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Abstract

The phenalene (triangulene) and olympicene molecules belong to the polycyclic aromatic
hydrocarbons (PAHs) class, which attracted substantial technological interest due to their unique
electronic properties. Electronic structure calculations serve as a valuable tool in investigating the
stability and reactivity of these molecular systems. In the present work, the multireference calculations,
namely the complete active space second-order perturbation theory (CASPT2) and multireference
averaged quadratic coupled cluster (MR-AQCC), were employed to study the reactivity and stability
of phenalene and olympicene isomers, as well as their modified structures where the sp*-carbon at the
borders were removed.

The harmonic oscillator model of aromaticity (HOMA) and the nucleus-independent chemical
shift (NICS) as geometric and magnetic indexes calculated with density functional theory were utilized
to assess the aromaticity of the studied molecules. These indexes were compared with properties such
as the excitation energy and natural orbitals occupation. The reactivity analyzed using the HOMA
index combined with MR-AQCC revealed the radical character of certain structures, as well as the
weakening of their aromaticity. Moreover, the results suggest that the removal of sp*-carbon atoms
and the addition of hydrogen atoms did not alter the m network and the excitation energies of the

phenalene molecules.
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I.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are important building blocks for organic semiconductors®.
Their extended m-conjugation electronic structures lead to large molar absorption coefficients, high
quantum yields of photoluminescence, and excellent charge carrier mobilities?, enabling their use in
organic light-emitting diodes (OLEDs)** and organic field-effect transistors (OFETs)>® with
performance competitive with silicon-based electronic devices’. However, the selection of PAHs
applicable in electronic devices is limited by the requirements for high product yield and long lifetime.
For example, linear acenes comprising more than five benzene rings exhibit instability due to their low
ionization potentials (IPs) and narrow band gaps®°. Therefore, considerable attention has been directed
towards neutral radicals derived from planar polycyclic aromatic hydrocarbons wherein unpaired
electrons delocalized through the carbon skeleton!®. Examples include phenalenyl (Scheme 1), which
has been synthesized previously by both a mass growth process'*and a chemical route®, as well as the
more recently synthesized olympicenyl (Scheme 1)*. Investigations have also been performed on spin
delocalization in open-shell PAHs derived from the helicene structure'.

Spin delocalization facilitates the self-assembly of these systems through multicentric

15718 resulting in a notable impact on their magnetic and conductive properties'®2*. The

couplings
radical nature of peripheral carbon allows for its substitution, thereby enabling the control over spin
properties and intermolecular interactions/packing during the synthesis of organic semiconductors®~
27 Due to the possibility of modifying and controlling the distribution of their spin densities, these
systems serve as building blocks in the synthesis of nanostructures possessing an open-shell electronic
structure.

The most extensively researched neutral radical PAH is phenalenyl'>?%3? (referred to as I),
which consists of three planar hydrocarbon rings with 13 m-electrons (Ci3Hyg). The unpaired spin

density is delocalized across six equivalent carbon atoms (Scheme 1, C-1, a-carbon atoms) exhibiting

extended delocalization. This delocalization is also maintained in its cationic and anionic forms,



making I a versatile amphoteric redox system?!. Due to these remarkable properties, I belongs to the
group of molecular conductors, which are known for their electrical and magnetic bistability>>
Compared to phenalenyl, much less research has been conducted on olympicenyl (referred to as II),
which derives from triangulene. Unlike in phenalenyl, the spin density distribution is not uniform?’.
Olympicenyl radicals have been identified using EPR spectroscopy’®3” and STM/AFM imaging*®.
Theoretical studies mainly focused on understanding the adsorption behavior of olympicenyl radicals
on surfaces’® . Notably, the crystal structure of olympicenyl radicals has been only recently
resolved!® by detecting dimer structures, which co-exist in equilibrium with monomers in the solvent.

The hydrogenation of open-shell PAH radicals has emerged as a promising avenue for
modifying their electronic and magnetic properties* . Interestingly, these systems have been
proposed as potential catalysts for hydrogenation reaction to form H2*%*’. These studies also include
hydrogenation of I, leasing to the formation of phenalene systems*>°,

Depending on the H-position, four possible isomers were investigated*’, among which only the
1H-phenalene was synthesized so far’!. B3LYP calculations indicate that 1H-phenalene in the singlet
state is the most stable, while the existence of 2H-phenalene in the triplet state is also suggested*’. The
observed barrierless H-addition to I and a small barrier penetrable by tunneling for H-abstraction,*
together with exceptionally weak C-H bond at the CH2 moiety (260 kJ/mol as compared to 373 kJ/mol
for analogous bonds in toluene!') make the phenalenyl-based systems promising candidates for H-
storage. Hydrogenation of II can form eleven isomers, characterized by either closed-shell or radical
electronic structure. Calculations using a two-electron reduced density matrix (2-RDM) have predicted
that although the latter are significantly less stable, they still exhibit stability with respect to the
hydrogen dissociation.>?

Hydrogenated and additionally functionalized neutral hydrocarbon radicals offer great

potential as materials for synthesis and can be further manipulated to form molecular organic switches

with selective reactivity. Research on hydrocarbon radicals such as 1,14-dimethyl[5]helicene®* and



13,14-dimethyl-centhrene®* has introduced a novel concept for designing all-organic magnetic
switches. These switches can be controlled by the ring opening/closure and facilitated by the UV/VIS
light.

Although PAHs are recognized as promising photoactive materials due to their structural
versatility and influence on the electronic structure, most of the studies on the excited states have
focused on linear acenes. Other PAHs, especially those containing an odd number of carbon atoms,
have received much less attention in research. There has been recent progress in calculating the low-
lying excited states of the phenalenyl radical and its H-adducts.’®>>% These investigations shed light

30355758 and anions®® with

on the electronic properties and nature of the excited states of PAH cations
an odd number of carbon atoms, including phenalenyl and olympicene anions, have been studied as
well, and the differences in the excited state behavior compared to systems with even-number of carbon
atoms have been discussed’. To the best of the authors' knowledge, despite significant progress, there
remains a gap in the systematic computationally based study on the specific properties, including the
excited states, of these promising systems. The calculations are mainly based on the DFT approach.
However, the radical character of the systems necessitates benchmarking of DFT methods through
comparison with multireference wave-function-based methods. This ensures a more accurate and
comprehensive understanding of their electronic properties and excited states.

The present study focuses on investigating the stability and aromaticity of phenalene,
olympicene, and their isomers using DFT and multireference methods as benchmarks. Aromaticity
indexes were used to characterize the studied systems, namely the Harmonic Oscillator Model of
Aromaticity (HOMA) and the nucleus-independent chemical shift (NICS) indexes, calculated at
geometries optimized at the DFT level. The multireference character and the occupation of the natural
orbitals were analyzed using Multireference Averaged Quadratic Coupled-Cluster (MR-AQCC)

calculations. The low-lying excited states were described with the Second-Order Complete Active

Space Perturbation Theory (CASPT2). Analogous structures derived from the just-mentioned



compounds obtained by ring opening and carbon removal were also considered as possible alternatives

for a systematic modification of open shell materials.

I1.Methods
All the phenalene and olympicene isomers and n-electrons analogs are denoted herein as BnZn, where
n is the number of the six-carbon rings contained in the molecular structures investigated (n = 2, 3, 4,
5), and m labels the positioning of all non-equivalent hydrogen additions to a carbon atom of the
phenalenyl and olympicenyl radicals, which are numbered following the convention for fused
polycycles. The cases m = 1-2 for the phenalene isomers and m = 1-6 for olympicene isomers are
presented in Scheme 1. The m-electron analogs were built based on the hypothesis that the position
(m) of the out-of-plane hydrogen leading to an sp*-carbon in B.Zn, or the exclusion of the sp*-carbon
at the same position followed by hydrogen passivation in Bu-1)Zn, should lead to the same 1 orbitals
framework and, therefore, similar stability and aromaticity, as expected by their Clar structures®®®:.
The original, non-hydrogenated phenalenyl (I) and olympicenyl (IT) radicals are also shown in Scheme

1.



PAH neutral radicals

Phenalenyl (1) Olympicenyl (Il

Hydrogenated systems (B,Z,,)

Phenalene (B;Z4) Olympicene (BsZ,)

n-electron analogs (B,.1Z,,)

(B2Z4)

Scheme 1. (Upper part) Molecular structures of phenalenyl (I) and olympicenyl (IT) radicals;
(middle part) their hydrogenated versions studied in the present paper, phenalene (B3Z1), olympicene
(BsZ1), and its isomers (BxZu); (lower part) mw-electron analogs of phenalene and olympicene isomers
(Bn-1Zm). The middle part of the scheme defines the position of the out-of-plane hydrogen (m) of the
hydrogenated systems and, therefore, of the sp® carbon, which is removed in the analogs. The
numbering of the carbon atoms is in red for all the non-equivalent positions studied and in grey for
other redundant and graphitic carbons. The molecular structures of all studied molecules are shown in

Scheme S1 in the supporting information.

All molecules were optimized using Density Functional Theory (DFT) within the B3LYP®
functional combined with the 6-31G* basis set®®® for both singlet and triplet multiplicities (see the
Cartesian Coordinates in the Supporting Information). To validate this methodology, geometry

optimizations of the three-ring systems (B3Z; and B3Z2) were also caried out using M06-2X/def2-TZVP



65-67 The aromatic character of the studied systems was calculated from the B3LYP/6-31G* optimized
geometries according to the HOMA analysis®,

HOMA =1-2%(Rop, — R;)’ (1)
where n is the number of carbon-carbon bonds in the ring (# = 6 in this work), « is a parameter that
depends on the atomic species involved in the chemical bond (ac-c = 257.7 A~2), Rop: is the optimal
bond value (1.388 A for CC bond), that, for an ideal aromatic system (HOMA = 1.0), the calculated
bond length, Ri, should be equal to Rop. For HOMA equal to 0.0, the ring system should have a non-
aromatic Kekulé structure, alternating the geometry with single and double bonds. The HOMA index
was calculated using the pyCRAI code.®*”® The Nucleus-Independent Chemical Shifts (NICS)
calculations were also used to identify the aromatic character of the studied systems. The NICS is

given by the negative of the spherically averaged magnetic shielding tensor’,

NICS(R) = —3tr[a(R)] = —3 (axx(R) + 0y (R) + aZZ(R)) )
in which the magnetic shielding (¢(R)) is a 3 x 3 tensor field that relates an applied external magnetic
field (B,y:) and an induced magnetic field (B;,4) at a given point in space R,

Bina(R) = —0(R)Bext 3)

The shielding tensor matrix elements (g, 5 (R)) can be evaluated as the mixed second derivative

of the energy with respect to an external magnetic field (Bg). The nuclear magnetic moment (u, )is

usually given in parts per million (ppm), i.e., the magnitude of the induced field is typically in the
order of a million times weaker than the applied field.

When measured 1 A above the plane of a ring lying in the xy plane in which the origin is at the

center of the ring, i.e., R = (0,0,1), the NICS value is usually denoted as NICS(1). For benzene, the

NICS(1) value (~ =10 ppm) is dominated by the g, term ( ~ 30 ppm), giving a reference value for the

magnetic shielding of an aromatic system. As a counter-example, the cyclobutadiene presents a



NICS(1) value (~ +17 ppm) which is also dominated by the o, term ( ~-51 ppm), giving a reference
value for the magnetic deshielding of an anti-aromatic system.

In the present study, two approaches were used to investigate the NICS values of the studied
systems. First, the NICS was calculated not only at the center of the ring but for several (x,y) positions
1 A above the plane of the molecule, i.e., R = (x,y,1). This NICS(XY1) indicates the aromatic
regions in planar molecules, and hereinafter, these NICS(XY 1) "heat maps" will be referred to simply
as NICS(1). It is worth noting that some molecules studied are not fully planar, so the NICS(1) of such
molecules will represent slightly different z distances, depending on the x,y position. The second
approach consisted in calculating the NICS values along a line orthogonal to the molecular plane and
passing through the center of the ring with different distances from the plane, i.e., R = (0,0, z). These
are denoted NICS(z) scans in the present paper. The NICS(z) scans were calculated for the m-only
system by subtracting the c-only isotropic component from the total isotropic system’>’3, The probe
atom (Bq) was positioned with z values from 0 to 3.9 A.

Also, to access the relative importance of the various matrix elements of the shielding tensor,
we used the visualization of the chemical shield tensor method (VIST)*”%, as implemented in the
TheoDORE package’, in which the principal axes of the shielding tensor (¢¥; i = 1,2,3) at a given
point in space (R) are determined via an eigenvalue decomposition (t©) and subsequently visualized
via dumb-bells whose sizes depend on the size of the associated eigenvalue. In this local coordinate
system, the sum of the eigenvalues in the three principal axes also returns the NICS values in an
equation equivalent to Eq. (2):

NICS(R) = -3 tr[o(R)] = —g(t(l) (R) + t®(R) + t<3)(R)) (4)

All VIST calculations were carried out for R = (0,0,1). Also, all NICS(1) heat maps, NICS(z)
scans, and VIST were obtained with single-point B3LYP/6-311+G* methodology.
Single-point MR-AQCC calculations” were used to obtain the occupation of the natural

orbitals and the singlet-triplet separation energy. The complete active self-consistent field (CASSCF)”’
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wave function was constructed, including electronic configurations within the spatial symmetry and
spin multiplicity allowed. The active space used was CAS(8,8), i.e., eight electrons in eight m orbitals,
since it is known that the low-lying electronic states of acenes and periacenes usually possess two main
singlet transitions involving up to four occupied and four virtual frontier orbitals’®. 6-31G* basis set
was used for these calculations.

For the higher-symmetry three-ring systems (B3Z; and B3Z2), the low-lying electronic states
were further treated with single-point calculations through a multireference perturbation theory to the
second-order (SS-CASPT2)7*#, which uses the CASSCFas the zero-order wave function. The orbitals
for the active space were chosen based on the complete  space (12,12). The reference space for the
dynamical correlation step was chosen as a subset of the complete m space, including all the
configuration state functions (CSFs) generated from a CASSCF(4,4)RASSCF(8,8), considering single
and double excitations in the restricted space. To calibrate the methodology, we compared the singlet-
triplet energy separations to those obtained with MR-AQCC/CASSCEF(8,8). This calibration also
included a comparison between the 6-31G* basis set with the more extended basis def2-TZVP*7,
All 1s orbitals of all molecules were kept frozen. In the CASPT2 calculation, a level shift (0.2 a.u.)
was included to remove possible intruder states in the excited states calculations®®. The core orbitals
were also kept frozen in these calculations. All the geometry optimizations were performed using the
Gaussian 09 package,® and the single-point multiconfigurational calculations were carried out using
Molpro 20158788

The electronic structure differences between the PAH isomers were studied by calculating the
singlet-triplet energy separation and characterizing the low-lying electronic states of each system at
the ground state geometry using the MR-AQCC//B3LYP/6-31G* approach. The multiconfigurational
character of the systems was determined by the largest squared coefficient (Co?) of the configurations
in the CASSCF wavefunction, representing the weight of a single electronic configuration in the total

wavefunction.
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III.  Results
Prior to discussing the results for the molecules that are the objective of the present paper, benzene
and coronene were characterized using the same methodology. This analysis aims to verify the
reliability of the computational approach in obtaining CC bond lengths and to calibrate the sensibility
of the calculated aromatic indicators to these bond lengths. The coronene system can be used as a
reference fully aromatic system constructed from fused benzene rings. The results of the different
analysis methods (HOMA, NICS(1), and VIST) are summarized in Figure 1. It is worth noting that
similar NICS(1) analyses have been performed previously for these reference systems®-*°. The CC
distances in benzene, calculated as 1.397 A, differ by less than 0.001 A from the experimental values®!,
leading to an aromatic model with a HOMA index of 0.98. For coronene, the calculated bond distances
for peripheral double bonds (1.372 A) agree within 2% with the experimental values® (average of
1.343 A). For the central spoke bonds the calculated value (1.4275 A) presents a much lower error
(0.4%) when compared to the experimental data (average of 1.422 A).? The resulting HOMA index
values of the central and outer rings are 0.60 and 0.71, respectively. These observations correspond to
trends in NICS(1) and VIST values. The values of coronene show that the outer rings exhibit larger
aromaticity, comparable to that of the benzene ring, while the central ring displays lower aromaticity.
The eigenvalues of the magnetic shielding tensor, as revealed by the VIST method, indicate the

prevalence of the out-of-plane component in the chemical shielding tensor for both systems.
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Figure 1. Characterization of aromaticity of reference systems (benzene and coronene) through
geometric (HOMA) and magnetic indexes (NICS), accompanied by the visualization of the shielding
tensor method (VIST). Color scales are presented for the bond lengths and NICS(1) values, while the
eigenvalue of the dominant contribution of the chemical shielding is present for each ring. The HOMA

values are presented inside each ring.

A. Phenalene isomers and n-electron analogous

Figure 2 illustrates the C-C bond distances of the optimized B3 systems, their related B2
systems, possible resonance structures, and the aromatic indicators HOMA, NICS(1), and VIST. The
presence of the CHz group in /H- and 2H-phenalene disrupts the extended aromaticity, which is the
cause of the remarkable stability of phenalenyl and its cation and anion. The bond distances and their
changes in the non-substituted rings A and C, which constitute a naphthalene-like fragment, are similar
to coronene. Changes in the C-C bond distances that involve sp’-hybridized carbon atoms vary
significantly depending on the specific site of the hydrogen addition. In BsZi, the disruption of
aromaticity results in the elongation of C1-C9a (1.52 A) and C1-C2 bonds (1.50 A), both of which
correspond to a single C-C bond and localization of single and double bonds to C3-C3a (1.47 A) and

C2-C3 (1.34 A), respectively. In B3Z», the elongation of the bonds connecting the sp-hybridized C2
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is analogous (1.47 A for C2-C1 and C2-C3), while C1-C9a and C3-C3a correspond to aromatic bonds
with distances of 1.40 A. The bond properties discussed above for B3Z1 and B3Z2 do not qualitatively
change if the sp* carbon atoms are removed from the system to form B2Z1 and B2Z>.

The resonance structures in Scheme 1 and Fig. 2 show that both systems retain the aromatic
character on the naphthalene-like fragment formed by rings A and C. The different localization of the
sp® carbon atom is reflected in the different electronic structures of the B ring in B3Z1 and B3Z2. The
analyses of the ground-state wavefunctions (see Table S1 for CI coefficients and electronic
configurations) show that while the resonance structures of the former correspond to a closed shell,
the latter is biradical. The analyses of the orbital occupation of the frontier orbitals using MR-AQCC
and their orbital plots are presented in Figure 3 and S1, respectively. The occupation numbers of the
highest occupied natural orbital (HONO) and lowest unoccupied natural orbital (LUNO) of B3Z are
1.92 e and 0.08 e, respectively. In comparison, the HONO and LUNO of B3Z2 have occupation values
around 1.4 e and 0.6 e, Z», respectively. The orbital plots (Figure S1) show a strong delocalization in
BsZ», suggesting that the radical character extends over the entire molecule. The radical nature of this
structure is the reason for the lower stability of this system. The ground state of the 2H-phenalene
molecule (B3Z2) was previously calculated as a triplet open-shell structure®, lying 19.4 kcal mol™
below the singlet structure, which indicates its radical character and difficulty for experimental
detection. According to our calculations (see Figure 5 and Table S2), BsZi, with a larger aromatic
character, is by 1.54 eV more stable than B3Z>, and its singlet/triplet gap is significantly larger.

Removal of sp-carbon only contributes to the changes within the framework of c-orbitals; it
should not change the electronic structure of the frontier orbitals of the PAHs isomers (formed by n-
orbitals). Thus, the out-of-plane position of hydrogen (m) leading to the sp>-carbon in BuZm or the
exclusion of the sp-carbon at the same site with subsequent hydrogen passivation in B(-1)Zm should
lead to the same electronic structure within the n-orbital framework and thus to similar stability and

aromaticity. This behavior corresponds to Clar's structures and almost identical HONO and LUNO
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occupation numbers of BnZm and B-1)Zm when (m) is the same (Figure 3). Orbital plots of HONO and
LUNO of all two- and three-ring systems (Figure S1) show a strong delocalization, suggesting that in
the B3Z2 and B2Z>, the radical character extends over the entire molecule.

HOMA indices (Fig 2) calculated for the singlet-optimized structures show that for /H-
phenalene, the aromaticities of A and C rings are almost comparable to those of the outer rings of
coronene. In contrast, HOMAs of A and C in 2H-phenalene are smaller and similar to the aromaticity
of the central coronene ring. The lower HOMA values for the latter are due to the delocalization of the
radical character in these rings, as indicated by the HONO and LUNO orbital plots.

HOMA analysis gives a different picture for geometries optimized in the triplet state (also in
Fig 2). In B3Z1, the HOMA index of ring A increases slightly while the HOMA index of ring C
decreases significantly, indicating that the latter carries the open-shell character. On the other hand,
the HOMAs of both rings of A and C rings in B3Z> are slightly increased compared to the singlet-
optimized structure, indicating increased aromaticity of the naphthalene fragment. It is worth
mentioning that the HOMA results are similar while optimizing B3Z; and B3Z: utilizing M06-2X/def2-
TZVP (refer to cartesian coordinates in the supporting information).

In B2Z1, the reduction in aromaticity of the C ring is even more pronounced. The HOMA index
suggests that the system in triplet geometry is completely non-aromatic. The new reparametrized
HOMA for triplet states (HOMER) ** corroborates these data. Using this reparameterization, the B3Z>
triplet state exhibits HOMER values of -0.14, -0.60, and -0.14 for the A, B, and C rings
correspondingly. A constant slight decrease in aromaticity in the B2Z> molecule compared to BsZ2
leads to almost identical aromaticity of the naphthalene fragment in the singlet and triplet geometries.

The HOMA values of the B ring in B3Z1 and B3Z2 provide only indicators of the stability of
these systems rather than information on the aromaticity/non-aromaticity since this ring does not

represent a fully conjugated system. In this case, HOMAs of -0.78 and 0.03 in the case of B3Z1 and of
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BsZa, respectively, point to the formation of two stable single bonds in the former and a less stable

biradical with partial double bond character in the latter.
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Figure 2. HOMA index calculated for the singlet relaxed geometries of the three and two-ring
molecules. The color scale of the bond length shows the double carbon bond (1.34 A) in red and the
single carbon bond (1.54 A) in blue for the singlet state. The numbers shown in the first and second
lines inside each ring are the HOMA for the singlet and triplet optimized states, respectively. The
NICS surfaces calculated around 1.0 A above the xy-plane (NICS(1)) of the singlet (m=1) and triplet
(m=2) Bs and B2 systems.

The analyses based on NICS (see Figure S2 for NICS(z) scans and Figure 2 for NICS(1),
respectively) and VIST calculations (Figure 2) provide further support for the view on aromaticity

discussed above. B3Z» and B2Zn present the same pattern for a given m, with NICS(1) values of the
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unsubstituted A and C rings closer to those of benzene for m=1, while the NICS(1) values for m=2 are
smaller in absolute value. The out-of-plane dominant contribution of the chemical shielding is also
similar for B3Zn to B2Zn. The stable singlet systems present a dominant component with an eigenvalue
of about —27 ppm and -11 ppm for the unsubstituted rings in systems with m=1 and m=2, respectively,
and +11.9 ppm for the substituted one. The substituted ring (B in Scheme 1) presents a positive but
smaller eigenvalue. It is important to note that the NICS(1) and VIST values of the substituted rings
of B3Zx» molecules should not be regarded as an anti-aromatic character. The deshielding associated
with these rings is much more related to the breakage of the m-electron structure in these rings, as

shown by the almost equivalence of the analogous B2Z structures.
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Figure 3. Frontier natural orbitals occupation obtained from MR-AQCC calculations for the three and

two-ring systems.
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A.LIL Excited states of the phenalene isomers and m-electron analogous
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Figure 4. Vertical excitation energy scheme of the phenalene systems and their analog molecules
obtained by the CASPT2(8,8)//B3LYP/6-31G* methodology. The methodology's calibration is
available within the Supporting Information (Table S3).

Table S1 collects the most important electronic configurations of B3Zm species and their BoZm
modifications. As anticipated, the two lowest excited states of B3Zi are analogous to those of
naphthalene, i.c., the first two excited states are due to the HOMO — LUMO+1 + HOMO-1 —
LUMO, and HOMO — LUMO transitions, respectively. The excitation energies of these states are
3.89 and 4.03 eV (see Figure 4), in good agreement with the X-MCQDPT?2 calculations (3.53 eV and
3.75 eV)® and experimental data (3.66 eV and 3.83 eV)>’. Note that these values are significantly
higher than those of the corresponding phenalenyl neutral radical, for which the vertical excitation
energy Sl calculated with the B3LYP/6-31G* method is 2.76 eV °. The corresponding excited states
in B2Z1 shift to higher values by only 0.12 eV, confirming the previously discussed argument that the
aromatic character does not change upon the removal of sp>-carbon. The ground and low-lying singlet

states of B3Z» present a multiconfigurational character (see Table S1) with low excitation energies
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(1.05 eV and 2.21 eV for S1and S, respectively), as expected from its radical character. These values
increase by about 0.4 eV in B2Z>, showing a slight decrease in its radical character.

In light of the correspondence of aromatic character with naphthalene discussed above, it is
interesting to compare the excitation spectra of BnZm with that of naphthalene. Its calculated excitation
energies are 3.99 eV for Si (HOMO — LUMO+1 and HOMO—-1 — LUMO) and 4.45 eV for Sz
(HOMO — LUMO).”Based on these results, it can be concluded that the aromaticity of naphthalene
remains practically the same due to H-addition at C1. At the same time, substitution at C2 significantly

affects this aromaticity.

B. Olympicene isomers and 7w-electron analogous

The relative stability of olympicene isomers calculated with MR-AQCC for the first singlet and triplet
state of each system are shown in Figure 5. The total energy of all systems calculated with MR-AQCC
and B3LYP methods is collected in Table S2. The MR-AQCC and B3LYP results (Figure 5, Table S2,
and Table S3) differ significantly. In particular, the relative energies calculated with B3LYP are up to
0.41 eV (singlets) and 0.84 eV (triplets) lower than those obtained with MR-AQCC. However, both
methods give the same ordering for the conformer stability in both spin multiplicities, with So(BsZ1)
being the most stable among the olympicene isomers; BsZa, BsZ>, and BsZsare less stable by

approximately 0.31, 0.39, and 1.2 eV, respectively.
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Figure 5. Relative energies (in eV) of isomers of phenalene (B3Zx») and olympicene (BsZx). The
levels in black refer to singlet states, while red refers to triplet states. The energies are obtained

with MR-AQCC/6-31G*//B3LYP/6-31G*. (see Table S2 in the supporting information)

The singlet ground state wavefunction of all these structures has a dominant contribution from
a closed-shell configuration (Figure S5), with a squared coefficient (Co?) of the main configuration in
the MR-AQCC singlet wavefunction close to 90% for BsZm (m=1,2, and 4) and of 87% for BsZs. The
occupation numbers of frontiers natural orbitals obtained by MR-AQCC and shown in Figure 6 follow
the same trend; HONO/LUNO occupations are 1.93/0.05 for BsZi1, 1.92/0.06 for BsZ2, 1.92/0.07 for
BsZ4, and 1.89/0.10 for BsZs, respectively. In line with these results, the singlet/triplet energy gaps,
calculated at the MR-AQCC level, are in the range of 2.2 — 3.5 eV for BsZ1,24 (m=1,2, and 4) structures
and 1.37 eV for BsZs. In the case of BsZm (m=3 and 6), the singlet/triplet energy ordering reverses,
and the triplet becomes by 0.65 eV more stable than the singlet. The B3LYP method overestimates the
relative stability of triplet states in all cases, lowering the singlet/triplet gap in all radical-free systems

(Table S2).
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Figure 6. Frontier natural orbitals occupation obtained from MR-AQCC calculations for the five and

four-ring systems. (The plots of the frontier natural orbitals are shown in Figure S3)

The wavefunctions of the lowest singlet states of BsZs and BsZs are strongly
multiconfigurational, as shown by all relevant parameters; the CI coefficient values of the leading
electronic configurations are about 0.64 (Fig. S5), and the occupation numbers of HONO and LUNO
are about 1.6 and 0.4, respectively, giving these structures radical character. The corresponding
energies of these states are in line with their radical character, being less stable by 2.96 (BsZ3) and 2.74
eV (BsZe) at the MR-AQCC level (2.55 and 2.34 eV at the B3LYP level).

Figure 7 displays the C-C bond distances and HOMA indexes obtained from the geometries
optimized at the B3LYP level for both multiplicities. For the most stable singlet olympicene (BsZ1),
the HOMA values are similar to those calculated using the X-ray crystallographic structure for the
olympicenyl radical®* for A and C rings, with differences around 0.06 for D and E rings (see Scheme
1 for ring labeling). All four rings in conjugation, i.e., A, C, D, and E, have HOMA indexes similar to
those in coronene, showing strong aromaticity. As in the B3Z1, the HOMA of the substituted B ring is

strongly negative. In the triplet state, the HOMA of A and C rings do not significantly change and
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reduce for D and E rings, resulting in a significant reduction of the average HOMA value from 0.75 to
0.55. Also, the HOMA of ring B is less negative. BsZ2, BsZ3, and BsZ4 systems, with sp* carbon located
at the C ring, can be viewed as substituted pyrene formed by A, B, D, and E rings. The calculated bond
distances and HOMA values show that in the closed-shell BsZ> and BsZ4, the overall aromaticity
preserves the symmetry and HOMA s close to pyrene. In the open-shell BsZ3, the symmetry of HOMAs
breaks, and the values are generally lower, both showing a partial delocalization of the radical
character. These patterns are not preserved in the triplet state, and no apparent trends in changes from
the singlet can be derived. However, the average HOMA only slightly decreases in BsZ2 and BsZ4 and
increases in BsZ3. BsZs, the least stable among the closed-shell isomers, and open-shell BsZs, both
with the sp? carbon located on the D ring, feature the electronic structure with A, B, C, and D rings in
conjugation. The HOMAs of the former show the least aromatic character among all calculated singlets
due to the non-aromaticity of the D ring (HOMA = 0.16). In the latter, all conjugated rings show
relatively high aromatic character with HOMA indexes close to those of coronene. These pictures do
not change significantly in the triplet states of both systems, whose average HOMA indexes are larger

(0.69 in BsZs and 0.70 in BsZe) than in singlet states (0.54 in BsZs and 0.64 in BsZe).
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Figure 7. HOMA index calculated for the singlet relaxed geometries of the three- and two-ring

molecules. The color scale of the bond length shows the double carbon bond (1.34 A) in red and the

single carbon bond (1.54 A) in blue. The numbers shown in the first and second lines inside each ring

are the HOMA for the singlet and triplet optimized states, respectively. The NICS surfaces were
calculated around 1.0 A above the xy-plane (NICS(1)) of the singlet (m=1, 2, 4, 5) and triplet (m=3, 6)

Bs and B4 systems.
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each ring are the HOMA for the singlet and triplet optimized states, respectively. The NICS surfaces

were calculated around 1.0 A above the xy-plane (NICS(1)) of the singlet (m=1, 2, 4, 5) and triplet

(m=3, 6) Bs and B4 systems.
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It would be interesting if an average of the HOMA values could return and correctly rank the
stability of the studied species. A first approach would be to take the mean arithmetic value of all
unsubstituted rings, which we called HOMA in the present study. The HOMA presents a fair correlation
with other stability indexes discussed before, such as the relative energy or the natural orbital
occupation, but wrongly predicts that B3Zs to be among the stable isomers (values collected in Table
S4). Since the HOMA is not able to completely classify the studied systems from the most stable to
least stable, we propose to represent the global HOMA ((HOMA)) of such fused ring systems by using
a weighted geometric mean with empirical values for the weights as follows,

1,if HOMA; >0

1
= (" Wiy Twy =
(HOMA) = (TTy HOMAMO T w =" oo 7 (5)

where the index (i) in Eq. 5 refers to a given ring, and the weights are doubled for the rings with
negative HOMA values, which are the substituted rings for the studied systems. This equation
interprets a hypothetical perfectly anti-aromatic ring (HOMA= — 1) among perfectly aromatic rings,
(HOMA = 1) just as a spacing between aromatic rings, without lowering the aromaticity of the system
as a whole (only locally). This interpretation agrees with previous studies showing the aromaticity of
acenes with the inclusion of a cyclobutadiene linkage, in which the system behaves as two smaller
acenes spatially separated by the cyclobutadiene linkage.”’ The (HOMA) values, collected in Table
S4, of the olympicene isomers are around 0.70 for BsZ1, BsZ2 and BsZ4, 0.53 for BsZs, 0.43 for BsZs
and 0.29 for BsZ3, which closely resembles the relative stabilities of the isomers. Figure 8 collects
these two average HOMA values (HOMA and (HOMA)) alongside the singlet-triplet energy separation

of phenalene and olympicene isomers.
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Figure 8. Global HOMA values and singlet-triplet energy separation (in eV) of isomers of
phenalene (B3Zn) and olympicene (BsZ»). The values in black refer to the proposed weighted
geometric mean ((HOMA), see Eq.5), while gray refers to the arithmetic mean (HOMA). The
energies are obtained with MR-AQCC/6-31G*//B3LYP/6-31G*.

Similar to phenalene-based systems, by removing the sp® carbon atom to form B4Zm species,
the character of the electronic states retain their single- and multiconfigurational characters. This
preservation is supported by the CI coefficients of the leading electronic configuration (Fig. S5) and
the relative singlet/triplet energy gaps (Fig. S5). A slight decrease is observed when comparing the
HOMA indexes of B4Zm with the corresponding BsZm molecules in both singlet and triplet states.
These findings suggest that the electronic properties remain unaffected by the presence of sp* carbon
atoms, which are not part of the conjugated systems. The reduction in HOMA values mentioned above
can mainly be attributed to the spatial deformation of the molecule, which tends in some systems to
form helicoidal structures. Overall, the properties of the olympicene BsZm and BaZm molecules exhibit
similarities to the phenalene B3Zm and B2Zm molecules. For m=1, 2, 4, and 5), the ring containing the
substituted carbon displays a significantly negative HOMA value (ranging from —0.69 to —0.81),

indicating stable molecules. For m = 3 and 6, the biradical structures have HOMA values close to zero
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(0.02 and -0.18), indicating unstable molecules. The position m =5 represents an intermediate scenario
in terms of aromaticity, where the ring adjacent to the substituted D ring also possesses a HOMA value
closer to zero (0.16 in BsZs). In contrast, the substituted ring presents a HOMA of -0.69.

The analyses based on NICS and VIST calculations also support the view on aromaticity
obtained from the HOMA index. The NICS(z) scans of Bs and Ba systems are presented in the
supporting information (Figure S4). Counting the rings with higher aromaticity within NICS (1) and
VIST values in Figure 7 also leads to the same general conclusions, in which m =1 seems to present
four rings with high aromaticity, followed by m =2, 4, and 5, with two higher-aromaticity rings. For
the biradical structure with m = 3, only one VIST value is reasonably negative (-19.9 ppm), located at
the outermost ring; its position correlates well with the location of the largest HOMA. For the other
biradical structure, m = 6, the VIST values indicate two moderately aromatic rings, in agreement with

the HOMA analysis.

IV.  Conclusions

In this study, ab initio methodologies were employed to investigate the reactivity and stability of
phenalene and olympicene isomers, along with their sp’-carbon-modified structures. The calculated
HOMA indexes indicated no significant changes when comparing B3Z» and BsZ» with their analogous
models, B2Z» and BaZnm, respectively. This suggests that removing sp*-carbon of three and five-ring
molecules does not affect the electronic structure. However, this index was able to signal important
variations in the stability of phenalene (B3Zn») and olympicene (BsZx) isomers to distinguish between
two different classes of isomers in terms of the stability due to the modified rings by sp*-carbon.

The substituted rings with HOMA values more negative than — 0.6 were associated with stable
molecules, while those with values closer to 0.0 indicated reactive isomers. To quantify this behavior,
a weighted geometric mean was employed to represent the global aromaticity of these fused ring

systems. MR-AQCC calculations provided further confirmation of this trend, as the HONO/LUNO
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orbitals and the singlet-triplet separation energy exhibited radical character for the 2H-phenalene
(B3Z>) and its analogous (B2Z2) molecule, as well as, for the BsZ3/B4Z3 and BsZ¢/B4Zs molecules.

When comparing the HOMA index results with those gathered from the NICS(1) and VIST
calculations, a consistent agreement was observed among these tools in characterizing the aromaticity
of individual rings. This agreement reinforces the general conclusions derived from the HOMA index.
The phenalene isomers, B3Zm and B2Zm, present the same pattern for a given m. The NICS(1) values
of the unsubstituted rings (A and C in Scheme 1) were closer to those of benzene for m=1, while for
m=2, the NICS(1) values were smaller in absolute value.

In the case of the BsZm systems, the m =1 exhibit four rings with high aromaticity, followed by
m =2, 4, and 5, where two rings displayed higher aromaticity. For the biradical structure with m = 3,
only one VIST value, located at the outermost ring, was reasonably negative (-19.9 ppm). This
correlates well with the location of the largest HOMA.

In conclusion, the comprehensive investigation conducted using aromaticity indexes, such as
HOMA, NICS(1), and VIST, along with the reactivity analysis based on the low-lying excited states,
the singlet-triplet energy separation, and the occupation of the natural orbitals calculated by
multiconfigurational methodologies, revealed that the removal of sp*-carbon from three and five-rings
molecules did not modify their = network, as initially anticipated. This fact may be of significant
interest as these molecules could possess similar properties while offering alternative routes for more
straightforward synthesis, thereby expanding the possibilities of starting materials and/or processes to

construct organic semiconductors.

Supporting Information
The support information material contains the following information: Molecular structures of
all studied systems (Scheme S1), natural frontier orbital plots of the phenalene isomers and n-electron

analogs (Figure S1), NICSzz scans of the phenalene isomers and m-electron analogs (Figure S2),



28

natural frontier orbital plots of the olympicene isomers and m-electron analogs (Figure S3), NICSzz
scans of the olympicene isomers and n-electron analogs (Figure S4), adiabatic S-T energy separation
and main squared coefficient (Co?) of the MR-AQCC wavefunction of the olympicene isomers and 7
electron analogs (Figure S5), ground and excited state configurations of the phenalene isomers and -
electron analogs (Table S1), total and relative (adiabatic) electronic energies of phenalene and
olympicene isomers (Table S2), comparison of the total energies of the ground state and relative
energies of the excited states of the phenalene isomers using several methodologies (Table S3), Global
HOMA index of fused rings systems (Table S4), Cartesian coordinates and HOMA values of
phenalene isomers optimized with M06-2X/def2-TZVP, Cartesian coordinates of all studied structures

optimized with B3LYP/6-31G*.
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