 8 ortho-substituted. The PC1-PC2 score
plot with only the core-substituted PDIs highlighted is shown
in Fig. S13.f

Out of the 55 bay-substituted structures, 27 had
substitution at only two positions, whereas 28 had
substitution at all four bay positions. Most of the 28 objects
(21/28) with four substituents at the bay positions had
halogen atoms as functional groups, because bulky groups
do not allow full hay functionalisation owing to steric effects.
This substitution always causes increased 7 in the core. In
fact, the most likely family for these objects was tight-twist,
which comprised 10/28 objects that had halogens at the core
(F, Cl or Br), with linear chains or aromatic substituents at
the imide position. The other objects with four halogens at
the bay positions were assigned to the extralz family (four
with branched chains at the imide position) and tight-long-y
family (4).

When only two bay positions are occupied, there is more
possible variability of the substituent type, and for some
substituents, the planarity of the core could be maintained.
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For these reasons, structures substituted in this way can be
found in all major families; thus, it is difficult to predict the
outcome of this type of substitution. Although the number of
structures with these characteristics is too small to make
strong hypotheses, some patterns between the objects were
observed. First, the crisscross objects of this type are mostly
structures that show this packing within the dimer and not
in all the structure, so it is not a likely family. When the
substituents allow the planarity to be maintained, e.g
halogens or cyano groups, the structures formed were typical
of the tight-long-x, tight-long-y or other families dependent on
imide substitution. Otherwise, when the core is twisted,
objects with tight-twist and verylong-x characteristics were
obtained.

Unfortunately, there were only few structures with ortho
functionalisation in the CSD with the characteristics included
in this investigation. Nevertheless, we observed that the few
structures substituted in both the bay and ortho positions
result mostly in ¢ight-twist and verylong-x families, as expected
from their highly twisted cores and the different competing
interactions provided by the substituents. In contrast, when
only ortho-substituted PDIs are considered, the planarity of
the core is generally maintained, or a slight twist is observed.
Therefore, the few objects with only ortho substitution do not
belong to either the tight-twist or verylong-x families but were
assigned to other families such as tight-long-y, extrad or
extras.

Considering the stacking results with different positions
and types of substituents, in the case of only imide
functionalisation, the most likely stacking arrangement of
the PDI molecules in the crystal structure can be predicted to
some extent, because the molecular packing is mainly driven
by the formation of closed n-mn stacking interactions.
However, considering substitution in the bay and ortho
positions, the formation of n-n stacking interactions must
compete with the formation of other interactions resulting
from the substituents at the core. Thus, the high variety of
different substituent and interaction combinations makes
clustering (and hence structural predictions) more difficult
and less efficient. Moreover, the number of structures
deposited in the CSD of similar PDI derivatives is not yet
sufficient to perform efficient data-driven clustering of core-
substituted structures, especially in the case of ortho
substitution.

Apart from the different substitutions, polymorphism can
result in different stacking arrangements. However, despite it
being known that PDIs can exhibit polymorphism,
information about different PDI polymorphs in the CSD is
very limited. Only five PDIs investigated in this study have
polymorphs in the CSD, giving a total of 12 structures (of the
103 structures investigated). Nevertheless, two of the
polymorphic PDIs had objects for different polymorphs that
were assigned to different major families, showing that it is
possible to obtain a new stacking arrangement via
polymorphism. Investigating polymorphic PDI derivatives,
and in general polymorphism of OSCs, could be beneficial to
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both experimental and theoretical work to identify OSCs with
good semiconducting properties, design novel
semiconductors and increase the efficiency of calculating the
structure and properties of semiconducting materials.

Conclusions

In this work, we successfully applied a chemometric method
based on SOMs to PDI-derivative crystal structures with
similar stacking arrangements deposited in the CSD. We
observed that if PDIs are substituted only at the imide
position, the packing is mainly driven by the formation of
closed m-m stacking interactions, where the most-probable
stacking arrangement can be predicted to some extent.
However, in the case of bay and ortho substitution, the
observed packing is the result of the competition between
the interactions due to the substituents and the formation of
n-n stacking interactions with the perylene core. Therefore,
introducing substituents at the core, despite being beneficial
for tuning HOMO and LUMO energies, makes it more
difficult to predict the possible packing outcome and can be
detrimental to achieving stacking interactions appropriate for
efficient charge transport. Unfortunately, the lack of crystal
structures in the CSD, especially considering polymorphs,
hinder the efficiency of data-driven methods and the
subsequent design of novel materials with desired packing
and properties. However, respect to the traditional visual
classification in four families, the proposed method was able
to identify six major families and several structures that
cannot univocally be classified in one of these,
demonstrating that the classification of PDI-derivatives is not
trivial and requires mathematical tools to be carried out. The
SOM method, although beyond the scope of the present
work, can be also used to predict the family of a new PDI-
derivative by calculating the variables used to create the
model and projecting the new object onto the model.
Therefore, the presented model can help in future
developments by indicating to which, if any, family would
pertain a new synthetized, or predicted in silico, PDI
structures.

Experimental section
Dataset

The search for PDI derivatives structures in CSD resulted in
more than 300 structures. From these structures, only
organic ones were selected. Furthermore, we discarded
solvates, polymers, duplicated structures (for structures
collected under different conditions, the structure with the
best R; factor and/or lower temperature of data collection
was chosen) and PDIs with extended fused aromatic cores.
Furthermore, we considered PDIs substituted at the imide,
bay or ortho positions. Since the focus of this work was the
n-stacking interactions between the perylene cores of the PDI
molecule, we limited the type of substituent considered in
this study. At imide positions, we considered only linear
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chains, branched chains (even though very bulky groups were
excluded), chains containing small cyclic groups and
aromatic rings, and halogen-substituted aromatics and
chains. The choice of substituents at the core (ortho and bay
positions) was even more strict, and only halogens, cyano
groups, short chains and small cyclic groups and aromatic
rings were considered.

In this way, a total of 103 structures of PDI derivatives
were selected, out of which 53 were substituted only at the
imide position (apart from one with no substitution) and 50
were substituted at the perylene core. Of the 50 core-
substituted PDIs, 35 were substituted at the bay position, 6 at
the ortho position and 9 at both the bay and ortho positions.
Of these 50 core-substituted PDI structures, only 3 did not
have substitution at the imide position.

From the 103 PDI crystal structures evaluated, 142
different molecules (objects) were obtained for analysis. The
difference in the number of crystal structures and objects is
due to the presence of structures with Z' > 1 (more than one
molecule in asymmetric unit), or with Z' = 1 but with two
halves of PDI molecules in the asymmetric unit. In these
cases, the PDI molecules form at least two different dimers
which have been independently described.

.. rotation
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Descriptors

The descriptors or variables used for the analysis were either
numerical or categorical variables. Numerical variables are
used by the algorithm to perform clustering, while categorical
variables do not have a numeric value but are used to
describe specific characteristics of the structure and the
molecule in detail to find patterns between the clustering
and object characteristics. The numerical variables included
Z, 7', Vinoly T, Sy SIL, MIL, SV, dy_, 1, v, AX, Ay, P, R, § and p
(Fig. 8). The category variables included temperature,
substituent position, substituent at the imide position,
substituent at the core and packing type. Out of these
variables, temperature, Z and Z' were used to give information
about the crystal structures and were easily retrieved from
information in the CSD. The other variables were not
available as simple information from CSD and were hence
calculated using the software Mercury® of the CCDC
package. The variables V},,;, substituent position, substituent
at the imide position, substituent at the core, z, S, S/L and M/
L are descriptors used to give information about the
molecule, whereas SV, d,_, 1, ¥, Ax, Ay, P, R, 6, p and packing
type are variables that give information about the packing of

tilt
*
A z
El A
torsion
a y
d) e) f)

Fig. 8 Visual representation of some of the descriptors used to describe the crystal packing: a) rotation angle p; b) SV, Ax and Ay; c) tilt angle 6; d)

torsion angle z; e) pitch angle P; f) roll angle R.
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the PDIs and were calculated by considering the stacking
between a dimer formed by two neighbouring PDI molecules.

Z. The number of molecules (or formula units) in the unit
cell.

Z'. The number of molecules (or formula units) in the
asymmetric unit.

Vmol- Molecular volume in the crystal structure, which
correspond to the unit cell volume divided by Z.

Rotation (p). Angle of respective rotation between the
perylene core, calculated along the z-direction of the perylene
core plane (perpendicular to the x-y plane) (Fig. 8a). It is also
referred to as ‘helical pitch’ in some works with perylene
substituted with swallow-tail alkyl-chains.***?

Ax and Ay. Respectively correspond to the displacement of
the perylene unit along the x and y direction (Fig. 8b).

SV. The stacking vector modulus, which is the distance
between the centroid of the two closest perylene units
involved in stacking (Fig. 8b). The description of the SV and
its components was similar to that used by Milita et al. in
their work about polymorphism of NDI derivatives.*?

Tilt (6). Angle between the normal of the two perylene
planes involved in the stacking (Fig. 8c). This variable is non-
zero when the perylene core planes are non-parallel.

Torsion (7). The torsional angle of the PDI perylene core
resulting from the twisting of the two naphthalene half units
(Fig. 8d). The value was calculated from Mercury, as the
average between the two torsion angles formed by the
naphthalene half units with respect to the molecular x-axis.

S, S/L and M/L. These are simple descriptors of molecular
shape and size, where the molecule is enclosed in a
rectangular box where S, M and L are respectively its short,
medium and long axes. The ratios S/L and M/L give
information about the molecular shape. These parameters
are calculated using the molecular complementary tool of
Mercury.®

d. .. Interplanar distance between the planes of the
perylene cores involved in stacking. In the case of non-
parallel planes, it was calculated as the average distance
between the centroid of the perylene cores with the plane
formed by the plane of the other perylene core involved in
the stacking.

x and w. Angles of the direction cosines of the SV, where y
and y are the angles with respect to the x and y axis,
respectively.

P and R. Respectively the pitch and roll angles
(Fig. 8e and f). The pitch angle is used to assess the
molecular slipping along the x axis, while the roll angle is
used to assess the slipping along the y axis.®* These angles
were calculated from Ax, Ay and d,_. using the following

equation:
A A
pP= arctan( * ); R= arctan( Y ) (1)
dTE—TE dT[—TE

Temperature. The temperature (expressed in K) reported
for the data collection of the crystal structure.
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Substituent position. Indicates in which position the PDI
is substituted, i.e. imide, bay, ortho or bay/ortho position (in
case of core substitution the imide is omitted).

Imide substituent. Type of substituent in the imide
position (grouped as linear, branched, cyclic, aromatic,
fluorinated and a combination of these).

Core substituent. Type of substituent in the bay and ortho
positions (grouped as linear, branched, cyclic, aromatic,
fluorinated, halogen, cyano and combinations of these).

Packing type. Type of traditional packing arrangement
used to describe the n-stacking. In this work, we used 1D, 2D
and H (as herringbone) to describe the type of packing
arrangement, whereas ‘no’ was used in case the PDI
molecules that were too distant to have n-stacking interaction
and could not be described by the other packing types.

Principal component analysis

PCA®® is one of the most important chemometric methods.
The mathematical procedure can be summarised as a
rotation of the original variables of the dataset to convert
them into new variables, called principal components (PCs).
The PCs are orthogonal to each other and oriented in the
most informative directions for the data. In this way, the
coordinates of the first two or three PCs of objects and
variables can be used to describe, with good approximation,
the entire behaviour of the data. Each PC carries a percentage
of information (explained variance) that can be used to check
if enough information is maintained in the considered PCs.
Therefore, the two main results of PCA are a score plot and
loading plot. The score plot shows the behaviour of the
objects, indicating possible groups (objects close to each
other) and outliers (objects far from all others), while the
loading plot shows the behaviour of variables, indicating
correlation (variable loadings close to each other) or anti-
correlation (loadings at the opposite sides of the graph).

Self-organising maps

SOMs® were used in the present work to find patterns in the
crystal structures. The SOM method is a multivariate analysis
technique based on artificial networks®  that
calculates clusters from the dataset objects in an iterative
way. The output of the SOM computation can be viewed as a
2D rectangular map divided into several adjacent circles (or
hexagons), each of which represents a SOM unit in which
some objects of the starting dataset are aggregated. The
starting point of SOM computation is the definition of the
number of units and the size of the map. Some empirical
rules have been proposed to define such parameters, such as
that reported by Nakagawa et al.°® In that work, the number
of SOM units was chosen as that closest to five times the
square root of the number of objects, while the dimensions
of the rectangle were chosen in proportion to the first two
eigenvalues of a PCA performed on the original data.

The SOM computation starts from a random point once
the map dimensions are defined. Each SOM unit is actually a

neural
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vector with length equal to the number of original variables
and the first computation step has random values for these
vectors. Each object is presented to each vector, the
Euclidean distance between object and vector is calculated,
and the object is assigned to the closest unit. Once all objects
have been assigned, the second step starts using the mean of
the unit vectors from the previously assigned objects and
repeats the same procedure of presenting the objects to the
units and assigning them to the closest one. This procedure
is repeated for a pre-determined number of steps (called
epochs) or until a convergence is reached, which means that
the results do not change for two or three consecutive
epochs. Finally, each unit of the map represents a ‘cluster’ of
starting objects. The units can be further grouped by
performing a cluster analysis®® on the final vectors. In this
way, a lower number of clusters is calculated (generally five
to eight clusters starting from at least dozens of units),
simplifying the further considerations.

However, there does not exist a general rule to define the
map dimensions and optimal number of clusters, and the
final result may depend on such choices. Therefore, for the
present work, we performed six SOM computations with
different map dimensions and using the Davies-Bouldin
index’® to determine the optimal number of clusters. The
results of the SOMs were then compared to evaluate the best
families of crystal structures that can be derived from the
dataset. SOM computations were performed using the
package SOMEmv®’ of the R environment (R Core Team,
Vienna, Austria). A deepen description of SOM procedure and
an example of the results obtained are reported in the ESIf
(Fig. S14-517).
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