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Organic radicals with inversion of SOMO and HOMO energies and 
potential applications in optoelectronics 
Sitthichok Kasemthaveechok, a Laura Abella,b Jeanne Crassous a, Jochen Autschbach,b,* and Ludovic 
Favereaua,* 

Organic radicals possessing an electronic configuration in which the energy of the singly occupied 
molecular orbital (SOMO) is below the highest doubly occupied molecular orbital (HOMO) level 
have recently attracted significant interest, both theoretically and experimentally. The peculiar 
orbital energetics of these SOMO-HOMO inversion (SHI) organic radicals set their electronic 
properties apart from the more common situation where the SOMO is the highest occupied orbital 
of the system. This review gives a general perspective on SHI, with key fundamental aspects 
regarding the electronic and structural factors that govern this particular electronic configuration 
in organic radicals. Selected examples of reported compounds with SHI are highlighted to establish 
molecular guidelines for designing this type of radical, and to showcase the potential of SHI radicals 
in organic spintronics as well as for the development of more stable luminescent radicals for OLED 
applications.  

 

Introduction 
Organic radicals form a particular class of materials exhibiting 
an open-shell electronic structure with one or more unpaired 
electron (Figure 1). Radical compounds are often considered 
as highly sensitive, and they usually react quickly via 
dimerization, hydrogen abstraction, or other degradation 
mechanisms. With the continuous development of organic 
chemistry and the deeper experimental and theoretical 
understanding of the parameters controlling molecular 
reactivity, a number of stable or persistent organic open-shell 
compounds have been isolated and investigated. As a result 
of their specific (photo-)reactivity, radicals have continued to  
attract significant interest in chemistry and biochemistry, 
notably playing a central role in many enzymatic reactions as 
well as  in-vivo imaging.1-3 Organic π-conjugated radicals are 
also a topic of intense research in materials science because 
of their electron spin, making them innovative alternatives for 
the basis of next-generation optoelectronics, for instance,  in  
organic field-effect transistors (OFETs),4-6 organic light-
emitting diodes (OLEDs), or organic magnets. 4, 5, 7-27 
Furthermore, these molecular materials also provide 
fundamental insights about the nature of chemical bonds and 
their delocalization in open-shell systems, in addition to their 
other features such as narrow HOMO-LUMO energy gaps, 

low-lying doubly-excited states, or redox amphoterism.4, 10, 12, 

13, 15, 28, 29  

Figure 1. a) Schematic comparison of the frontier orbitals of a neutral 
closed-shell vs. an open-shell compound. The latter is obtained from 
the former by a one electron oxidation process and shows the SOMO 
as the highest energy level and its unoccupied (SUMO) counterpart, 
illustrated here with the triphenylmethane and corresponding 
triphenylmethyl radical, TPM●+. b) Key optoelectronic properties of 
an organic radical. 

In the popular molecular orbital (MO) description of electronic 
structure, as widely adopted in chemistry and related fields,30 
an unpaired electron means the set of MOs includes a singly 
occupied molecular orbital (SOMO, Figure 1), that is, an 
occupied α spin (‘spin-up’ ↑) or β spin (‘spin-down’ ↓) orbital 
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without a matching occupied opposite-spin (β or α) 
counterpart with the same or very similar spatial behaviour 
(spatial function). The spatial function is what defines the two-
colored isosurface plots seen in research articles and textbook 
for depictions of MOs; the SOMO spatial function and the 
unpaired spin are of course intimately connected to the 
radical properties. 

For the radical in Figure 1, the α and β spin components of the 
HOMO are assumed to have matching spatial functions, and 
are therefore grouped as a spin pair. Likewise, the SOMO and 
its unoccupied spin counterpart, which we label SUMO for 
convenience, are assumed to have matching spatial functions, 
but only one of them is occupied. As drawn, the figure reflects 
the fact that in spin-unrestricted MO self-consistent field (SCF) 
calculations, the α and β spin orbitals may have different 
energies, even if their spatial functions match closely. This is 
the case, in particular, for the SOMO-SUMO pair. 

Since the pioneering works of Thiele and Chichibabin on open-
shell hydrocarbons,31-33 significant efforts have been directed 
toward understanding the structural and electronic factors 
that may lead to an increased  stability of radical systems. 
When discussing this crucial aspect, it is important to 
differentiate between the terms stable and persistent for 
quantifying the reactivity of a radical by using the advice of 
Ingold, who wrote that34 “[…] the word stable should only be 
used to describe a radical so persistent and so unreactive to 
air, moisture, etc., under ambient conditions that the pure 
radical can be handled and stored in the lab with no more 
precautions than would be used for the majority of 
commercially available organic chemicals”. Thus, most long-
lived radicals deserve to be labeled persistent, and few rise to 
the level of stable. 

The challenge for chemists is to design organic radicals that 
are as persistent as possible, to investigate their specific 
properties in depth, and to take advantage of these properties 
in optoelectronic and other types of applications. To reach 
this objective, an old and rather simple approach is to 
introduce bulky substituents to prevent dimerization or 
reaction with molecular oxygen, for instance. This strategy is 
often quite efficient to increase the kinetic stability of a radical 
compound. Another approach involves the delocalization of 
the unpaired electron along a molecular backbone, which 
reduces the accumulation of spin density at certain atoms and 
tends to increase the overall radical stability. Very recently, 
Paton et al. proposed a quantitative description of the term 
stability for radicals based on a combination of 
thermodynamic and kinetic factors,35 which can be related to 
the aforementioned delocalization and steric protection 
approaches, respectively. 

In addition to gaining fundamental insight regarding the 
reactivity of organic radicals, investigations of these species 
have also furnished a better understanding of how the 
presence of one or more unpaired electrons influences the 
optical, electronic and magnetic properties of a molecule. For 
instance, the ground state of a mono-radical and the excited 
states, accessible via spin-allowed processes, are of spin-
doublet nature,36, 37 which can offer new opportunities for 
optoelectronic applications and especially in OLED 
technology.14, 16, 17, 38, 39,40, 41 Considered as a curiosity for a long 
time, this type of luminescence is currently attracting strong 
interest because doublet radicals do not give rise to dark 
triplet states, unlike classical fluorescent organic emitters 
with closed-shell ground states (Figure 2). Accordingly, 
radicals offer the potential to reach a theoretical internal 
quantum efficiency (IQE) of 100% in OLEDs, whereas the IQE 
is ca. 25% for classical fluorophore compounds. Furthermore, 
the nanosecond luminescence lifetime of radicals is highly 
beneficial for display applications, in comparison to the 
microseconds found for thermally activated delayed 
fluorescence (TADF) materials.37, 42 In the latter process, the 
reverse intersystem crossing rate, illustrated by the dashed 
arrow from T1 to S1 in Figure 2, is low and often competes with 
non-radiative quenching, causing poor device efficiency at 
high brightness levels.43  

 
Figure 2. Comparison of the emission process of the organic radical 
emitter per-chlorotriphenylmethyl PTM (left) and the TADF emitter 
2,3,5,6-tetra(9H-carbazol-9-yl)terephthalonitrile, 4CzTPN (right).44 

Beyond mono-radicals, the design of organic molecules 
containing at least two interacting unpaired electrons, such as 
diradicals, is of particular interest, because of the multiplicity 
of the spin states and their energetic ordering , which is 
related to the strength of the interaction between the 
unpaired electrons.7, 45, 46 For example, in the case of a di-
radical the stability of the triplet vs. an open-shell singlet spin 
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state becomes important. Different accessible spin states 
provide a molecular system with switchable magnetic 
properties, and the possibility of a high-spin  ground state,45-

47 which is desirable for molecular-scale spin information 
processing and memory devices. Polymeric radicals have also 
been investigated, with recent examples  displaying high 
conductivity properties48 as well as high spin multiplicity.49 

One typical feature of an organic mono-radical is that the 
SOMO has higher energy than the doubly occupied MOs in the 
ground-state electronic configuration (Figure 1). This is 
associated with the Aufbau rule, by which orbitals are 
occupied by up to two electrons (counting a pair of α and β 
orbitals with matching (identical or very similar) spatial 
functions as a single orbital in this context) from low to high 
orbital energy. This concept is extremely useful in chemistry 
for rationalizing the electronic structure and reactivity of 
molecules. However, it is important to note that a change in 
the electronic configuration, for example from ionisation or 
electron reduction of a molecule, or an excitation, impacts all 
orbitals of the system. In other words, the spatial functions 
(orbital shapes) as well as the orbital energies change in 
response to a change in the electron configuration. This 
means the ‘ladder of MOs’ of a system is not rigid.30, 50, 51 For 
example, changes in the inter-orbital repulsion must be 
considered when assessing the relative stability of different 
alternative electron configurations. A case in point is the 3d-
4s inversion of filling order for neutral first-transition row 
atoms: The partially filled 3d shell in the atomic ground states 
is energetically below the singly or doubly occupied 4s,52 in 
apparent violation of the Aufbau rule.. 

Recently, a violation of the Aufbau rule has also been claimed 
for certain organic radicals. These systems possess an 
electronic configuration in which the energy of the SOMO is 
below the HOMO level (Figure 3). This SOMO-HOMO inversion 
(SHI), alternatively referred to as SOMO-HOMO conversion or 
a quasi-closed-shell configuration, has generated widespread 
interest, both theoretically and experimentally, to rationalize 
and understand the consequences of the peculiar electronic 
structure of this class of open-shell systems. 23, 50, 53-57 SHI has 
been investigated in organic spin-polarized donor systems as 
a route toward high-spin diradicals,18, 58-62 and also in the case 
of luminescent radicals where SHI was associated with a 
significant increase of photostability.38 Coote, Corminboeuf et 
al. summarized various theoretical aspects related to the 
characterization of this phenomenon with molecular 
examples of SHI in 2015.50 Very recently, Abe et al. 
exhaustively surveyed the reported compounds in which SHI 
has been identified.55 Given the strong attention that SHI 

organic radicals have received again recently, it appears 
timely to review the synthetic challenge to obtain SHI in open-
shell compounds, as well as some important new theoretical 
insight regarding the occurrence of SHI and its impact on the 
molecular optoelectronic and magnetic properties.  

In this short review, our objective is to give the readers a 
general perspective on SHI, with key fundamental aspects 
regarding the electronic and structural factors that govern this 
particular electronic configuration in organic radicals. We first 
introduce some basic considerations regarding SHI and 
explain why the ‘non-Aufbau’ designation is somewhat 
imprecise in the context of spin-unrestricted SCF MO 
calculations. We then present the current theoretical 
understanding of the electronic factors that govern SHI in 
organic radicals, along with selected examples of reported 
compounds illustrating these findings. This is followed by a 
description of the common features exhibited by the SHI 
radicals reported in the literature, based on what is known 
about the key parameters responsible for SHI, along with a 
discussion of the (actual or postulated) consequences of this 
electronic configuration on the molecular properties of 
radicals, especially their (photo)stability. We hope that this 
work will not only provide a general view of the current state-
of-the-art, but will also identify new opportunities for future 
research directions. 

SOMO-HOMO inversion (SHI): Basic considerations 

Strictly speaking, the electron orbitals calculated for many-
electron systems, and their energies, are not observable. 
However, the orbitals acquire meaning via approximations. 
For example, per Koopmans’ theorem, the vertical ionization 
potential (IP) is up to a sign approximately equal to εH, with 
the latter being the HOMO energy from a Hartree-Fock (HF) 
calculation. Similarly, the LUMO is approximately associated 
with electron attachment (EA = electron affinity). In Kohn-
Sham density functional theory (DFT), IP = -εH, holds exactly, 
as long as the functional is exact. This is often referred to as 
Janak’s theorem; for a critique see ref. 63. In practice, with 
approximate functionals, DFT HOMO and LUMO energies may 
differ considerably, numerically, from the IP and EA, although 
procedures are available to establish these numerical 
relationships very closely.64, 65 Koopmans’ and Janak’s 
theorem and their relation to electron removal or addition are 
also fundamentally related to Fukui functions and associated 
concepts describing the reactivity of a molecule.66 Therefore, 
as chemists know well, the orbitals of a molecule provide 
important qualitative, and sometimes even quantitative, 
information about its physico-chemical properties. Regarding 
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SHI, for a reliable assignment by calculations the presence or 
absence of SHI should be robust, i.e., not sensitive to the 
chosen electronic structure approximations such as the 
functional used in DFT calculations. 

As mentioned, SHI has been associated with a non-Aufbau 
electronic configuration similar to what has been reported for 
metal complexes67-69 and certain types of high-spin restricted 
open-shell HF calculations.70 We reiterate that in spin-
unrestricted MO theory, that is, in spin-unrestricted HF or DFT 
SCF calculations, matching α- and β-spin MOs may have 
different energies. ‘Matching’ means the spatial functions are 
the same, or very similar.‡ For the reported SHI molecules, the 
SUMO is above the HOMO in energy in such calculations. 
Therefore, there is no unoccupied spin orbital energetically 
below the highest occupied spin orbital, and the Aufbau rule 
is not technically violated.71 Nonetheless, of course, SHI is very 
intriguing. As depicted in Figure 3, the general illustration of 
SHI is that the HOMO pair of matching spin orbitals is higher 
in energy than the SOMO, and below the corresponding β-spin 
hole represented by the SUMO. 

 
Figure 3. Schematic representation of the electronic configuration 
found in organic radicals with SOMO-HOMO inversion (SHI). Figure 
adapted with permission from ref 53. Copyright 2021 American 
Chemical Society. 

This electronic configuration sets the electronic properties of 
these radicals apart from the more common situation where 
the SOMO is the highest occupied orbital of the system. While 
it is not always obvious to relate the electronic configuration 
of a molecule to its thermodynamic stability and other 
properties, what is clear is that when SHI is present, further 
oxidation of the molecular system will most likely produce an 
open-shell di-radical instead of a closed-shell configuration. 
This is because, per Koopmans’ or Janak’s theorem, further 
ionization of the radical will be from its HOMO. This specific 
reactivity has been successfully used to produce an organic 
diradical with a triplet ground-state,72 resulting from the 
oxidation of a monoradical with SHI electronic configuration 
(vide infra). Also, the energetic inversion of the SOMO and 

HOMO has been recently associated with a certain gain of 
chemical and/or photophysical stability for organic radicals, 73, 

74 thus potentially offering a complementary approach to the 
two classical ones for stabilizing radicals (i.e. shielding the 
unpaired electrons with bulky substituents, or enhancing their 
delocalization over the molecular backbone10, 11, 75-79). 
Complementing these molecular material applications, 
organic radicals with SHI have recently been claimed as key 
intermediates for regiospecific reaction of C(sp3)H-amination 
and photocatalytic allylation, providing alternative directions 
for organic synthesis.80, 81  

Design strategies for SHI radicals 

Numerous molecular systems have been reported to show 
SHI. However, a clear understanding of the electronic factors 
that lead to this specific electronic configuration has been 
lacking. Pioneering work related to this aspect started in the 
90s with the contributions of Sugimoto82, Sawaki83 and 
Sugawara84-88, who explored SHI electronic configurations in 
organic compounds implying highly persistent and localized 
radicals. For instance, Sugawara and co-workers developed 
several molecular systems combining an electron donor unit 
and a pendent radical, named spin-polarized donor, with SHI 
configuration and potentially spin-polarized current 
conduction.18 The investigated design of these compounds 
was mainly based on the nitronyl nitroxide radical unit 
functionalized by different organic electron donor fragments 
(Figure 4), in a way that the two parts weakly interact 
electronically with each other. Based on a structure-
properties relationship study, Sugawara et al. identified 
important structural and electronic factors that favor SHI in 
the spin-polarized donors, involving notably the electron 
donor strength of the fragment bearing the HOMO level, and 
the torsion angle between the latter and the radical unit 
(Figure 4).  

 

 1 2 3 
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Figure 4. a) Schematic illustration of the Sugawara spin-polarized 
donor structure. b) Nitronyl nitroxide radical 1, 2, and 3 with 
corresponding torsion angles between the radical and donor 
fragments in degrees with schematic illustration of the 
corresponding electronic configuration. Figures adapted with 
permission from ref 59. Copyright 2000 American Chemical Society.  

As illustrated in Figure 4, three possible scenarios can be 
considered for these donor-radicals, resulting in different 
electronic configurations:59  

- (A) When a weak electron donor unit is connected to the 
radical, such as for example a benzene unit in phenyl nitronyl 
nitroxide1, the α-SOMO is higher in energy than the HOMO, 
resulting in a common open-shell molecular orbital 
arrangement with the SOMO being the highest occupied 
orbital. 

- (B) In the case of dimethylamino nitronyl nitroxide 2, 
increasing the donor strength of the organic donor unit results 
in an α-SOMO that is higher in energy than the α-HOMO, but 
lower in energy than the β-HOMO. The energetic splitting 
between the α-HOMO and β-HOMO arises from a non-
equivalent electronic repulsion between the latter two and 
the α-SOMO, as evidenced by spin-unrestricted calculations. 
Thus, this electronic configuration affords what we may call 
partial SHI, where oxidation would likely occur from the β-
HOMO instead of the α-SOMO.  

- (C) Decreasing the electronic interaction between the donor 
and radical units while keeping the donor strength character 
of the organic donor unit results in a complete SHI electron 
configuration, where both α- and β-HOMO energy levels 
become higher in energy than the α-SOMO. For instance, p-
aminophenyl nitronyl nitroxide 3 displays this kind of 
electronic configuration.  

Interestingly, the two latter types of design should give a 
diradical with a triplet ground-state upon one-electron 
oxidation of the donor unit in accordance with Hund’s first 
rule, and because of the non-disjoint connection of the 
resulting two SOMOs, following Borden and Davidson.89 
Experimentally, this kind of specific reactivity can be 
characterized using electrochemical methods, electron 
paramagnetic resonance (EPR) and magnetometry 
measurements (vide infra).  

Having these preliminary molecular guidelines in mind, we 
recently embarked on a computational study with the aim of 
understanding the electronic factors that govern SHI in 
already reported mono-radicals. The findings were then 
applied to identify potential SHI candidates ‘in silico’.53 Prior 
calculations already indicated that SHI might be less 
uncommon than once thought,57 especially for small systems 
or spatially compact (localized) SOMOs, hinting at the 
important role of intra vs. inter-orbital electron repulsion 
discussed in the following. Analysis of various contributions to 
the MO energies individually, along with selected electron 
repulsion integrals (ERIs) for the frontier MOs, was carried 
out. The SHI analysis starts out with a closed-shell parent (CS), 
which is analogous to the radical but has one additional 
electron. Initially, the CS parent is in its equilibrium structure 
(CS//CS). The radical is then formed in three steps: 

(i) Removal of an electron without letting the MOs 
or structure relax: CS//CS → R�//CS 

(ii) MO relaxation via SCF: R�//CS → R//CS 
(iii)  The radical adopts its own equilibrium 

structure: R//CS → R//R. 

Step (i) is key and typically already establishes SHI. Based on 
the analysis, the preconditions in the CS system for formation 
of an SHI radical are as follows: (a) The CS HOMO energy is 
balanced by a large self-Coulomb repulsion (i.e., the repulsion 
between the α and β spin component of the HOMO) and a 
strongly stabilizing negative electron-nucleus attraction. The 
former can be tuned via the spatial compactness of the moiety 
on which the MO is localized, and the latter by inductive 
effects from substituents or substitution of carbon with 
electronegative heteroatoms, for example. As noted later, 
bonding vs. antibonding character of an MO may also be a 
factor in the energetic balance. (b) The HOMO self-Coulomb 
repulsion in the CS system is considerably larger than the 
repulsion between the HOMO and other occupied frontier 
orbitals (HOMO-1, in particular). This is the reason why many 
of the known SHI radicals have spatially disjoint HOMO and 
SOMO: When the MOs are disjoint, their mutual Coulomb 
repulsion is relatively weak, favouring SHI in the presence of 
condition (a).  

The main effect from removing an occupation from the CS 
HOMO, to form the radical, is then a strong stabilization of the 
orbital’s remaining occupied spin component, from the loss of 
the self-Coulomb repulsion according to condition (a), 
whereas HOMO-1 and potentially other occupied frontier 
MOs are far less stabilized because of condition (b). The 
SOMO ends up below one or several pairs of matching spin 
orbitals. The energy of the SUMO still contains the Coulomb 
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repulsion with the SOMO, and therefore it remains high in 
energy.  

In a nutshell, the formation of an SHI radical is likely to occur 
when the electrons in the HOMO of the CS parent repel each 
other strongly, while the repulsion between the HOMO and 
other occupied frontier MOs is much weaker. Then, the SHI is 
driven by the loss of a considerable amount of repulsive 
energy upon removing one of the HOMO occupations. In a 
design approach that starts with a radical moiety already, 
connecting the latter with an electron donor group that has a 
lower IP, while keeping the electronic interaction between the 
two units relatively weak, likewise seems to represent an 
efficient way of creating SHI radicals, as illustrated in Figure 4.  

A counter example of the crucial role of step (i) in establishing 
SHI is the case of a system composed of two identical 
fragments with limited electronic interaction, in which one is 
oxidized. A representative example of that system if the case 
of the bicarbazole radical cation 4●+ (Figure 5 and vide infra),74 
a system composed of two identical carbazole fragments, 
which we recently reported as the first enantiopure chiral SHI 
monoradical.74 In the CS parent system, the HOMO and 
HOMO-1 are essentially in-phase and out-of-phase (+/-) linear 
combinations of individual carbazole fragment frontier 
orbitals, with Coulomb ERIs within and between HOMO and 
HOMO-1 being nearly the same. The vertical ionization of 
dimer 4 does not immediately afford an SHI system. For such 
a design and presumably related ones, such as in bridged 
bicarbazole radical cation 5●+, a significant distortion of the 
molecular structure upon oxidation is required for the 
occurrence of SHI (step ii) in Figure 5a), causing the HOMO and 
SOMO to localize on separate fragments. Nonetheless, key to 
understand the occurrence of SHI in a radical is the 
electrostatic repulsion among the frontier orbitals, before and 
after the radical formation. 
Another type of SHI radical can be also identified, in which the 
HOMO and SOMO are spatially overlapping. This scenario is 
exemplified by the radical aza-thia[7]helicene derivatives 6●+ 

and 6● reported by Rajca et al. in 2016 (Figure 5b and vide 
infra).56 In this system, as revealed by our computational 
analysis, the HOMO and HOMO−1 of the CS parent are 
effectively degenerate, and they both have strong—but 
sufficiently different—self-Coulomb repulsions. Moreover, 
there is a large Coulomb ERI between these two orbitals 
because they strongly overlap spatially. As for the SHI radical 
design mentioned first (Figure 4), the ionization of the CS 
parent 6 induces the loss of a particularly large self-Coulomb 
ERI and results directly in SHI. Although significant orbital and 
structure relaxation also occurs, because of the spatial overlap 

of the HOMO and SOMO, the loss of the larger of the two 
Coulomb repulsion terms in the total energy favours the SHI 
ground-state configuration of the radical, and may likewise 
induce SHI in systems with similar orbital energetic 
characteristics.  

 
Figure 5. Chemical structures of a), the bicarbazole radical cations 4●+ 
and 5●+ and b), the cationic radical azathia[7]helicene 6●+ and neutral 
azathia[7]helicene 6●, with a schematic illustration of the events 
leading to a SHI electronic configuration. 
To summarize thus far, calculations have uncovered electronic 
factors resulting in organic radicals with SHI and furthermore 
shown that the SOMO−HOMO energy gap in a multifragment 
SHI radical can be tuned via optimizing the HOMO energies of 
the precursor molecules (see ref. 53). While a clear molecular 
design to obtain SHI radical has been identified by the work of 
Sugawara et al., the recent results obtained on bicarbazole 
and aza-thia[7]helicene derivatives indicate that other 
strategies may be also relevant to obtain SHI radicals. 
Accordingly, further investigations are currently needed to 
rationalize these new approaches and provide new molecular 
guideline strategies. In the following sections, we discuss 
selected examples of organic SHI radicals, in which some 
common features can be identified with the ones illustrated 
in these theoretical results. 

i. SHI radical with a radical fragment weakly interacting with 
an electron donor unit  
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As mentioned, one of the strategy to design SHI organic 
radical relies on the functionalization of a radical unit by a 
secondary electron donor unit with a lower ionization 
potential (IP) while ensuring spatially disjoint HOMO and 
SOMO. 
An example of this design is detailed in Figure 6 with 
compounds developed by Li, Brédas, Friend, and coworkers as 
doublet emitters for OLED applications.38 The chemical 
structure of these neutral radicals are based on the known 
luminescent tris(2,4,6-trichlorophenyl)methyl (TTM) 
radical,27, 90, 91 functionalized by either a phenyl-phenothiazine 
(PPTA) or a carbazole unit (3NCz) as donor groups. These 
organic neutral radicals can be readily prepared by one-
electron oxidation of the corresponding anions, obtained via 
deprotonation of the hydrogenated precursors HTTM-PPTA 
and HTTM-3NCz, and represent an interesting comparison 
between a system with SHI (TTM-PPTA, 7) vs. without (TTM-
3NCz, 8).  

Using cyclic voltammetry (CV), ultraviolet photoelectron 
spectroscopy (UPS), EPR and computational methods, it was 
shown that the SHI electronic configuration can be obtained 
when there is not too strong electronic coupling between the 
neutral radical and the electron donor unit, as already 
mentioned, which in some cases goes along with near-
orthogonal conjugated π systems. Accordingly, in TTM-PPTA 

the SOMO remains mainly localized on the triphenylmethyl 
radical moiety, and lies below the HOMO found mostly on the 
phenothiazine fragment. For this molecular design, i.e. a 
persistent radical weakly interacting with an electron donor 
unit, SHI is typically established upon formation of the radical 
(step (i) in the theoretical analysis, vide supra). As depicted in 
Figure 6, both the release of the energetic repulsion between 
the α- and β-spin components of the HOMO in the CS of TTM-
PPTA and the limited electrostatic repulsion between HOMO 
and HOMO-1 are the key factors to obtain SHI. For TTM-3NCz, 
the stronger electronic interaction between the HOMO and 
HOMO-1 disfavors the occurrence of SHI and ultimately leads 
to a classical organic radical electron configuration, with the 
SOMO higher in energy than the HOMO. 

Another interesting finding of Li, Brédas, Friend, et al. was that 
the photostability of the luminescent radical with SHI was 
nearly five orders of magnitude higher than of PTM alone, and 
up to four orders of magnitude higher than similar radical 
derivatives without SHI reported in the literature.17, 38 This 
effect was attributed to the SHI as well as the charge-transfer 
nature of the excited-state of the radical promoted by the 
presence of the carbazole unit, limiting some 
photodegradation reactions. 
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Figure 6. Orbital energies (in eV) and isosurfaces (0.030 a.u.) of selected MOs of the TTM-PPTA 7 and TTM-3NCz 8 systems. See the text for 
a description of the CS//CS and R//CS labelling. The vertical dimension of the figure is associated with the orbital energy; however, the energy 
scales are drawn qualitatively and are not aligned. The table provides selected Coulomb and exchange electron repulsion integrals (ERIs, in 
eV) for the corresponding closed-shell parent systems. (a) Coulomb repulsion between the α- and β-spin component of the MO. Figures 
adapted with permission from ref 53. Copyright 2021 American Chemical Society.

As already discussed, Sugawara et al. applied this strategy to 
construct a variety of spin-polarized donors based on amino 
groups, pyrrole, and other tetrathiafulvalene derivatives, 92-

96,61, 97-104 and show that this type of compounds can exhibit 
coexisting conductivity and magnetism, as illustrated with 
molecules 9a,b, resulting from a combination of the bis-
ethylenedithio-tetraselenafulvalene (ESBN) donor and the 
nitronyl nitroxide (NN) radical (Figure 7).72, 101, 105 

N

N

O

O

S

S

X

X

S

S

9a (X = S)
9b (X = Se)

a)

 

 

Figure 7. a) Example of spin-polarized donors 9 where both magnetic 
and spin conductivity properties co-exist. b) Magnetic switching of 
resistance of 9b at constant voltage. c) Temperature-dependence of 
the ratio of magnetoresistance of 9b at a bias voltage of 7 V. 
Reprinted figures with permission from ref 91. Copyright 2008 by the 
American Physical Society. 
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In 2008, Nishihara et al. showed that SHI can also be induced 
in organometallic complexes, by using the coordination of a 
platinium (II) ion by a dithiolate organic radical ligand 
(tempodt 10a, Figure 8).106 Whereas the latter, composed of 
a 2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) fragment, 
displays the SOMO as its highest occupied orbital,  Pt(II) 
complex 10, with 4,4’-di-tert-butyl-2,2’-bipyridil as the 
ancilliary ligand, shows an SHI configuration. The authors 
attributed this effect to an antibonding interaction of the 
highest doubly occupied MO of the tempodt ligand and the 
HOMO of Pt(tBubpy)2+, which raises the energy of the 
resulting HOMO in complex 10 above the SOMO. 
Furthermore, strong on-site Coulomb repulsion of the SOMO 
and its weak interaction with the HOMO, exclusively localized 
on the dithiolate ligand, were considered as decisive factors in 
obtaining SHI. These conclusions were supported by CV 
measurements, UV-vis spectroscopy, EPR, and DFT 
calculations. Interestingly, oxidation of the complex using the 
ferrocenium chemical oxidant resulted in the formation of 
dimer 102·2PF6 (Figure 8). A clear triplet signal in the ESR 
spectrum, arising from the hyperfine coupling between the 
radical center and the nitrogen nucleus, indicated the 
presence of a nitroxide radical within the dimeric product, 
confirming that the removal of the electron involves the 
HOMO and not the SOMO of the complex. Nishihara et al. 
further investigated this approach using different metal ions 
such as nickel(II), gold(I), and palladium(II),107-109 likewise 
showing  SHI electron configurations. 

 
Figure 8. a) Molecular structures of radical ligand tempodt 10a, 
platinum-tompodt complex 10, with the formation of the dimerized 
complex 102

2+ and b) the UV-vis spectra of 10 and 102
2+; c) EPR 

spectrum of 102
2+. Figures adapted with permission from ref 106. 

Copyright 2008 American Chemical Society. 

Following a similar direction, Coote et al. were the first to 
highlight a potential consequence of SHI on the resulting 
chemical stability of the radical.110 The authors used distonic 

radical anions based on either stable diallyl or nitroxide radical 
units, linked via sigma bonds to a carboxylate group in which 
the HOMO has higher energy than the radical’s SOMO (Figure 
9). Based on experimental and theoretical evidence, the 
authors found that the anion stabilizes the radical moiety and 
that the electronic configuration can be switched between 
Aufbau and non-Aufbau by protonation of the anionic group 
(Figure 9). It was furthermore suggested that such a 
mechanism of stabilization also operates in nucleic acid 
radicals because of the presence of sulfate and phosphate 
groups, thus preventing undesirable radical reactivity.  

Figure 9. Molecular orbital configurations of the carboxy-aminoxyl 
radical in both anionic 11• and neutral 11H+ forms.  

Coote et al. expanded their investigations to other distonic 
radical anions and found that the stabilization effect 
diminishes in polar solvents,111 and even disappears in water, 
as also experimentally confirmed a year later by Lucarini et al. 
using bond dissociation energy measurments.112  

In 2019, Kusamoto, Nishihara et al. reported another example 
of an SHI radical showing the radical site switching with the 
acidity of the medium,113 based on a similar molecular design 
as the radical emitters developed by Friend, Brédas and Li et 
al. (Figure 6),38 i.e., a donor−acceptor radical, using 
triphenylamine (TPA) as the electron donating unit and a 
molecular analogue of the TTM radical with the phenyl ring 
replaced by  3,5-dichloro-4-pyridyl (12•, Figure 10). In neutral 
conditions, 12• shows SHI with the SOMO being located 
mainly on the triaryl radical unit and the HOMO localized on 
the triaryl amine donor fragment, as shown by DFT 
calculations. Upon titration with trifluoroacetic acid (or with 
B(C6F5)5 as a lewis acid), protonation of the pyridine moiety 
occurs and induces an increase of the intramolecular charge 
transfer (ICT) occurring from the neutral donor to the radical 
unit. This results in a significant bathochromic shift in the UV-
vis-IR absorption spectrum, as well as quenching of the radical 
luminescence, while keeping the SHI electron configuration. 
Moreover, an excess of acid (> 200 eq.) triggers an 
intramolecular electron transfer from the trisarylamine to the 
radical center, affording a possibility to switch between TPA-
[RH] ●+ and [TPA] ●+-RH. 
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Figure 10. Molecular Structures of Tris(2,4,6- trichlorophenyl)-
methyl Radical, PyBTM 12•, and [TPA-RH+]• 12H+. 

More recently, Abe, et al. investigated theoretically the 
electron configurations of diradical compounds based on a 
macrocyle composed of an anthracene and a 2,2-
difluorocyclopentane diradical unit, linked together by two 
diphenylethyne fragments (13, Figure 11).114, 115 In this 
molecule, the HOMO is mainly localized on the anthracyl unit, 
with little electronic interaction with the SOMO and SOMO-1 
found on the 1,3-diphenylcyclopentane. Both the presence of 
of the anthracene fragment and fluorine atoms within the 
cyclopentane unit were shown to be important factors to 
establish SHI, by raising the energy of the HOMO and 
stabilizing the SOMO and SOMO-1, respectively.   

 
Figure 11. Molecular structure of triplet ground state cyclopentane-
1,3-diyl diradical 13 within a π–conjugated macrocyle, exhibiting 
partial SHI in the sense that the SOMO-1 is below a doubly occupied 
MO while the SOMO remains the highest energy level. 

ii. SHI radicals from symmetric dimer compounds  

While the SHI concept has been popularized in the last decade 
(with the term of spin-polarized donor, vide supra), it is 
important  to mention the work of Kinoshita et al. reported in 
1987, on the galvinoxyl radical 14 (Figure 12).116 Interested in 
the possibility of designing intermolecular ferromagnetism in 
organic materials, the team studied the orbital energies of the 
galvinoxyl radical using spin-unrestricted calculations and 
demonstrated that partial SHI occurs in the system, attributed 

to a difference of  spin polarisation of the α and β spin 
component of the HOMO. These results also suggested that 
the oxidation of a radical with this kind of electronic 
configuration may favor the formation of a triplet diradical by 
selective oxidation of the β-spin component of the HOMO.117-

119  
 

        

SOMO

HOMO

βα

SUMO

E HOMO

  

Figure 12. Chemical structure of galvinoxyl radical 14 and its 
simplified orbital energy diagram.  

Compound 14 can be therefore considered as an SHI 
precursor, based on a molecular dimer design, which has been 
mentioned already in the context of bicarbazole radical 
cations 4●+ and 5●+ (Figure 5 and 13).74 The investigation of 
these radical systems allowed us to explore the SHI in chiral 
radical molecular systems and provide new insights regarding 
its impact on the stability of organic radicals. Photophysical 
(UV-vis-NIR absorption), chiroptical (ECD, Electronic circular 
dichroism) and electrochemical characterization of the 
neutral bicarbazole system and its radical cationic form 
revealed high chemical stability for unprotected carbazole 
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axial radical 4●+, in comparison to unstable helical 5●+, and in 
striking contradiction to the known polymerization reactivity 
of unprotected oxidized carbazole in the 3 and 6 positions 
(Figure 13).120 Interestingly, both 4●+ and 5●+ exhibit SHI, 
indicating that such an electronic configuration is not a 
sufficient prerequisite to provide radical stability. Our 
experimental and theoretical results rather suggest that in 

addition to SHI, the electronic coupling between the radical 
center and the electron-rich unit on which the HOMO is 
centered plays a crucial role in the radical reactivity. In 4●+ and 
5●+, this aspect depends on the dihedral angle between the 
carbazole moieties, which is governed by the axial and helical 
chirality of the bicarbazole systems.  

Figure 13. a) Axially and helically chiral SHI cationic bicarbazole monoradicals 4●+ and 5●+, and orbital comparison with their common non-
SHI cationic carbazole radical precursor, with the near IR circular dichroism of (+) and (-)-4●+ (counter anions are omitted for clarity); b) 
Calculated orbital energies (in eV) and isosurfaces (±0.030) of frontier molecular orbitals computed for monoradicals 4●+ (left) and 5●+ (right). 
The HOMO-SOMO energy differences are averaged over the highest occupied spin orbital energies. Oxidation potentials and separation of 
the two first oxidation potentials in V vs. SCE, theoretical (calc.) and experimental (exp.) dihedral angles between the carbazole fragments.; 
c) Schematic illustration of the electronic configuration of diradical 152●2+ obtained upon oxidation of SHI radical 15●+, near IR circular 
dichroism of (+) and (-)-152●2+ in acetonitrile at 298 K, and its magnetic susceptibility (χMT vs T). Figures adapted with permission from ref 74. 
Copyright 2020 American Chemical Society.
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Furthermore, the persistence of 4●+ provided an interesting 
opportunity to generate the corresponding chiral diradical. 
Oxidation of the remaining HOMO of sterically protected 
monoradical 15●+ gave chiral diradical 152●2+ with intense 
near-infrared (NIR) circular dichroism (Figure 13). The radical’s 
ground-state spin multiplicity appeared to be the low-spin 
singlet. This result was theoretically rationalized by a 
relatively weak interaction between the two SOMOs being 
each localized on one carbazole unit and ultimately favoring 
the singlet ground state. This work represents one of the rare 
examples of organic chiral radicals displaying SHI in which the 
corresponding chiroptical properties have been also 
investigated.  

With the growing interest in chirality as a property of 
molecular materials,121-125 it has recently emerged that 
combining the attractive electronic/spin properties of an 
organic radical with a chiral organic π-conjugated system may 
give rise to molecular architectures with unique magnetic and 
chiroptic-electronic features, such as absorption of near 
infrared (NIR) circularly polarized (CP) light,56, 79, 126-134 radical 
CP luminescence (CPL),135, 136 and possibly enhanced spin-
filtering properties.137 However, designing organic chiral 
open-shell chromophores remains a formidable challenge, 
owing to the aforementioned high chemical reactivity and 
poor configurational stability that is typical of radicals.138 As 
for achiral radical systems, shielding the unpaired electrons 
with bulky substituents, or enhancing their delocalization over 
the molecular backbone have been used to overcome these 
issues.10, 11, 75-79 While these approaches can be efficient, they 
often require additional synthetic steps and may preclude 
significant interaction between the unpaired electron and the 
chiral molecular system, thus precluding efficient 
intermolecular interactions for charge and spin transport 
applications.19 In this context, the design of atropisomeric 
systems such as the C2-symmetric bicarbazole one depicted in 
Figure 13 represents a potential strategy to obtain persistent 
and configurationally stable chiral radical. It is however 
important to note that some of the other SHI radicals 
described in this review are also chiral, such as the PTM and 
PTM derivatives, albeit without sufficient configurational 
stability at room temperature.136  
Although no chiroptical properties were reported for the 
radicals thiophene-based double helices 16 and 17, developed 
by Rajca et al. in 2021, they also represent interesting 
examples of chiral radicals of the symmetric-dimer type, in 
which SHI is present only for radical cation 17•+ (Figure 
14).139,140 The cationic monoradicals 16•+ and 17•+ showed 

high persistence at 193 K (half-lifes exceeding 24 hours). 
However, at room temperature in dichloromethane solution, 
radical 17•+ showed much less stability than 16•+ (t1/2 < 5 
minutes vs. >12 hours in 17•+). This result is in contradiction 
with the aforementioned findings for SHI vs. non-SHI radicals 
in terms of stability.38, 74, 110 The authors of Reference 140 
therefore suggested that the steric hindrance brought by the 
peripheral TMS-thiophene units in 16•+ plays a decisive role in 
stabilizing the unpaired electron. In fact, the spin density in 
16•+ is mostly localized in the center of the molecule whereas 
for 17•+, it is also delocalized in the peripherical thiophene 
fragments (highlighted in red, Figure 14).  

 
Figure 14. Chemical structures of thiophene-based double helix 
radicals 16 and 17•+ (TMS = trimethylsilyl). The molecular fragment 
in red highlights the predominant localization of the SOMO within 
the molecular structure. 

SHI in a dimer molecular design was also theoretically 
investigated in cationic azulene radical by Mazaki et al. in 
2019,141 and more recently by Casado, Nakamura et al. in 
2021.23 Interestingly, in the latter report, the authors explored 
spiro-conjugated systems with the ability to adopt SHI in both 
anionic and cationic radical forms (Figure 15).  
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Figure 15. Azulenes 18-19 and dimers of azulene 20-21 (top), and 
spiroconjugated systems 22-23 (bottom). 

Using UV-vis-NIR absorption spectroscopy and DFT 
calculations, the team characterized a SHI for the radical 
trisanion of the quinoidal derivative 22●3- and for the radical 
cation 23●+. This report highlights a new design strategy for 
obtaining SHI open-shell systems based on spiro-conjugation 
and spiro-functionalization.  

iii. SHI radicals with spatially overlapping HOMO and SOMO 

The first azathia[7]helicene radicals displaying  SHI, 6● and 
6●+[PF6]−, represent interesting examples of this class of open-
shell systems. Here, the HOMO and SOMO strongly overlap 
spatially (Figure 16). In this case, the difference in the intra- 
vs. inter-orbital repulsion upon formation of the radical must 
also be considered as the determining factor to favor the SHI 
electronic configuration in the radical (vide supra). 
Following previous work on thia[7]helicene 24●+,142 Rajca et al. 
replaced the central thiophene ring by a pyrrole unit, for the 
potential generation of helical nitrogen-centered neutral and 
cationic radicals, 6● and 6●+[PF6]−, respectively (Figure 16). 
Starting from the NH precursor, the corresponding radical 
cation, 6●+[PF6]− was generated using a chemical oxidant in 
dichloromethane solution at low temperature (233 K). EPR 
measurements confirmed the open-shell electron 
configuration, with a broad I = 1 triplet with 14N-hyperfine 
splitting, aN = 0.23 mT, and isotropic g = 2.005. The team also 
generated the neutral aminyl radical 6●, either by oxidizing the 

anion precursor, or via an in situ deprotonation of the NH 
group of 6●+[PF6]− using an inorganic base. The half-lives of 
these radicals were characterized in a mixture of 
dichloromethane/acetonitrile, reaching up to 8 h at 293 K. 
Based on cyclic voltammetry experiments and DFT 
calculations, Rajca et al. showed that for both radicals the 
SOMO is energetically below the HOMO , and that SHI can be 
maintained even in polar solvents such as dimethyl sulfoxide 
and water, in contrast with previous cases reported by Coote 
and Lucarini.111, 112  
Interestingly, the thia[7]helicene radical 24●+[PF6]− without 
SHI has a weaker persistence with a half-life of ∼15−20 min at 
room temperature, showing the importance of the pyrrole 
ring in 6 for increasing the stability of the corresponding 
neutral and cationic open-shell compounds. Whereas a 
significant racemization barrier of about 35 kcal mol-1 was 
determined by DFT calculations), no chiroptical properties of 
this chiral organic radical were reported.56  
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Figure 16. Chemical structures of cationic radicals thia[7]helicene 
24●+[PF6]− and azathia[7]helicene 6●+[PF6]−, and neutral 
azathia[7]helicene 6●. Orbital energies (in eV) and isosurfaces 
(±0.030 a.u.) of selected MOs of 7●. Figures adapted with permission 
from ref 53. Copyright 2021 American Chemical Society. 

In 2021, Abe, Antol, et al. reported another example of this 
type of molecular design, based on carbene derivatives 
displaying SHI.54 Based on theoretical calculations, it was 
shown that triplet carbenes included in a cycloparaphenylene 
(CPP) scaffold have SOMO energy levels below the HOMO of 
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the CPP ring (Figure 17). This electronic configuration is found 
for the ring composed of four phenyl units (25), whereas in 
larger carbene-CPP derivatives (5 to 10 phenyl units), the 
HOMO lies energetically in between the two SOMOs. This 
inversion, upon increasing the ring size , was explained by a 
simultanous destablization of the HOMO localized on the π-
orbitals of the CPP ring and a stabilization of the SOMO within 
the σ-orbital of the carbene via an increase of the carbene 
angle, θc (Figure 17). SHI also occurs in simpler carbenes such 
as 26.The two aromatic rings stabilizing the carbene unit are 
structurally constrained, confirming the importance of the 
carbene angle (θc, Figure 17). This result is particularly 
interesting given the extensive research on carbene 
chemistry, ranging from reactive intermediates to catalysis 
and material applications.  

 
Figure 17. Top: Triplet carbenes included in a cycloparaphenylene 
(CPP) scaffold 25 and 2,2-difluorocyclopentane diradical 26 (left) 
showing SHI; with corresponding molecular orbital diagrams for 26a 
and 26b. Figure reprinted with permission from ref 54. Copyright 
2021 by the American Physical Society 

 

Conclusions and Outlook 

In this review, we have described a specific class of organic 
radicals, showing an energetic inversion of the singly occupied 
molecular orbital (SOMO) and the highest doubly occupied 

molecular orbital (HOMO), namely organic SHI radicals. We 
first discussed the basic features of organic radicals in terms 
of electronic structure, stability, optical, and photophysical 
properties, related to the presence of an unpaired electron. 
We then focused the discussion on SHI organic radicals and 
gave some important considerations regarding this particular 
electronic configuration in relation to the Aufbau rule. We 
also discussed several examples of organic SHI radicals based 
on neutral nitroxide, triphenylmethyl and carbene units, 
cationic carbazole derivatives and anionic spiroconjugated 
systems, and described structural and electronic design rules 
that govern the occurrence of SHI. Along with experimental 
evidence, theory has brought important insights regarding the 
key parameters leading to SHI, for example in terms of the 
electrostatic repulsion among the frontier orbitals and 
between the α and β spin components of a given MO. 

This review also highlighted various specific features of SHI 
organic radicals, such as the postulated relationship between 
SHI and thermodynamic stability or photostability, which 
remains to be proven conclusively. The degree of ‘energetic 
isolation’ of the unpaired orbital in SHI radicals, when it is 
below the HOMO, means the HOMO instead of the SOMO 
defines the Fukui reactivity function in leading order. This 
opens the opportunity to relate electronic structure and 
reactivity directly with the SHI character of a system. 
Moreover, SHI radicals can be viewed as promising 
intermediates to form triplet ground state diradicals upon 
further oxidation of the HOMO level.  

Merging the peculiar features of radical compounds and SHI 
with a chiral π-conjugated system is also currently attracting 
interest because of the potential of designing specific 
interactions with circularly polarized (CP) light143-145 as well as 
magneto-chiral effects146, 147 and in the context of the 
chirality-induced-spin-selectivity .148-150   

All these aspects appear particularly relevant for designing 
organic molecular materials with tailored spin properties, 
which are of high fundamental interest and may eventually 
offer new opportunities in organic spintronic and 
optoelectronic applications, both as semi-conductors,18, 19 or 
as efficient radical emitters.27, 38 

Fundamental questions remain yet to be fully addressed, 
notably regarding the relationships between SHI and radical 
stability, as well as other desirable radical properties that are 
not present in classical organic radicals. Future joined 
experimental and theoretical works will be aimed at teasing 
out these differences. We hope that this review highlights 
new opportunities for future research directions in organic 
radicals. 
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previously noted cases where an α-spin SOMO matching the 
appearance of a β-spin SUMO was represented by a linear 
combination of occupied α-spin canonical MOs.  
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