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Abstract

Polycyclic aromatic systems (PASs) are pervasive compounds that have a substantial impact in
chemistry and materials science. Although their specific structure-property relationships hold the key to
the design of new functional molecules, a detailed understanding of these relationships remains elusive.
To elucidate these relationships, we performed a data-driven investigation of the newly generated
COMPAS-2 dataset, which contains ~500k molecules consisting of 11 types of aromatic and
antiaromatic rings and ranging in size from one to ten rings. Our analysis explores the effects of electron
count, geometry, atomic composition, and heterocyclic composition on a range of electronic molecular

properties of PASs.

Keywords: polycyclic aromatic hydrocarbons, polycyclic aromatic systems, database, dataset,

computational chemistry, Tr-conjugated.

Introduction

Polycyclic aromatic systems (PASs)—molecules made up of fused aromatic rings—are among the most
prevalent classes of molecules known to humankind; indeed, it is estimated that two-thirds of known
molecules contain (or are themselves) an aromatic moiety.! In addition to their presence in naturally
occurring molecules, such as DNA and proteins, they have also been harnessed for various uses,
ranging from ligands for catalysts,? through pharmaceuticals,® to organic semiconductors.*®> Despite

their fundamental and applicative importance to many fields, the vast chemical space of PASs has
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remained largely unexplored. As a result, the relationships between the arrangement and composition
of a PAS’s rings and its various molecular properties remain elusive. Revealing these relationships can
deepen our understanding of these systems, as well as pave the way toward efficient and effective
design of new functional PASs.

Given its breadth and complexity, a natural approach to exploring the PAS chemical space is
with data-driven methods, which have proven in the last few years to be extremely successful at
uncovering underlying structure-property relationships. To enable such exploration, we initiated the
COMPAS Project (COMputational database of PASs), the first database dedicated to PASs and their
molecular properties. The first installment, COMPAS-1,° contains ~35k cata-condensed polybenzenoid
hydrocarbons (cc-PBHs) and has already enabled various directions of investigation, including by
training of both interpretable machine” and deep learning methods,? which led to new insights into these
molecules. [Note: cata-condensed refers to fused PASs in which each atom participates in no more
than two rings].

The second installment, COMPAS-2,° houses ~500k cata-condensed heterocyclic-PASs (cc-
hPASs) comprising 11 types of aromatic and antiaromatic rings containing the heteroatoms boron,
nitrogen, oxygen, and sulfur and ranging in size from four-membered to six-membered rings. Compared
to the parent polycyclic aromatic hydrocarbons (PAHs), PASs containing heterocycles offer greater
structural diversity as well as a much broader range of optoelectronic properties. Such molecules have

been used in diverse settings, functioning as organic field effect transistors,%2 light-emitting diodes,**
5 organic semiconductors,®'’ organic photovoltaics,*#2? photocatalysts,?®* and biological agents for
tracking or inhibition,?*? and have also been incorporated into larger structures such as nano-hoops,
in order to tune and expand their functionality.?®

Herein, we perform an in-depth analysis of the data contained within COMPAS-2, aiming to
elucidate the effects of electron count, geometry, atomic composition, and aromatic nature on the
molecular properties of PASs. Our goal is to delineate specific structure-property relationships that may
shed light on these prevalent, yet still mysterious, compounds and serve as design principles for future

PASs.
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Data

The molecules in COMPAS-2 contain 11 cyclic building blocks varying in size, composition, and
aromatic character: benzene, pyridine, pyrazine, borinine, 1,4-diborinine, 1,4-dihydro-1,4-diborinine,
borole, pyrrole, furan, thiophene, and cyclobutadiene (Figure 1A). These building blocks encompass
six-, five-, and four-membered rings with aromatic and antiaromatic character, and contain nitrogen,
boron, oxygen, and sulfur atoms. Using these building blocks, we generated a chemical library of cata-
condensed hetero-PASs (cc-hPASs) ranging in size from 3- to 10-ring systems, by combining the rings
according to the annulation types shown in Figure 1B. The number, type, and position of the individual
building blocks were determined randomly to avoid biasing the data and to increase the likelihood of
sampling previously unstudied cc-hPAS structures. Further details on the structure enumeration and

data generation are reported elsewhere.®
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Figure 1. A) The building blocks used in the COMPAS-2 datasets. B) Possible annulation types formed when
combining the different types of rings.

It is important to note that in constructing the COMPAS-2 dataset, we opted to maintain equal
percentages of the different types of heterocycles (~10% of each type). This was done to avoid biasing
the construction of molecules towards specific motifs. However, because there are multiple types of B-
containing and N-containing heterocycles, and because some of them contain more than one
heteroatom, this resulted in an unequal distribution of the heteroatoms themselves. Thus, due to the
design of the dataset construction, the relative prevalence is approximately 6:4:1:1 for B:N:O:S.
COMPAS-2 comprises two datasets—COMPAS-2x and COMPAS-2D. The former contains
geometries and molecular properties obtained at the GFN1-xTB# level of 524,392 unique cc-hPASs.

The latter is a representative subset of the former, containing 52,000 cc-hPASs with geometries

3
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optimized and properties obtained at the CAM-B3LYP/def2-SVP?-33 |evel, including the D3 dispersion
correction”® by Grimme with Becke-Johnson damping.3® We used the DFT-calculated dataset to
generate fitting functions, such that all xTB-generated data was corrected to near DF T-level accuracy.®

It is these corrected data that we use in this report to analyze the structure-property relationships of the

cc-hPASSs.

Results and Discussion

At first glance, the chemical space of PASs may appear to be quite homogenous. After all, the molecules
share certain structural features, such as their multi-ring structures, rigidity, and Tr-conjugation.
Nevertheless, simply by changing the combination of the individual building blocks (i.e., rings), we
obtain molecules with varying sizes, geometries, atomic compositions, and aromatic character. In such
multi-faceted data, it can be difficult to ascertain which structural features determine the different
molecular properties. Therefore, we designed the current study with an aim to chart a clear path through
this chemical space, and we present our findings along these same lines (as illustrated in Figure 2). In
the first section, we provide context, giving a short comparison between the data contained within
COMPAS-2° and COMPAS-1.5 The second, third, and fourth sections then present analyses of the data,
each focused on different structural aspects: global electronic and geometric features, atomic
composition, and heterocyclic composition. A roadmap of the manuscript structure is shown in Figure

2.
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Figure 2. Roadmap of the work described in this manuscript. Three main criteria are defined in increasing structural
information content. For each criterion, we note the specific features that are studied in this work. For each of these,
we investigate the effect of the feature on the set of molecular properties.
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1. Comparison between COMPAS-1 and COMPAS-2

To obtain a better overview of the COMPAS-2 chemical space and to study the effects of including these
new components, we first compare the cc-PBHs in COMPAS-1 to the cc-hPASs in COMPAS-2, in terms
of their shape diversity and molecular properties. As mentioned above, COMPAS-1 houses PBHs,

molecules comprising only one type of ring—the aromatic, six-membered, carbon-based benzene.

The principal moments of inertia (PMI) plots Figure 3A show that the two datasets have similar
tendencies to form “rod” and “disc’-like structures (i.e., 1D or 2D, respectively). Because some of the
building blocks contained in the COMPAS-2 library can only annulate linearly (i.e., cyclobutadiene,
pyrazine, 1,4-diborinine, 1,4-dihydro-1,4-diborinine), this dataset shows the greater density of structures
close to the “rod” ex and along the “rod/disc” edge of the PMI plot. COMPAS-1 molecules have a higher
tendency to form angular annulations and branching points and therefore we observe the increased
density closer to the “disc” corner. Both datasets have very few structures close to the “sphere”-like 3D
geometry vertex. This is unsurprising, as the individual building blocks have rigid and planar geometries
and fusing such components together in a cata-condensed fashion is unlikely to generate molecules
with a spherical structure. As we highlight in Figure 3A, the polycyclic molecules that do inhabit the
spherical corner of the plot are those that have helical structures, and this is common to both data sets.
In other words, the comparison between the two datasets demonstrates that increasing the diversity of
conjugated cyclic building blocks does not have a notable impact on the relative distribution of molecular

shapes.

In contrast to their relatively high geometric similarity, the molecular properties of the two
datasets vary substantially. We compared the distributions of five molecular properties: highest
occupied molecular orbital (HOMO) energy, lowest unoccupied molecular orbital (LUMO) energy,
HOMO-LUMO gap (Gap), adiabatic ionization potential (AlIP), and adiabatic electron affinity (AEA). As
shown in the violin plots in Figure 3B, for all properties, the distribution of the COMPAS-1 molecules
(light blue) is contained within the distribution of the COMPAS-2 molecules (purple). In other words, the
expansion of the building block library widens the property distributions towards both higher and lower
energies, providing access to functional molecules with different (opto)electronic properties. For
example, while the HOMO energies of the COMPAS-1 PBHs range between -7 and -6 eV, the HOMO
energies for the COMPAS-2 cc-hPAS cover the range from -8 to —4.5 eV, a widening of 3.5 eV. Similarly,

the range of LUMO energies expands substantially, from (-0.8)-(-1.8) eV in the cc-PBHs to (+0.2)-
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(-3.5) eV in the cc-hPASs, with a larger tendency towards lower-lying LUMOs than in the PBHs. The

remaining properties show similar expansions of property ranges.
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Figure 3. Comparison between COMPAS-1 (blue) and COMPAS-2 (purple). A) Principal Moments of Inertia shape
distribution, all molecules sorted according to their normalized principal moments of inertia (In, n=1-3), with 11 < |2
< 13. B) Molecular properties (all reported in eV): HOMO, LUMO, AIP, and AEA.

Overall, the comparison between the two datasets demonstrates that the cc-hPASs are structurally
similar to cc-PBHs, notwithstanding the higher tendency of the COMPAS-2 molecules towards linear
annulations (due to the types of building blocks used). In contrast, their electronic properties cover much
broader ranges, which is what makes them so promising as functional compounds. However, to what
extent each type of building block affects the properties, and whether these effects are due solely to the
presence of the heteroatoms or to the aromatic nature of heterocycles are among the questions we aim

to answer in the subsequent sections.

2. Influence of global structural features

In this section, we investigate the effect of global structural features on the set of electronic properties
detailed above (HOMO, LUMO, Gap, AlIP, AEA). At this lowest resolution analysis, we aim to ascertain
to what extent the overall molecular size and geometry determines molecular properties.

2.1. Molecular Size

The molecular size of cc-hPASs may be evaluated in various ways—e.g., by the total number of atoms,
total number of rings, total number of electrons (or specifically Tr-electrons). In our view, the number of

rings is the simplest and most intuitive metric; it has the added benefit of revealing trends while still
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rendering a manageable number of groups. Therefore, we chose this descriptor and plotted the kernel-
density estimates (KDEs) of the distributions of the five properties described above, colored according
to the number of rings in the molecule (Figure 4). In all cases we observe “drifts”: for the HOMO, the
values become less negative as the molecules increase in size; for the LUMO, Gap, AIP and AEA, the
values become smaller or more negative as the molecules increase in size. These trends align with the
commonly known effect in polyenes and annulenes, whereby increasing conjugation causes the HOMO
to be raised, the LUMO to be lowered, and the Gap to be reduced. The changes between consecutive
groups become smaller as the molecules grow in size, which is consistent with the 1/n relationship

reported for other polycyclic systems.?*

.~ Effect of Number of Rings on Molecular Electronic Properties
A) HOMO B) LUMO C) Gap D) AIP E) AEA
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Figure 4. Distributions of electronic properties of the dataset. KDE plot of HOMO, LUMO, Gap, AIP, and AEA colored
according to the number of rings in the molecule. The KDEs are normalized such that the area under the curve is
equal to 1 for each family.

2.2. Molecular Geometry

In our previous work on cc-PBHs, we observed a similar correlation to size, however, our data-driven
analysis revealed that the underlying source of the correlation is not just the molecular size, per se,
but rather the formation of linear stretches (substructures that are linearly annulated).® Accordingly,
the longer the linear stretch, the higher the HOMO, the lower the LUMO, etc., and the apparent size
dependency arises simply because larger molecules have more opportunities to create longer linear

stretches.
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The scatter plot of the HOMO/LUMO space showed that a similar trend does exist for COMPAS-
2, albeit weaker than the COMPAS-1 case (see Section 1.1 in the Supporting Information for further
details). To investigate this further, and to avoid the size dependency issue, we focused only on the 9-
ring systems in the dataset. In this collection of 152,121 molecules, all molecules have the same number
of rings but differ in their annulations and composition and therefore have varying numbers of atoms
and Tr-electrons. We plotted the KDE distributions of the HOMO, LUMO, and Gap for this subset of
data, colored according to the longest linear stretch in the molecules (Figure 5A). Note that, for cc-
hPASSs, a linear annulation is defined as three consecutive rings having an angle of 180° between the
ring centroids; any angle that is not 180° is considered to be an angular annulation (see Figure 1B).
Indeed, although a trend may be observed, it is not nearly as pronounced as the trend we observed for
the cc-PBHs in COMPAS-1.% This led us to hypothesize that the presence of antiaromatic moieties in
the linear stretch (cyclobutadiene and/or 1,4-dihydro-1,4-diborinine) may be distorting the results. In
other words, perhaps the effect is only relevant to linear stretches of aromatic rings. To verify this, we
identified within the same molecules the longest linear stretch comprising only aromatic rings. These
distributions (shown in Figure 5B) do indeed show a clearer trend, but it is still weaker than the cc-
PBHs. Therefore, in the next step, we plotted the distributions of all 9-ring molecules containing only
aromatic building blocks (i.e., have no cyclobutadiene, borole, or 1,4-dihydro-1,4-diborinine moieties; a
collection of 127,019 molecules). In this case (Figure 5C), the stratification of the data did become more
pronounced, indicating that antiaromatic rings mask the longest linear stretch effect. Overall, these
results show that the longest linear stretch effect does generalize from cc-PBHs to cc-hPASs, but it is

most significant for cc-hPASs that comprise only aromatic rings.

In addition to this structural feature, we also examined the effects of the number of branching
points and deviation from planarity. Neither of these structural features showed any meaningful trend

(further details are provided in Sections 1.2 and 1.3 of the Supporting Information).
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Figure 5. KDE distributions of the HOMO, LUMO, and Gap separated and colored by the longest L for: A) all 9-ring
molecules; B) all 9-ring molecules containing that do not have an antiaromatic moiety in the longest linear stretch;
C) all 9-ring molecules that do not contain any antiaromatic moiety. The KDEs are normalized such that the area
under each curveis 1.

2.3. m-Electron count

In contrast to COMPAS-1, COMPAS-2 contains both molecules with a (4n + 2) T-electron count and
molecules with a 4n -electron count, allowing us to study the difference between formally Huckel
aromatic and formally Hiickel antiaromatic PASs. We note in this regard that the ‘Hiickel Rule’ (a term
that was actually introduced by Doering)3> was originally developed solely for monocyclic systems, but

was later extended by Vol'pin to cata-condensed polycyclic systems.®

It is generally assumed that aromatic molecules are characterized by excess stability and a
large Gap, while antiaromatic molecules are less stable and have smaller HOMO-LUMO gaps. To
investigate whether this assumption holds true for cc-hPASs, we plotted the distributions of several
properties for the two subsets of molecules, separated by size. As seen in Figure 6A, the distributions
of the HOMO and LUMO values are both higher for the (4n + 2) systems than for the (4n). However,
these differences diminish at different rates: for the HOMOs, the two distributions become essentially

indistinguishable at 4-ring systems, whereas for the LUMOs it is only at 10-ring systems that the values
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attain parity. Unsurprisingly, the (4n + 2) systems show higher Gap values (Figure 6B), however, the
difference consistently diminishes until it is negligible for 10-ring systems. (For further analysis based

on this criterion, including molecular stability, see Section 1.4 of the Supporting Information.)
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Figure 6. Distributions of molecular properties for 4n and (4n + 2) m-electron count systems, divided by the number
of rings for: A) HOMO and LUMO energies and B) Gaps.

2. Influence of atomic composition

The incorporation of different atoms is a well-known strategy for modulating the frontier molecular
orbitals of t-conjugated systems. For example, it has been empirically observed, and can also be
rationalized with molecular orbitals-based considerations, that lone-pair bearing heteroatoms such as
oxygen raise the HOMO level,3”-*® while boron lowers the LUMO level.** COMPAS-2 provides, for the
first time, the possibility to substantiate these observations in a data-driven manner and, perhaps, to
extract quantitative assessments of these effects. In this section, we study the effects of the presence
and number of different heteroatoms on the electronic properties of the molecules in COMPAS-2.

We first visualized the distribution of the various types of heteroatoms across the property
space by generating a series of scatter plots (HOMO versus LUMO) and coloring each plot according
to the number of heteroatoms of a certain type (Section 2 of the Supporting Information). These plots
(Figure S6) made it readily apparent that the B atoms unsurprisingly accumulate in the regions of lower
LUMO value and, to a lesser extent, higher HOMO values. The N, O, and S atoms appear to be more
evenly distributed over the property space however certain areas can be identified with slightly higher
populations of heteroatom-rich PASs.

To explore this further, we divided each property into ten evenly spaced sections and binned all

the molecules in each respective section (as before, this analysis focused on the 9-ring systems, to
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avoid any size dependency artifacts). For each bin, we plotted the relative prevalence of the various
heteroatoms as a stacked histogram (Figure 7), where the different colored blocks represent the
different heteroatoms and the sum of all blocks in each bin is equal to 1. The size of each block
represents the likelihood of a heteroatom from this bin being a certain type. As we noted in the Data
section, the total numbers of heteroatoms are not equal (the ratios of B:N:O:S atoms are approximately
6:4:1:1). Therefore, each block was normalized according to the relative prevalence of the heteroatom
in the dataset, which allows for a more straightforward comparison between different heteroatoms, as
well as for the same heteroatom across the property range.

Figure 7 shows that the likelihood of finding O and S atoms is relatively uniform across the
HOMO range, while it decreases for N and increases for B as the HOMO values rise. The trends are
more pronounced for the LUMO: the B atoms are clearly most prevalent at the lower LUMO levels and
steadily decreases towards the higher LUMO levels, concurrent with a steady rise in the likelihood of O

and S atoms, while the N likelihood remains rather uniform. The trends become even more pronounced
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Figure 7. Stacked histograms showing the prevalence of the different heteroatoms across different areas of the
property space, for A) HOMO, B) LUMO, C) Gap, D) AIP, and E) AEA. The colors of each block correspond to the
color-coded heteroatoms shown at the top. The size of each block represents the fraction of that heteroatom out
of the overall number of heteroatoms in that respective bin. The sum of all heteroatoms is 1 for each bin. Molecules
below and above the 0.01 and 0.99 percentiles, respectively, were discarded as not statistically meaningful.

in the plot of the Gap, as it is a sum of the HOMO and LUMO complementary effects. For the Gap and
AIP, an increase in N towards higher values can be noted. For the AEA, the B clearly dominates the
lower values, while again N, S, and especially O show an increase towards the higher values. We note
that the relative uniformity of the N prevalence across the various property ranges could be due to
contradicting effects of the different types of N-containing rings and does not necessarily imply that N

does not have a strong impact on the properties. Conversely, the prevalence of B at certain property
11
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values does not mean that all B-containing systems have similar effects; it could be that one or more
B-containing systems have stronger effects that dominate. These questions are addressed in

subsequent sections.

3. Influence of heterocycle type

In this section, we focus on the character and type of the rings comprising the cc-hPASs, going from
the broader perspective (size) to a more detailed view (aromatic/antiaromatic) and finally to the specific

type of ring.
3.1. Size of ring

In the broadest sense, without analyzing their specific composition or character, the individual building
blocks in our library may be categorized according to their sizes. To study the effect on the molecular
properties, we plotted the KDE distributions of the various properties, separated by the number of 4, 5,
and 6-membered rings, respectively. We observed that the sizes of the individual rings do not have an

inherent effect on the electronic properties (see Supporting Information, Section 3.1 for further details).

3.2.  Aromatic character of the rings

The rings can be further classified as Huickel aromatic [(4n + 2) m-electrons] or antiaromatic [(4n) -
electrons)]. To study the relationship between the number of rings of each type and the molecular
properties, we plotted the distributions of the five molecular properties, separated by the number of
antiaromatic rings (Figure 8). Once again, to circumvent the size-dependency issue (see Section 2.1),
we analyzed only the molecules containing 9 rings (a dataset of 152,121 molecules). All the properties
showed a definite trend, although it appears to be strongest for the LUMO and Gap and smallest for the
AIP. Overall, molecules with a higher number of antiaromatic moieties show lower HOMOs, lower
LUMOs, lower Gaps, and stronger electron affinity—regardless of the specific type of rings that are
contained in the molecule. However, we note that two of the three antiaromatic rings in our library are
B-containing heterocycles. As shown above, Boron also has a strong effect on the molecular properties.
Thus, it is unclear whether the apparent trends here stem from the boron atom or from the antiaromatic
character of the building blocks. This will be addressed in the subsequent section. (Additional analysis

based on this descriptor is provided in the Supporting Information, Section 3.2.)
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.~ Effect of Number of Antiaromatic Rings on Molecular Electronic Properties
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Figure 8. Distributions of electronic properties of the dataset. KDE plots of HOMO, LUMO, Gap, AIP, and AEA
colored according to the number of antiaromatic rings in the molecule. The KDEs are normalized such that the area
under the curve is equal to 1 for each family.

3.3. Specific identity of heterocycle

The previous analyses revealed two relationships: lower LUMO values were shown to correspond to
both the presence of boron-containing rings and to the presence of antiaromatic rings. However, two-
thirds of our antiaromatic building blocks are boron-containing rings (borole, 1,4-dihydro-1,4-diborinine).
Thus, it is not clear whether these trends are due to the identity of the heteroatom or to the nature of
the ring. To answer this question, we investigated the influence of each individual building block.

Figure 9A shows scatter plots of the HOMO versus LUMO, each colored according to the presence of
a specific type of heterocycle. To avoid ambiguity, only molecules that contain benzene and the
heterocycle highlighted in the respective plot are colored (i.e., molecules that contain mixtures of
heterocycles are not colored). This is to ensure that our focus is on the effect of one specific heterocycle

at a time.
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Figure 9. A) Scatter plot of the HOMO (x-axis) and LUMO (y-axis) values of the molecules in COMPAS-2. In each
plot, the molecules containing only benzene are colored in gray and the molecules containing only benzene and a
single other type of building block are colored according to the color-coded library. B) Stacked histograms showing
the prevalence of the different building blocks for HOMO, LUMO, Gap, AIP, and AEA. The colors of each block
correspond to the color-coded molecules. The size of each block represents the fraction of that building block out
of the overall building blocks (excluding benzene). The sum of all building blocks is 1 for each bin. Molecules below
and above the 0.01 and 0.99 percentiles, respectively, were discarded as not statistically meaningful. Note: for the
plot of borinine, 5 outlier data points were removed following visual inspection, which determined that these
molecules did not optimize correctly.
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Several observations can be made based on Figure 9, which are best demonstrated in comparison to
the cc-PBH data (i.e., using this data as a “baseline”). Thus, each different types of building block are
plotted together with the cc-PBHs contained in COMPAS-2 (light gray circles). First and foremost, we
note that molecules containing the same heterocycle tend to cluster in the same region of the
HOMO/LUMO space, rather than be dispersed over the entire space. Secondly, we note that the shape
and breadth of the property space covered differs noticeably. Furan, thiophene, and cyclobutadiene all
cover a similar region of the property space as the baseline PBHs, which is a relatively small swath that
shows a linear relationship—meaning, molecules with higher HOMOs have lower LUMOs and vice
versa. In contrast, for all the B- and N-containing heterocycles, the respective regions are quite broad
and without a well-defined shape, meaning that it is possible to find molecules with different
combinations of low/high/mid-range HOMO and LUMO values within the region. Overall, it is apparent
that the significant increase in property space over the COMPAS-1 baseline (Figure 3) is due mostly to
the B- and N-containing heterocycles, or to heterogeneous mixing of different types of heterocycles,
which suggests a cumulative effect of incorporating different types of building blocks (for additional
details on the coverage of property space, see Section 4 of the Supporting Information).

Having several types of N-containing and B-containing heterocycles enables us to further
explore the behavior of these systems. For the B-containing heterocycles, we observe that the two
aromatic rings (borinine and 1,4-diborinine) both shift the distribution to the right of the PBH baseline,
towards higher HOMO values, while remaining in a similar range of LUMO values. In contrast, the two
antiaromatic rings (borole and 1,4-dihydrodibornine) both shift the distribution to the left and downwards,
towards lower HOMO and lower LUMO values. This sheds new light on our previous observations and
the question we posed at the beginning of this section, regarding the “boron-effect” and the effect of
antiaromatic rings. Namely, these plots elucidate that the LUMO-lowering effect of the boron atoms is
not a general rule for boron, nor is it a general rule for antiaromatic components (cyclobutadiene,
another antiaromatic building block, does not exhibit the same effect). Rather, it stems from the
presence of boron atoms in antiaromatic rings. Further substantiation of this conclusion is provided in
Section 5 of the Supporting Information.

For the N-containing heterocycles, we observe a similar dichotomy, although in this case all
systems are aromatic. The two six-membered rings (pyridine and pyrazine) shift the distribution to the

left and downwards of the baseline, towards lower HOMO and LUMO values (the effect is more
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pronounced for pyrazine than pyridine). Conversely, the five-membered ring (pyrrole) shifts it to the right
and upwards, maintaining a similar HOMO range to COMPAS-1, but extending into much higher LUMO

values. The behavior of the various N-containing rings is well documented in the literature,?®741-45

although to the best of our knowledge, these three systems have never been compared directly before
in a data-driven manner.

These findings are summarized in a more quantitative manner in Figure 9B. In this set of stacked
histogram plots, the colored rectangles represent the relative prevalence of the various building blocks
(in this case, we also included cyclobutadiene as a non-benzene building block). These plots reiterate
the findings described above for the HOMO and LUIMO properties and provide further information
regarding the change in prevalence for each building block across the other property spaces, as well.
In the interest of conciseness, we provide a detailed MO-based rationalization for all of the trends in

Section 6 of the Supporting Information.

Having studied the property space covered by the individual heterocycles, we performed a final
analysis to investigate the effects of having multiple building blocks of a certain type in a single cc-hPAS
(regardless of the presence and number of the other building blocks). To circumvent the size
dependency, we once again focused only on the 9-ring systems. For this subset of molecules, we plotted
the various molecular properties as a function of the number of building blocks of each type (from 1-4;
the number of examples containing more than 4 building blocks of a single type are too few to be
statistically meaningful).

Not surprisingly, the trends shown in Figure 10 reiterate and further substantiate some of the
previous findings, however they also reveal additional information. Primarily, these plots demonstrate
the cumulative effect of incorporating multiple rings. Furthermore, the slopes of the lines indicate the
strength of the effects—e.g., it can be seen clearly that pyrrole has a much stronger effect on the HOMO
values than either furan or thiophene, and that 1,4-diborinine has the strongest LUMO-lowering effect
of all building blocks in our library. In addition, these plots can provide further insight into the three
building blocks that showed similar coverage as the cc-PBHs, namely, furan, thiophene and
cyclobutadiene. Although the distribution plot itself indicated a weak or negligible effect of these building
blocks, Figure 10 reveals that indeed they do influence the molecular properties. Cyclobutadiene

appears to have very little effect on the LUMO but does contribute to raising the HOMO and therefore
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decreasing the Gap. Furan and thiophene display very similar behaviors, as can be seen from the

slopes of their plots for all three properties.
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Figure 10. The effect of multiple heterocycles of a certain type on the A) HOMO, B) LUMO, C) Gap. For all 9-ring
systems in the dataset, we calculated the average property value of the rings containing 1, 2, 3, and 4 building
blocks of a certain type, respectively. The data corresponding to each building block and each number of repeating
units is represented by points corresponding to the color-coding shown on the left. For clarity, we have separated
the 4- and 5-membered rings (top row) from the 6-membered rings (bottom row) and connected the points in each
series by lines to assist in visual identification. The shading represents the 95% confidence interval of the value.

Conclusions

We have performed a comprehensive data-driven analysis of the new dataset of cata-condensed
hetero-polycyclic aromatic systems, COMPAS-2, which contains over 500,000 molecules. Following a
comparison to cc-PBHSs to establish a baseline for our study, our analysis was divided into three main
levels, proceeding from low to high structural resolution: a) global properties, b) atomic composition,
and c) building block composition. At each of these levels, we analyzed the data according to various
structural features, to elucidate the underlying structure-property relationships and delineate clear

principles that can aid in rational design of new cc-hPASs.
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The main findings of our analysis are as follows:

1. Global Features: this analysis revealed that molecular size affects electronic properties, but
that the sensitivity to size becomes less apparent in larger molecules. Similarly, the overall
electron count [(4n) or (4n + 2)] has a noticeable effect in smaller molecules but becomes
unimportant in medium-sized and larger PASs. Finally, no specific trends were found between
geometric features and molecular properties, except for the longest linear stretch. However,
this effect is only clearly apparent in PASs that contain no antiaromatic rings.

2. Atomic Composition: the analysis in this section revealed a clear “boron effect” (the presence

of boron corresponds to high HOMO, low LUMO, small Gap). However, it could not be
ascertained whether the boron effect stems solely from the presence of the atom, or from the
fact that the boron atoms are often found in antiaromatic rings (borole, 1,4-dihydrodiborinine).
Similarly, the N, O, and S atoms appeared more prevalent in molecules with high LUMOs and
high HOMO-LUMO gaps, but it remained unclear whether this is due to the electronegativity of
these atoms or their presence in aromatic building blocks.

3. Building Block Composition: the investigation in this section uncovered several findings. We

observed that the molecular properties of cc-hPASs are dictated to some extent by the aromatic
character of the building blocks contained in the molecule—the more antiaromatic rings there
are, the lower the HOMO, LUMO, and Gap become. Further analysis revealed that, in fact,
cyclobutadiene has a relatively small effect on the frontier molecule orbitals, thus the majority
of observed trend stems from the B-containing antiaromatic rings. Indeed, we found that boron
atoms have a strong impact on the molecular properties, however, the direction of this impact
is in opposite directions, depending on whether the specific heterocycle is aromatic or
antiaromatic. Furthermore, we observed an interesting divergence between pyrrole and the
other five-membered aromatic rings. Although all three rings lead to an increase in the Gap, the
pyrrole raises the HOMO and LUMO while furan and thiophene lower the HOMO and raise the
LUMO. In addition, thiophene and furan show similar behavior both in the magnitudes of their
effects and in the size of the property space they cover, whereas pyrrole displays a much
stronger impact on the property values and a much more broadly distributed property space.
This suggests that the properties of the pyrrole-containing cc-hPASs are much more sensitive

to variations in structure than their furan- and thiophene-containing counterparts. The other N-
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containing building blocks, pyridine and pyrazine, lower both frontier molecular orbitals, with
the pyrazine having a stronger effect, due to the fact that it contains two nitrogens. Indeed, we
demonstrated that for all building blocks there is a cumulative effect on the properties, whereby
incorporation of multiple building blocks continuously impacts the molecular properties.

To the best of our knowledge, this is the first data-driven investigation of this kind. It provides for
the first time a clear overview of the property space that is achievable with these molecules, as well as
detailed information on how to access different parts of this property space through structural design.
The insight gleaned from this analysis not only deepens our understanding of the chemical properties
of these important molecules, but also provides us with important tools for designing new molecules
with desired properties. We emphasize that there is still much more to be learned from this rich
database, including the reciprocal effects of adjacent building blocks, the importance of multi-ring
substructures, and the interplay of different building blocks. Combining different types of heterocycles
has been found to endow cc-hPASs with promising properties (e.g., pyrrole and thiophene,* pyrrole
and furan,* borinine and thiophene*). Our data now shines new light on the interplay of these building
blocks, but the exact relationships governing the resulting properties are unknown. Such complex
relationships require more advanced data-analysis tools, and we are currently leveraging different

machine learning and deep learning techniques to tap the full potential of the COMPAS-2 dataset.

Supporting Information

Additional information can be found in the Supporting Information file: further discussion and additional
visualizations, an MO-based explanation of the chemical trends detailed in this analysis. The COMPAS-
2 dataset is freely available online at the Poranne Group repository:

https://gitlab.com/porannegroup/compas.

Acknowledgements

The authors gratefully acknowledge the financial support of the Branco Weiss Fellowship via a Society
in Science grant and the Israeli Science Foundation for a Personal Research Grant (# 1745/23) to
R.G.P. The authors also express their deep appreciation to Prof. Dr. Peter Chen for his ongoing support,

to Dr. Alexandra Tsybizova for helpful comments on the draft version of this manuscript, to Dr. Alexandra

19

https://doi.org/10.26434/chemrxiv-2024-cp1h5 ORCID: https://orcid.org/0000-0002-2233-6854 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-cp1h5
https://orcid.org/0000-0002-2233-6854
https://creativecommons.org/licenses/by-nc/4.0/

Wahab for her assistance with data handling and visualization, and to Mr. Itay Almog for fruitful

discussions.

Funding

This study was financially supported by a Branco Weiss Fellowship — Society in Science grant and by

an ISF Personal Research Grant (Grant Number 1745/23).

Conflicts

There are no conflicts of interest to declare.

Author CReDiTs

S. C.: Validation, formal analysis, investigation, data curation, writing the original draft, review and

editing of final draft, visualization.

E. M. Y.: Methodology, formal analysis, investigation, data curation, writing the original draft,

visualization.

R. G. P.: Conceptualization, validation, formal analysis, providing resources, writing the original draft
and final version of the manuscript, visualization, supervision, project administration, funding

acquisition.

References

(1) Anthony, J. E. Functionalized Acenes and Heteroacenes for Organic Electronics. Chem. Rev. 2006, 106 (12),
5028-5048. https://doi.org/10.1021/cr050966z.

(2) Lindhorst, A. C.; Haslinger, S.; Kiihn, F. E. Molecular Iron Complexes as Catalysts for Selective C—H Bond
Oxygenation Reactions. Chem. Commun. 2015, 51 (97), 17193-17212.
https://doi.org/10.1039/C5CC07146A.

(3) Becker, F. F.; Banik, B. K. Polycyclic Aromatic Compounds as Anticancer Agents: Synthesis and Biological
Evaluation of Methoxy Dibenzofluorene Derivatives. Front. Chem. 2014, 2 (55), 1-7.
https://doi.org/10.3389/fchem.2014.00055.

(4) Bulumulla, C.; Gunawardhana, R.; Gamage, P. L.; Miller, J. T.; Kularatne, R. N.; Biewer, M. C.; Stefan, M. C.
Pyrrole-Containing Semiconducting Materials: Synthesis and Applications in Organic Photovoltaics and
Organic Field-Effect Transistors. ACS Appl. Mater. Interfaces 2020, 12 (29), 32209—-32232.
https://doi.org/10.1021/acsami.0c07161.

(5) Gidron, O.; Bendikov, M. a-Oligofurans: An Emerging Class of Conjugated Oligomers for Organic
Electronics. Angew. Chem. Int. Ed. 2014, 53 (10), 2546—2555. https://doi.org/10.1002/anie.201308216.

20

https://doi.org/10.26434/chemrxiv-2024-cp1h5 ORCID: https://orcid.org/0000-0002-2233-6854 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-cp1h5
https://orcid.org/0000-0002-2233-6854
https://creativecommons.org/licenses/by-nc/4.0/

(6) Wahab, A.; Pfuderer, L.; Paenurk, E.; Gershoni-Poranne, R. The COMPAS Project: A Computational
Database of Polycyclic Aromatic Systems. Phase 1: Cata-Condensed Polybenzenoid Hydrocarbons. J. Chem.
Inf. Model. 2022, 62 (16), 3704. https://doi.org/10.1021/acs.jcim.2c00503.

(7) Fite, S.; Wahab, A.; Paenurk, E.; Gross, Z.; Gershoni-Poranne, R. Text-Based Representations with
Interpretable Machine Learning Reveal Structure—Property Relationships of Polybenzenoid Hydrocarbons.
J. Phys. Org. Chem. 2023, 36 (1), e4458. https://doi.org/10.1002/poc.4458.

(8) Weiss, T.; Wahab, A.; Bronstein, A. M.; Gershoni-Poranne, R. Interpretable Deep-Learning Unveils
Structure—Property Relationships in Polybenzenoid Hydrocarbons. J. Org. Chem. 2023, 88 (14), 9645-9656.
https://doi.org/10.1021/acs.joc.2c02381.

(9) Mayo Yanes, E.; Chakraborty, S.; Gershoni-Poranne, R. COMPAS-2: A Dataset of Cata-Condensed Hetero-
Polycyclic Aromatic Systems. Sci. Data 2024, 11 (1), 97. https://doi.org/10.1038/s41597-024-02927-8.

(10) Jiang, H.; Zhu, S.; Cui, Z.; Li, Z.; Liang, Y.; Zhu, J.; Hu, P.; Zhang, H.-L.; Hu, W. High-Performance Five-Ring-
Fused Organic Semiconductors for Field-Effect Transistors. Chem. Soc. Rev. 2022, 51 (8), 3071-3122.
https://doi.org/10.1039/D1CS01136G.

(11) Dong, H.; Wang, C.; Hu, W. High Performance Organic Semiconductors for Field-Effect Transistors. Chem.
Commun. 2010, 46 (29), 5211-5222. https://doi.org/10.1039/COCC00947D.

(12) Kilaru, S.; Gade, R.; bhongiri, Y.; Tripathi, A.; Chetti, P.; Pola, S. Organic Materials Based on Hetero Polycyclic
Aromatic Hydrocarbons for Organic Thin-Film Transistor Applications. Mater. Sci. Semicond. Process. 2022,
147, 106730. https://doi.org/10.1016/j.mssp.2022.106730.

(13) Tsuji, H.; Nakamura, E. Design and Functions of Semiconducting Fused Polycyclic Furans for Optoelectronic
Applications. Acc. Chem. Res. 2017, 50 (2), 396—406. https://doi.org/10.1021/acs.accounts.6b00595.

(14) Gidron, O.; Dadvand, A.; Sheynin, Y.; Bendikov, M.; Perepichka, D. F. Towards “Green” Electronic Materials.
a-Oligofurans as Semiconductors. Chem. Commun. 2011, 47 (7), 1976-1978.
https://doi.org/10.1039/C0CC04699).

(15) Li, M.; Xie, W.; Cai, X.; Peng, X.; Liu, K.; Gu, Q.; Zhou, J.; Qiu, W.; Chen, Z.; Gan, Y.; Su, S.-J. Molecular
Engineering of Sulfur-Bridged Polycyclic Emitters Towards Tunable TADF and RTP Electroluminescence.
Angew. Chem. Int. Ed Engl. 2022, 61 (35), €202209343. https://doi.org/10.1002/anie.202209343.

(16) Fan, J-X.; Ji, L-F.; Zhang, N.-X,; Lin, P-P.; Qin, G.-Y.; Zhang, S.-F.; Ren, A.-M. Theoretical Study of Synergetic
Effect between Halogenation and Pyrazine Substitutions on Transport Properties of Silylethynylated
Pentacene. New J. Chem. 2019, 43 (8), 3583-3600. https://doi.org/10.1039/C8NJ04714F.

(17) Chen, X.-K.; Guo, J.-F.; Zou, L.-Y.; Ren, A.-M.; Fan, J.-X. A Promising Approach to Obtain Excellent N-Type
Organic Field-Effect Transistors: Introducing Pyrazine Ring. J. Phys. Chem. C 2011, 115 (43), 21416-21428.
https://doi.org/10.1021/jp206617e.

(18) Lin, Y.; Li, Y.; Zhan, X. Small Molecule Semiconductors for High-Efficiency Organic Photovoltaics. Chem. Soc.
Rev. 2012, 41 (11), 4245-4272. https://doi.org/10.1039/C2CS15313K.

(19) Sirringhaus, H. 25th Anniversary Article: Organic Field-Effect Transistors: The Path Beyond Amorphous
Silicon. Adv. Mater. 2014, 26 (9), 1319-1335. https://doi.org/10.1002/adma.201304346.

(20) Marques, G.; Leswing, K.; Robertson, T.; Giesen, D.; Halls, M. D.; Goldberg, A.; Marshall, K.; Staker, J.;
Morisato, T.; Maeshima, H.; Arai, H.; Sasago, M.; Fujii, E.; Matsuzawa, N. N. De Novo Design of Molecules
with Low Hole Reorganization Energy Based on a Quarter-Million Molecule DFT Screen. J. Phys. Chem. A
2021, 125 (33), 7331-7343. https://doi.org/10.1021/acs.jpca.1c04587.

(21) Staker, J.; Marshall, K.; Leswing, K.; Robertson, T.; Halls, M. D.; Goldberg, A.; Morisato, T.; Maeshima, H.;
Ando, T.; Arai, H.; Sasago, M.; Fujii, E.; Matsuzawa, N. N. De Novo Design of Molecules with Low Hole
Reorganization Energy Based on a Quarter-Million Molecule DFT Screen: Part 2. J. Phys. Chem. A 2022, 126
(34), 5837-5852. https://doi.org/10.1021/acs.jpca.2c04221.

(22) Wang, C.; Zhang, X.; Hu, W. Organic Photodiodes and Phototransistors toward Infrared Detection:
Materials, Devices, and Applications. Chem. Soc. Rev. 2020, 49 (3), 653-670.
https://doi.org/10.1039/C9CS00431A.

(23) Tanaka, K.; Iwama, Y.; Kishimoto, M.; Ohtsuka, N.; Hoshino, Y.; Honda, K. Redox Potential Controlled
Selective Oxidation of Styrenes for Regio- and Stereoselective Crossed Intermolecular [2 + 2] Cycloaddition
via Organophotoredox Catalysis. Org. Lett. 2020, 22 (13), 5207-5211.
https://doi.org/10.1021/acs.orglett.0c01852.

(24) Yamaguchi, A. D.; Chepiga, K. M.; Yamaguchi, J.; Itami, K.; Davies, H. M. L. Concise Syntheses of
Dictyodendrins A and F by a Sequential C-H Functionalization Strategy. J. Am. Chem. Soc. 2015, 137 (2),
644—-647. https://doi.org/10.1021/ja512059d.

21

https://doi.org/10.26434/chemrxiv-2024-cp1h5 ORCID: https://orcid.org/0000-0002-2233-6854 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-cp1h5
https://orcid.org/0000-0002-2233-6854
https://creativecommons.org/licenses/by-nc/4.0/

(25) Chen, X.; Yan, L.; Liu, Y.; Yang, Y.; You, J. Switchable Cascade C-H Annulation to Polycyclic Pyryliums and
Pyridiniums: Discovering Mitochondria-Targeting Fluorescent Probes. Chem. Commun. Camb. Engl. 2020,
56 (95), 15080-15083. https://doi.org/10.1039/d0cc06997c.

(26) Hermann, M.; Wassy, D.; Esser, B. Conjugated Nanohoops Incorporating Donor, Acceptor, Hetero- or
Polycyclic Aromatics. Angew. Chem. Int. Ed. 2021, 60 (29), 15743-15766.
https://doi.org/10.1002/anie.202007024.

(27) Grimme, S.; Bannwarth, C.; Shushkov, P. A Robust and Accurate Tight-Binding Quantum Chemical Method
for Structures, Vibrational Frequencies, and Noncovalent Interactions of Large Molecular Systems
Parametrized for All Spd-Block Elements (Z = 1-86). J. Chem. Theory Comput. 2017, 13 (5), 1989-2009.
https://doi.org/10.1021/acs.jctc.7b00118.

(28) Yanai, T.; Tew, D. P.; Handy, N. C. A New Hybrid Exchange—Correlation Functional Using the Coulomb-
Attenuating Method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393 (1), 51-57.
https://doi.org/10.1016/j.cplett.2004.06.011.

(29) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio Parametrization of Density
Functional Dispersion Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010, 132 (15), 154104.
https://doi.org/10.1063/1.3382344.

(30) Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the Damping Function in Dispersion Corrected Density
Functional Theory. J. Comput. Chem. 2011, 32 (7), 1456—1465. https://doi.org/10.1002/jcc.21759.

(31) Johnson, E. R.; Becke, A. D. A Post-Hartree-Fock Model of Intermolecular Interactions: Inclusion of Higher-
Order Corrections. J. Chem. Phys. 2006, 124 (17), 174104. https://doi.org/10.1063/1.2190220.

(32) Weigend, F. Accurate Coulomb-Fitting Basis Sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8 (9), 1057—
1065. https://doi.org/10.1039/B515623H.

(33) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta Valence and Quadruple Zeta
Valence Quality for H to Rn: Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7 (18),
3297-3305. https://doi.org/10.1039/B508541A.

(34) Gershoni-Poranne, R.; Rahalkar, A. P.; Stanger, A. The Predictive Power of Aromaticity: Quantitative
Correlation between Aromaticity and lonization Potentials and HOMO-LUMO Gaps in Oligomers of
Benzene, Pyrrole, Furan, and Thiophene. Phys. Chem. Chem. Phys. 2018, 20 (21), 14808-14817.
https://doi.org/10.1039/C8CP02162G.

(35) Von E. Doering, W.; Detert, F. L. CYCLOHEPTATRIENYLIUM OXIDE. J. Am. Chem. Soc. 1951, 73 (2), 876-877.
https://doi.org/10.1021/ja01146a537.

(36) Vol’pin, M. E. Non-Benzenoid Aromatic Compounds and the Concept of Aromaticity. Russ. Chem. Rev.
1960, 29 (3), 129. https://doi.org/10.1070/RC1960v029n03ABEH001224.

(37) Kobayashi, N.; Sasaki, M.; Nomoto, K. Stable Peri-Xanthenoxanthene Thin-Film Transistors with Efficient
Carrier Injection. Chem. Mater. 2009, 21 (3), 552-556. https://doi.org/10.1021/cm802826m.

(38) Luo, T.; Wang, Y.; Hao, J.; Chen, P-A.; Hu, Y.; Chen, B.; Zhang, J.; Yang, K.; Zeng, Z. Furan-Extended Helical
Rylenes with Fjord Edge Topology and Tunable Optoelectronic Properties. Angew. Chem. 2023, 135 (5),
€202214653. https://doi.org/10.1002/ange.202214653.

(39) von Grotthuss, E.; John, A.; Kaese, T.; Wagner, M. Doping Polycyclic Aromatics with Boron for Superior
Performance in Materials Science and Catalysis. Asian J. Org. Chem. 2018, 7 (1), 37-53.
https://doi.org/10.1002/ajoc.201700495.

(40) Zhang, S-F.; Chen, X.-K.; Fan, J.-X.; Guo, J.-F.; Ren, A.-M.; Li, Y.-W. Understanding the Effects of the Number
of Pyrazines and Their Positions on Charge-Transport Properties in Silylethynylated N-Heteropentacenes. J.
Mol. Model. 2014, 20 (11), 2502. https://doi.org/10.1007/s00894-014-2502-3.

(41) Winkler, M.; Houk, K. N. Nitrogen-Rich Oligoacenes: Candidates for n-Channel Organic Semiconductors. J.
Am. Chem. Soc. 2007, 129 (6), 1805-1815. https://doi.org/10.1021/ja067087u.

(42) Bunz, U. H. F,; Engelhart, J. U.; Lindner, B. D.; Schaffroth, M. Large N-Heteroacenes: New Tricks for Very Old
Dogs? Angew. Chem. Int. Ed. 2013, 52 (14), 3810-3821. https://doi.org/10.1002/anie.201209479.

(43) Chen, Y.; Shen, L.; Li, X. Effects of Heteroatoms of Tetracene and Pentacene Derivatives on Their Stability
and Singlet Fission. J. Phys. Chem. A 2014, 118 (30), 5700-5708. https://doi.org/10.1021/jp503114b.

(44) Momicchioli, F.; Rastelli, A. On the Benzo-Derivatives of Five-Membered Heterocycles. Theoretical
Treatment and UV Spectra. J. Mol. Spectrosc. 1967, 22 (1), 310-324. https://doi.org/10.1016/0022-
2852(67)90178-6.

(45) Delaere, D.; Nguyen, M. T.; Vanquickenborne, L. G. Influence of Building Block Aromaticity in the
Determination of Electronic Properties of Five-Membered Heterocyclic Oligomers. Phys. Chem. Chem.
Phys. 2002, 4 (9), 1522-1530. https://doi.org/10.1039/B109008A.

22

https://doi.org/10.26434/chemrxiv-2024-cp1h5 ORCID: https://orcid.org/0000-0002-2233-6854 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-cp1h5
https://orcid.org/0000-0002-2233-6854
https://creativecommons.org/licenses/by-nc/4.0/

(46) Gao, P.; Cho, D.; Yang, X.; Enkelmann, V.; Baumgarten, M.; Mdllen, K. Heteroheptacenes with Fused
Thiophene and Pyrrole Rings. Chem. — Eur. J. 2010, 16 (17), 5119-5128.
https://doi.org/10.1002/chem.200903562.

(47) Sun, W.; Wang, C.-H.; Lv, S.-F.; Jiang, J.-X.; Guo, X.; Zhang, F.-B. Bis(Benzofurano)Pyrrole and Hybrid
Thienopyrrole Derivatives for Organic Thin-Film Transistors. Org. Electron. 2020, 77, 105548.
https://doi.org/10.1016/j.orgel.2019.105548.

(48) Saito, S.; Matsuo, K.; Yamaguchi, S. Polycyclic m-Electron System with Boron at Its Center. J. Am. Chem. Soc.
2012, 134 (22), 9130-9133. https://doi.org/10.1021/ja3036042.

23

https://doi.org/10.26434/chemrxiv-2024-cp1h5 ORCID: https://orcid.org/0000-0002-2233-6854 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-cp1h5
https://orcid.org/0000-0002-2233-6854
https://creativecommons.org/licenses/by-nc/4.0/

