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ABSTRACT

Orbital inversion in organic radical systems is of interest in multiple domains such as spintronics, luminescence, and chemical reactions but
requires to comprehend its mechanisms. Here, we reveal an implicit but significant factor for orbital-inverted radical systems. Within the
framework of the Hubbard model, the inversion can emerge from nearest-neighbor coulombic repulsion between two electrons having the
same spin, which necessitates the fulfillment of charge-transfer properties and chlorine atom substitution. These conditions can also be uti-
lized to explain previous experimental observations where some of radical analogues exhibit orbital inversion while others remain devoid of
it. We also discuss the underlying picture and the phase diagram of the orbital inversion, providing a perspective on p-conjugated systems
and double inversion. Our results establish a practical approach to nanoscale control of magnetic and optoelectronic properties in radical-
based structures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0292313

Organic open-shell neutral radicals serve as platforms for non-
trivial physical and chemical phenomena because of their intrinsic
unpaired electrons.1–7 A scenario of current interest is orbital inver-
sion, which emerges from strongly correlated systems,8–11 where the
singly occupied molecular orbital (SOMO) is energetically below the
doubly highest occupied molecular orbital (HOMO). The orbital
inversion can protect the unpaired electrons from reactions and there-
fore enhance the stability of the radical systems, complementing con-
ventional strategies for stabilizing radical compounds including kinetic
blocking of active reaction sites and delocalization of electrons.12,13

Therefore, it can be applied to multiple domains such as spintronics,14

luminescence,10 and chemical reactions.15,16

The coulombic interactions between opposite-spin electrons,
exhibited as on-site repulsion, have a central role in orbital inversion.
For a strongly correlated closed-shell parent compound, removing one
of HOMO electrons deprives it of repulsion and significantly decreases
the energy of the other electron, which is able to cause orbital
inversion.17,18 However, the on-site repulsion veils its counterpart,
which arises from two electrons holding the same spin. Several types of

orbital-inverted compounds have recently been identified,17,19 and
there also exist other inverted configurations such as singly unoccupied
molecular orbital-doubly lowest unoccupied molecular orbital
(SUMO-LUMO) inversion.20 These systems may plausibly arise from
same-spin repulsion, but direct discussions are missing.

It is the purpose of this Letter to close this gap. By utilizing the
Hubbard model to describe our considered compound, we reveal this
implicit but significant mechanism that enables orbital inversion. For
this model, we describe how local changes in same-spin coulombic
interactions are induced by substitution and result in the inversion.
The whole process is found to involve avoided crossing that deter-
mines critical behavior and phase diagram. We point out even SUMO-
LUMO inversion, and a type of double inversion may be achieved
within the present framework. Our work paves the way to comprehend
orbital-inverted systems and makes the nanoscale manipulation acces-
sible to quantum states and features.

Let us begin by reviewing the orbital inversion through a com-
pound 1, which contains a biphenylmethyl radical, a p-conjugated
moiety, and an anthryl group, as shown in Fig. 1. It is constructed to
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be a polycyclic aromatic hydrocarbon (PAH) based on tris (2,4,6-tri-
chlorophenyl) methyl-phenyl-phenothiazine (TTM-PPTA) that has
orbital inversion.10 The chemical structure of 1 is relatively straightfor-
ward to model, facilitating us to discuss its mechanisms. Then, its ener-
gies and wavefunction distributions of the three highest occupied
orbitals and the lowest unoccupied orbital are calculated through the
density functional theory (DFT). Its optimized geometries and UV-Vis
spectrum for experimental verification are presented in Table S1 and
Fig. S1, respectively. The two occupied orbitals closest to the Fermi
level are quasidegenerate, as they exhibit nearly identical level energies
and wavefunction distributions on the anthryl group (Fig. 1).
Consequently, the two orbitals are designated as the HOMO. Another
occupied orbital with lower energy than the HOMO is paired with the
lowest unoccupied one rather than other occupied orbitals (Figs. 1 and
S2), which corresponds to the SOMO. This exotic phenomenon, com-
pared to conventional radical compounds, indicates the orbital inver-
sion. Previous works have confirmed that the inversion is not an
artifact of the computational methodology,17,19 which is also supported
by our results using alternative functionals (Figs. S3 and S4).

In order to comprehend the orbital inversion, we construct
the Hubbard model incorporating the on-site repulsion U ¼ 4 eV
and the nearest-neighbor (NN) repulsion VC ¼ 0:55 eV and
VCl ¼ 0. For the compound 1, the carbon skeleton has an intrinsic
VC, whereas Cl atom substitution reduces the NN repulsion in the
influenced moiety, resulting in VCl. These two types of the NN
repulsion are highlighted by black and yellow bonds in Fig. 1,
respectively. Through mean-field theory and exact diagonalization,
the Hubbard model provides an orbital picture whose wavefunc-
tion distributions and level ordering match the DFT results (Figs. 1
and S2). Although the level energies calculated from the Hubbard
model differ from the DFT results because we neglect those con-
stant terms of the Hamiltonian, their relative spacings exhibit good
agreement (Table S2). Figure S5 supports that the model is robust
with respect to VC and VCl, as parameter variations hardly alter the
SOMO-HOMO inversion. This manifests that the proposed model
captures key mechanisms of orbital inversion.

One might be confused about the motivation of introducing the
NN repulsion. Most of the PAHs have good p-conjugation, allowing
their electronic structures to be accurately described using tight-
binding models,21,22 e.g., graphene.23 While strong correlation effects
need to be considered for some compounds because of their localized
features, conventionally only the on-site repulsion is included.19,24

This treatment resembles transition metal materials, where localized d-
orbital electrons necessitate strong correlation corrections for accurate
characterization.25 However, our results show that considering the NN
repulsion and distinguishing between VC and VCl is crucial for captur-
ing the orbital inversion. Figure 2 presents the four highest occupied a
orbitals of the compound 1 obtained from the DFT and the Hubbard
models. It can be clearly seen that the model provides a good descrip-
tion even for the HOMO-2 [Figs. 2(a) and 2(b)]. However, if only the
on-site repulsion is considered, the Hubbard model not only fails to
predict the orbital inversion but also misrepresents the wavefunction
distribution of the HOMO-2 [compared to HOMO-1 in Fig. 2(a)].

As aforementioned, the distinction between VC and VCl arises
from the Cl atom substitution. To understand this, we perform DFT
calculations on the compound 1 with its Cl atoms replaced by H atoms
(labeled as the compound 2, optimized geometries are in Table S3). It
exhibits nearly identical orbital wavefunction distributions to 1, except
for inversions between the SOMO and HOMO and between the
HOMO-1 and HOMO-2 [Figs. 2(a) and 2(e)]. This resemblance mani-
fests that neither Cl nor H atoms contribute significantly to the renor-
malized p-electrons near the Fermi level. Consequently, they are not
treated as occupied sites in the Hubbard model. For the pure PAH 2,
the intrinsic NN repulsion VC will not impact orbitals near the Fermi
level but determines the wavefunction distributions of the deeper
orbital. In this context, including VC yields a more accurate electronic
structure [Fig. 2(d)]. Introducing Cl atoms can decrease the NN repul-
sion of the influenced moiety, which is also supported by Mulliken
populations of p-orbital electrons at carbon atoms (Table S4). The
populations at the anthryl group hardly change, while they obviously
decrease at the biphenylmethyl radical. To determine the moiety with
VCl, we perform parallel computations considering different influenced

FIG. 1. Sketch of orbital inversion and
main results of the compound 1. For a
strongly correlated closed-shell parent
compound, when one of the HOMO elec-
trons is removed, the remaining electron
experiences a reduction in its energy
level, leading to the inverted SOMO. This
mechanism is exemplified by 1 (bottom-
left panel), of which both the Hubbard
model and the DFT results indicate that
the SOMO-HOMO inversion occurs. The
brown, white, and green spheres repre-
sent C, H, and Cl atoms, respectively.
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moiety (Figs. 2 and S6). By comparing their model results with those
from DFT calculations, the optimal pattern can be acquired.

Since substitution is able to adjust the NN repulsion, a fundamen-
tal question arises: What are the underlying mechanisms and the phase
diagram of orbital inversion in strongly correlated systems? Focusing
on the compound 1, we present the level energies of the two highest
occupied a (lowest unoccupied b) orbitals with respect to VCl

[Fig. 3(a)]. The yellow solid (dashed) line represents the SOMO
(SUMO), while the blue solid (dashed) line refers to the a HOMO
(b LUMO). For the pure PAH, there is no orbital inversion at VCl

¼ 0:55 eV. Although the on-site repulsion has decreased the SOMO-
HOMO gap, this effect is not sufficient to invert the orbital ordering
due to the p-conjugation of the PAH. Nevertheless, based on the
charge-transfer properties, one can locally adjust the NN repulsion to
control the orbital energies. In 1, the biphenylmethyl radical and the
anthryl group constitute a donor-acceptor structure, resulting in the
SOMO and HOMO concentrated on respective groups. Cl atom sub-
stitution reduces VCl, protecting orbitals on the radical and remaining
those on the anthryl group influenced by the NN repulsion. Hence, we
acquire the decreasing energy of the SOMO and the nearly invariant
energy of the HOMO when VCl decreases. Notably, the system exhibits
critical behavior when VCl � 0:25 eV, as its SOMO and HOMO
hybridize and delocalize over the carbon skeleton [Fig. 3(b)]. This
hybridization arises from avoided crossing, at which the energies of the
SOMO and HOMO in the diabatic picture converge. Subsequently,
their off diagonal coupling (referring to hopping integral) mixes the
orbitals and opens a gap in the adiabatic picture.

The hybridization-induced delocalized orbitals may enhance rad-
ical stability, similar to that observed in delocalized PAHs. In this

sense, identifying real materials at or near the critical point and investi-
gating their properties is an interesting open question. Although this
lies beyond the scope of the current paper, we note that the avoided
crossing is able to drive phase transitions and alter the ordering of
molecular orbitals, offering an alternative stabilization scenario. As VCl

further decreases, the level difference between the SOMO and HOMO
will increase in the diabatic picture. Even acquiring molecular orbitals
in the adiabatic picture, the SOMO and HOMO remain well-separated
against the influences of their off diagonal coupling. Because of the sig-
nificantly decreasing NN repulsion of the biphenylmethyl radical, the
SOMO is energetically lowered below the HOMO, resulting in orbital
inversion. The whole process synergistically combines two types of
repulsion, charge-transfer properties, and avoided crossing, providing
a practical perspective on qualitative experimental design of orbital-
inverted compounds.

This synergetical mechanism can answer why TTM has no
orbital inversion.26 Because the TTM does not have charge-transfer
properties, its orbitals are distributed on the same moiety and influ-
enced by the same NN repulsion. Accordingly, the orbitals are together
energetically shifted, resulting in a conventional electronic structure.
Furthermore, based on the proposed mechanism, a qualitative design
approach for orbital-inverted systems can also be derived. We show a
compound 3 having SOMO-HOMO inversion at the DFT level by
substituting Cl atoms with another radical compound 4 (Fig. S7).
Their optimized geometries are listed in Tables S5 and S6. The com-
pound 3 has a similar structure to 1, which might be synthesized using
analogous methods. Through measurements of electrochemical poten-
tial and electron paramagnetic resonance, the orbital inversion could
be validated.20

FIG. 2. (a) and (e) Wavefunction distributions of the four highest occupied a orbitals calculated using the DFT, where Cl atoms of 1 are substituted by H atoms in (e). (b)–(d)
Wavefunction distributions of the four highest occupied a orbitals calculated using the Hubbard model, where (b) VCl ¼ 0 and VC ¼ 0:55 eV, (c) VCl ¼ VC ¼ 0, and (d)
VCl ¼ VC ¼ 0:55 eV, respectively. The SOMOs obtained from DFT calculations are framed with gray dotted lines. In panel (a) and (b), orbital inversion occurs as the SOMOs
are energetically below the HOMOs.
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It is interesting that varying VCl not only enables inversion
between the SOMO and HOMO but can also induce the SUMO-
LUMO inversion. As presented in Fig. 3(a), increasing VCl elevates the
energy of the SUMO while remaining the LUMO hardly influenced.
This result is reasonable because the SUMO is on the biphenylmethyl
radical. When VCl � 0:68 eV, these two orbitals approach quasidege-
neracy, and the system exhibits the avoided crossing. Subsequently, the
SUMO and LUMO separate again and achieve inversion. This type of
orbital inversion has been observed in previous experiments,20 in
which the synthesized molecules are structurally analogous to the com-
pound 1. Therefore, we believe that it is practical to understand the
experimental results by our proposed perspective. To validate
the inversion mechanism, a possible approach is to gradually vary the
composition of synthesized compounds from pure polycyclic aromatic
hydrocarbons to substituted derivatives. The reduction potentials and
the radical characteristics can be measured electrochemically to deter-
mine the orbital energies.20 Based on this, the optimal NN repulsion
that best matches the experimental results can be inferred. If the pre-
sent model captures the mechanism of SUMO-LUMO inversion, the
acquired NN repulsion would undergo continuous changes as the
compounds are substituted. However, the reported compounds are
not fully based on a carbon skeleton and, thus, require remodeling,
such as using the Pariser-Parr-Pople model,27–30 which is beyond our
current scope in this work. Nevertheless, our results suggest that find-
ing strategies to enhance the NN repulsion is a possible direction to
achieve the SUMO-LUMO inversion.

The critical point of the avoided crossing can be identified as
the minimum gap between two relevant levels, defining the phase
transition boundary for orbital inversion. By further varying the
on-site repulsion U, the corresponding phase diagram can be
acquired [Fig. 3(c)]. It is found that orbital inversion does not
occur at small U, indicating that the on-site repulsion is the central
factor for driving the inversion. This case corresponds to delocal-
ized PAHs, which implies that their radical products might be triv-
ial. Typically, 3.5 eV �U� 4 eV for those carbon skeletons with
localized features,19,24 but there is also no orbital inversion in pure
PAHs without substitution. Nevertheless, as VCl decreases toward
zero, the system undergoes a phase transition where the orbital
inversion occurs.

The on-site repulsion again manifests its dominant role for
U � 4:98 eV, where orbital inversion always occurs for all considered
values of VCl. This inversion also involves the avoided crossing and
exhibits the hybridization of the SOMO and HOMO [Fig. 3(d)].
Interestingly, both the SOMO-HOMO and the SUMO-LUMO inver-
sions are enabled within the parameter regime of large U (Fig. S8).
This provides a possible strategy to achieve double inversion, i.e., the
SOMO-HOMO and the SUMO-LUMO inversions occur simulta-
neously. It should be mentioned that for larger on-site repulsion
U � 5:4 eV, the mean-field theory will be invalid and needs density
matrix renormalization group or quantum Monte Carlo methods for
correct descriptions. This situation might exist in other types of chemi-
cal compounds, which is a possible investigating direction.

FIG. 3. Influences of the NN repulsion VCl
and on-site repulsion U on orbital inversion.
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Although the large U is unphysical for PAHs, an alternative
method can achieve equivalent effects by twisting the compounds.
Taking the compound 2 as an example, we artificially maintain the
dihedral angles within the biphenylmethyl radical and between the
radical and the 6-membered ring at the same value h, to discuss
torsion-induced inversion. It can be clearly seen that for h ¼ 70�, the
SOMO (SUMO) is energetically below (above) the HOMO (LUMO),
indicating that the double orbital inversion occurs [Fig. 4(a)]. This
result is similar to that of large U ¼ 5:2 eV, whereas no inversion
occurs at h ¼ 0� and U ¼ 4 eV (Fig. S9), which manifests that the
change of the dihedral angles is the key factor. Spin polarization fur-
ther reveals that the torsion reduces the p-conjugation and enhances
the system localization, facilitating the on-site repulsion and, thus,
inducing the double inversion [Figs. 4(b) and 4(c)]. To discuss the
structural energetics and synthetic feasibility, we perform DFT struc-
tural optimizations with fixed h, which are coarsely adjusted in 10�

increments. The results indicate that although the required h is larger
than that predicted by the Hubbard model, the double inversion is
observed at 90� (Fig. S10). DFT calculations show that the total energy
of the twisted conformation with h ¼ 90� is approximately 1 eV higher
than that of the untwisted one. Although such an energy difference
makes it challenging to be thermally accessible, it may be kinetically
accessible as a metastable state.

In conclusions, we have investigated a mechanism that drives
orbital inversion within the framework of the Hubbard model, whose
basic idea is to adjust the NN repulsion through Cl atom substitution.
Conventionally, this chemical modification is used to change orbital
energies or block active reaction sites in radical systems, but our results
show that it can also enable control over strongly correlated systems.
In addition, we found that a type of double inversion can be achieved
by enhancing the on-site repulsion. Although the on-site repulsion
depends on the atomic species of the occupied sites and is not easy to
adjust, one can alternatively twist the radical compounds to reduce the
degree of the p-conjugation.

Our efforts also established a practical perspective on other chem-
ical compounds, which have been synthesized in previous experiments
and a priori approaches to design orbital-inverted materials combined

with nontrivial magnetic and photoelectronic properties.31–35 Despite
inherently limited to PAHs, the present theoretical framework may still
offer valuable qualitative insights for interpreting experimental mea-
surements of other types of chemical compounds. Moreover, it is also
a possible direction to extend the current model for compounds con-
taining heteroatoms (for example, B and N atoms) and systematically
investigate the influences of different substitution patterns and func-
tional groups. Extending this theoretical approach to quantitatively
capture broader chemical systems is also our future scope.

Methods. Organic radical systems can be effectively modeled
using the tight-binding approximation, in which the nearest-neighbor
hopping integral corresponds to individual chemical bonds.36,37 For
strongly correlated systems, we further introduce the on-site and the
nearest-neighbor repulsive interactions, thereby establishing the
Hubbard model:38–40

H ¼ �
X

j 6¼i;s

tjic
†
jscis þ

X

i

Ujini"ni# þ
X

j 6¼i;s

Vjinjsnis; (1)

where j and i refer to occupied carbon sites, s ¼ "; #f g indicates spin-
1/2 up or down, cis (c

†
is) denotes a fermionic annihilation (creation)

operator, and nis ¼ c†iscis. tji ¼ t ¼ �2:7 eV and Uji ¼ U ¼ 4 eV are
the hopping integral between the nearest-neighbor sites and the
on-site repulsion, respectively, which are adopted as a constant inde-
pendent of sites unless specified otherwise.19 The nearest-neighbor
repulsion is adopted as Vji ¼ VC ¼ 0:55 eV for pure PAHs.

For the compound 1, dihedral angles h between planar moieties
are nonzero, which are illustrated in Fig. 1. They result in the sinusoi-
dally decreasing hopping integral as tji ¼ t cos h.41 According to DFT
calculations, both two dihedral angles in the biphenylmethyl radical
are 48:3�. The other dihedral angles are 47:0� (biphenylmethyl group/
6-membered ring), 34:8� (inter-ring), and 70:2� (6-membered ring/
anthryl group). Introducing Cl atoms may locally modify Vji, sketched
by yellow bonds in 1 of Fig. 1. In this case, the relevant Vji is modified
to be VCl ¼ 0.

When U � 2t, the Hubbard model can be safely approximated
utilizing the mean-field theory, i.e., njsnis0 ¼ hnjsinis0 þ njshnis0 i
� hnjsihnis0 i.24,42 Then, we neglect the constant term hnjsihnis0 i and
diagonalize and iterate H, acquiring the �-th orbital wavefunction w�s
for further discussions.43 Spin polarization can be obtained using
q ¼ q" � q#, where qs ¼

P
� jw�sj2 is calculated by taking all the

occupied orbitals into account.
DFT calculations are conducted with the Gaussian 16 program

package.44 We optimize molecular geometries and calculate orbital
wavefunctions and energies at the unrestricted B3LYP/6-31G(d,p) level
with the DFT-D3 dispersion correction.45–48 Main results of orbital
inversion are confirmed at the unrestricted M06-2X/TZVP and
HSE06/6-311G(d,p) levels.49,50 All the DFT calculations are at a neu-
tral state and in vacuum and carried out at ultrafine grid integration.
Multiwfn package is applied to calculate orbital distributions, Mulliken
populations, and UV-Vis spectra.51,52 Visual Molecular Dynamics
package is used to draw molecular structures and isosurface maps.53

See the supplementary material for UV-Vis spectroscopy, wave-
function distributions and level energies of the six molecular orbitals of
the compound 1, confirmation of the independence from the compu-
tational functionals, validation of the robustness of the model parame-
ters, determination of the influenced moiety by the Cl atom

FIG. 4. (a) Level spectrum of the compound 2 with a torsion angle h ¼ 70�, in
which both SOMO-HOMO and SUMO-LUMO inversions occur. (b) and (c) Spin
polarization of 2 with h ¼ 0� and h ¼ 70�, respectively. The three dihedral angles
labeled with gray lines are maintained at the same torsion value h. All the results
are obtained from the Hubbard model with U ¼ 4 eV and VC ¼ VCl ¼ 0:55 eV.
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substitution, a predicted orbital-inverted compound, wavefunction dis-
tributions and level spectrum induced by the torsion effects, and opti-
mized geometries of compounds.
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