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Triangulene and its higher homologues are a class of zigzag-edged
triangular graphene molecules (ZTGMs) with high-spin ground states.
These open-shell molecules are predicted to host ferromagnetically
coupled edge states with net spin values scaling with molecular size
and are therefore considered promising candidates for future molec-
ular spintronics applications. Unfortunately, the synthesis of unsub-
stituted [n]triangulenes and the direct observation of their edge states
have been a long-standing challenge due to a high reactivity towards
oxygen. However, recent advances in precursor design enabled the on-
surface synthesis and characterization of unsubstituted [3]-, [4]-, and
[5]triangulene. In this Minireview, we will highlight key aspects of this
rapidly developing field, ranging from the principles of precursor
design to synthetic strategies and characterization of a homologous
series of triangulene molecules synthesized on-surface. We will also

discuss challenges and future directions.

1. Introduction

The extension of fused benzene rings in a triangular shape
leads to a series of open-shell zigzag-edged triangular
graphene molecules (ZTGMs) such as the monoradical
phenalenyl (n=2), the diradcial [3]triangulene (n=3), the
m-extended triradical [4]triangulene (n=4), the tetraradical
[5]triangulene (n=35), and the pentaradical [6]triangulene
(n=06), where n is the number of carbon atoms at each zigzag
edge (Figure 1a).l"Y The unique triangular topology of these
compounds combined with the zigzag edges makes it impos-
sible to construct Kekulé resonance structures without
unpaired electrons.”! Therefore, these molecules are also
known as non-Kekulé polynuclear benzenoid compounds
with open-shell character. Triangulene and its higher homo-
logues (n>3) are predicted to possess multiple unpaired 7-
electrons with net spins scaling linearly with n. Hence, these
open-shell graphene-like molecules hold great promise as key
components for utilization in next-generation molecular
spintronics.!®’ The total net spin of these compounds can be
quantified based on the Ovchinnikov rule established by
Lieb’s theorem for bipartite lattices.""® The rule describes the
ground-state spin quantum number as § = w, where N,
and Ny denote the number of carbon atoms from the two
interpenetrating triangular sublattices, respectively (marked
in red and blue color in Figure 1a). Because of the inherent
sublattice imbalance, not all -electrons can be paired to form
nt-bonds, leading to the formation of m-radicals. Additionally,
the most stable ferromagnetic high-spin states of these
ZTGMs have been theoretically described at different
approximation levels, including tight-binding models and
spin-polarized density functional theory (DFT) with many-
body corrections.”* 1

Due to unique electronic and magnetic properties, the
triangulene series has fascinated scientists for many decades.
However, the synthesis of unsubstituted triangulenes via
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conventional  wet-chemistry  ap-
proaches has been deemed a formida-
ble challenge due to their high chem-
ical reactivity arising from the edge-
localized m-radicals."*!%! In this regard,
the on-surface synthesis of these mol-
ecules wunder ultra-high vacuum
(UHV) conditions provides a promis-
ing approach for the synthesis and
characterization of  unsubstituted
ZTGMs. In contrast to the wet-chemis-
try approach, on-surface synthesis typ-
ically involves the use of catalytically
active substrates for the catalytic trans-
formation of well-designed molecular
precursors into desired products at
elevated temperatures.''7) Further-
more, the as-synthesized molecules
can be directly characterized in detail
using high-resolution imaging tech-
niques such as scanning tunnelling
microscopy (STM) and non-con-
tact atomic force  microscopy
(ncAFM).[1827

The field of on-surface synthesis has advanced rapidly
over the past decade, especially in the synthesis of atomically
precise graphene nanoribbons (GNRs) and unsubstituted
higher acenes.”®? Cai et al. reported a pioneering work on
the bottom-up fabrication of GNRs on Au(111) in 2010.5
Since then, a diversity of GNRs with different widths, edge
configurations, and hetero-dopants have been synthesized on
different substrates.* " The common strategy for on-surface
synthesis of GNRs involves the cyclodehydrogenation of
designed precursor monomers or polymerized monomers via
intramolecular or intermolecular aryl-aryl coupling, which
occurs predominantly along the armchair direction rather
than the zigzag direction.* Therefore, a majority of graphene
nanostructures synthesized to date contains armchair
edges.***! It also remains a grand challenge to design
appropriate molecular precursors for the synthesis of large
homologues of ZTGMs with predicted large net spins. In this
Minireview, we will highlight recent synthetic strategies
towards the on-surface synthesis of a homologous series of
[n]triangulenes. We will also discuss the electronic and
magnetic properties of these high-spin molecules.
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Figure 1. a) lllustration of open-shell ZTGMs with different numbers of zigzag carbon atom (n) and predicted spin multiplicity (S). The red and
blue spots represent two interpenetrating triangular sublattices. b) The corresponding non-Kekulé structures with unpaired electrons of these
ZTGMs. Please note that [6]triangulene has not been obtained experimentally.

2. Tip-Assisted Synthesis and Characterization of
[B]Triangulene

In 2017, Pavlicek and co-workers reported a seminal work
on the synthesis of unsubstituted [3]triangulene by means of
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Figure 2. a) Generation of [3]triangulene from two precursor isomers (1 and 2) via tip-assisted manipulation. b),

(|1/12T|2+|’/)3T‘2)

was performed to generate [3]triangulene molecules on
different surfaces (Figure 2a). The tip-assisted manipulation
process involves the following critical steps: i) position the tip
over the molecule; ii) open the feedback loop iii) retract the
tip by a few A; iv) increase bias voltage to the range from 3.5
to 4.1 V for several seconds. In general, this process needs to
be applied twice to an individual dihydrotriangulene to make
a single [3]triangulene. It should be noted that the manipu-
lation process can be conducted over molecular precursors
adsorbed on different substrates including Cu(111), bilayer
NaCl, and monolayer Xe on Cu(111). [3]Triangulene synthe-
sized on Cu(111) and Xe/Cu(111) surfaces shows a high
adsorption stability, while the molecule undergoes frequent
rotation on the NaCl surface, arising from the symmetry
mismatch between the molecule and the square lattice of
(100)-oriented NaCl surfaces. ncAFM imaging of [3]triangu-
lene adsorbed on both Cu(111) and Xe/Cu(111) substrates
confirmed its C; symmetry with six fused benzene rings
(Figure 2b,c). It is worth noting that the brighter contrast of
the zigzag carbon atoms in the ncAFM image acquired of
[3]triangulene on Cu(111) suggests that the carbon atoms at
the zigzag edge are slightly bent away from the surface. This
observation implies a m-radical character of [3]triangulene on
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) ncAFM images of
[3]triangulene synthesized on Cu(111) and a monolayer Xe island. d),e) STM images of [3]triangulene at the blas voltage of d) the negative-ion
resonance (NIR) and e) the positive-ion resonance (PIR). f) Simulated STM image of degenerate orbitals 1,1 and ;1 with an s-orbital-like tip.
g) Experimental dI/dV spectra recorded over a [3]triangulene molecule on a Xe island. h) Energy diagram derived from the spin-polarized DFT
calculation of [3]triangulene. i) Plots of the DFT-calculated wave functions of 9,1 and 157 and the sum of their probability densities

Simulated STM

. Adapted with permission from Ref. [40]. Copyright 2017 Springer Nature.

Cu(111) distinct from the reported o radicals that tend to
form strong covalent bonds with the Cu substrate.**

STM orbital imaging and scanning tunneling spectroscopy
(STS) were used to probe the peculiar electronic structures of
[3]triangulene adsorbed on Xe/Cu(111). The differential
conductance (d//dV) as a function of voltage acquired above
the center of a [3]triangulene molecule reveals two prominent
features centered at V=—-1.4V and V=1.85 V. The feature
below (above) the Fermi level corresponds to the positive-ion
resonance (negative-ion resonance), leading to an energy gap
of 3.25 eV (Figure 2 g). Additionally, STM images collected at
sample biases corresponding to negative-ion resonance
(1.85V) and positive-ion resonance (—1.4 V) exhibit the
same nodal pattern along the zigzag edges (Figure 2d.e).

Spin-polarized DFT calculations of an isolated [3]trian-
gulene molecule predict that the triplet state (ferromagnetic)
is energetically more favorable than the closed-shell (non-
magnetic) and open-shell singlet states (antiferromagnetic)
by 0.35 and 0.16 eV, respectively. It is also found that
[3]triangulene adsorbed on Xe/Cu(111) favors the triplet
state by 0.33 eV over the closed-shell singlet state. The closed-
shell singlet state, featuring degenerate frontier orbitals,
would result in a cationic state due to charge transfer between
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the adsorbed molecule and the substrate. This is in contrast to
the neutral-charge state of [3]triangulene on Xe films and
NaCl, as evidenced by the absence of scattering of the
interface electrons in the STM image. Therefore, these
observations also help to rule out the non-magnetic closed-
shell state of [3]triangulene.

Since STS measurements probe excited states of molec-
ular adsorbates, the authors also performed spin-polarized
DFT calculations including many-body corrections in the
G,W, approximation to understand the features observed in
the experimental dI/dV spectra. The calculated energy level
of the triplet ground state of [3]triangulene is shown in
Figure 2h. The frontier molecular orbitals are two pairs of
spin-polarized degenerate orbitals (i, and ;). The energy
gap between the pair of occupied states (spin-up) and the pair
of empty states (spin-down) is predicted to be 3.78 eV. The
difference between the calculated gap and the experimentally
observed gap (3.25eV) can be attributed to electronic
screening of the substrate. Additionally, the simulated STM
image of a degenerate pair of spin-up orbitals (y,; and s1)
probed with an s-orbital-like tip wave function closely
resembles the experimental orbital images, which suggests
that the superposition of ¥,y and 3 is probed in STM
imaging. Both experimental and theoretical results confirm
the successful synthesis of [3]triangulene on Xe/Cu(111) with
a triplet ground state. This work demonstrates a completely
new route for the synthesis of the smallest unsubstituted
triangulene molecules. Moreover, the tip-assisted synthesis of
[3]triangulene can be performed on insulating surfaces, where
the electronic structure of the molecule is decoupled from the
substrate. Therefore, this opens up new possibilities for the
further exploration of spin excitations at the single-molecule
level. However, since only one target molecule can be
manipulated at a time, this method is only useful for particular
applications and may not be suitable for other technological
applications due to a lack of scalability.

3. On-Surface Synthesis and Characterization of
Higher Triangulene Homologues

To synthesize the ZTGMs (for example, [4]- and [5]trian-
gulene) in a large quantity, a rational design of new organic
precursors is required. Inspired by the synthesis of zigzag-
edged graphene nanoribbons (ZGNRs), methyl groups can be
introduced at the appropriate positions of the molecular
precursors to form zigzag edges. At elevated temperatures,
the methyl group and the neighboring benzene ring can
undergo cyclodehydrogenation to form a new benzene ring
with zigzag edges. A similar strategy can be adapted to design
molecular precursors for the scalable synthesis of large
triangulene homologues. We will highlight two recent works
on the atomically precise synthesis of m-extended triangulenes
on different metal substrates. Lu and co-workers have
demonstrated the successful synthesis of [S|triangulene on
both Au(111) and Cu(111) substrates. Ruffieux et al. also
reported the synthesis of [4]triangulene on Au(111).[4>

www.angewandte.de

&These are not the final page numbers!

Kurzaufsdtze

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Chemie

3.1. Synthesis and Characterization of [4]Triangulene

[4]triangulene, which consists of ten benzene rings fused
in a triangular shape, is predicted to have a net spin of § =3/2
(Figure 3a). The precursor contains three methyl substituents
attached to a benzo[c]naphtho[2,1-p]chrysene core (Fig-
ure 4a). These methyl groups can undergo surface-catalyzed
oxidative ring-closure reactions at high temperatures, leading
to the formation of [4]triangulene. Au(111) with a submono-
layer coverage of molecular precursors was annealed up to
600 K to promote the cyclodehydrogenation reactions. Bond-
resolved STM imaging performed in the Pauli-repulsion
regime using a CO-functionalized tip reveals the structure of
the threefold-symmetric products resembling the molecular
backbone, which confirms the successful formation of [4]tri-
angulene (Figure 3c¢). The planar adsorption of the products
on Au(111) also suggests an absence of any chemical bonding
to the surface, presumably due to the m-radical character of
[4]triangulene.

The electronic structure of [4]triangulene is described
using the nearest-neighbor tight-binding model (TB), includ-
ing electron-correlation effects. Inclusion of on-site Coulomb
repulsion (U) within the mean-field Hubbard (MFH) mode
induces spin polarization, resulting in the formation of three
nearly degenerate singly occupied molecular orbitals
(SOMOs; Figure 3f). The ferromagnetic spin alignment of
the electrons populating the SOMOs gives rise to the open-
shell quartet ground state, lower in energy by 236 meV
compared to the open-shell doublet state. Furthermore, the
calculated spin-polarized wave functions of the SOMOs
(Figure 3j) exhibit an edge-localized character with maxi-
mum amplitude on one sublattice. The dI/dV spectrum
acquired over the corner of the molecule reveals two broad
features peaking around —0.40 Vand + 1.15 V, corresponding
to the positive- and negative-ion resonances, respectively.
Moreover, the simulated local-density-of-states (LDOS)
maps of the SOMOs and the corresponding unoccupied
orbitals (SUMOs; Figure 3h,i) reproduce the features cap-
tured in the spatial dI/dV maps taken at —0.40 Vand +1.15V,
respectively (Figure 3d,e). Therefore, STM and STS meas-
urements combined with theoretical calculations confirm the
successful synthesis of [4]triangulene on Au(111) with an
open-shell quartet ground state.[*’

3.2. Synthesis and Characterization of [s]Triangulene

We reported a bottom-up on-surface synthesis of [5]tri-
angulene, which contains 15 fused benzene rings, making it
the largest unsubstituted triangulene homologue synthesized
so far.”" To achieve this goal, we designed a unique precursor
containing a central triangular core formed by six hexagonal
rings and three 2,6-dimethylphenyl substituents attached at
the meso-positions of the core. This precursor can be obtained
via multiple synthetic steps starting from 9-bromo-10-(2,6-
dimethylphenyl)-anthracene (Figure 4a). It is expected that
two hydrogen atoms connected to the two sp>-carbons of the
core undergo the surface-catalyzed dehydrogenation first due
to a higher stability of the as-formed triphenylmethyl radicals

Angew. Chem. 2020, 132, 2—14
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Figure 3. a) Synthetic route for [4]triangulene. b) STM image of an isolated [4]triangulene molecule on Au(111). c) Ultra-high-resolution STM
image of [4]triangulene acquired with a CO-functionalized tip. d),e) Constant-current d//dV maps of [4]triangulene at the bias of the PIR (f) and
the NIR (g). f) Calculated energy diagram of a [4]triangulene using MFH model with spin-polarization. g) Experimental d//dV spectra of

a [4]triangulene on Au(111). h),i) Simulated dI//dV maps corresponding to (d) and (e). j) Calculated wave functions of the SOMOs of
[4]triangulene. k) Computed spin-density distribution of [4]triangulene. Blue/red isosurfaces denote spin up/down density. Numbers denote spin-
density values. Adapted with permission from Ref. [44]. Copyright 2019 American Chemical Society.

compared to benzylic radicals. Subsequently, the dehydrogen-
ation of the six methyl groups occurs to generate benzylic
radicals, which can attack the neighboring carbon atoms of
the triangular core. In the last step, an aromaticity-driven
ring-closure reaction leads to the formation of [5]triangulene.

We then deposited the molecular precursor onto both
Cu(111) and Au(111) surfaces via thermal sublimation under
UHY conditions. Annealing the precursor-decorated Cu(111)
substrate at ~ 500 K resulted in the formation of flat triangle-
shaped molecules that matched to the expected [S]triangulene
(Figure 4a). In contrast to Cu(111), the synthesis of [5]trian-
gulene on the relatively inert Au(111) substrate had to be
carried out at a higher temperature (~600K) and gave

Angew. Chem. 2020, 132, 2—14
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a much lower yield (&5 %) of the product. Magnified STM
images show that individual molecules adopt a triangular and
planar configuration after thermal annealing (Figure 4b,c).
Additionally, the edges of the as-obtained molecules on both
substrates exhibit the characteristic nodal features, resem-
bling the zigzag termini or zigzag edges of GNRs.”!! As shown
in Figure 4d,e, ncAFM images performed in constant-height
mode with a CO-functionalized tip clearly resolve 15 fused
benzene rings with a zigzag-edged topology for individual
triangle-shaped products. Moreover, the absence of a bonding
signature of [S]triangulene to the supporting substrates can
also be ascribed to the m-radical nature of its zigzag edges.
Hence, the observed molecular morphology directly confirms
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Figure 4. a) Synthetic route for [5]triangulene. b),c) STM images of [5]triangulene synthesized on Cu(111) and Au(111). d),e) ncAFM images of
a single [5]triangulene on d) Cu(111) and e) Au(111). f), h) dI/dV maps of [5]triangulene on Au(111) acquired at the bias voltage of f) P, and

h) P,. g),i) Simulated dI/dV maps at the energy of g) P, and i) P,. j) dI/dV spectra of a [S]triangulene molecule on Au(111). k) Calculated spin-
polarized molecular orbital energies of an isolated [5]triangulene molecule. |) DFT-calculated wave functions of four degenerate spin-polarized
orbitals. Adapted with permission from Ref. [45]. Copyright 2019 American Association for the Advancement of Science.

the successful synthesis of [S]triangulene on both metal
substrates.

To unveil the electronic structure of [5]triangulene, STS
was performed over a single [S]triangulene molecule synthe-
sized on the weakly interacting Au(111) substrate using
a metallic tip. The dI/dV spectrum acquired at the molecular
edge (blue curve) shows two prominent peaks at V= —0.62 +
0.04 V (P,) and V3=1.07+0.04 V (P,). In contrast, the dI/dV
spectrum acquired over the center of molecule does not
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exhibit these two features (black curve) (Figure 4j). These
observation suggest that both P, and P, states are presumably
associated with the edge states of [S]triangulene. Spin-
polarized DFT calculations show that the quintuple ground
state of Au-supported [5]triangulene is lower in energy by
0.13eV, 027eV, and 0.38eV than its triplet, open-shell
singlet, and closed-shell singlet states, respectively. Figure 4k
depicts the calculated spin-polarized energy levels of a free
[S]triangulene in the ferromagnetic quintuple state. The

Angew. Chem. 2020, 132, 2—14
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frontier molecular orbitals are four pairs of orbitals (¥4,
Ys1(ly> Wetly» Yrr in Figure 4k) with the corresponding wave
functions shown in Figure 41. Each (unoccupied) spin-down
orbital is accompanied by a counterpart (occupied) spin-up
orbital arising from the spin-polarized orbital splitting. From
the energy-level alignment, it is expected that the neutral
state of [S]triangulene should produce frontier-orbital-asso-
ciated resonances below and above the Fermi level. As
illustrated in Figure 4k, the nearly-degenerate spin-up states
(Yar, Y51, Yer, Y1) and spin-down states (Yqy, s, Yel, P71) are
energetically close to states P;(—0.62V) and P,(1.07 V),
respectively.

The differential conductance map collected at the energy
of P, state (—0.62 eV) reveals five bright lobes located at the
edge of [S]triangulene, represented by a characteristic nodal
pattern (Figure 4f). The dI/dV map acquired at 1.07V
(Figure 4h) shows that the P, state also exhibits an edge-
localized pattern, resembling that of the P, state, but with
a slightly blurred nodal structure. The calculated dI/dV
images of the four nearly degenerate orbitals (41, ¥s1, Yer,
171) using an s-orbital-like tip reveal three characteristic lobes
located in the middle of the edges with a pair of brighter lobes
at the apexes of the triangle. Such an edge-localized nodal
pattern shows a good agreement with our experimental dI/dV
map recorded at the energy of P,. The slightly asymmetric
contrast of the d//dV maps in Figure 4 h,i could arise from the
different degrees of degeneracy of the spin-up and spin-down
edge states, as predicted in the theoretical results (Figure 4k).
This means that the weight of certain orbitals is lower because
of different degrees of degeneracy of these frontier orbitals,
giving rise to a slightly asymmetric contrast in the dZ/dV map
acquired at the individual energies. We also calculated the
quasiparticle energies of a free [5]triangulene within the GW
approximation of many-body perturbation theory. The qua-
siparticle gap of a free [5]triangulene is predicted to be
2.81 eV based on the GW calculations. A direct comparison
between the experimentally determined gap and the GW-
predicted value yields a gap decrease of around 1 eV, which
can be attributed to the screening of the metallic substrate,
consistent with previous studies of GNRs and other molecular
systems with comparable size. All the observations discussed
above point towards a magnetic ground state of [S]triangu-
lene on Au(111), which is further supported by DFT
calculations.™")

4. Conclusion and Outlook

The successful synthesis of the triangulene series enables
their unique structures and peculiar properties to be explored
at the single-molecule level. High-resolution molecular-imag-
ing techniques can unambiguously resolve the planar and
threefold-symmetric molecular skeleton of these ZTGMs,
whereas STS measurements reveal spin-polarized edge
states.’>> A comparison between electronic structures
probed experimentally and spin-polarized DFT calculations
implies that triangulene and its higher homologues synthe-
sized on weakly interacting substrates retain their open-shell
magnetic ground states. To better access the size-dependent
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electronic and magnetic properties of triangulene molecules,
it is suggested to synthesize them on insulating substrates
including NaCl, metal oxide thin films, and hexagonal boron
nitride monolayers grown on metal substrates.*>>¢!

It will be of great interest to perform spin-polarized STM/
STS measurements to characterize the ferromagnetic states of
ZTGMs and to explore how these molecules couple with each
other or interact with magnetic atoms. Creating the larger
homologues of triangulene is predicted to not only increase
their net spin but also the total number of excited spin states
(Figure 1). Therefore, it is alluring to probe multiple spin
excitations within a large-size open-shell ZTGM on insulating
substrates via a combination of spin-polarized STM and
electron spin resonance (ESR), which can uncover the
fascinating magnetic properties of triangulene compounds
for spin detection.””**! Moreover, polymerizing the triangu-
lene unit into two-dimensional high-spin networks is of both
fundamental and technological importance (Figure Sa). This
also calls for the design of smart organic precursors from
chemists.*>*!

Apart from the tuning of the size of ZTGMs, the
electronic and magnetic properties of ZTGM:s can be further
modified via doping through heteroatom substitution (for
example, N or B). It has been predicted that the total net
spin of ZTGMs and the chemical stability of different spin
states can be altered via B- and N-doping of these com-
pounds.'®? This can be realized by introducing the heter-
oatoms into the molecular precursor. Furthermore, the ability
to fabricate ZTGM heterojunctions also offers another
promising approach to achieve the desired properties and
functionalities of these hybrid systems. For example, Wang
and co-workers predicted that a ZTGM segment fused with
the ZGNR (Figure 5b) could serve as the key component for
a spin filter.[”l The novel spin alignment and exotic interface
states may arise at the heterojunctions of these hybrid
structures. It is expected that the fabrication of such ZTGM
junctions can be realized via on-surface coupling reactions
between different building blocks deposited on the same
surface.'”! Therefore, we expect that a variety of triangulene
homologues and their heterostructures with novel properties
can be fabricated via on-surface synthesis in the near future.

In addition to the synthesis of ZTGMs with specific spin
states, a high level of spin control via the electric field is
critical for unlocking their potential for future spintronic
applications (Figure 5c,d).**%! For example, it has been
predicted that the full spin polarization of charge-neutral
ZTGMs can be quenched via either applying an electric field
or adding extra electrons into these strongly correlated
electronic systems (Figure 5¢).® Recent experimental
progresses have demonstrated the capability to control the
charge state of a single molecule integrated with a back-gated
graphene device.[®®%! We envision that such a field-controlled
spin switch can be realized by synthesizing these ZGTMs on
a back-gated device using tip-assisted manipulation. A field-
controlled reversible spin switch at the single-molecule level
potentially allows for the fabrication of single-molecule
spintronics and ultra-high-capacity data-storage devices.
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Figure 5. a) 2D magnetic triangulene network consisting of a high-spin polymeric neutral mi-radical system. b) Calculated net spin density
distribution of a triangulene molecule attached to a zigzag GNR. (Inset: magnified image of the triangulene junction with the calculated net spin
density, which is projected from the nonbonding states obtained by the tight-binding approximation of the finite GNR system). c) lllustration of
the synthesis of a [n]triangulene by tip manipulation on a back-gated graphene device. d) Side view of (c). e) Calculated electronic density in

a [8]triangulene molecule of 97 carbon atoms, where 7 electrons from the degenerate orbitals are moved to the metallic gate at a distance of dy,.
f) Spin phase diagram for [n]triangulene molecules with different sizes (characterized by the number of zigzag-edged carbon atoms n) as

a function of the filling of the zero-energy states N,4q, calculated by the tight-binding Hatree—Fock configuration-interaction method. The charge-
neutral case corresponds to N 44 =0, in which case the total spin of the zero-energy electrons is always maximized (S=n/2, indicated by red
arrows). Adding one extra electron to the ZTGM corresponds to the case of N,44=1, where the total spin of the molecule is lowered to the
minimum possible value, as indicated by blue arrows. a) Adapted with permission from Ref. [3]. Copyright 2011 Springer Nature. b) Adapted with
permission from Ref. [61]. Copyright 2008 American Chemical Society. ), f) Adapted with permission from Ref. [65]. Copyright 2009 American
Physical Society.
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