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Fully-organic molecules with high-spin ground states are promising building blocks for new lightweight
flexible magnetic materials for emerging technological applications (e.g. spintronics). In this study, we
explore the potential of diradicals made of two diphenylmethyl-based open-shell cores covalently linked
via different types of pentalene and diazapentalene-based antiaromatic couplers (including
dibenzopentalenes and acene-inserted derivatives). Accurate electronic structure calculations have been
employed to target non-bonding and non-disjoint frontier molecular orbitals that favor high-spin
configurations, leading to the identification of diradicals displaying robust triplet ground states. These
candidates exhibit singlet-triplet energy gaps that are up to ten times the thermal energy at room
temperature. These substantial gaps emerge from strong interactions between the m-systems of the
open-shell centers and the antiaromatic coupler. These interactions not only result in high spin states

Received Sth August 2024 but are also found to lead to an enhanced stability of the diradicals by drastically dampening their
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inherent antiaromatic character as compared to the bare couplers, and promoting a high degree of spin

density delocalization. These findings highlight the potential of pentalene-based diradicals as building
blocks for developing new advanced fully organic magnetic materials.
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Introduction

Antiaromatic molecules are attracting increasing interest for
applications in chemistry and materials science."” This trend is
primarily driven by both advances in synthetic techniques®™*
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and innovative designs devoted to enhancing the stability of
these molecules. Increased stability of antiaromatic systems can
be achieved through the attenuation and dilution of their
antiaromatic character (e.g., by dibenzoannulation>*® or by
insertion of nitrogen atoms'*°). Likewise, the inclusion of
bulky substituents has also been proposed as an alternative
strategy to increase the time and thermal resilience of the
unstable precursors.”**** Once stability is not a critical issue,
the unique electronic properties of antiaromatic molecules,
specifically a low HOMO-LUMO gap, make them promising
candidates for organic electronics***' and optoelectronic
applications.”***** The confluence of strategic designs, acces-
sible synthesis and the inherent electronic attributes of anti-
aromatic compounds have demonstrated their viability and
broadened their practical use. Such advances have led to the
successful synthesis of a new class of nanohoops'>'****® and
covalent organic frameworks,* demonstrating their potential
for real-world applications.

Recent work by Winter and co-workers*® has shown that the
strategy of conjugating an antiaromatic moiety to an open-shell
unit results in a synergistic stabilization of the whole system.
This is because the partial intramolecular charge transfer
between the antiaromatic and open-shell moieties dampens the
overall antiaromatic character of the combined systems and
favors the delocalization of the unpaired electron; a common
strategy to stabilize organic radicals. This conceptual approach

© 2025 The Author(s). Published by the Royal Society of Chemistry
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prompted us to explore whether similar strategies could be
exploited to stabilize diradicals and strengthen the magnetic
interactions between their unpaired electrons. In particular, we
focus on open-shell organic molecules possessing a robust
high-spin ground state.

The design and synthesis of organic diradicals displaying
a high-spin ground state is a long-standing research goal with
recognized potential for spintronics,*** memory devices,* spin
filters,****® and organic magnets.*”*® The practical application of
thermally stable high-spin organic diradicals requires large
energy gaps, AEgr, between the singlet (S) excited state and the
triplet (T) ground state.* Many organic compounds, including
recently reported antiaromatic molecules,'***® possess an
open-shell singlet ground state with an antiferromagnetic
(AFM) interaction between spins. Examples of fully-organic
diradicals displaying large ferromagnetic (FM) interactions
between spins are still uncommon compared to those exhibit-
ing AFM interactions, with much fewer studies reporting either
experimentally characterized compounds®** or computational
predictions that meet such conditions.***

One of the simplest, yet illustrative, examples of the potential
of antiaromatic molecules to bolster FM couplings in m-conju-
gated organic systems is 2,5-dimethylenylpentalene,®® My,Pl,
which can be considered as a functionalized pentalene coupler
with two added terminal methylenyl open-shell cores (R = My in
Fig. 1a) that serve as radical centers. My,Pl is a non-alternant
and non-Kekulé m-conjugated hydrocarbon that possesses
a doubly-degenerate set of non-bonding molecular orbitals
(NBMOs), as presented in Fig. 1b. In this case, Pauli repulsion
between nearby unpaired electrons promotes their parallel
alignment, thus favoring a triplet ground state to a first
approximation.” In addition, the specific carbon scaffold of
My,Pl results in a non-disjoint set of Singly-Occupied Molecular
Orbitals® (SOMOs), ie., the SOMOs cannot be localized on
distinct groups of non-overlapping atoms by any linear combi-
nation between them.®> Overall, the molecular orbital (MO)
topology typified by My,Pl significantly affects the energy
stability associated with antiparallel spin alignment (favoring,
e.g., bond formation).”® Consequently, the antiparallel spin
alignment primarily results in unfavorable electron-electron
Coulomb repulsion, favoring a triplet ground state and making
My,Pl a notable example of a topological ferromagnetic mole-
cule to a first approximation. As it may be seen in Fig. 1c, the
valence-bond structures delocalise each unpaired electron and
preserve an open-shell character through two separated conju-
gation paths that prevent any neutral closed-shell form.
Accordingly, a valence-bond approach provides a complemen-
tary explanation for the stabilization of the triplet state.

Herein, we focus on the design of high-spin antiaromatic
diradicals featuring non-bonding and non-disjoint SOMOs. Our
approach is modular, involving the assembly of diradicals from
separate building blocks, ie., two open-shell cores and an
antiaromatic coupler (see Fig. 1a). Concerning the antiaromatic
couplers, we will rely on three different strategies proven to
enhance the stability of the raw antiaromatic precursors (i.e.,
before forming the diradical): (i) phenyl ring insertion,**° (ii)
dibenzannulation'®®” and (iii) substitution of CH by nitrogen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic overview of the modular diradical design
featuring an antiaromatic pentalene coupler (PL, highlighted in orange)
and two open-shell cores R = My, DPM, PDM (highlighted in gray).
Some hydrogen atoms in DPM are explicitly shown to highlight the
differences with PDM. (b) SOMOs of My,Pl shown at a 0.04 e A~3
isosurface with blue and red regions indicating positive and negative
signs of the orbitals, respectively. (c) Representative Lewis structures of
My,PL.

atoms."” These strategies give rise to dicyclopenta-[n]acenes
(DPA[n]), dibenzopentalenes (DBP), and their respective diaza-
dicyclopenta-[n]acenes (DADPA[n]) or diaza-dibenzopentalenes
(DADBP). Regarding the open-shell units attached to the anti-
aromatic coupler, methylenyl (R = My in Fig. 1a) provides the
simplest example. However, its anticipated inherent instability
(upon favored disproportionation or recombination processes)
makes it more suitable as a theoretical proof of concept rather
than a realizable choice. Hence, for real-world applications, our
selection is inspired by persistent open-shell units that are
stable at ambient conditions. In this regard, diphenylmethyl (R
= DPM in Fig. 1a) cores offer steric protection to the spin-
bearing  center.®® We also consider  polychloro-
diphenylmethylenyl (R = PDM in Fig. 1a) cores, specifically di-
(2,6-dichloro)-diphenylmethylenyl, because the chlorine atoms

Chem. Sci., 2025, 16, 430-447 | 431
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in the ortho positions of PDM further protect the open-shell
center.”

Preliminary insights into the molecular orbital topology of
these planar m-conjugated hydrocarbon diradicals can be
gained from methods like spectral graph theory** (SGT, further
elaborated in ESI Section 17). Here, we show how these methods
can be used in a computationally efficient approach to design
new high-spin antiaromatic diradicals with a specific MO
topology akin to My,Pl. Extended-Hiickel (EH) and simple SGT
models lack the capability to fully capture higher-order effects
like electron correlation of non-bonding SOMOs with the rest of
the -MOs.*** Therefore, we have employed Density Functional
Theory (DFT) and Correlated Wave-Function (CWF) ab initio
methods for a rigorous evaluation of AEsy gaps and magnetic
properties.

In our strategic diradical design, we have also considered the
chemical stability of the compounds compared to their bare
antiaromatic precursors. However, chemical stability is
a multifaceted concept that lacks a universally accepted defi-
nition or measurable unit. When dealing with fully-conjugated
polycyclic hydrocarbons, the (anti)aromatic character can
provide a comparative indicator of stability across different
chemical systems. Accordingly, we have opted for Bond Length
Alternation (BLA), Nuclear Independent Chemical Shifts
(NICS),’ Anisotropy of the Induced Current Density
(ACID),**** magnetically induced current density maps,'**
and bond current strengths'® as indirect measures of aroma-
ticity. Additionally, we have also employed an analysis based on
Radical Stabilization Energy (RSE),**>**° further discussed in the
Results and discussion section. These molecular descriptors
have provided a robust framework to gauge the stability of the
studied pentalene-based diradicals and couplers from their
(anti)aromatic character.

Pentalene is a relatively unstable molecule that has been
traditionally studied mostly as a formal chemical example of
antiaromaticity. The potential for practical applications of
pentalene derivatives has been somewhat overlooked until
recently.>® We underscore that the instability of pentalene, and
some of its derivatives, is markedly mitigated when their dir-
adical derivatives are considered. This insight provides the
basis for a new class of promising pentalene-based diradicals
with robust triplet ground states and large AEsy gaps, together
with a few examples exhibiting singlet-triplet gap inversion. Our
results could breathe new life into the practical potential of
pentalene-based systems for emerging applications.

Results and discussion

This section is organized in five parts. In the first part, we focus
on the evaluation of AEgy gaps for diradicals built from penta-
lene and diaza-pentalene derivatives. We have also assessed the
effect on AEgr of the insertion of poly-acenes within the pen-
talene core (i.e., dicyclopenta-[nJacenes or DPA[n]) and the
replacement of the methylenyl radical units by other protected
radical centers. As mentioned in the introduction, we employ
My as our theoretical proof of principle, and DPM or PDM as
potentially realizable units. In the second part, we gauge the
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relative stability of DPA[n]-based diradicals in comparison to
their bare antiaromatic precursors by means of BLA, aromaticity
descriptors (such as NICS, ACID, magnetically induced current
density maps, and bond current strengths), and an analysis
based on the RSE. In the third part, we explore the impact of
inserting standard functional groups to DPA[n]-based diradicals
in both the magnetic properties and structural parameters
related to the electron correlation. In the fourth part, we carry
out similar AEgy, BLA and NICS analyses for diradicals based on
dibenzopentalene couplers (i.e., DBP). To conclude, in the fifth
part, we report the AEgr gaps and discuss the viability of all
newly suggested diradicals, leading to the identification of the
most promising candidates over the studied set of compounds.

AEgy gap in core-expanded and substituted pentalene
diradicals

The set of antiaromatic diradicals explored in this section
consists of two open-shell R cores (R = My, DPM, PDM) linked
by either DPA[n] or DADPA[n] (X = CH and X = N in Fig. 2a,
respectively). Among the six possible constitutional isomers of
My,-DPA[n], we have exclusively considered the 2,5-connectivity
because the other isomers display non-degenerate SOMOs, thus
leading to AFM interactions (see ESI Section S2.1}). The evalu-
ation of AEg gap for My,-DPA[n] diradicals at DFT level (PBEO/

R R =My, DPM, PDM
X=CH,N

(b) R,-DPAn]
o
o® i
° <
I R
g Vv R =My S
3 R = PDM oyt
g L >
ool Kot (c) rR,-DADPAN]
= I N T
® s R=DPM
v R =My N N
Q — s —
2 / e
WV R=PDM b
o
0 1 2 3

number of fused rings (n)

Fig. 2 (a) Chemical structures of diradicals based on dicyclopenta-[n]
acenes (R,-DPAI[n], X = CH) and diaza-dicyclopenta-[n]acenes (R»-
DADPA[n], X = N). Plots (b) and (c) show the singlet-triplet gap (AEst
in kcal mol™) as a function of the increasing number of fused 6-
membered rings (n from O to 3) for R,-DPA[n] and R,-DADPAI[n],
respectively. Colored data points correspond to different cores: R =
My (blue), R = DPM (red), and R = PDM (yellow). Dashed lines are
included as guides to the eye.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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6-311G*, see Computational details) reveals a triplet ground
state with a large gap of ca. 5.6 kcal mol™' for the first
compound of the series (n = 0, My,-DPA|0] colored in blue in
Fig. 2b). Now, considering that thermal energy at room
temperature (RT) is roughly 0.6 kcal mol ', the AEg; gap
effectively results in a 100% population of the triplet state at
room temperature.”™ The nitrogen-doped counterpart, My,-
DADPA[0], exhibits an even larger AEgy gap of ca. 8.5 keal mol ™,
as depicted in Fig. 2¢ (colored in blue). It should be mentioned
that DPA[0] has also been predicted to mediate strong magnetic
couplings between metal centers in 2D Cr-based metal organic
frameworks.'**> Notably, the AEgr gaps of DPM,-DPA[0] and
PDM,-DPA[0] analogues also show comparable values, sug-
gesting that the incorporation of DPM and PDM cores does not
significantly alter the magnetic interactions between the
unpaired electrons of these diradicals.

Interestingly, our DFT results show a reduction of the AEgy
gap upon increasing the number of inserted 6-membered rings
(see Fig. 2b and c). Remarkably, a crossover is observed in both
series for n > 2, reversing the energetic stability of the singlet
and the triplet states. Such a crossover is at odds with the
predictions of models based solely on the topology of the
frontier orbitals. In all cases the SOMOs of all diradicals of My,-
DPA[n] and My,-DADPA[n] series are predicted to be non-
disjoint NBMOs, thus, anticipating a triplet ground state for
all of them to a first approximation (see ESI Section S2.21 for
a visual representation of the SOMOs derived from SGT).
Accordingly, our results highlight the significant role of electron
correlation in expanded (diaza-)pentalene series and the limi-
tations of rational design based solely on the topology of the
SOMOs.

The observed trends can be rationalized in two different
ways. First, a close examination of the spin distribution of R,-
DPA[0] and R,-DADPA[0], provided by Mulliken atomically-
partitioned spin populations, reveals stark contrasts between
the singlet and triplet states configurations (see Section S3.1 of
the ESIt). In the singlet state, the spin distribution resembles
that of the two allylic subunits of the well-known tetramethy-
lenethane diradical.®>*** In contrast, in the triplet state, the spin
distribution is delocalized towards the terminal open-shell
units, arguably enhancing the triplet stability with respect to
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the singlet by reducing the electron Coulomb repulsion. This
effect is also observed when progressing along the R,-DPA[n]
and R,-DADPA[n] series. However, the gain from delocalizing
the spin density becomes progressively smaller relative to the
total number of atoms. As a result, the impact of spin density
delocalization on the AEgr gap decreases with increasing
molecular size. Alternatively, the trends can be understood on
the basis of a qualitative analysis of the SOMOs of R,-DPA[0]
and R,-DADPA[0]. The shape of the SOMOs (see Fig. 1b)
suggests a high degree of overlap density, as the orbitals are
confined to the same limited spatial region. This overlap
density is generally associated with substantial positive AEgr
gaps and implies significant exchange integrals."™* To further
substantiate these qualitative observations, we calculated the
exchange integrals across each series (see ESI Section S3.2t). We
found that the exchange integral markedly decreases with
increasing n in both series, which aligns with our finding that
the SOMOs become increasingly delocalized with each incre-
ment in the series and, thus, the overlap density drops.

The DFT/PBEO results in Fig. 2b and ¢ have been validated by
other hybrid DFT functionals (reported in ESI Section 4.11) and
also by employing Complete Active Space (CAS) and Difference-
Dedicated Configuration Interaction****'® (DDCI) methods. The
good agreement found between DFT/PBEO and DDCI results
(see first two rows of Table 1) demonstrates that PBEO is a suit-
able choice of DFT functional to adequately assess AEgy gaps for
this kind of systems. Regarding the CASSCF results, we
systematically expanded the active space from the simplest 2-
orbitals and 2-electrons, CAS(2,2), up to 10-orbitals and 10-
electrons, CAS(10,10), to examine the impact of electron corre-
lation along the series (the CAS(10,10) molecular orbitals are
shown in ESI Section S4.2%). Accordingly, we calculated the AEgy
gap in both R,-DPA[n] and R,-DADPA[n] at n = 0 and n = 2, i.e.,
just after the AEgy crossover of R,-DPA[n]. We carried out these
calculations only for methylenyl (R = My) core as a proof of
principle. As observed in Table 1, DDCI and CAS(2,2) results
predict a similar AEgy value for both My,-DPA[0] and My,-
DADPA[0]. The good agreement between DDCI and CAS(2,2)
demonstrates the small impact of electron correlation at n = 0,
as the latter only accounts for the correlation between the
SOMOs of the diradical. In contrast, for n = 2, the predicted

Table 1 Comparison of singlet-triplet energy gaps (AEsr in kcal mol™) for My,-DPAIO], My,-DPA[2], and diaza-derivatives (My,-DADPA[0] and
My,-DADPA[2]) calculated using DFT/PBEQ, DDCI(2,2) and CASSCF, using active spaces of increasing size (2,2) to (10,10). The values for DFT/
PBEO and DDCI calculations are colored in green to emphasize their agreement. Values colored in red correspond to CAS(N,N) cases where the

AEst changes sign with respect to DDCI(2,2)

Method/Radical My2-DPA|[0] My2-DADPA[O0] My2-DPA|2] My2-DADPA|[2]
DFT/PBEO +7.1 +8.0 -2.8 +1.1
DDCI(2,2) +7.3 +7.5 -2.1 +2.0

CAS(2,2) +7.6 +6.5 +0.7 +2.4
CAS(4,4) +17.9 +16.9 -8.2 +5.9
CAS(10,10) +9.7 +12.1 -4.2 +1.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ordering of singlet and triplet energy states is reversed when
going from CAS(2,2) to DDCI: while DDCI predicts an AFM
interaction (AEgy < 0), CAS(2,2) wrongly predicts a FM interac-
tion (AEgy > 0). Notably, the correct relative energy of the spin
states is recovered for CAS(4,4) and CAS(10,10), where a higher
degree of electron correlation is allowed by expanding the active
space. Overall, the CASSCF and DDCI results further highlight
the impact of electron correlation on the AEgr gap for this type
of systems.

Stability analysis of expanded pentalene couplers

The relative stability of diradicals belonging to the R,-DPA[n]
and R,-DADPA[n] series has been assessed by means of: (i) bond
length alternation analysis (BLA), (ii) aromaticity criteria based
on the induced effects on the molecule as a response to an
external magnetic field, such as NICS, ACID, current density
maps and bond current strengths, and (iii) RSE. In the first part
of this subsection we focus on the simplest compound of the
expanded pentalene series, i.e., My,-DPA[0], to illustrate the
overall behavior. Further evidence for the rest of the cases is
provided later in the main text and in ESI Section S5.t

The bare DPA[0] moiety (i.e., pentalene) can be identified as
one of the most unstable couplers against dimerization reac-
tions (among other processes) of the expanded pentalene
series.” In line with previous theoretical work,"” as well as NMR

(a) BLA (b)

DPA[O]

My,-DPA[0]

=

BISALLYL-LIKE

S

cont-NICS_ (1)
zz
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studies on 1,3,5-tri-tert-butylpentalene,® the isolated DPA[0]
adopts a C,y, configuration with alternate short and long C-C
bonds (see BLA Fig. 3a). This configuration results from
a pseudo-Jahn-Teller distortion of the D,;, configuration with an
even distribution of C-C distances''® and shows a localized 7
system that helps attenuate the antiaromatic character of the
compound.® The alternating C-C bond pattern of the DPA[0]
moiety drastically changes when My units are connected to the
DPA[0] coupler and form the My,-DPA[0] diradical. Specifically,
My,-DPA[0] features two local m-conjugated fragments (dis-
playing two pairs of adjacent C-C distances of 1.387 A, colored
in green at Fig. 3a) arranged such that the system recovers a D,y
symmetry. Another significant structural feature observed for
My,-DPA[0] is a short C-C bond length of 1.364 A between the
My and DPA[0] blocks (see the bond lengths colored in red of
Fig. 3a).

To assess the (anti)aromatic character of My,-DPA[0], we
analyzed the chemical shielding at the center of the five-
membered ring of the diradical, using the bare DPA[0] unit as
a reference. In an external magnetic field, aromatic systems
produce a diatropic electron current, resulting in molecular
shielding.***** Conversely, antiaromatic systems induce a par-
atropic current, causing deshielding specially at the center of
carbon rings."”"** We have gauged the tropicity of the current
and assessed the (anti)aromatic character of the system by

(c)

+56
+48

0.0
25
5.0
75 %
4100 M
-125
-15.0
175
200

PENTALENE-LIKE

—Q0-

Fig. 3 (a) BLA analysis for bare DPA[O] and My,-DPA[0] diradical, with distances (given in Angstrom) in bold indicating shorter values and
distances in gray representing larger values. (b) cont-NICSzz(1), where the color gradient ranges from red to blue, indicating regions from high
deshielding to high shielding, respectively. NICS values are provided in ppm. The position of all carbon atoms is colored in black for the bare DPA
[0], while carbon atoms in My,-DPAIO0] diradical are colored according to the color scheme used in BLA. The position of hydrogen atoms is
colored in gray in both compounds. (c) ACID results for DPA[0] and My,-DPAIOQ], where red arrows indicate the direction of the current. (d) Lewis
resonance structures for My,-DPA[O], with bisallyl-like structures (green) and pentalene-like structures (red), emphasizing the former being more
likely. Note that the analyses for DPA[O] and My,-DPA[O] have been carried out for their respective ground electronic states (closed-shell singlet
and triplet, respectively).

434 | Chem. Sci., 2025, 16, 430-447 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05225k

Open Access Article. Published on 21 November 2024. Downloaded on 6/3/2025 12:00:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

means of the ZZ component of the magnetic shielding tensor
(NICSzz). Here, we focused on NICS;;, located at 1 A above the
molecular plane, designated as NICSyy(1), since the major
contributions to the chemical shielding arise from the -
system'** and, thus, it is an appropriate indicator of the (anti)
aromaticity of planar molecules. In addition, following the
methodology of Lampkin et al.,*** we extended the calculation of
NICSz,(1) beyond the ring's centers by evaluating contour levels
of NICS,(1) across the entire molecular plane. This approach,
named herein as cont-NICS;;(1), not only offers an illustrative
NICS map, but can also hint at average resonance structures of
planar polycyclic hydrocarbons. Additionally, we have also
calculated ACID, current density maps and bond current
strengths induced by magnetic field applied perpendicular to
the molecular plane, which provides complementary evidence
to our analyses.

DPAI[0]

View Article Online

Chemical Science

The cont-NICSz(1) map for the bare DPA[0] unit shows
a significant positive NICS;,(1) of ca. 60 ppm at the center of
both 5-membered rings (see Fig. 3b), indicating a severe
deshielding at each center and, thus, a strong antiaromatic
character. Moreover, the shared region between both 5-
membered rings features a lower deshielding compared to the
ring centers, denoting a certain degree of localized paratropicity
where the direction of the currents in both rings counterbalance.
ACID plots further support this interpretation, showing
pronounced paratropic currents in both DPA[0] rings (see red
arrows in Fig. 3c). In line with the BLA results discussed above,
cont-NICSz,(1) also shows alternant shielded regions along the
carbon scaffold, revealing localized - interactions and further
evidence of the characteristic C,}, pseudo-Jahn-Teller distortion
of the bare DPA[0]. In contrast, cont-NICS;,(1) displays a residual
positive NICSz(1) of ca. 2 ppm at the ring centers of My,-DPA[0],
which indicates a considerable dampening of the antiaromatic

My,-DPA[0]

Fig. 4 Current density maps for a perpendicular magnetic field over a plane 1 au above the molecular plane of DPA[O] and My,-DPA[Q], at the
PBEO/6-311G* level of theory. (a and b) All-electron, and (c and d) m-electron contribution for DPA[O] and My,-DPA[O], respectively. Bond
current strengths for a magnetic field perpendicular to the molecular plane for (€) DPA[O] and (f) My,-DPAI[O]. Red/blue contours are for +£1072 au
of the current density cross section, delimiting domains for the integration of the bond current strength. Values aside each arrow represent the
percentage relationship with respect to a reference current strength of 12 nA T~L. Diatropic/paratropic circulations are clockwise/anticlockwise.
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character compared to its precursor. The cont-NICSzz(1) map
depicts two local m-conjugated regions (see Fig. 3b), each con-
sisting of three carbon atoms, which resemble two connected
allyl moieties (i.e., - CH,~CH=CH,, see atoms colored in green).
There is also a significantly shielded region between My and DPA
[0] carbon atoms, further proving the strong interaction between
the open-shell centers and the coupler. The ACID results for My,-
DPA[0] show a weaker and disordered electron current compared
to DPA[0] that supports the mitigated antiaromaticity of My,-
DPA[0] (refer to Fig. 3c). This current also encompasses the
carbon atom of the My core, revealing the strong participation of
the My open-shell units to the m-system. Given that BLA, ACID
and NICS provide somewhat qualitative insights of electron
currents, Fig. 4 shows the results of current density maps and
bond current strengths analysis. As it may be seen in the current
density maps, DPA[0] features a strong paratropic ring current,
irrespective of whether all orbitals or only m-orbitals are
considered (see Fig. 4a and c, respectively). Consistent with these
results, high values of bond current strength are found (see
arrows in Fig. 4e). Conversely, the magnetic field is not able to
induce any relevant ring current (either paratropic or diatropic)

View Article Online
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in My,-DPA[0] and, thus, no significant bond current strengths
are found (see Fig. 4b, d and f).

Our findings suggest that the electronic structure of the DPA
[0] coupler in My,-DPA[0] diradical resembles that of a non-
aromatic, bisallyl-like unit rather than an antiaromatic,
pentalene-like (see Fig. 3d, green and red, respectively). Overall,
our results unveil a significant dampening of the antiaromatic
character of My,-DPA[0] compared to DPA[0] and, consequently,
the former can be expected to have an enhanced stability with
respect to the precursor based on aromaticity criteria.

We have also performed similar BLA analyses for DPM and
PDM cores, as detailed in ESI Section 5.1.f The results for
DPM,-DPA[0] and PDM,-DPA[0] align well with our conclusions
for My,-DPA[0]. Notably, both sterically protected derivatives
display the characteristic bisallyl-like character and display
pronounced C-C double-bonds between each core and the DPA
[0] coupler. Such a robust core-coupler interaction provides
further insights to explain why DPM and PDM units do not alter
significantly the AEsy gap compared to My,-DPA[0] (as observed
in Fig. 2b). Namely, promoting a bisallyl-like electronic struc-
ture is preferred over diluting the spin density to the terminal
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Fig.5 (a) NICSz2(1) values for the constituent rings (Cs, C¥, and Cg) of My,-DPAIn] diradicals across the total number of fused [nlacenes (i.e., nin
x-axis). NICSzz(1) values are given for both triplet (T, italic) and open-shell singlet (OSS, bold) states. The gaps between the NICSzz(1) values of the
T and OSS states are given using the following color code: blue (Cs), orange (CY), and green (C2). The values for bare couplers are framed in red
for each ring. Next to each value of n, it is specified whether the triplet state is lower or higher in energy compared to the open-shell singlet. (b)
Radical stabilization energy (RSE, in kcal mol™?) for the members of the My,-DPAIn] (blue) and My,-DADPAIn] (red) series. RSE values have been

obtained considering the reaction shown on the left.

436 | Chem. Sci., 2025, 16, 430-447

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05225k

Open Access Article. Published on 21 November 2024. Downloaded on 6/3/2025 12:00:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

phenyl rings of DPM and PDM and, thus, the core choice barely
affects the topology of the SOMOs and the AEgsr gap.

In order to gauge the relative stability of the diradicals
compared to their bare precursors along the My,-DPA[n] and
My,-DADPA[n] series, we conducted a systematic NICSz(1)
evaluation (see Fig. 5a) at the center of each 5-membered (Cs,
colored in blue) and both 6-membered ring types (middle and
side, i.e., C¥' and C3, respectively colored in orange and green).
For the My,-DPA[n] series, the NICS,,(1) gap between triplet (T)
and open-shell singlet (OSS) states progressively widens (see
Fig. 5a) for all C5, C§" and C{. This indicates that the OSS elec-
tronic structure becomes increasingly more aromatic relative to
the T solution across all its rings. In turn, the NICSz,(1) values
of the bare DPA[n] coupler (framed in red at Fig. 5a) decrease
notably upon advancing through the series, in line with other
studies.””® That is, My,-DPA[0] (2.3 ppm) and My,-DPA[1] (1.2/
7.8 ppm for C5/CY") diradicals exhibit much smaller NICS,,(1)
values compared to their respective bare DPA[0] (61.2 ppm) and
DPA[1] (50.9/43.3 ppm for Cs/Cg') precursors. It is worth
mentioning that the antiaromaticity dampening observed for
My,-DPA[1] is in line with the results obtained for diradicals
made of two verdazyl radicals linked through indacene,®®
although the degree of dampening observed in our case is much
larger. Conversely, the NICS;;(1) for My,-DPA[2] approaches
those of DPA[2] and even exceeds them in the case of My,-DPA
[3] (see color code for comparison between numerical values in
Fig. 5). Essentially, the antiaromatic dampening of diradicals in
both T and OSS compared to their bare precursors is clearly
mitigated upon progressing through the series. The NICS;,(1)
results are in line with the BLA study carried out for the whole
My,-DPA[n] set (see Section S5.1 of the ESIt). We found that the
characteristic alternate pseudo-Jahn-Teller distortion from
symmetric D,y to C,;, point group spotted for the bare DPA[0]
disappears when progressing through the series. However, the
bisallyl-like character of the corresponding My,-DPA[0] dir-
adicals is preserved as n increases. The trends of NICSz(1) for
the My,-DADPA[n] series are similar to the trends discussed
here (see ESI Section S5.27 for further details).

Although the aromaticity criteria employed so far usually
correlate with chemical stability, recent literature*®**” suggests
the relationship between (anti)aromaticity and (in)stability for
radicals may not be as clear-cut as previously thought. For this
reason, a complementary assessment of the relative stability of
the compounds of both My,-DPA[n] and My,-DADPA[n] series
have been carried out by means of a RSE analysis of the iso-
desmic'®'* reaction sketched in Fig. 5b.*® The RSE energy is
found in all cases to be positive, thus indicating that there is
a significant energy gain in the resonance energy of the dir-
adical due to the presence of the extra unpaired electrons in the
m-system. The RSE for My,-DPA[0] is ca. 10 kcal mol " higher
than that of My,-DPA[1] and monotonically decreases as the
order of the fused [n]acene increases (see blue curve). Accord-
ingly, My,-DPA[0] is the diradical benefiting the most from the
participation of the unpaired electrons in the 7-system and its
associated dampening of the antiaromatic character of the
coupler. Notably, the trends discussed for My,-DPA[n] also hold
for My,-DADPA[n], although the RSE values are lower than those

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the all-carbon analogs (see red curve) due to the inherently
lower antiaromatic character of the diaza-couplers.

In conclusion, all BLA, NICS, ACID, current density maps,
bond current strengths, and RSE analyses indicate that the
bonding of the radical centers and the antiaromatic coupler
result in an enhanced stability of the diradical compounds for all
the members of My,-DPA[n] and My,-DADPA[n] series due to
a dampening of the antiaromatic character. Notably, the smallest
diradicals (i.e., Ry-(DA)DPA[0] and R,-(DA)DPA[1]) not only
display greater stabilization compared to the bare precursors but
also exhibit the most pronounced ferromagnetic interactions.

Diradical stability enhancement through coupler
functionalization

Having shown that the most promising candidates are R,-(DA)
DPA[0] and R,-(DA)DPA[1], we now focus on blocking the
potential dimerization reactions commonly occurring in
organic open-shell systems. Taking into account that the most
vulnerable sites against dimerization processes are those pos-
sessing the highest spin density,'” it is clear from the spin
density of My,-(DA)DPA[1] that special attention must be paid to
C,, Cp and C. atoms shown in Fig. 6a. Note that a similar

@ DPM,-DPA[1]
© PDM,-DPA[1]

©DPM,-DADPA[1]
@ PDM,-DADPA[1]

AE, kcal/mol

1.38 1.40 1.42

C-C distance, dg, A

1.44

Fig. 6 (a) Spin density of My,-DPA[1] at a 0.03 e A~3 isosurface, with
purple and orange representing positive and negative density regions,
respectively. (b) Scheme reflecting the coupler functionalization
strategy applied to DPA[1] and DADPA[1]-based diradicals, where R
represents various functional groups (NO,, CN, Mes, NH,, or NMe,). (c)
The distribution of AEst gaps (y-axis) is shown relative to the func-
tionalization group (R) and the x-axis corresponds to the C-C bond
length indicated in (b). Specific AEst gaps for functionalized DPM,-
DPAI[1], PDM,-DPA[1], and their diaza-substituted analogs (DPM,-
DADPA[1] and PDM,-DADPA[2]) are highlighted in red, green, orange,
and purple circles, respectively, with a colored dashed line serving as
a visual guide to the eye. The non-functionalized diradicals are marked
with stars, using the same color code.
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situation arises in C, and Cy, sites of R,-(DA)DPA[0] (see Fig. S4
in ESI Section S3.17). Since the use of bulky DPM or PDM cores
already offers steric protection to C, and C,, sites, we focus on
the functionalization of the remaining vulnerable C. sites of
My,-(DA)DPA[1]. Our selection of functional groups (-R in
Fig. 6b) is based on a twofold approach: (i) achieving a higher
degree of spin density delocalization through electron-
withdrawing (EW) groups such as -NO, and -CN, or electron-
donating (ED) groups like -NH, and -NMe,; and (ii) providing
steric hindrance using bulky groups like mesityl (-Mes) without
a particular withdrawing or donating character.”* In this
section we assess the impact of these functionalizations on our
target property, namely the AEgy gap.

Fig. 6¢ depicts the distribution of the AEgy values with respect
to the C-C distance of the core-coupler building blocks (labeled as
dcc in Fig. 6b) for all functionalized R,-DPA[1] and R,-DADPA[1]
diradicals, only using DPM and PDM cores. Focusing first on the
AEgy values (y-axis), ED substitutions (-NH, and -NMe,) generally
pull the AEgy gaps in favor of AFM interactions in all cases but for
DPM,-DADPA[1], where the AEgy is still positive but lower in
magnitude. This underscores the role of ED groups in attenuating
the antiaromaticity of the bare DPA[1] coupler by serving as an
alternative electron source to the m-system, thereby reducing the
contribution of the core unpaired electrons and, thus, decreasing
the AEgr. On the other hand, EW substitutions (-NO, and -CN)
induce the opposite effect compared to ED functionalization,
retaining the FM interactions of the diradical. Interestingly, the
initially negative AEgy gap in the bare PDM-DPA[1] becomes
positive upon functionalization with either -NO, or -CN. This can
be attributed to the fact that EW groups pull out the electron
density from the coupler, forcing a higher contribution of the
open-shell core electrons to the w-system. The different degree of
contribution of the open-shell core to the 7t-system can be eval-
uated through the C-C bond lengths (see x-axis in Fig. 6c).
Indeed, R,-DPA[1] shows a shorter bond length when the dir-
adical is functionalized with EW groups because these force
a larger contribution of the core to the m-system. Following an
analogous rationale, the C-C bond length of the core-coupler
bridge in ED-substituted diradicals displays a larger value.
Remarkably, mesityl (-Mes) functionalization results in AEgy gaps
akin to those of bare diradicals, demonstrating that such func-
tionalization has no impact on electronic structure.

AEgy gap in dibenzoannulated pentalene diradicals

In this part, the focus is shifted to derivatives of dibenzo-
pentalene (see Fig. 7a), which comprise a subset of pentalene-
based antiaromatic compounds that have recently gained
recognition for their stability and potential applications.">***
Similarly to the DPA[n] and DADPA[n] series, the stability of
dibenzopentalenes arises from the attenuation of the anti-
aromatic character through the annulation of two benzene rings
to the pentalene unit. Notably, dibenzo[a,e]pentalene and
dibenzo[a,flpentalene isomers have been subject of intensive
characterization in recent studies,*'****' revealing that the
latter intrinsically possesses an open-shell character prior to
functionalization with open-shell cores.” The discussion here is
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Fig. 7 Lewis structures and cont-NICSzz(1) contour plots of selected
dibenzola,elpentalene isomers. (a) Chemical structures display bare
dibenzola,flpentalene (left) and dibenzola,e]pentalene isomers (right,
green). Below, some of the possible diradical derivatives of dibenzo
la,elpentalene (DBP, X = CH) and diaza-dibenzola,elpentalene
(DADBP, X = N) are depicted. Cont-NICSz(1) contour plots for (b) the
bare DBP coupler and (c) 2,7-My,-DBP diradical. The color gradient in
(b) and (c) ranges from red to blue, indicating regions from high
deshielding to high shielding (in ppm), respectively.

limited to dibenzo[a,e]pentalene and its diaza-derivative, 5,10-
diaza-dibenzo[a,e]pentalene, referred hereafter as DBP and
DADBP, respectively. Following the approach employed in
previous parts, our study considers the double functionalization
of DBP and DADBP units with My, DPM, and PDM open-shell
cores at different positions (collectively referred to as R in
Fig. 7a). Note that although 28 different constitutional isomers
can be conceived, we have selected four representative cases for
an in-depth characterization of their magnetic and electronic
properties.

According to both SGT and EH methods, 2,7-R,-DBP and 4,9-
R,-DBP diradical isomers are predicted to feature a pair of non-
bonding, non-disjoint SOMOs (refer to ESI Section S$2.37).
Hence, these isomers are anticipated to be diradicals displaying
FM interactions. In contrast, the SOMOs of 1,6-R,-DBP and 3,8-
R,-DBP isomers, although still non-disjoint, cannot be classi-
fied as NBMOs, which renders them prone to exhibit negative
AEgr values. Their inclusion in this study, however, has served

© 2025 The Author(s). Published by the Royal Society of Chemistry
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as an evaluation of the consistency of the SGT and EH models
compared to the DFT and CWF approaches. The PBE0/6-311G*
AEgy gaps for both My,-DBP and My,-DADBP are summarized in
Table 2 and validated with specific CAS and DDCI calculations
(see ESI Sections S4.2 and S4.3%1). In agreement with their
associated molecular orbital topologies, both 2,7-My,-DBP and
4,9-My,-DBP isomers exhibit large AEsy gaps of ca. 3.5 and
3.0 kecal mol™", respectively. As in R,-DPA[n], these gaps
significantly exceed thermal energy at room temperature (RT =
0.6 kcal mol™"), which place them as robust FM diradicals.
Consistent with these findings, their diaza-derivatives, i.e., 2,7-
My,-DADBP and 4,9-My,-DADBP, display even larger AEsr gaps
compared to their DBP analogs. In contrast, the 1,6-My,-DBP
and 3,8-My,-DBP isomers display considerably smaller AEgy
gaps, with 3,8-My,-DBP undergoing a severe singlet-triplet gap
inversion for both DBP and DADBP couplers. This can be
understood by the fact that conjugation of radical centers in 3,8
configuration leads to closed-shell resonance forms (see ESI
Section S4.47). Extending upon the previous framework, we
have evaluated the AEgr gap for the isomer having a 2,7-
connectivity with DPM and PDM open-shell cores (see last two
rows of Table 2). While all these diradicals display positive AEst
values, our results reveal that PDM derivatives specially retain
a robust AEsy gap, thus positioning 2,7-PDM,-DBP and 2,7-
PDM,-DADBP as the most promising and experimentally real-
izable candidates among this set.

In line with the methodologies applied to the DPA[n] series
in previous parts, cont-NICS;,(1) and BLA analyses were per-
formed on My,-DBP-based compounds. For the 2,7-My,-DBP
isomer, our findings parallel those from the My,-DPA[n] series,
i.e. the C-C bond length between the My cores and the DBP
coupler is relatively short, indicative of a significant core
participation in the 7-system (see ESI Section S5.1%). Unlike the
My,-DPA[n] series, however, the BLA analysis reveals that the
pentalene moiety in the bare DBP undergoes less severe struc-
tural deformations upon open-shell functionalization.
Furthermore, cont-NICSz(1) analysis (see Fig. 7b) indicates that

Table 2 AFEgr gaps (in kcal mol™) for My,-DBP and My,-DADBP
structural isomers. Values correspond to structures depicted in Fig. 7,
including AEst gaps for sterically protected 2,7-DPM, and 2,7-PDM,
analogs in the last two rows. Negative AEst gaps are highlighted in red

Isomer DBP DADBP
1,6-My: 0.1 2.4
2,7-My:2 3.5 5.1
3,8-My: -2.2 -14.9°
4,9-My:2 3.1 3.6
2,7-DPM2 1.6 1.7
2,7-PDM2 3.0 3.7

4 Calculations that led to a closed-shell singlet state, otherwise, the
open-shell singlet state is reported.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the shielding values in the 5-membered rings of DBP are far less
negative compared to isolated DPA[0], confirming a dampened
antiaromatic character of the former (further corroborated by
cont-NICS(1) results reported in ESI Section S5.3t). Starting
from an inherently less antiaromatic base structure such as DBP
may reduce the driving force for extensive electronic structure
deformations to mitigate antiaromaticity upon diradical
formation, such as the emergence of the bisallyl-like average
resonance form observed in R,-DPA[n]. Yet, the cont-NICSz,(1)
values at the center of the 5-membered rings in the diradical are
substantially lower than in bare DBP (see Fig. 7c).

Promising pentalene-based derivatives as high-spin diradicals

In view of the large number of molecules considered in this
study, a classification has been devised based on their potential
experimental viability and their magnetic AEsr gap. The
viability criteria was established based on three key factors: (i)
whether or not the bare coupler (or a closely related analogue)
has been synthesized, (ii) the stability associated with the (anti)
aromatic character of the diradical as well as that related to the
bare coupler, and (iii) potential steric hindrance concerns
between the bare coupler and the open-shell centers when the
radical is formed, specifically for R = DPM and PDM. The
classification is summarized in Fig. 8, where a radial diagram is
employed to categorize the molecules according to their
experimental viability and AEsr. The angular component and
color gradient are utilized to represent AEgr values. The left
region, colored in varying shades of blue, includes diradicals
possessing AFM interactions. Conversely, the right region,
colored in shades of red, encompasses diradicals with strong
FM interactions. The radial axis reflects the potential viability of
each molecule based on the aforementioned criteria. A discrete
color scheme further differentiates specific cases according to
their experimental viability, ranging from unlikely (yellow) to
possible (green) and feasible (purple).

For the DPA[n] and DADPA[n] series, our findings reveal that
compounds with n = 2 generally display AFM interactions,
irrespective of their synthetic feasibility. The DPA[0] and DADPA
[0] members of the series exhibit the largest positive AEgr gaps,
but the inherent antiaromatic instability of their precursors
limits their viability. Additionally, the high values of spin pop-
ulation on some of the carbon atoms might make them prone to
react when the cores are not protected. The most favorable
balance between a robust triplet AEsr gap and experimental
viability of the precursors is expected for DPA[1] and DADPA[1]
derivatives, especially for the latter. Although these specific
precursors have not been experimentally characterized, closely
related derivatives have been reported in the literature.'*'®*
Notably, the functionalization of the existing derivatives is
mainly based on steric protection, which is unlikely to
substantially perturb the topology of the SOMOs, thereby
preserving their magnetic AEsy gap (as we have shown above for
mesityl substitutions). For DBP and DADBP derivatives, robust
FM interactions are primarily observed in 2,7- and 4,9-substi-
tutions, while 1,6- and 3,8-substitutions have been proven to be
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Fig. 8 Scheme of the experimental viability and AEst gap of key pentalene-based diradicals explored across this work. The scheme aims at
classifying the diradicals based on their potential experimental viability (radial axis) and AEst gap (angular axis). The background color transitions
from blue (left) to red (right), going from the most AFM to the most FM gaps, respectively. The chemical structures are colored according to their
expected experimental viability: yellow (unlikely), green (possible), or purple (probable).

less effective. However, 4,9- configuration may face synthetic
challenges due to the potential steric hindrance when func-
tionalized by bulky DPM and PDM open-shell cores, thus
rendering 2,7-DBP and 2,7-DADBP the most promising candi-
dates devised for this set. As with the DPA[1] and DADPA[1]
compounds, protected derivatives of DBP and DADBP have been
reported,™**"3%13? reinforcing the case for their synthetic feasi-
bility. Finally, it is worth noting that our aromaticity analysis
based on BLA, NICS, ACID, current density maps, bond current
strengths, and RSE firmly reveal that the diradical derivatives
show dampened antiaromatic character compared to the bare
coupler, which further strengthens the potential viability.

In summary, we believe that the most promising candidates
for achieving room-temperature robust high-spin diradicals
across this study are the 2,7-PDM,-DBP and 2,7-PDM,-DADBP
derivatives and diaza-substituted PDM,-DPA[1] and PDM,-
DADPA[1], due to their significant AEg; value and expected
synthetic viability.

Conclusions

We provide a detailed computational study of various m-conju-
gated organic diradicals, based on the modular assembly of two
open-shell cores covalently linked to an antiaromatic coupler.
We primarily focus on pentalene-like couplers displaying an
attenuated antiaromatic character, specifically targeting the

440 | Chem. Sci,, 2025, 16, 430-447

dicyclopenta-[n]acene series (DPA[n]), dibenzo[a,e]pentalene
(DBP), and their diaza-derivatives (DADPA[n] and DADBP,
respectively). Our findings reveal a suite of viable compounds
with robust singlet-triplet AEgy gaps, enabling a 100% triplet
state population at room temperature.

Remarkably, we discovered that chemical or structural vari-
ations of the base molecules broadens the attainable spectrum
of magnetic interactions. In particular, the introduction of high-
order [n]acenes in radicals derived from DPA[nr] and DADPA[n]
results in a decreasing AEsy gap, leading to a singlet-triplet
energy crossover for compounds with n > 2, which display
pronounced AFM interactions. In turn, the magnetic interac-
tions from diradicals derived from DBP and DADBP can be
tailored by means of constitutional isomerism.

Our work demonstrates that the strategy of covalently linking
two m-radical centers through an antiaromatic moiety results in
a strong interaction between their 7-systems. This not only
leads to strong magnetic interactions, but also to an enhanced
stability of the overall diradical, which stems from: (i) a miti-
gation of the antiaromatic character of the diradicals compared
to their bare precursors and, (ii) a large degree of delocalization
of the spin density.

Overall, the large AEsr gaps, together with a dampened
antiaromatic character, provide a solid foundation for further
exploration into potentially stable organic diradicals. The
insights gained from this study suggest that pentalene-based

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05225k

Open Access Article. Published on 21 November 2024. Downloaded on 6/3/2025 12:00:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

compounds could play a more practical role in emerging tech-
nologies (e.g., organic spintronics). Among all the diradicals
explored across this work, our results identify 2,7-PDM,-DBP
and 2,7-PDM,-DADBP derivatives, as well as diaza-substituted
PDM,-DPA[1] and PDM,-DADPA[1] (see diradicals colored in
purple in Fig. 8), as the most promising candidates for synthesis
and future applications.

Computational details

The molecular orbital structure of all open-shell compounds
was pre-screened using SGT methods, providing a computa-
tionally-light approximation to evaluate the non-bonding and
non-disjoint topology of frontier MOs. Regarding SGT method,
eigenvalues and eigenvectors were derived from direct diago-
nalization of the adjacency matrix (A), represented solely by the
carbon scaffold of the diradical. Elements of A, namely 4, were
designated as either 0 (disconnected) or 1 (connected), based on
a distance threshold criterion of 2.0 A. This cutoff served as the
appropriate value to render the atomic connectivity matrix
according to the usual Lewis representation. Subsequently, the
eigenstates of A were visually inspected by projecting the sign of
the eigenvectors of interest onto the molecular structure (ESI
Section S17).

DFT calculations were performed by means of PBEO,'?
B3LYP"****¢ and LC-w-PBE"’ exchange-correlation functionals
as implemented in the Gaussian09 package,'*® using an unre-
stricted formalism for all the open-shell calculations. A 6-311G*
split-valence basis set with integrated polarization func-
tions*****® has been employed, and MO symmetry not imposed
during the calculation (NoSymm keyword). Only PBEO AEgy
results are reported in the main text as a representative method
that compares well with DDCI results and B3LYP and LC-w-PBE
results are reported in ESI Section S4.1.f The ground state
structures of diradicals were determined by a five-step protocol:
(1) geometry optimization in the triplet state, starting from
a distorted diradical structure to avoid highly-symmetric local
minima structures. (2) Geometry optimization of the broken-
symmetry*** open-shell singlet state, guessing wave-function
and atomic positions from the previous triplet (T) state. (3)
Evaluation of the AuqEst = (Esopt — Eropt) gap to determine
whether the triplet or singlet spin multiplicity state is the
ground state (note that the subscript ‘ad’ stands for adiabatic).
Single point calculations at the opposite spin alignment were
performed by taking the ground state structure and evaluating
the vertical singlet-triplet gap, AEgy. For example, when A qEgr>
0 the triplet is the ground state and a new AEgr = E'%opt -
Er ope would be evaluated. (4) A validation step was performed by
repeating the last step with the structure of the excited spin
state but with opposite spin alignment. (5) Steps 2-4 were
repeated for the closed-shell singlet (CSS) structure. The singlet-
triplet gaps were calculated according to AEgy = 2(ES° — Ey)/
(1 + Sap),"** where S,p, represents the overlap between SOMOs
and Es® and Er correspond to the energies of the BS singlet and
triplet states, respectively, which are calculated using the opti-
mized geometry at the triplet state (referred to as Ef o and
E.ope formerly in step 3). Due to significant overlap between
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SOMOs in all diradicals examined in this work, a value of S, =1
has been assumed in all AEgr calculations, simplifying the
former expression to AEgy = (ES° - Er) = AEsy. The accuracy of
this approximation has been validated by means of DDCI
calculations (see below).

The CASSCF** and DDCI"**"*¢ calculations were performed
using the ORCA (version 4.2.1) package,*** a cc-pVTZ basis set'*®
and the optimized structures at the PBEO level. All DDCI
calculations were carried out using the orbitals resulting from
state-average (average between the lowest-energy singlet and
lowest-energy triplet) CASSCF(10,10) calculations. The AEgy
gaps at the DDCI level (MR-DDCI3 keyword) reported in the
article were obtained using the following values for the TPre and
TSel parameters: 1 x 10~* and 1 x 10™'°. As made apparent in
ESI Section S4.3,t these values ensure a converged and accurate
value for the AEgy gaps.

NICS calculations for diradicals were performed using
Gaussian09 package, utilizing the unrestricted PBEO formalism
with Gauge-Including Atomic Orbitals'*® (PBE0-GIAO/6-311G¥)
and an ultrafine grid for integral evaluations. These calculations
were carried out at the ground state spin configuration of each
diradical, or at the closed-shell singlet in the bare antiaromatic
couplers. NICS,,(1) values were computed as the ZZ component
of the magnetic tensor with a reverse sign at the center of each
ring, and positioned 1 A above the molecular plane by means of
inserting a “ghost” atom, X, at the target position. Cont-
NICSz,(1) mapping was performed similarly, employing
a multiple evaluation of the magnetic shielding tensor in a 150
x 150 grid of equidistant points in all the cases. Aromaticity has
also been evaluated by means of the anisotropy of the induced
current density (ACID).'**'** Based on the fact that magnetic
properties are suitable to evaluate delocalization and conjuga-
tion in aromatic systems, the ACID was proposed in analogy to
the anisotropy of the magnetic susceptibility. Similar to the
square of the wavefunction which defines the total electron
density, the ACID scalar field defines the density of delocalized
electrons. ACID plots have been computed for the systems
under analysis. Current density maps and bond current
strengths have been computed by means of the SYSMOIC
package, employing the same level of theory as the rest of the
calculations.*”*%°

Data availability

A data set collection of computational results is available in the
ioChem-BD repository*®* and can be accessed via https://
dx.doi.org/10.19061/iochem-bd-6-359. The structure of the
data collected is detailed in the Section 6 of the ESL.T
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