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Abstract

The BenzAI program can automatically gen-
erate benzenoids with defined structural con-
straints, like the number of hexagons, the num-
ber of carbon and/or hydrogen atoms, the ex-
istence of symmetries, the number of Kekulé
structures, their diameter, or more elaborate
criteria like their irregularity. BenzAl allows
both automatic generation and manual build-
ing of benzenoids including or excluding defined
patterns. For all benzenoids with less than 10
rings, it can extract IR spectra from a database
that we generated. It computes local aromatic-
ity for closed-shell and mono radical species us-
ing circuit-based algorithms. We present prac-
tical examples of what can be done with BenzAlI
for a diversity of cases.

Introduction

This article is devoted to the presentation of
the BenzAl software that can generate any ben-
zenoid, perform an analysis of its electronic
properties in terms of Kekulé structures, and
provide infrared spectra stored in an external
database. A great feature of BenzAl is the fact
that the generation of the structure can be done
with various constraints especially with the con-
straint to contain or not one or multiple pat-
terns. We believe BenzAl provides data of in-

terest for a broad spectrum of fields in physics
and chemistry, e.g., astrochemistry, material
design, synthetic chemistry, among others.

Benzenoids are polycyclic aromatic hydrocar-
bons (PAHs) made of fused six-member rings
only. They are well-studied in various domains
because of their electronic and optical prop-
erties.! They are also studied in detail in in-
terstellar chemistry because they are suspected
to be present in interstellar clouds and are be-
lieved to act as catalysts for chemical reactions
taking place in space.? The aromatic charac-
ter of benzenoids can be studied using the Clar
sextet rule for ground states.®?® For large ben-
zenoids, the shape of edges has a large influ-
ence on their properties.®” They are also a chal-
lenge for synthetic chemists, which lead to the
synthesis of remarkable molecules on surfaces.®
All these points can be addressed with Ben-
zAl. Aromaticity can be easily evaluated even
for radical species, for which BenzAl provides
Clar covering and ring bond order analysis. In-
frared spectra of multiple species can be deter-
mined through the automated consultation of
our database, and building of benzenoids with
a defined irregularity parameter. As for prop-
erties defined by the shape of the edges or the
presence of a defined pattern, we have inte-
grated such features, for which practical exam-
ples are given in the manuscript.

In the literature, there some software and



databases available to generate or study PAH
structures. Among them, the CaGe software
is based on graph theory and allows the con-
struction of diverse 2D or 3D PAHs.? It al-
lows to generate 3D structures with fused 5-
member rings and a variety of specific PAHs.
Tomének and Frederick have setup a database,
from which one can recover the geometries of
all isomers of fullerenes with less than 720 car-
bon atoms.!'® This work intends to study the
curvature of these objects.!! Another software
to analyse geometry deformation in PAHSs is
available as a website and computes POAV (7
Orbital Axis Vector) values and further devel-
opments to study geometrical deformation in
PAHs. 1214 The NASA database is also avail-
able online and contains a large number of
PAHs. ! This work is intended for infrared spec-
tra studies. Recently, a large set of PAH and
their local aromaticity was computed.'® Some
software are also available to study aromaticity
in general such as the Aroma package, which
scans NICS values on a grid above a molecular
plane. ™12 The newly developed ims3d.py suite
does the same kind of work in a general fashion,
which allows for the study of aromaticity in dis-
torted molecules, for which the determination
of a plane is ambiguous.? In this context, Ben-
zAT aims at being an easy to use software flexi-
ble and expandable. It handles fragment combi-
nation for the generation of benzenoids, which
is not covered by the software previously cited
and deals with the electronic structure analy-
sis based on graph theory. Furthermore, it is
connected to a rich database dedicated to aro-
maticity. The full feature of this database will
be published soon.

IUPAC defines aromaticity as a gain in energy
of systems that provide for their enhanced ther-
modynamic stability (relative to acyclic struc-
tural analog).?! Thus, strictly speaking, it is a
global property. However, as chemists, we know
that rings in molecules are not equivalent and
some are more likely to react (less stabilized by
aromaticity) than others. Thus, BenzAl can
compute local indices of aromaticity. This is
not new and the literature gives a plethora of
such indices. The interested reader can look at
the article by Sola, who deciphers the reasons

for such a large number of criteria. 22

In the first part, we present the methods used
to solve the benzenoid generation problem. The
second part deals with the computation of lo-
cal aromaticity and the third shows practical
examples of what can be achieved with Ben-
zAl. BenzAl is also connected to a database of
benzenoids with less than ten cycles. For these
molecules, the infrared spectra were calculated
at the 6-31G/B3LYP level of theory. Whenever
a molecule in this database is generated and if
the database is reachable, the results are auto-
matically retrieved and can be explored within
BenzAlL

Underlying Concepts And

Methods

Generation With Constraints

We briefly recall here the strategy used to gen-
erate all the benzenoids having a given number
n of hexagons. For further details, please refer
to our previously published work on the gen-
eration of benzenoids.?*?* Constraint program-
ming is a branch of artificial intelligence, which
focuses on automated reasoning. A generic
solver is used whatever the nature of the prob-
lem. The problem is expressed in terms of con-
straints among variables in a given formalism
sent to the solver, which outputs the solutions.
We use constraint programming, as it easily al-
lows for the extension of the generation of such
molecules under combined specific constraints
as opposed to bespoke approaches, which could
be faster but do not guarantee that additional
constraints could be used without a complete
rewriting of the code.?%%6

We define the graph of a benzenoid B as the
undirected graph B, in which each hexagon is a
vertex and an edge links two hexagons that are
adjacent in the molecule. This is often referred
to as the inner dual graph. Any benzenoid of n
hexagons can be embedded in a coronenoid of
size at most k(n) = |2 +1]. The model relies
on the fact that the generation of the n hexagon
benzenoids can be translated in graph theory
as finding all the connected sub-graphs of the



hexagon graph of a coronenoid of size k(n). Let
Bz(k(n)) be the graph of the coronenoid of size
k(n) and respectively n. and m, its number of
vertices and edges. We use a Boolean variable
x; per vertex and a Boolean variable y; ; per
edge of B;(k(n)). x; is true when the i hexagon
of B;(k(")) is part of By, while y; ; is true when
the it and j" hexagons of Bz(k(n)) are fused in
By,. The search of all valid B;, contained inside
B,Cl(k(”)) is done under the following constraints:

e If two hexagons are fused in the benzenoid
graph Bj, they must be part of Bj and
conversely: Yi,; =true & x; = x; =true;

e Bj, must have n hexagons: > x; = n;

e B; must be connected: any pair of
hexagons can be linked by a path.

o If six hexagons form a ring, the ring in
the middle must be part of the graph
(coronene case).

Further constraints were added to avoid redun-
dant solutions, or can be added to constrain the
solutions to be of a certain symmetry. Many li-
braries are available to represent and solve effi-
ciently such problems. In this work, we exploit
the open-source Java library Choco Solver?”
that natively proposes graph variables and the
more usual graph-related constraints (notably
connected constraint). An example of such a
generation is given as an example in Figure 1.

Figure 1: Generation of the only four ben-
zenoids with six cycles and a mirror symmetry.

As for the generation of benzenoids with a
constraint on fragments, it is based on the con-
cept of extended benzenoid graph. The exten-
sion consists in assigning the hexagons of the

graph a value: plus (+ colored in green), minus
(— colored in red), or neutral (0 colored in or-
ange). When a hexagon is assigned a plus value,
it must be in the graph of the solution. On the
contrary, a minus value imposes the absence of
the hexagon in the solution. Neutral hexagons
are neither required nor excluded. This allows
for the generation of benzenoid graphs, which
represent fragments. The generation of the ben-
zenoid is thus done with the constraint that the
extended graph of one or more fragments must
be in the solution or excluded from the solu-
tion. All details and models used for this are
published elsewhere.?* As an example, we show
in Figure 2 the generation of all benzenoids with
seven hexagons made of the combination of two
fragments.

Fragments to combine

»

Solutions

Figure 2: Example of the generation of ben-
zenoids with seven hexagons, made of all pos-
sible combinations of two fragments.  For
fragments, green hexagons indicate that they
must be present in the solution, whereas red
hexagons must not be in the solution. More
detailed information is available in the supple-
mentary information (Figure SI 6).




Analysis of the Electronic Struc-
ture of a Benzenoid

The values obtained in the framework of this
work are subject to limitations intrinsic to the
method. The geometries used for the topo-
logical aromaticity calculations are not opti-
mized (all hexagons are considered regular) and
the aromaticity indices as well as the bond or-
ders are quantities which differ from the ones
extracted from quantum chemical calculations.
However, the trends are usually good as shown
in our recent work.?®

Local Aromaticity

In our program, local aromaticity is computed
following the work of Randi¢? based on mini-
mal conjugated circuits.

Definition 1 Let B be a benzenoid and K one
of its Kekulé structure. C is a minimal conju-
gated circuit of the hexagon h of B (also called
h-MCC) with respect to K if C is one of the
covering circuits of h having the smallest size.

Such a circuit is a loop made of alternating
single and double bonds in a Kekulé structure.
In benzenoids, these circuits can only be of size
4n + 2 (with n a positive integer). The algo-
rithm suggested by Randi¢ is described in Algo-
rithm 1. The difficulty lies in obtaining all pos-
sible Kekulé structures and their set of conju-
gated circuits. The detailed implementation of
this model using the approaches by the Lin and
Fan method?° or the improved method by Lin?3!
with constraint programming is thoroughly de-
scribed in a previous work.3? In short, this ap-
proach consists in enumerating all possible h-
MCCs in all Kekulé structures of a benzenoid
and attributing to each of them a "resonance
energy”’, R,, which value is tabulated according
to their size (4n + 2). The sum of all these en-
ergy contributions normalized to the number of
Kekulé structures gives the total resonance en-
ergy - or global aromaticity - of the benzenoid.
The contribution of each ring of the benzenoid,
called ring resonance energy (RRE), then cor-
responds to local aromaticity.

Algorithm 1: Algorithm used to deter-
mine local aromaticity of all benzenic cy-
cles of a benzenoid
Data: K the complete set Kekulé
structures the benzenoid under
study
{hi}:", the benzenic cycles (h stands for
hexagon) of the benzenoid under study
{R;} the resonance energies associated to
6,10, ...47 4+ 2 conjugated electrons
Result: Local aromaticity of each cycle
1 foreach K € K do

2 determine C, the complete set of
conjugated circuit of K;
3 foreach C' € C do
4 for k + 1 to n;, do
5 if hy, is involved in C'
6 then
7 e < number of electrons
conjugated in C
8 E[k] + E[k] + R.
9 end
10 end
11 end
12 for k£ < 1 to n; do
13 E[k] + %
14 end
15 end

Clar cover

From Sola 2013:3% Clar’s rule states that the
Kekulé resonance structure with the largest
number of disjoint aromatic w-sextets, i.e.,
benzene-like moieties, is the most important for
the characterization of properties of polycyclic
aromatic hydrocarbons (PAHs). Aromatic -
sextets are defined as six m-electrons localized
in a single benzene-like ring separated from ad-
jacent rings by formal CC single bonds.3*

For a given benzenoid, a Clar cover is ob-
tained by maximizing the number of Clar sex-
tets of its electronic structure. In our approach,
we can generate radical Clar covers by impos-
ing the constraint that the molecule must carry
one, or more radicals.



Ring bond order

Clar formulas can be numerically represented
by ring bond orders (RBO).? The bond or-
der is a well-known concept among the chemist
community and was first introduced by L. Paul-
ing.%® In the framework of 7 conjugated sys-
tems, a "pure” m bond as in the ethylene
molecule, has a bond order of 1. When one
sums up all bond orders of the six C—C bonds
forming each ring, one obtains an RBO. The
archetypal RBO of a 7 system is the RBO of the
benzene molecule and is equal to 3. Thus, the
closest to 3 an RBO is, the more aromatic the
ring is. In BenzAl, the bond order b of a ben-
zenoid B is calculated as the ratio, in percent,
of the number of Kekulé structures in which b is
a double bond and the total number of Kekulé
structures of B.

Interface

Molecules are grouped into collections. These
collections can be filled by the user via draw-
ing or importing a molecule or automatic gen-
eration using constraints. Within a collec-
tion, one can select a set of molecules to cre-
ate a new collection or for particular calcu-
lations, for instance, calculation of local aro-
maticity. Molecules can be appended to an ex-
isting collection by unit or by batches of se-
lected molecules. A filter can be applied to a
collection to generate a new collection. Figure 3
shows screenshots of BenzAl for a typical input
and the corresponding output.

Drawing and Import/Export

The drawing module allows for the easy draw-
ing of a benzenoid on a hexagonal grid. The
default grid is made of three concentric crowns
of hexagons: the smallest crown is just a single
ring, i.e. the benzene molecule, two crowns cor-
respond to the coronene molecule, and so on.
Such concentric crowns of hexagons are thus
called coronenoids, as they contain a coronene
substructure. A simple click on a hexagon of
the grid adds it to the desired molecule. There
can be holes in the benzenoid but all cycles

must be fused. Omnce drawn, the molecule is
added to the desired collection of molecules.
Hence many molecules can be drawn by hand
and analyzed.

Benzenoids can also be exported from the ap-
plication using the export menu, either individ-
ually or by collection. Benzenoid structures can
be exported from the application using the ex-
port menu, either individually or by collection,
to the following formats: graph format,3¢ CML
(Chemical Markup Language), XYZ and PNG
format (Portable Network Graphics). They can
be imported later on in BenzAI only using the
graph format. Importing a collection consists
simply in selecting several files (these files must
be located in the same directory).

Generation of Benzenoid Struc-

tures at Will

The BenzAl program can generate benzenoid
structures with the following constraints, which
can be combined:?3

Based on the chemical composition:

e Total number of hexagons

e Total number of carbon atoms

e Total number of hydrogen atoms
Based on the structure:

e Irregularity parameter £ and/or number
of solo, duo, trio, and quarto hydrogen
atoms (see definition below)

e Diameter: it is defined as the maximal
length of the shortest path connecting
any hexagon to another. This length is
equal to the number of edges that are
crossed along the path. For instance, the
molecule shown in Figure 4 has a diameter
of 4, the maximal length of the shortest
path is either 0-1-2-5-7 or 3-1-2-5-7.

e Coronenoid, rectangle, rhombus, catacon-
densed

e With/without holes (Coronoids)
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Figure 3: Screenshots of the BenzAI graphical interface: generator interface (left) result of a

generation (right).

e With/without a combination of patterns.
Patterns can be joint, disjoint, or share
hexagons, they can be saved and loaded
in a user-friendly manner.

e Using symmetries: 13 types of symme-
try are possible for benzenoids, using ei-
ther reflection or rotation symmetry (or
any combination of both of types) referred
to with their Schoenflies symmetry point
group symbol. 37

Based on generation itself:
e Number of solutions desired
e Total time for the generation

Please note that the number of solutions can be
extremely high. So we advise the user to make
extensive use of the total time generation crite-
rion as unwise requests can exhaust his patience
or RAM, whichever comes first.

Filtering

Any collection can be filtered with the same
criteria used for the generation, except for the
number of solutions or total time. In addition
to the generation criteria, the number of Kekulé

structures can be used as a new filtering crite-
rion. When set to zero, this allows a simple
way to filter non-kekulean benzenoids from the
solutions of a collection. The filtering option
is thus a convenient way to generate numerous
sub-collections according to some criteria from
a common parent collection having given com-
position or structural characteristics. Hence,
one can explore a collection through many as-
pects.

Sorting

Any generated collection can be sorted out
in increasing or decreasing order with respect
to structural parameters (number of carbon
atoms, hydrogen atoms, rings, or irregularity)
or with respect to the number of Kekulé struc-
tures. As an example, let us generate the set
of all benzenoids with 32 carbon atoms. This
leads to a collection of 330 molecules. Sort-
ing by decreasing order of ¢ shows that only on
such molecule has a & value of 1. This molecule
is shown in Figure 4.

Computations on a collection

Using the ”Computations” tab of BenzAl, one
can perform two types of analysis on either an



Figure 4: Only benzenoid with 32 carbon atoms
with a & value of 1 obtained by filtering the col-
lection of 330 benzenoids with 32 carbon atoms
by decreasing & value.

entire collection or on manually selected solu-
tions of a collection:

e an electronic structure analysis accord-
ing to the aromaticity criteria previously
mentioned (RRE, Clar cover, RBO).

e a histogram analysis with respect to the
irregularity parameter

These analyses will be illustrated below in the
" Use Cases” section.

Database

If possible, BenzAl can retrieve data from the
database we computed, which contains all pos-
sible benzenoids of less than 10 cycles and
their vibrational spectra computed at the 6-
31g/B3LYP level of theory. All geometries were
optimized and do not present any negative fre-
quency. These spectra can be seen individually
or they are merged using Boltzmann statistics
based on the DFT energies of each molecule.
For example, let us generate the set of ben-
zenoids with four hexagons and retrieve their
vibrational spectra from the database, Figure 5.
BenzAl allows for the visualization of 3 spec-
tra, each of them being a Boltzmann’s weighted
spectrum of all molecules with the same num-
ber of carbon and hydrogen atoms.

Use Cases

Aromaticity of a Set of Molecules

In order to show the capabilities of BenzAl for
the computation of local aromaticity and re-

18_carbons_12_hydrogens
g
I
|
H ?\-ﬁ/\/\
j
‘‘‘‘‘‘‘‘‘‘‘‘ =)

B 5B Wy GO

Figure 5: Vibrational spectra extracted from
the database for the benzenoids with four
hexagons. Three spectra are obtained as these
benzenoids can have either 16, 17 or 18 carbon
atoms. The spectrum obtained for 18 carbon
atoms is a Boltzmann weighted spectrum of the
spectra of the five benzenoids.

lated properties, we show the results obtained
from the set of all the benzenoids with five
rings. All results are shown in the supple-
mentary information (Figures SI 1-5). In this
section, we shall consider a subset of these
molecules (Figure 6). Benzo[m]tetraphene and
Benzo[e|pyrene have only one Clar structure.
The local aromaticity calculation and the ring
bond order representation fully agree. Pen-
tacene has five Clar structures, which differ by
the cycle carrying the Clar sextet. Thus, the
ring bond order representation gives an equal
value for each ring. However, in acenes, the lo-
cal aromaticity is larger for the central cycles.
This is well captured by the local aromaticity
calculation based on electronic circuits. The
Benzolaltetraphene is similar to pentacene with
two sliding sextets (Figure 7). The local aro-
maticity of the molecule is well described and
fully in line with the Clar cover. The ring bond
order description lacks accuracy for the right-
most ring (by construction) but the description
of aromaticity with electronic circuits captures
the fact that this ring is less aromatic than its
neighbour. The perylene case is of high inter-
est as it shows a central ring with no local aro-



Benzo[e|pyrene

Pentacene

Benzolaltetraphene

Perylene

Ci7His

Name Local aromaticity | Clar cover | Ring bond order
0.40 0.66 0.40 ‘@‘ 2.08 2.67 2.08
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041 0.59 0.56
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Figure 6: From left to right: local aromaticity using Lin’s method, Clar cover and ring bond order
for a subset of 5-member ring benzenoids. Darker blue color indicates higher local aromaticity
or higher ring bond order. For the Clar cover representation, only one among all possible Clar
structures is given. Note that the circle around one atom indicates a radical.
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Figure 7: Clar structures with two sextets of
benzolaltetraphene.

maticity, in agreement with the Clar cover, in
which the central ring cannot carry a sextet. It
is well-known that perylene can be seen as two
naphthalene moieties linked by two bonds of
essentially single character. However, the ring

bond order of the central ring is not null, be-
cause it takes into account the Kekulé struc-
tures for which its bonds can have a double
character. This is never the case for the two
central bonds but the other ones are double in
the Kekulé structures of naphthalene. Finally,
the Cy7H3 molecule is not kekuleable, because
it has an odd number of 7 electrons. The lo-
cal aromaticity cannot be evaluated by methods
based on electronic circuits made of alternating
single and double bonds because of the radical
delocalization. The Clar cover picture shows a
carbon, which carries the radical and all its sec-
ond neighbors can have a radical character as
well, Figure 8. Then the ring bond order picture
allows for an evaluation of local aromaticity as
well as the localization of the radical. In the
case of a radical species, the ring bond order is
obtained by summing on all possible electronic
structures, which have one radical and maxi-
mize the number of Clar sextets.
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Figure 8: Clar structures with three sextets of
C17H13. The atoms surrounded by a circle carry
the radical.

Irregularity

The irregularity parameter &, is defined as fol-
lows: 2

Ntm’o + Nquarto

f B NSOZO + Nduo + Ntrio + Nquarto

(1)

It is used in astrochemistry to characterize the
regularity of polycyclic aromatic hydrocarbons.
BenzAl allows for the calculation of the dis-
tribution of £ in a collection of molecule and
the generation of molecules with a constraint &
value or constraint values of Ny, Nawo, Nirio
or Nguarto- Recently, Bouwman suggested that
the NASA PAH database lacks large molecules
(with 34 carbon atoms or more) with high ir-
regularity values.? In Figure 9, after generating
the full set of benzenoids with nine hexagons or
less and filtering them by the number of car-
bon atoms (less than or equal to 34 and more
than 34 carbon atoms), we compare the dis-
tribution of £ in both sets. As suggested, the
NASA database over-represents molecules with
a low value of £&. This is of the highest impor-
tance because the kind of hydrogen of a PAH
(solo, duo, etc.) was shown to have an influence
on its IR absorption band. %3839

Molecular Design
Generation of Large Symmetric Molecules

BenzAl allows for the generation of a deter-
mined number of benzenoids with a high num-
ber of benzene rings and specific properties. In
the following, we shall generate five benzenoids
with 24 cycles, a mirror symmetry and con-
strained ¢ values (£ < 0.2, £ = 0.2,0.4,0.6,0.8
and £ > 0.8). Results of this generation are

shown in Figure 10. It is interesting to see that
higher ¢ values lead to more branched struc-
tures (as opposed to more compact for low ¢
values), which have non-aromatic cycles. Of
course, such the generation of only five ben-
zenoids per £ value cannot be generalized, but
if one combines these results with the distribu-
tion of ¢ shown in Figure 9, it is of interest to
extend the available databases by a tool such
as BenzAl, to better represent the variety of
benzenoids.

Prediction of Magnetic Properties

Some of us have recently studied chiral non-
planar PAHs based on triphenylene. These
molecules were obtained by a trimerization of
helicenes (formally a [24+242] reaction, Fig-
ure 11).40 The trimerization leads to the for-
mation of a new Cg cycle, which is referred
to as the central cycle in the following dis-
cussion. Such molecules could exhibit mag-
netic properties if their 7 extensions would
stabilize unpaired electrons. Thus, we search
monomeric units with stable unpaired electrons
and an even number of carbons, i.e. concealed
non-kekulean benzenoids.*! We know that the
Ci13Hg triangulene carries a radical localized on
the second neighbor of the central carbon atom,
Figure 12.4243 There must be two such units
by monomer for the total molecule to have an
even number of electrons and these two units
must not share a ring. The combination of these
constraints can be handled by BenzAl. In the
generator, we define the Ci3Hg as a pattern as
shown in Figure 13 and ask for two such dis-
joint units. In the framework of this article,
we decided to use only the two solutions shown
in Figure 14: one solution A which should ex-
hibit a diradical character (hence a trimer of
septet ground state) and B, which should lead
to a closed-shell wave-function. By construc-
tion, 3-A (Figure 15) should carry six unpaired
electrons localized on the triangulene moieties
whereas 3-B should be a closed-shell molecule.
In order to verify these hypotheses, we com-
puted the energy of the spin states of both
molecules, Table 1.

Hence, the use of BenzAl allowed us to find a
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Figure 9: Comparison of the distributions of the irregularity parameter (less or equal than 34
carbon atoms (a) and more than 34 carbon atoms (b)) as shown by Bouwman et al.? (blue) and
this work (orange) for the full set of benzenoids with nine or less hexagons.

Table 1: Energy of the spin states of 3-A and 3-
B in kJ/mol obtained at the PBE0/def2-SV (P)

level of theory.

3-A 3-B
singlet 241 0
triplet 83 13
quintet 80 34
septet 0 53

concealed non-kekulean PAH with a high spin
ground state.

Conclusion

This article presents the BenzAl program, an
open-source software available at the follow-
ing URL: https://benzai-team.github.io/
BenzAI/. This program allows for the genera-
tion of benzenoids under structural constraints.
Then, it allows for the determination of the lo-
cal aromaticity of the hexagons and the calcula-
tion of IR spectra provided that the generated
benzenoids have less than 10 hexagons. In this
article, we show concrete applications of this
software in diverse aspects of chemistry. The
beauty of constraint programming lies in the
ease to add new constraints in the future with-
out having to modify a bespoke program. Thus,
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we are already working on new features like al-
lowing for cycles with more or less than six car-
bon atoms, which could extend the possibilities
of the program.

Supporting Information Avail-
able

Complementary to Figure 2, the generation of
benzenoids with seven hexagons, made of all
possible combinations of two fragments with
the fragments colored for easier recognition.
Complementary to Figure 6, The full set of all
benzenoids with five rings is available together
with their local aromaticity computed with the
Lin, Lin and Fan and ring bond order methods
as well as their Clar cover.

Data and Software Availabil-
ity

The BenzAl is available free of charge at https:
//benzai-team.github.io/BenzAI/.
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13 5 solutions with mirror symmetry and 24 hexagons

0.09/ 0.26 0.46 0.51 0.16 0.39 0.51 0.38 0.16 0.38 0.51 0.39

0.20 0.44 0.51|0.29

0.26 042 041 0.23 0.46 039 046 0.30 032 0.61 0.38 0.46 0.30 0.32 0.60

0.44 0.46 | 0.27 0.36 0.60

0.510.30 0.27 057 0.35

0.46 0.41 0.28 0.16 0.55 0.51|0.30 0.28 0.58 0.32

0.51  0.27 0.38 0.62

0.11 0.30 0.47 0.47
0.30 0.43 0.37 0.28 0.48

0.47 0.37 0.27 0.37 0.48

<02 GRELE 038032 058 0.39[0.32) 057 . . 0.47 [0.28 0.37 044|030
0.46 0.55 0.34 0.61 | 0.32 0.60 | 0.35 0.48 0.48 0.30 ' 0.07
0.52 0.63  0.28 0.38 0.64 0.43
0.11 0.29 046 0.48 0.23 0.48 0.49 0.29 0.11 | 0.29 0.45 0.49
0.18 0.41 0.48
0.29 0.40 0.38 0.25 0.49 0.48 0.41 0.20 0.42 0.65 0.29 0.39 0.38 0.29 0.42
0.31 0.53 0.40 [ 0.16 0.41 0.40 0.28 0.31 0.63
0.46 0.38 0.34 . 0.49  0.20 0.58 0.27 0.45  0.38  0.33 0.40
0.53 0.34 0.25 0.51 0.42 0.48 | 0.28 0.50
040028 o.66 0.48 | 0.25 b 0.29 0.42 0.27 H 0.49 | 0.29 0.3 1031
— 0 2 0.49 0.49 023 b . d H 0.42 0.40 0.43 013 015 036 058
0.420.26 0.66 0.47 fO:20N 0.63
0.67 0.41
0.27 0.52 0.45|0.26 0.04 0.15 0.35 057
0.35 0.55 0.38 | 0.16
0.58 0-‘“@ 0.26 0.51 0.46  0.27 0.52 0.28 0.21| 0.48 0.62 0.15 0.31 0.40 0.33
0.55 0.05 0.35 0.53 045
0.51 0.37 0.18 0.48 0.63 0.45 0.21 0.54 0.35 0.40 031 0.10
0.46 | 0.18 0.69 . X | . 3
0.18 0.26 0.48 0.57 0.33 0.10 0.16 0.53
_ 0 4 0.08 0.37 0.62 . 0.40 | 0.23 0.54

0.37 0.48 037 0.54 F0.07 0.57 0.67 | 0.03

0.62 0.37 1015

0.14 045 055 0.52

0.04 015 035 0.58 0.06 0.20 0.45 0.61
0.05 |/ 0.17 0.37 0.60
0.15 0.32 0.41 035

017 0.34 0.43 034

0.36 0.42 031

035 041 0.32 0.15 0.12

0.37 0.43 0.30 0.10

0.58 0.35 0.15  0.04
0.60 0.34 0.10|/ 0.27 0.60 0.46

0.04 0.16 0.36 0.59

0.16 0.33 0.42 0.35

0.59 0.35 0.12 0312 041 057 0.54

0.21 051 0.67

021 0.51 0.67 0.20 0.50 0.67 0.21 0.51 0.67

0.38 0.48 034

0.33 0.68

031 0.62 0.32 0.23| 0.57 0.41

0.28 | 0.23 0.56 0.64 0.57 0.49 | 0.08| 0.46 0.74

0.62
0.79 | 0.32 10.23| 0.65 0.75 | 0.41 10.08

0.46 0.55

015 0.38 0.62

0.18 0.42 0.50

0.45 0.50 0.19

0.62 0.34 '0.14| ' 0.18 0.45 0.65

0.21

0.20 0.48 0.65

0:18| 045 0.65 0.16 0.41 0.63 0.21| 0.52 0.65 0.17 0.42 0.64

0.48 0.45 0.16

0.45 0.48 0.22 0.41 0.48 0.29 052 0.40 0.08 0.42 048 0.27

0.65/0.16 043 0.55

0.65 | 0.22 0.30 0.59 0.34 0.63 0.29 0.21 0.44 0.49 0.65 ' 0.08 0.53  0.37

0.55 0,28 0.52

0.59  0.25 0.24 0.56 0.64 0.44 0.50 0.26 0.37 0.28 0.53

0.65 0.49 0.26 0.72 0.44 1013

0.79 0.34 0.24 0.54

> 0.8

0.64 0.27 023 0.50 0.44

0.50 0.52 0.13| 0.38

0.77

Figure 10: Five first solutions obtained by six successive benzenoid generation done with BenzAl
with the following constraints: 24 benzene rings, mirror symmetry, and an irregularity parameter
£<0.2,£=1{0.2,04,0.6,0.8} and £ > 0.8. Blue color scale indicates Lin aromaticity. White color
indicates no local aromaticity. All these solutions were obtained within a few seconds on an Intel
core i7 laptop.
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Figure 11: Formal [242+2] trimerization of
three monomeric units. The arrows indicate the
possible 7 extensions of these monomers.
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Figure 12: Singly occupied molecular orbital
at the Hiickel level of theory (left) and spin
density of the Ci3Hg radical computer at the
PBE(0/def2-SV(P) level of theory (right).

Figure 13: Pattern definition for the C;3Hg rad-
ical carrier fragment (left) and of the central
cycle fragment (right). Green cycles must be
in the solution whereas red cycles are excluded
from the solution.

B

A

Figure 14: Compound A (left) and B (right).
The stared positions and equivalent carry a rad-
ical. The purple cycle will be the central cycle
of the trimer, the blue and green triangulene
units each carry a radical. These two electrons
cannot be paired: it is a concealed non-kekulean
benzenoid. Bonds surrounded in red are single
in all triplet Kekulé structures.

3-A 3-B

Figure 15: Trimerization of compound A (left)
and of compound B (right). The dashed lines
indicate the bonds which will lead to the forma-
tion of the central cycle. The bold lines indicate
that the part of the molecule comes towards the
reader, whereas the hollow lines go away from
the reader. Blue and green triangulene moieties
carry one radical.
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