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Abstract

Polycyclic aromatic hydrocarbons (PAHs) play a central role in materials science due to
their extended 7-conjugated systems, with their stability and reactivity depending critically
on their aromatic character. In this work, we systematically investigated the aromaticity and
stability of a broad range of linear (acenes, phenacenes, biphenylenes, and cyclobuta-acenes)
and belt-like (cyclacenes, cyclophenacenes, and cyclobiphenylenes) PAHs containing five
to twelve benzene rings. A diverse set of aromaticity descriptors was employed, includ-
ing geometric (HOMA), electronic (MCI, FLU) and magnetic (NICS) descriptors, plus the
recently developed Q, indices, based on the components of the distributed multipole
analysis (DMA) electric quadrupole tensor. These data were complemented by stability
analyses using singlet—triplet energy splitting (AEs_t) and fractional occupation number-
weighted densities (Npop) values. Our results indicate that acenes and phenacenes follow
a comparable aromatic trend, with inner rings possessing lower aromaticity and the edge
rings showing a more pronounced aromatic character. A subtle difference is observed in
the position of the most aromatic ring, which lies slightly closer to the interior in acenes.
Phenacenes, however, exhibit greater overall stability, attributed to their armchair edges.
For biphenylenes and cyclobuta-acenes, the antiaromatic cyclobutadiene moiety perturbs
the aromaticity only in its direct neighborhood and preserves the aromaticity in the re-
maining chains. In belt-like systems, cyclacenes exhibit strong radical character and low
stability, consistent with longstanding synthetic challenges, whereas cyclophenacenes dis-
play enhanced aromaticity and stability with extending size. Cyclobiphenylenes combine
localized antiaromatic centers with preserved benzene-like aromaticity in rings distant
from the cyclobutadiene unit.

Keywords: polycyclic aromatic hydrocarbons (PAHs); aromaticity descriptors; local
aromaticity; DFT; m-electron delocalization
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are compounds consisting of fused aromatic
rings [1]. They play a fundamental role in advancing materials science, acting as essential
molecular building blocks [2—4]. Their extended 7-conjugated system possesses exceptional
electronic properties [5], which have been widely exploited in the synthesis of carbon
nanomaterials such as graphene and carbon nanotubes, as well as in the development of
organic semiconductors for high-performance electronic devices [6-8]. Organic electronics
utilize the unique properties of carbon-based materials for developing flexible, low-cost
devices. For example, acenes [5] are most commonly employed in different types of elec-
tronic devices, such as organic thin-film transistors (OTFTs) [9], organic light-emitting
diodes (OLEDs) [10], and organic photovoltaics (OPVs) [11]. However, the synthesis of
larger PAHs has been challenged by their significant reactivity and limited stability, as
seen in larger acenes [12,13]. To fully understand this balance between desirable elec-
tronic properties and unwanted reactivity from a fundamental point of view, an important
approach employs physical chemical descriptors, such as those that characterize the 7-
electron delocalization to quantify and rationalize the aromaticity of these systems [12].
Among those compounds, benzene eventually became an archetype and a building block
for aromatic systems. Moreover, the study of benzene along with the discovery of other
aromatic compounds and the modern development of quantum mechanics enabled a better
understanding of the concept of aromaticity [14]. Currently, this phenomenon is mainly
attributed to the cyclic electronic delocalization, which is considered responsible for the
manifestation of energetic stability, bond length equalization, abnormal chemical shifts,
and magnetic anisotropies [15].

Since aromaticity is not observable, the evaluation of aromatic character requires
an indirect way of assessment. Therefore, numerous indices of aromaticity have been
developed, which are primarily based on structural, magnetic, energetic, and electronic
properties. This quantification of physicochemical properties is employed to estimate the
global or local aromatic character; that is, the aromaticity of a whole molecule or of the
individual rings. It is important to note, however, that analyses based on a single aromatic
descriptor might lead to misinterpretations, as some indicators present different trends for
certain compounds. For this reason, it is well accepted that aromaticity should be evaluated
with a diverse set of aromaticity descriptors. This work aims to apply several of these
descriptors to study different types of PAHs [14,16-22]. A comprehensive recent book
reviews the various types of aromaticity indices [23], and different views on aromaticity
are discussed in the form of a Socratic dialogue [24].

In this work, we studied the aromatic character and the stability of different groups of
PAHs of sizes (n = 5-12, where n is the number of six-membered rings), including linear and
belt-like sets. The linear sets consist of acenes, phenacenes, and [n]acene[b,h]biphenylenes,
which will be referred to as [n1]acenes, [n]phenacenes, and [n]biphenylenes, respectively.
The fourth set consists of acenes with a fused cyclobutadiene at one of the edges and will be
referred to as cyclobuta[n]acenes. The belt-like sets can be considered closed versions of the
linear groups, despite the different number of atoms. The belt-like sets are the cyclacenes,
cyclophenacenes, and cyclobiphenylenes. All sets of molecules are shown in Figure 1. Note
that the fused cyclobutadiene units are not accounted for in [n]. Previous investigations on
these types of molecules can be found in some articles that summarize the structure and
properties of the objects of the present work [25-27].
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Figure 1. Polycyclic aromatic hydrocarbon classes studied in this paper.

2. Computational Details

The structures of all molecules were optimized using unrestricted density functional
theory (UDFT) with the wB97XD [28] exchange—correlation functional and the 6-311G*
basis set [29] for the carbon atoms and 6-31G [30] for the hydrogen atoms. The vibrational
frequencies were also calculated. None of the optimized geometries present imaginary
frequencies, thus corresponding to energy minima. The geometry optimizations were
carried out with the Gaussian 16 package Revision C.01 2016, Gaussian Inc., Wallingford
CT, USA [31], and the Cartesian coordinates of the optimized structures are provided in the
last section of the Supplementary Material.

Based on the experience obtained with singlet—triplet splitting for periacenes [32],
single-point calculations were performed for the optimized geometries using the UTPSSH
functional [33] to compute singlet-triplet energy splitting (AEs_T). Additionally, the
fractional occupation number-weighted density (FOD) [34] and the total number of hot
electrons (Npop) were computed as measures of stability. The calculations regarding
Nrop rely on determining an adequate fictitious electronic temperature (T,;), a parameter
based on the percentage of Fock exchange admixture (a). In this work, the equation
T, = 10762 x ax + 6140 K, proposed by Nieman et al. [35], was selected and applied for
the FOD calculations using the UTPSS functional [33,36]. Since ay is zero for UTPSS, the
T, value of 6140 K was chosen. The same basis sets used in the optimization process were
employed for these calculations.

The harmonic oscillator model of aromaticity (HOMA) [16,37,38] was applied to the
optimized geometries to describe the geometry-based aromatic character of the studied
systems. It evaluates a ring aromaticity by comparing the carbon—carbon (CC) bond
lengths of a molecule and the CC bond lengths of benzene [39]. HOMA values close to
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one indicate more geometric resemblance with benzene and therefore, greater aromatic
character. The Multiwfn program (version 3.7, Beijing Kein Research Center for Natural
Sciences, China) [40] was used to compute the HOMA values.

The nucleus-independent chemical shift (NICS) [41] was applied to evaluate the
magnetic aspect of the aromaticity. It is defined as the negative of the spherically averaged
magnetic shielding computed at chosen points of interest. For this study and following
standard choices [42], the selected points are located one A perpendicularly away from
the center of the benzene rings for the linear and cyclobiphenylene systems, so that the
computed values present less influence of the sigma contributions and mainly capture
the effect of the 7 electrons, which is responsible for aromaticity. They will be denoted as
NICS(1) values, for linear structures, and NICS(—1) values, for cyclobiphenylenes, which
means that the separation of one A is towards the molecular center. For the other belt-like
systems, the NICS calculations were computed at the molecular center, these values will be
simply called on by NICS.

The multicenter index (MCI) [43,44] was one of the indices used to assess the electronic
aspect of aromaticity. It evaluates the electronic delocalization of individual benzenoid rings
through the sum of atomic overlap matrices. MCI was computed at the same level of theory
used for geometry optimizations. However, this index may lead to misinterpretations if
the analyzed system possesses rings of different sizes. This situation occurs for the PAH
classes that contain the cyclobutadiene unit, such as the biphenylene, cyclobuta acene, and
cyclobiphenylene sets in this work. To resolve this size-extension problem [14,45], the Nth
root of the indices values was taken, where N is the number of carbon atoms in the ring,
which enables the comparison of MCI values for rings with different sizes.

The other descriptor, characterized by electron delocalization, is based on the FLU
method [15], which measures the electron sharing between adjacent atoms in a ring by
integrating the exchange—correlation density over two atomic basins. Additionally, FLU
compares the electron sharing of the studied system to that of a typical aromatic molecule,
which, for the present work, is benzene. It is also worth noting that FLU values present a
distinct indication of aromaticity compared to the other descriptors because they provide
low values for aromatic molecules, so the most aromatic molecules should have FLU
values close to zero. All the electronic indices (MCI and FLU) were calculated using the
AIMAII [46] and ESI-3D [47] programs.

A recently developed set of aromaticity indices based on the quantification of electron
delocalization was also employed [16-22,48]. They are based on the Q, electric quadrupole
tensor computed from Stone’s distributed multipole expansion (DMA) [49,50]. The compo-
nents of the Q, tensor are the first ones in the DMA expansion to have out-of-plane electron
contributions. Based on this fact, six Q,-based aromaticity descriptors were proposed—see
Table S1. For computing them, the linear PAH molecules in this work were placed onto the
xy-plane, with the center of mass located at the origin of the Cartesian coordinate system
(Figure S1, Supplementary Material). For the belt-like PAHS, the xy coordinate system was
defined at the center of the belt, with the z-axis pointing upward (Figure S1).

The GDMA?2 program [50] was used to compute the necessary components of the DMA
Q, tensor for the six aromaticity descriptors defined in Table S1. The GDMA2 software
version 2.3.0 automatically sets the origin of the system to (0,0,0) in the coordinate system.
The Q,-based descriptors were also evaluated along the z-axis computed at r = (0, 0,a A) .

In this work, we defined three positions of a: 1 A,0A, and —1 A. To minimize the contami-
nation by sigma orbital contributions in the Q,-based descriptors, which arises from local-
ized electron density in the ring plane, the |Q,|(«) and Q,(«),, descriptors are evaluated
1 A above the molecular plane. For all the studied systems in this work, the Q,-based
values were calculated at the same NICS positions, that is, for linear systems, one A above
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(Q,(1)), for cyclobiphenylenes, one A towards the inside of the molecule (Qy(—-1)), and for
the other belt-like systems, at the molecule center (Q5).

3. Results and Discussion

Since benzene (C¢Hg) is regarded as a model aromatic molecule, it is instructive to
present the performance of each aromatic descriptor used in this work for this molecule,
thereby taking it as the reference value for the other compounds. The HOMA value is 0.99,
the MCI value is 0.075, and the FLU value is practically zero (10~°). The normalized |Q,|(1)
for benzene is computed to be one. Also, the results of the antiaromatic reference molecule,
cyclobutadiene, are equal to —3.80, 0.0095, 0.1052 for HOMA, MCI, and FLU, respectively.
For |Q,]|(1), the descriptor fails to distinguish between aromatic benzene and antiaromatic
cyclobutadiene, as the normalized value for the latter is also close to 1.0. This issue arises
because the 7-electrons of cyclobutadiene lie in the same spatial region as those of benzene,
where the quadrupole angular factor is positive but of small magnitude. By contrast, other
Q,-based descriptors correctly reveal antiaromaticity, for instance, with |Q,|(0) giving a
normalized value of 0.55, while szzrrmg stome

Figure 2 displays the aromaticity parameters for [6]acene and [12]acene. The numerical

reaching only 0.13.

values of each descriptor of all acenes considered in this work can be found in Figure S2
and Tables 52-S5 of the Supplementary Material. The geometric HOMA index confirms
the expected trend previously reported also using DFT geometries [12,15]. That is, the
peripheral rings present relatively small values, the second outermost rings are the most
aromatic ones, and for the inner ones, the aromaticity decreases towards the center. Similar
behavior was also found for the pentacene HOMA values calculated with the experimental
geometry [20]. Since HOMA values rely on geometry optimization, some methodologies
can lead to slightly different trends, as observed in some results for octacene using MP2
geometries [51].
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Figure 2. A plot of the computed aromaticity indices HOMA, NICS(1), FLU, MCI, and normalized
|Q5|(1), for [6]acene (a) and [12]acene (b). The letters A-L represent individual benzene rings.

The electronic delocalization descriptor FLU presents the same trend as the geometric
descriptor HOMA and the magnetic index NICS(1), as already noticed previously for
tetracene [15]. The other electronic indices, MCI, and |Q,|(1), show similar behavior: it
decreases towards the center; however, in these cases, the peripherical rings are the most
aromatic ones, in contrast to the HOMA, FLU and NICS(1) indices.
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Figure 3 presents the AEg_t splitting and Nrop values of the acenes. Numerical AEg
values are collected in Table S6, and Ngop values and FOD plots are shown in Table S7.
These indices provide a reliable prediction of the molecule’s stability. Initially, the DFT
singlet—triplet splitting follows the expected trend; that is, the stability decreases as the
number of rings grows until the [9]acene. From larger acenes on, the splitting starts to
increase, indicating that the methodology is not accurate enough to describe the expected
trend. Recently, we have shown for periacenes [32], which possess also strong open-shell
character, that DFT calculations based on the functionals wB97XD and M06-2X display a
significant increase in the AEg_t splitting with increasing size, and that this behavior is
much less pronounced for the TPSS functional. This failure seems to be related to the radical
character in the acenes, as the Npop value is approximately 3.0 e for the borderline [9]acene,
which could be considered the threshold of DFT reliability in this case. On the other
hand, flexible multireference configuration interaction with singles and doubles, including
Davidson corrections (MR-CISD+Q) [52], shows a continuous decrease in the singlet-triplet
splitting. However, one should note that our AEg_t results of 1.00 and 0.54 eV for pentacene
and hexacene, respectively, are in good agreement with the experimental values 0.86 and
0.53 eV [53,54]. Moreover, for pentacene, our result is also in agreement with the value
of 1.07 eV obtained from CCSD(T)/6-311G(d,p)//UB3LYP/6-311G(d,p) calculations [12].
Furthermore, the present AEg_t results up to the [9]acene are closely aligned with the ones
obtained with the particle—particle random-phase approximation (pp-RPA@U) method [55].
Regarding the open-shell character, one can see that the unpaired density (Table S7) is
always located on the zigzag edge, concentrated on the center, as shown recently from
the Ngop results obtained with DFT calculations [56], which also display good agreement
with the unpaired density using the MR average quadratic coupled cluster (MR-AQCC)
method [52,57].

The different aromaticity indices for the phenacenes series of compounds can be seen
in Figure 4 (numerical values are in Figure 53 and Tables 58-511). As already observed pre-
viously [12,58,59], the aromaticity profile of these compounds does not change significantly
with the increase in molecular size. In addition, phenacenes show a similar behavior to
acenes: both classes of molecules have high aromatic character at the edges of the structure
and decreased aromaticity in the inner parts. However, one could point out that the position
of the most aromatic ring at the edge is not located at the same ring.

Figure 5 shows that both the phenacene AEg 1 gaps (numerical values are in Table 512)
and Npop values (Table S13) barely vary as the number of rings increases, thus indicating
the considerable stability of these compounds. The DFT results should provide reasonable
results for this class, since the Nrop indicates a low radical character. Experimental data
for AEs_t gaps are available for the smallest members of the phenacene series (3 to 6 rings)
showing a small decrease with an increase in molecular size. The experimental gap results
for [5]phenacene and [6]phenacene (picene and fulminene) [60] differ from our results by
somewhat less than 1.0 eV. However, this same difference from experimental values is also
found for the CCSD(T)/6-311G(d,p) results.

In biphenylene systems (Figure 6), all aromaticity descriptors show that the cyclobuta-
diene ring exhibits an antiaromatic character, as expected [61]. As highlighted by Milanez
et al. [62], the presence of the cyclobutadiene unit separating a linear group of hexagonal
fused rings breaks the electron conjugation, suggesting that the biphenylene structures
are similar to those of two smaller, equivalent acene chains. Figure 6 shows that the im-
mediate neighboring benzene rings possess lower aromaticity, but most of the other ones
maintained their aromatic character. In fact, all descriptors indicate that the rings close to
the edge of biphenylenes demonstrate similar behavior to that in the acenes series, and the
NICS(1) index even showed a higher aromaticity for the biphenylenes’ peripheral rings
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S-T Splitting (eV)

when compared to acenes. In the study of Godlewsk et al. [63], the calculated NICS(1)
values obtained with the GIAO/B3LYP/6-31G(d,p) method for the [§]biphenylene struc-
ture, an aromatic profile was found, in good agreement with our results. In general, the
performance of all descriptors for biphenylenes was similar to that observed in the acenes
series. As biphenylene structures are comparable to two acenes of smaller size, a similar
behavior of the indices is observed. That is, a pronounced similarity for HOMA, FLU, and
NICS(1) descriptors, as well as a notable parallelism between the electronic descriptors
MCI and Q,(1). The numerical values of these descriptors can be found in Figure S4 and
Tables 514-17 in the Supplementary Materials.
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Figure 3. A comparison between singlet—triplet energy splitting (AEg_t) and fractional occupation
number-weighted density (Nrop) for [11]acenes, calculated using the TPSS functional.

Regarding the |Q,|(1) descriptor, the cyclobutadiene ring exhibits markedly lower
values compared to the other rings, reflecting its reduced electron delocalization. In
fact, the |Q,|(1) descriptor indicates very low values in this region, consistent with an
antiaromatic character. In contrast, the terminal benzene rings exhibit significantly higher
values, indicating a greater aromatic character. Overall, while the cyclobutadiene unit
introduces a localized antiaromatic center, the surrounding rings essentially preserve their
aromaticity, displaying only minor perturbations due to the central antiaromatic unit.
The |Q,|(1) descriptor shows a behavior consistent with the classical descriptor MCI,
thus highlighting the decrease in aromatic character of the central rings compared to the
terminal rings.
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Figure 4. A plot of the computed aromaticity indices HOMA, NICS(1), FLU, MCI, and |Q,|(1) for
[6]phenacene (a) and [12]phenacene (b). The letters A-L represent individual benzene rings.
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Figure 5. A comparison between singlet—triplet energy splitting (AEg_T) and fractional occupation
number-weighted density (Nrop) for phenacenes, calculated using the TPSS functional.

Figure 7 shows the AEg 1 and Ngop data (numerical values are in Tables S18 and 519)
for the biphenylenes. Both indices suggest that the stability of this series of compounds
decreases as the molecular size increases, a behavior like that of the acenes. This similarity
had already been found at different levels of theory for smaller members of this series [62].
As stated above, the biphenylenes have similar properties to their larger acene fragments.
In the case of [12]biphenylene, the AEg T is close to the one of hexacene; however, the



Chemistry 2025, 7, 178 9of 19

Nrop is high, approximately 3.0 ¢, which might indicate a non-reliable value of the singlet—
triplet splitting. This behavior is linked with the discussion in the acenes series, where an
unexpected rise in the splitting value happened when the polyradical character, described
by Nrop, reached values close to 3.0 e. It is important to note that, recently, [5]biphenylene
was synthesized for the first time, with the first excited singlet state lying at 2.80 eV [64],
which is closer to the experimental data of anthracene by 0.5-0.6 eV than to the pentacene
(0.7-0.8 eV) [65,66].
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Figure 6. A plot of the computed aromaticity indices HOMA, NICS(1), FLU, MCI (Nth root, see
Computational Details) and |Q,|(1) for [6]biphenylene (a) and [12]biphenylene (b). The letters A-L
represent individual benzene rings.
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Figure 7. A comparison between singlet—triplet energy splitting (AEg_T) and fractional occupation
number-weighted density (Ngop) for biphenylenes, calculated using the TPSS functional.
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In the cyclobuta acenes series, all the descriptors indicate that, despite the antiaro-
matic effect caused by the cyclobutadiene unit in its surroundings, most of the rings of
the systems remain with aromatic character (Figure 8), which is the same behavior ob-
served for the biphenylene systems. Moreover, the aromaticity of the central rings of
cyclobuta acenes is very similar to that of the acenes, indicating that if one disregarded
the antiaromatic fragment and its neighbor ring, the aromatic profile would be the same
as that of the acene. For numerical comparisons, see Figure S5 and Tables 520-523 in the
Supplementary Material.
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Figure 8. A plot of the computed aromaticity indices HOMA, NICS(1), FLU, MCI (Nth root; see
Computational Details) and |Q,]|(1) for cyclobuta [6]acene (a) and cyclobuta [12]acene (b). The letters
A-L represent individual benzene rings.

The descriptor |Q,|(1) also reveals the trend of reduced aromatic character in the
central rings; as discussed above, only the terminal ring farthest from the cyclobutadiene
unit exhibits high aromaticity. However, for this system, the |Q,|(1) descriptor could not
capture the antiaromatic character of the cyclobutadiene ring. This limitation is overcome

by using the Q, descriptor (a normalized value of 0.15 for the cyclobutadiene ring

and larger than Z(sl.r;gfgﬁngix-membered rings for all cyclobuta [n]acenes), which then follows
the same pattern as the HOMA, NICS(1), FLU, and MCI descriptors.

The stability of the cyclobuta acenes can be evaluated using the singlet-triplet gap
and FOD data provided in Figure 9 and Tables 524 and 525. Similarly to the aromaticity
data, the stability indicators also closely resemble the acenes. In fact, it is possible to infer
that the cyclobuta acenes structures can even be considered more stable than the acenes of
equivalent size, since their singlet-triplet splitting values are slightly higher than the ones
observed in the acenes. Similarly to the acene series, the AEg_t values decrease constantly
until they reach the size of nine rings, at which point the number of unpaired electrons
reaches approximately 3.0 e. Afterward, the values increase in the same manner as the
acenes series.

For the cyclacenes and cyclophenacenes systems, unlike the linear and cyclobipheny-
lene structures, the descriptor values for all individual benzene rings are summarized in
only one value, because they are all the same for each structure. Moreover, for these cases,
the NICS and Q,-based descriptors are computed at the molecular center.

The aromaticity descriptor values for the cyclacenes are presented in Table 1.
The HOMA, MCI, and FLU values are similar for all molecular sizes (Figure S6 and
Tables 526 and S27). They possess values of the same lower aromaticity as the central
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S-T Splitting (eV)

rings of the acenes series, which suggests a reduction in the 7-electron delocalization in
comparison to the ideal aromatic sextet.
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Figure 9. Comparison between singlet-triplet energy splitting (AEs_t) and fractional occupation
number-weighted density (Nrop) for cyclobuta acenes, calculated using the TPSS functional.

Table 1. Aromaticity descriptor values for the [r1]cyclacenes.

n HOMA ? NICS P FLU? MCI 2 |Q,| P
5 0.323 ~13.35 0.0217 0.0098 0.321
6 0.608 -19.11 0.0168 0.0131 0.373
7 0.598 3.01 0.0170 0.0127 0.290
8 0.613 -15.17 0.0168 0.0131 0.185
9 0.628 0.05 0.0164 0.0134 0.100
10 0.618 —9.04 0.0166 0.0133 0.052
11 0.631 ~2.66 0.0163 0.0136 0.028
12 0.624 —4.84 0.0164 0.0135 0.016

2 Constant values for all individual rings. ® Computed at the molecular center.

The NICS values show an oscillation for cyclacenes with an even and odd number
of benzenoid rings. The [n]cyclacenes with even n present much more negative NICS
values than those with odd #, a trend in agreement with the results of other groups [67,68].
It is believed that this difference occurs because the [n]cyclacenes behave as two fused
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[2n]trannulenes. This model was first introduced and explained by Choi and Kim [68]. That
is, the combination of two aromatic or antiaromatic trannulenes results in a less aromatic
(or antiaromatic) odd [n]cyclacene or in an aromatic even [1] cyclacene, respectively. This
behavior was further confirmed by Li et al. [68] through ACID and NICS analyses. For
the [n]-cyclacenes, the Q,-based descriptors increase from [5]- to [6]-member, and then
gradually decrease up to [12]—see Table 1. The initial increase reflects a less positive
central potential, while from [7] up to [12] reflects the formation and growth of a central
electrostatic cavity observed in the molecular electrostatic potential (MEP) maps—see
Figure S7a in the Supplementary Material.

AEg 1 and Nrop for cyclacenes are presented in Figure 10 and Tables 528 and S29. The
cyclacenes are well known to have low chemical stability [69-71]. As already shown, they
possess a high multiconfigurational character even for the smallest structures [69,70,72].
Consequently, the synthesis of cyclacenes represents a great challenge even today, even
though strategies for its synthesis were proposed four decades ago [73]. Recently, the
Hg-belt [8] arene has been synthesized, which is a partially hydrogenated version of the
[8]cyclacene [74].
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Figure 10. A comparison between singlet-triplet energy splitting (AEs_1) and fractional occupation
number-weighted density (Nrop) for cyclacenes, calculated using the TPSS functional.

The present results show (Figure 10) the expected high radical character even for
the smallest structure, [5]cyclacene, which has a Npop value of 2.6 e. This multiradical
character increases with the molecular size, as previously observed by the effective number
of unpaired electrons calculated with the multiconfigurational wave function [70]. Note that
the unpaired density is located on the zigzag border, as observed in the acenes series (Tables
57 and S29). Similarly to the acene series, our singlet-triplet splitting results computed at
DFT level might not be reliable enough to describe the stability of all structures. However,
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it is still possible to observe two similar trends with different magnitudes in the results,
which can be divided into molecules with odd and even 7, as also identified in the response
to the magnetic field by the NICS descriptor discussed above. Moreover, the smaller acenes
show less stability than the larger ones, which is seen by smaller singlet—triplet splitting
values and could be attributed to the higher strain energy compared to the larger ones, as
pointed out by Shi and Wang [71,72]. Also, our AEs_t numerical values are comparable
to the ones calculated with TAO-DFT [75,76], CASPT2 [72], and NEVPT2 [70] for even-n
structures (see Table S28).

For the cyclophenacenes (Table 2, Figure S8, and Tables S30 and S31), the aromaticity
descriptor results reveal an increase in aromaticity with the molecular growth, suggesting
a greater electronic stabilization and a strengthened aromatic character, which is a distinct
behavior compared to all the other classes of molecules. This same aromatic trend was
previously observed by Hanson-Heine [75]. The molecular electrostatic potential MEP
(Figure S7b) shows a zigzag pattern of the positive and negative charge excess above
and below the xy plane. Since the Q,-based descriptors are sensitive to the electronic
distribution around the point considered, the alternating regions above and below the plane,
even at some distance from the molecular center, collectively enhance the Q,-descriptor
value at this site. Consequently, although a more pronounced cavity emerges in the MEP
between [6]- and [8]-cyclophenacenes along the z-axis, the greater number of rings produce
a partial compensation, yielding an increase in the Q,-descriptor value of approximately
+0.015 ea% between these sizes. From [8]- to [10]-cyclophenacenes, the size of the cavity
continues to grow (see Figure S7b), but the compensating effect of additional rings is weaker
(+0.008 ea%) because the average carbon-to-center distance increases. Finally, from [10]-
to [12]-cyclophenacenes, the compensatory effect weakens further and Q, decreases by
about —0.010 ea3 as the central cavity broadens. In fact, one can observe the increase in
aromaticity, calculated at the molecular center (for NICS and Q,), until n = 10. From n = 12
onward, aromaticity decreases due to the cavity expansion. Thus, it should diminish even
more as the number of rings increases.

Table 2. Aromaticity descriptor values for [n]cyclophenacenes.

n HOMA 2 NICS P FLU 2 MCI 2 |Q,| P
6 0.325 —0.46 0.0238 0.0200 0.012
8 0.553 —6.26 0.0191 0.0230 0.027
10 0.62 ~7.14 0.0173 0.0239 0.035
12 0.648 —6.57 0.0164 0.0245 0.025

2 Constant values for all individual rings. ® Computed at the molecular center.

Concerning the stability of the [n]cyclophenacenes, the Npop results (Figure S9,
Table S32) indicate a small radical character; consequently, all the calculated structures
present a closed-shell singlet ground state. The singlet-triplet splitting values (Table S33)
increase with the belt size, ranging from 1.2 to 3.0 eV. Similar results have been reported
previously by Hanson-Heine [75]. As discussed above for the cyclacenes, the increase in
stability can be attributed to the decrease in the strain energy, which occurs as the molecule
becomes larger.
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The cyclobiphenylenes present a unique scenario due to the presence of the cyclobu-
tadiene ring. Similarly to the cyclobuta acenes and biphenylenes, the aromaticity of the
rings in the cyclobiphenylenes is affected mainly at the interface to the cyclobutadiene unit
(Figures 11 and 510, Tables 534-536). The magnitude of the aromaticity indices calculated
for cyclobiphenylene rings is comparable to the ones observed in the acenes internal rings,
for example, around 0.60, 0.015, and 0.80 for HOMA, FLU, and |Q,|(—1), respectively.
Moreover, Figure 11 shows that all descriptors provide similar trends.
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Figure 11. A plot of the computed aromaticity indices HOMA, NICS(—1), FLU, MCI (Nth root; see
Computational Details) and |Q,|(—1) for [6]cyclobiphenylene (a) and [12]cyclobiphenylene (b). The
letters A-L represent individual benzene rings.

The |Q,|(—1) values (Table S36) show that the intrinsic antiaromatic character of
cyclobutadiene is initially attenuated in smaller belts (1 = 5-7) due to stabilization from
adjacent benzene rings. However, as the belt size increases (n > 8), the antiaromatic
character becomes more pronounced, making the difference between cyclobutadiene and
six-membered rings less pronounced as the belt grows.

The stability analysis based on AEs 1 and Nrop, presented in Figure 511, shows the
same behavior of the acenes and cyclobuta acene series. The singlet-triplet splitting values
are very similar to those of acenes, which are smaller than the cyclobuta acenes. The
decreasing trend is once again observed until the radical character reaches a threshold,
where Nrop equals 3.0 e. Even though the singlet-triplet splitting show a close trend com-
pared to acenes, it is worth mentioning that the Ngop values of smaller cyclobiphenlenes
(n = 5-7) are higher than those of acenes by 0.75, 0.42, and 0.30 e, respectively. This be-
havior can, once again, be associated with the high strain energy present in the small
belt-like molecules. Nrop values and unpaired electrons density plots can be found in
Tables 537 and 538 in the Supplementary Material.

4. Conclusions

In this study, we systematically assessed the aromaticity and stability of linear and
belt-like PAHs containing 5 to 12 benzene rings through a variety of descriptors using
DFT in combination with the TPSS functional. Among the analyzed sets of molecules,
cyclobuta acenes and cyclobiphenylenes were studied for the first time. To evaluate
aromaticity, geometric (HOMA), electronic (MCI, FLU), magnetic (NICS), and the DMA
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electric quadrupole tensor Q,-based indices, were applied. The stability was evaluated
using singlet-triplet splitting and fractional occupation number-weighted densities.

The sets of molecules with zigzag edges (acenes, biphenylenes, cyclobuta acenes,
cyclacenes, cyclobiphenylenes) presented similar aromaticity trends, which were only af-
fected in cases where the antiaromatic cyclobutadiene unit was present. The acenes showed
diminished aromaticity for the central rings and higher open-shell character with lower
stability with increasing molecular length. Both biphenylenes and cyclobuta acenes showed
an antiaromatic behavior next to the cyclobutadiene unit. Also, cyclacenes presented strong
radical character due to the molecular strain originating from the nonplanarity of the
benzene rings. This finding agrees with the longstanding synthetic challenges encountered
for this class of aromatic compounds. In the cases in which a cyclobutadiene unit is present,
a disruption in the electron delocalization is caused in its surroundings. Moreover, these
systems present a higher stability than those without the antiaromatic unit when comparing
structures of the same number of six-membered rings.

The systems with armchair borders (phenacenes and cyclophenacenes) showed the
expected high stability due to its closed-shell character. Moreover, the aromaticity behavior
did not change significantly with the increase in molecular size.

In summary, the results reveal systematic patterns in the relationship between topology,
aromaticity, and stability in extended PAHs. This information is of high interest for the design
and application of these materials in organic electronics and carbon-based nanomaterials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemistry7060178/s1, Descriptors Theory [77-79]; Table S1.
DMA aromaticity descriptors; Figure S1. Definition of the coordinate systems adopted for the
calculations of the -based aromaticity descriptors: (a) linear PAH molecules placed in the -plane,
with the center of mass at the origin; (b) belt-like molecules with the origin of the Cartesian axes
positioned at the center of the belt, with the -axis pointing upwards; (c) « positions along the z
axis for linear PAH molecules; (d) « positions along the z axis for belt-like molecules; Figure S2.
HOMA values for acenes; Table S2. NICS(1) values for acenes; Table S3. FLU values for acenes;
Table S4. MCI values for acenes; Table S5. normalized values for each ring of the acenes. The color
scale ranges from green (lowest values) to red (highest values); Table S6. Vertical singlet-triplet
splitting for acenes calculated with UTPSSH/6-311G* for carbon atoms and UTPSSH/6-31G for
hydrogen atoms; Table S7. Fractional occupation density plot (FOD) and number of hot electrons
(Ngop) of acenes, isosurface = 0.005. Results obtained with the UTPSS functional and 6-311G* basis
set for the carbon atoms and 6-31G basis set for the hydrogen atoms; Figure S3. HOMA values
for phenacenes; Table S8. NICS(1) values for phenacenes; Table S9. FLU values for phenacenes;
Table S10. MCI values for phenacenes; Table S11. |Q;|(1) normalized values for each ring of the
phenacenes. The color scale ranges from green (lowest values) to red (highest values); Table S12.
Vertical singlet-triplet splitting for phenacenes calculated with the UTPSSH/6-311G* method for the
carbon atoms and UTPSSH/6-31G for the hydrogen atoms; Table S13. Fractional occupation density
plot (FOD) and number of hot electrons (Ngop) of phenacenes, isosurface = 0.005. Results obtained
with UTPSS functional and 6-311G* basis set for carbon atoms and 6-31G basis set for hydrogen atoms;
Figure S4. HOMA values for biphenylenes; Table S14. NICS(1) values for biphenylenes; Table S15.
FLU values for biphenylenes; Table S16. MCI values for biphenylenes; Table S17. |Q>|(1) normalized
values for each ring of the biphenylenes. The color scale ranges from green (lowest values) to red
(highest values); Table S18. Vertical singlet-triplet splitting for the biphenylenes calculated with
the UTPSSH/6-311G* method for the carbon atoms and UTPSSH/6-31G for the hydrogen atoms;
Table S19. Fractional occupation density plot (FOD) and number of hot electrons (Ngop) of
biphenylenes, isosurface = 0.005. Results obtained with UTPSS functional and 6-311G* basis set for
carbon atoms and 6-31G basis set for hydrogen atoms; Figure S5. HOMA values for the cyclobuta
acenes; Table 520. NICS(1) values for cyclobuta acenes; Table S21. FLU values for cyclobuta acenes;
Table S22. MCI values for the cyclobuta acenes; Table S23. |Q;|(1) normalized values for each ring
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of the cyclobuta acenes. The color scale ranges from green (lowest values) to red (highest values);
Table S24. Vertical singlet-triplet splitting for cyclobuta acenes calculated with UTPSSH/6-311G* for
carbon atoms and UTPSSH/6-31G for hydrogen atoms; Table 525. Fractional occupation density plot
(FOD) and number of hot electrons (Nrop) of cyclobuta[n]acene, isosurface = 0.005. Results obtained
with UTPSS functional and 6-311G* basis set for carbon atoms and 6-31G basis set for hydrogen atoms;
Figure S6. HOMA values for the cyclacenes; Table S26. FLU values for cyclacenes; Table S27. MCI
values for cyclacenes; Table S28. Comparison of singlet-triplet splitting results; Table S29. Fractional
occupation density plot (FOD) and number of hot electrons (Nrop) of cyclacenes, isosurface = 0.005.
Results obtained with UTPSS functional and 6-311G* basis set for carbon atoms and 6-31G basis set
for hydrogen atoms; Figure S7. Molecular electrostatic potential maps for the (a) [n]cyclacenes and
(b) [n]cyclophenacenes, mapped on the electron density surface at 0.001 a. u. The color ranges are in
kcal.mol~!. Red regions indicate electron-rich regions corresponding to negative MEP values, while
the blue region indicates electron-deficient regions corresponding to positive MEP values; Figure S8.
HOMA values for cyclophenacenes; Table S30. FLU values for cyclophenacenes; Table S31. MCI
values for cyclophenacenes; Table S32. Fractional occupation density plot (FOD) and number of hot
electrons (Ngop) of cyclophenacenes, isosurface = 0.005. Results obtained with UTPSS functional
and 6-311G* basis set for carbon atoms and 6-31G basis set for hydrogen atoms; Table S33. Vertical
singlet-triplet splitting for cyclobuta acenes calculated with UTPSSH/6-311G* for carbon atoms and
UTPSSH/6-31G for hydrogen atoms; Figure S9. Comparison between singlet-triplet energy splitting
and fractional occupation number-weighted density (Ngop) for [r]cyclophenacenes, calculated using
the TPSS functional; Figure S10. HOMA values for cyclobiphenylenes; Table S34. FLU values for
cyclobiphenylenes; Table S35. MCI values for cyclobiphenylenes; Table S36. normalized values
for each ring of the cyclobiphenylenes. The color scale ranges from green (lowest values) to red
(highest values); Table S37. Vertical singlet—triplet splitting for cyclobiphenylenes calculated with
UTPSSH/6-311G* for carbon atoms and UTPSSH/6-31G for hydrogen atoms; Table S38. Fractional
occupation density plot (FOD) and number of hot electrons (NFOD) of cyclobiphenylenes, isosur-
face = 0.005. Results obtained with UTPSS functional and 6-311G* basis set for carbon atoms and
6-31G basis set for hydrogen atoms; Figure S11. Comparison between singlet-triplet energy splitting
and fractional occupation number-weighted density (Nggop) for [n]cyclobiphenylenes, calculated
using the TPSS functional.
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