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ABSTRACT: We report a new molecular design to afford persistent chiral organic open-shell systems with configurational stabilities 

and an inversion in energy of the singly occupied molecular orbital (SOMO) and the highest doubly occupied molecular orbital 

(HOMO) for both mono- and diradical states. We discovered that the unpaired electron(s) delocalization within the designed extended 

helical -conjugated systems is a crucial factor to reach chemical stabilities, which is not obtained using the classical steric protection 

approach. The unique features of the obtained helical monoradicals allow us to explore chiral intramolecular electron transfer (IET) 

process in solvents of different polarity by means of optical and chiroptical spectroscopies, resulting in an unprecedented electronic 

circular dichroism (ECD) sign inversion for the radical transitions. We also characterized in depth the corresponding helical diradi-

cals, which show near infrared electronic circular dichroism up to 1100 nm and an antiferromagnetic coupling between the spins, 

with an estimated singlet-triplet gap (EST) in the range of -1.3 kcal mol-1. Interestingly, our findings also revealed an intriguing 

double SOMO-HOMO inversion (SHI) electronic configuration for these diradicals, affording new fundamental insights regarding 

the peculiar ordering of electron within radicals’ orbitals, and its impact on the corresponding (chiral) optoelectronic properties.  

   

INTRODUCTION 
Organic open-shell molecules continue to attract significant in-

terest in chemistry and biochemistry due to their specific 

(photo-)reactivity, playing notably a central role in many enzy-

matic reactions, as well as in in-vivo imaging.1-3 In materials 

science, organic radicals have also become a topic of intense 

research rendering them innovative alternatives for the basis of 

next-generation optoelectronics such as in organic field-effect 

transistors (OFETs), organic light-emitting diodes (OLEDs), or 

for organic magnets. 4-26 Recently, research in this area has 

started to focus on a specific class of open-shell systems, show-

ing an energetic inversion of the singly occupied molecular or-

bital (SOMO) and the highest doubly occupied molecular or-

bital (HOMO) level (Figure 1).27-31 SOMO-HOMO inversion 

(SHI) has been investigated in organic spin-polarized donor 

systems to afford high-spin diradicals,16, 32-36 and also in the case 

of luminescent radicals in which SHI has been associated with 

increased photostability.37 Organic SHI radicals have therefore 

generated widespread interest, both theoretically and experi-

mentally, to rationalize and understand the consequences of the 

peculiar orbital energetics of this particular class of open-shell 

systems. 21, 29-30, 38-40 Recently, some of us put forward the first 

explanation why SHI appears in the first place, along with mo-

lecular design strategies for new SHI radicals.41 

Merging the attractive properties of an organic radical within a 

chiral -conjugated system has also been pursued to exploit 

near-infrared (NIR) circularly polarized (CP) light absorp-

tion,29, 31, 42-52 radical CP luminescence (CPL),53-54 and possibly 

enhanced spin-filtering properties,55 as additional features in 

optoelectronic applications. 56-57 58 59 However, the design of 

stable intrinsically chiral radicals60 remains a considerable sci-

entific challenge due to the dual problematics of chemical reac-

tivity and poor configurational stability.61 As a result, few ex-

amples of persistent chiral open-shell organic radicals have 

been reported, which currently hampers a complete understand-

ing of the structural and electronic factors resulting from the 

molecular union of chirality and spin. Beyond monoradicals, 

diradicals are even much more difficult to obtain due to the dif-

ficulty to stabilize two unpaired electrons within the same chiral 

molecular system (Figure 1). 

We recently contributed to this research area by developing the 

first enantiopure chiral monoradical with SHI (Figure 1a).62 In-

terestingly, our findings revealed that such electronic configu-

ration contributes to stabilize unprotected chiral carbazole mon-

oradical, while providing upon oxidation, an interesting ap-

proach for isolating one of the rare persistent organic chiral 

diradicals.31, 46 Our results also showed that SHI is not a suffi-

cient prerequisite to promote radical stability, as also recently 

illustrated by Rajca et al..63 Indeed, helical bicarbazole mono-

radical 1●+ (Figure 1b) remains highly reactive despite SHI and 

the use of steric t-Bu groups (1a●+), in contrast to its axial coun-

terpart. While this difference has been explained in terms of 

electronic coupling between the SOMO and HOMO levels, it 

appears crucial to further understand how and why such subtitle 

structural factor lead to a dramatic change of stability. Accord-

ingly, further electronic and steric arguments need to be inves-

tigated to fully take advantage of SHI in chiral molecular mate-

rials and propose new design strategies for developing innova-

tive chiral diradicals with potentially high-spin (triplet) ground 

state.31  

To address this objective, we report herein the synthesis of in-

novative helical organic tetracarbazole systems 2 and 3 (Figure 



 

1b), that are able to form persistent and configurationally stable 

mono- and diradicals. Experimental and theoretical investiga-

tions of their photophysical, chiroptical and electrochemical 

properties revealed that both monoradicals show SHI, configu-

rational stability, with half-lifes up to 3 days in solution at room 

temperature. This persistency allowed us to study the impact of 

solvent polarity on the chiroptical properties of these radicals, 

revealing unprecedented electronic circular dichroism (ECD) 

sign inversion of the radical absorption transitions. Beyond 

these innovative findings, further oxidation of these compounds 

affords innovative helical diradicals which show chemical and 

configurational stabilities, with an unexpected SHI and nearly 

degenerate singlet-triplet ground states.

Figure 1. a) Left: examples of reported persistent chiral SHI monoradicals (note that only the racemic version of the aza-thia[7]heli-

cene radical was reported by Rajca et al). The molecular fragment on which the HOMO is predominantly localized is highlighted in 

red, the SOMO in blue; Right: currently reported persistent chiral diradicals; b) Novel helically mono- and diradicals cationic carba-

zole derivatives obtained in this work, with a schematic illustration of the SHI present in both mono- and diradical derivatives (coun-

ter-ions are omitted for clarity reasons).  

RESULTS AND DISCUSSION  

Synthesis and Structural characterizations. We 

first prepared tetracarbazole derivatives 2 and 3 from their com-

mon precursor 1 (Scheme 1). (+)- and (-)-2 were quantitatively 

obtained from an oxidative homocoupling reaction of enanti-

opure (+)- and (-)-1, respectively, using trifluoroacetic acid and 

2,3-dichloro-5,6-dicyano-1,4-benzoquinone, DDQ, as a chemi-

cal oxidant.64 The synthesis of 3 firstly involved the iodination 

of 1 at the 6 and 6’ positions of both carbazole units,65 followed 

by a Suzuki coupling reaction with 6-pinacoloboro-3-methoxy-

9-methyl-9H-carbazole, in an overall 15% yield. Corresponding 

(+) and (-)-3 enantiomers were finally obtained through chiral 

HPLC (see ESI for details). Model compound 4 was obtained 

using a similar methodology in an overall 50% yield, since the 

direct oxidative homocoupling of 3-methoxy-9-methyl-9H-car-

bazole, CBzOMe (Scheme 1), provided a complex mixture of 

homocoupling carbazole units at different positions.  

X-Ray structures analyses confirmed the obtained structures for 

(-)-2 and rac-3, which crystallized in the P21 and P-1 space 

groups, respectively. Similar dihedral angles of 52-53° were de-

termined for the 4,4’-bicarbazole fragment of 2 and 3 (θa, 

Scheme 1), a value close to the ones measured for helical bi-

carbazole 1 and carbo[6]helicene.62, 66-68 In contrast, the 6,6’-bi-

carbazole connection adopts an opposite arrangement between 

2 and 3, with a typical trans configuration for the former while 

for the latter, the two carbazole units of each branch are pointing 

outwards, forming a -extended molecular helix. Correspond-

ing torsion angles are also different, with values of 32.3° and 

47.5° for 2 and 3, respectively (θb, Scheme 1b & c). Several CH-

π interactions can be identified between protons of the inner 

carbazole units and the aromatic rings of the peripheral carba-

zole fragments, as depicted in Scheme 1b & c for H5 and H7 of 

2, and for H5 and H5’ of 3 (H-centroid distances between of 

2.933 and 3.285 Å). These interactions seem to be also present 

in solution as evidenced by the highly shielded 1H NMR aro-

matic signals found at 5 - 6 ppm for these protons, in compari-

son to the model bicarbazoles 1 and 4, respectively (Figure S1). 

Moreover, the 1,3-dioxepine protons of 2 show an AB quartet 

system in the 1H NMR spectrum instead of a sharp singlet signal 

as for 1 and 3, indicating a difference between the two protons’ 

environments, and therefore a more rigid system. The full ex-

perimental conditions and characterizations (NMR and mass 

spectrometry) of all compounds are detailed in the ESI. Density 

functional theory (DFT) calculations confirmed the obtained 

structure for 3 while for 2, two conformers were found, which 

differ by the configuration at the 6,6’-bicarbazole connection. 

In fact, it seems that 2 does not crystallize in its lowest-energy 

conformer due to crystal packing since the most stable con-

former in energy by 3.6 kcal·mol-1 appears to be the one having 

a similar 6,6’bicarbazole connection than for 3 (see ESI for fur-

ther information).  

 



 

Scheme 1. a) Schematic synthetic route for 2, 3 and 4. Reaction 

conditions: i) DDQ, trifluoroacetic acid, CH2Cl2, rt, quantita-

tive; ii) N-iodosuccinimide, AcOH, CHCl3, rt. (iii) Pd(PPh3)4, 

K2CO3, DMF, H2O, Ar, 110˚C, 19% and 50% yield for 3 and 4, 

respectively (over two steps). X-ray structures of 2 (b) and 3 (c) 

with different views and the dihedral angles between the carba-

zole units, and the CH- interactions present within the struc-

tures (hydrogen atoms are omitted for clarity reasons in some 

drawings).  

Computational Details. Kohn-Sham density functional 

theory (DFT) as implemented in the Gaussian (G16) package 

was used for all computations,69 employing the PBE0 func-

tional70 and the def2-SV(P) basis.71-72 For neutral and oxidized 

species, solvent effects were considered by means of the polar-

izable continuum model (PCM) for dichloromethane and ace-

tonitrile,73 respectively, to match the experimental conditions. 

‘D3’ dispersion corrections were included in the calculations.74 

For open-shell systems, i.e., radicals, the calculations were of 

the spin-unrestricted flavor (UDFT) except where noted in the 

SI. Excited state energies, transition moments, excited state 

structures and their vibrational normal modes were obtained 

from time-dependent DFT (TD-DFT) response theory. For the 

absorption and electronic circular dichroism spectra we calcu-

lated the 200 lowest-energy vertical spin-allowed electronic ex-

citations. The transitions were subsequently Gaussian-broad-

ened with  = 0.20 eV to simulate the spectral envelopes. For 

overviews of the theoretical approach to model natural optical 

activity by quantum chemical calculations, in particular via TD-

DFT, see, for example, available reviews.75-76 Different func-

tionals and the impact of solvent effects were tested for these 

compounds; see the ESI for details.  

Photophysical and chiroptical properties of 2, 3 

and 4. The two tetracarbazole systems show similar UV-vis 

absorption spectra as dimer 4, with a broad and intense band at 

310 nm ( ~ 6-7  104 M-1 cm-1), and a less intense band in the 

low energy region between 340 and 400 nm ( ~ 1-2  104 M-1 

cm-1), displaying a vibronic progression (Figure 2). This optical 

signature is similar to their common precursor 1, more so for 2 

than 3, as expected based on the carbazole isomerism found in 

these compounds. Indeed, 2 is a direct dimer of 1 while 3 can 

be viewed better as a dimer of 4. Both for 2 and 3, some elec-

tronic interaction between the two fragments is indicated by the 

20 nm red-shift observed in the low-energy region of the ab-

sorption spectra in comparison to 1 and 4. For both tetracarba-

zole compounds, the lowest-energy excitation with sizeable os-

cillator strength f corresponds to the HOMO-LUMO transition 

at 388 and 378 nm for 2 and 3 respectively. For 2, the HOMO 

is mainly localized on the biaryl fragments of the 6,6’-bicarba-

zole system, extending over the nitrogen and oxygen atoms. The 

LUMO and LUMO+1 are localized on either 4,4’-bicarbazole 

unit and display a small energy difference of 0.120 eV. For 3, 

the HOMO and HOMO-1 are almost degenerate (E = 0.086 

eV), and mostly localized on either of the two methoxy carba-

zole fragments at each extremity of the helix with a small con-

tribution on the inner 4,4’-bicarbazole system, in which the 

LUMO is exclusively localized. Visual inspection of the corre-

sponding MO isosurface plots reveals that the HOMO-1 and 

HOMO are essentially in-phase and out-of-phase (+/-) linear 

combinations of carbazole fragment frontier orbitals (FFOs), in-

dicating a weak electronic interaction between the two 4,4’-bi-

carbazole units for 3. The chiroptical properties of 2 and 3 have 

also been characterized, both experimentally and theoretically, 

as detailed in the Supporting Information (Figures S5-6 and 

S46). 

Tetracarbazoles 2 and 3 display moderately intense fluores-

cence around 400-450 nm (Figure 2), with similar photolumi-

nescence quantum yields of ~20%. The emission of 2 appears 

slightly structured, as in the case of 1, with a maximum at 426 

nm and blue-shifted in comparison to 3. The latter displays a 

broader luminescence profile centered at 450 nm, close to the 

one obtained for model 4, which further confirms the difference 

of electronic interaction between the carbazole units in 2 and 3. 

Corresponding mirror-image CPL spectra were obtained for 

both pairs of enantiomers (Figure S5). 



 

Figure 2. a) Experimental and calculated UV−vis absorption spectra of 1 (black), 2 (blue), 3 (green) and 4 (red) in dichloromethane 

at 298 K, selected transitions and oscillator strengths are indicated by ‘sticks’; b) Normalized fluorescence spectra of 1 (black), 2 

(blue), 3 (green) and 4 (red) in dichloromethane at 298 K; c) Details for selected transitions and occupied (occ)-unoccupied (unocc) 

MO pair contributions (greater than 10%) to the transition density for (+)-2 and (+)-3. H and L indicate the HOMO and LUMO, 

respectively. d) Isosurfaces of HOMO and LUMO for 2 and 3 (0.035 a.u.). 

Radicals 2●+, 3●+ and 4●+. Cyclic voltammetry (CV) of 2 

and 3 revealed multiple reversible oxidation processes related 

to the presence of the four carbazole units. In comparison to 

bicarbazole 1, which shows only two irreversible oxidation sig-

nals at +1.14 and +1.40 V, as classically observed for 3- and/or 

6-unprotected carbazole derivatives,64, 77-78 2 displays three re-

versible oxidation events at 0.85, 1.17, and 1.3 V (vs. SCE, Fig-

ure 3), which, for the latter, corresponds to a two-oxidation pro-

cess (Figure S8). Compound 3 exhibits two consecutive sets of 

two one-oxidation processes at 0.84 and 0.93 V, and at 1.23 and 

1.27 V vs. SCE. In comparison to 1, the presence of additional 

anodic potentials for 2 and 3 can be attributed to the 6,6’bi-

carbazole connection, as confirmed by the CV of model 4, 

which shows one reversible oxidation at 0.71 V, followed by an 

irreversible one at ca. 1.11 V (vs. SCE, Figure 3). It is therefore 

interesting to note the difference of reversibility observed for 

the oxidation events when compared 2 and 3, to 1 and 4, high-

lighting the important role of the peripheral carbazole substitu-

ents around the 6,6’-bicarbazole fragment.  

This aspect is further confirmed by investigating the corre-

sponding monoradicals 2●+ SbCl6
-, 3●+ SbCl6

- and 4●+ SbCl6
-, 

using tris(4-bromophenyl)ammoniumyl hexachloridoantimo-

nate (“magic blue” oxidant, Mb, 4-BrPh)3NSbCl6).
79 While 1 

afforded instantaneously a mixture of dimeric and oligomeric 

species,62 the other radicals can be quantitatively obtained in di-

chloromethane solutions at room temperature. The three persis-

tent open-shell compounds display similar UV-vis-NIR absorp-

tion spectra including notably a broad NIR signature from 800 

nm to up to 2000 nm ( ~ 7-12  103 M-1 cm-1, Figure 3). The 

latter is composed of three main bands found at 900, 1500 and 

1700-2000 nm, and is attributed to transitions mainly involving 

the 6,6’-bicarbazole fragment. Electron paramagnetic reso-

nance (EPR) measurements show an intense doublet signal of 

an organic based radical for each compound (g = 2.00, Figure 3 

and Figure S25), also indicating a close similarity between the 

monoradicals. In air-saturated CH2Cl2, the half-life of 2●+ 

SbCl6
-, 3●+ SbCl6

- and 4●+ SbCl6
- has been determined to be 3.1 

days, 17.5 and 6.5 hours, respectively. These large differences 

clearly highlight the impact of carbazole isomerism on the sta-

bility of these novel organic open-shell compounds. It is im-

portant to note that helical 3●+ SbCl6
- and 4●+ SbCl6

- show sig-

nificant stability despite the lack of hindered tert-butyl groups, 

in comparison to sterically protected but unstable bicarbazole 

1a●+ SbCl6
- (Figure 1b). As suggested by the successful gener-

ation of 4●+ SbCl6
-, the 6,6’-bicarbazole connection seems to 

play a crucial role regarding the monoradical stability, presum-

ably owing to the extended electronic delocalization of the un-



 

paired electron over the two carbazole units. In dichloro-

methane solution, a three-fold increase of half-life is reached 

for 3●+ SbCl6
- in comparison to 4●+ SbCl6

-, indicating an im-

portant steric and/or electronic impact of the second helical arm 

on the radical persistence. This aspect is even more pronounced 

for 2●+ SbCl6
- owing to the two peripheral carbazole fragments 

surrounding the 6,6’bicarbazole fragments.  

 

 

Figure 3. a) Cyclic voltammograms (CVs) of 1 (black), 2 (blue), 3 (green), and 4 (red) versus saturated calomel electrode (SCE) as 

the reference and 0.2 M Bu4NPF6 in dichloromethane with ferrocene as internal standard; b) Synthetic route to persistent radical 2•+ 

SbCl6
- (blue),  3•+ SbCl6

- (green), and 4•+ SbCl6
- (red) with corresponding UV-vis-NIR absorption spectra of 2•+SbCl6

- (blue),  3•+ 

SbCl6
- (green), and 4•+ SbCl6

- (red) in dichloromethane at 298 K; inset: X-band EPR (ν = 9.4858 GHz) of 2•+ SbCl6
- (blue),  3•+ SbCl6

- 

(green), and 4•+ SbCl6
- (red) in dichloromethane at 298 K; c) Isosurfaces (±0.030 a.u.) of frontier molecular orbitals computed for 

monoradicals 2•+, and d) Isosurfaces (±0.030 a.u.) of SOMO for monoradicals 3•+, and 4•+. 

Theoretical calculations using spin-unrestricted Kohn-Sham 

(KS) DFT help to rationalize the observations. Visual inspec-

tion of the MO isosurface plots of 2●+, 3●+ and 4●+ confirms that, 

for each compound, the SOMO and the corresponding β-spin 

hole represented by the LUMO are indeed localized on the 6,6’-

bicarbazole fragment, with almost no contributions of the other 

carbazole unit for 2●+ and 3●+ (Figure 3). However, these addi-

tional donor fragments seem to play a crucial role for the radical 

stability, as indicated by the half-life values. Indeed, both 2●+ 

and 3●+ show a peculiar electronic configuration since their SO-

MOs are lower in energy than the HOMO and HOMO-1, local-

ized on the non-oxidized carbazole fragments for each mono-

radicals (Figure 3 for 2●+ and S54 for 3●+). The calculated orbital 

energy gap  between the HOMO and the SOMO is 0.24 eV 

and 0.59 eV for 2●+ and 3●+, respectively, indicating a stronger 

interaction between the radical center and the external carbazole 

units in 2●+. This is also confirmed by the larger energy differ-

ence between the HOMO of 2 and 2●+, ca. 0.80 eV, as compared 

to 0.31 eV for 3 and 3●+. This can be explained for the latter by 

the larger spatial separation of the SOMO and the HOMO, lo-

calized on the opposite 3-methoxycarbazole fragment (Figure 

S54). Importantly, 4●+ shows nearly degenerate SOMO - β-spin 

HOMO energy levels, while the α-spin HOMO is almost 0.4 eV 

lower in energy (Figure S56), further highlighting the im-

portance of the dihedral angle at the 4,4-bicarbazole connection 

in helical 2●+ SbCl6
- and 3●+ SbCl6

- to promote SHI efficiently.   

As mentioned before, SHI has been claimed as a stabilizing 

strategy for radicals,27-30, 37, 80 and our results suggest that this 

effect is also responsible for the observed increase of stability 

when going from 4●+SbCl6
- to 3●+ SbCl6

-, and further to 2●+ 

SbCl6
-, in which the additional carbazole fragments stabilize 

both electronically and sterically the unpaired electron localized 

on the 6,6’-bicarbazole unit.  

Beyond being new examples of chiral monoradicals with SHI, 

the unique donor-acceptor type structure of both 2●+SbCl6
- and 

3●+ SbCl6
-, combined with their persistence, presents an excit-

ing opportunity to study the potential intramolecular electron 

transfer (IET) that may occur between the spin center and the 

additional carbazole donor units.81 Investigating this aspect in 

the context of chiral open-shell compounds is of high interest 

given the unique ability of chiral molecules to filter the spin of 

electron upon charge conduction (e.g. chirality-induced-spin-

selectivity, CISS).82-85 We gained insight into IET by recording 

the optical signatures of 2●+ SbCl6
- and 3●+ SbCl6

- in polar sol-

vent such as acetonitrile. As depicted in Figure 4, the UV-vis-

NIR absorption spectrum of 2●+SbCl6
- displays significant dif-

ferences compared to the one obtained in dichloromethane, no-

tably a strong decrease of the NIR intensity between 1000 and 

2000 nm, and decreased band intensity at 410 and 550 nm, 

along with an 80 nm blue shift of the band at 970 nm, which 

now dominates the optical response in the low energy region. 

The absorption spectrum of 3●+SbCl6
- in acetonitrile shows 

much less variation with only a slight decrease of the absorption 



 

band around 1900 nm. These changes in function of the solvent 

polarity indicate that spin delocalization occurs in both systems, 

as generally observed for class II of organic mixed valence 

(MV) compounds (Figure S10 and ESI for more details).86-88  

Both 2●+ SbCl6
- and 3●+ SbCl6

- remain also configurationally 

stable, which allowed us to gather additional information on the 

spin delocalization within the chiral -conjugated system by re-

cording the ECD of both 2●+ SbCl6
- and 3●+ SbCl6

- in solvents 

of different polarity (Figure 4). In dichloromethane, enantio-

mers of both 2●+ SbCl6
- and 3●+ SbCl6

- show expected mirror-

image spectra associated with radical absorption transitions 

across the visible and the NIR region (Figure 4). Radical (+)-

2●+ SbCl6
- displays a positive signal at 550 nm (Δ = + 3.0 M-1 

cm-1), followed by a broad negative one between 600 and 1000 

nm (Δ = - 2.0 M-1 cm-1). For (+)-3●+ SbCl6
-, a positive signal 

is observed at 460 nm (Δ = - 1.1 M-1 cm-1), two negative and 

positive ones at 510 and 580 nm (Δ = 0.5 M-1 cm-1), respec-

tively, and finally a very broad positive band until 1000 nm (Δ 

= + 2.3 M-1 cm-1). Changing the solvent to acetonitrile impacts 

the ECD of both monoradicals with a 70 nm blue-shift of the 

band observed at 620 nm in dichloromethane for (+)-2●+ SbCl6
-

. The ECD of (+)-3●+ SbCl6
- appears more impacted by the sol-

vent environment since a new band appears at 940 nm with the 

ECD between 650 and 920 nm being opposite in sign to the 

ECD recorded in dichloromethane (Figure 4). To the best of our 

knowledge, this is the first evidence of ECD sign inversion for 

chiral organic radicals as a function of solvent polarity. A sim-

ple continuum solvent model in the calculations did not produce 

the sign change, which means that the dielectric constant of the 

solvent alone is not sufficient to rationalize this intriguing ef-

fect. We tentatively assign the sign change to a combination of 

solvent polarity and dynamics. Finally, the lifetimes of 2●+ 

SbCl6
- and 3●+ SbCl6

- have been also monitored in acetonitrile, 

showing half-life values of less than one hour for both com-

pounds, a dramatic decrease in comparison to the ones obtained 

in dichloromethane (Figure 4c).  

Figure 4. a) Left: UV spectra of 2●+ SbCl6
- (top) and 3●+ SbCl6

- 

(bottom) in dichloromethane (black) and acetonitrile (blue) at 

298 K. right: vis-NIR ECD spectra of (+)-2●+ SbCl6
- (top) and 

(+)-3●+ SbCl6
- (bottom) in dichloromethane (black) and acetoni-

trile (blue) at 298 K with their corresponding (-) and (-) enanti-

omers in grey. b) Calculated ECD spectra of (+)-2●+ SbCl6
- 

(blue) and (+)-3●+ SbCl6
- (green) with PCM for dichloro-

methane solvent; c) Half-life time values (t1/2) of 2●+ SbCl6
-and 

3●+ SbCl6
- in dichloromethane (DCM) and acetonitrile (MeCN) 

under air atmosphere at 298 K. 

Diradicals 22●2+ 2SbCl6
- and 32●2+ 2SbCl6

- , and 

related characterizations. Having these innovative heli-

cal SHI monoradicals available allowed us to generate the cor-

responding diradicals and investigate the chiroptical and mag-

netic properties resulting from the presence of two unpaired 

electrons within these chiral systems. Following previous ex-

amples in the literature,17, 32-33, 89 oxidation of an SHI monorad-

ical may result in a diradical with triplet ground state multiplic-

ity or an open-shell singlet with antiferromagnetic coupling of 

the unpaired spins. Calculations predict the singlet and triplet 

spin configurations of the doubly oxidized compounds 22●2+ 

2SbCl6
-, 32●2+ 2SbCl6

- and 42●2+ 2SbCl6
- to be close in energy, as 

expected, with the antiferromagnetically coupled singlets being 

slightly lower in energy (Tables S16-S18) or effectively isoen-

ergetic with the triplet (for 32●2+). The estimated singlet-triplet 

energy gaps (EST) are -0.57, -0.04 and -0.84 kcal mol-1 for 

diradicals 22●2+, 32●2+ and 42●2+, respectively, with the PBE0 

functional (Table S19). Whereas the formation of 42●2+ 2SbCl6
- 

results instantaneously in the formation of polymeric mixture 

(Figure S11), as anticipated by the non-fully reversible second 

oxidation process of 4 observed in CV (Figure 3), 22●2+ 2SbCl6
- 

and 32●2+ 2SbCl6
- can be quantitatively obtained upon addition 

of one equivalent of magic blue to dichloromethane solutions 

of 2●+ 2SbCl6
- or 3●+ 2SbCl6

- monoradicals, or directly from 

neutral 2 and 3 using two equivalents of oxidant. The difference 

of stability between the three diradicals clearly highlights the 

crucial role of the two additional carbazole units for generating 

persistent 22●2+ 2SbCl6
- and 32●2+ 2SbCl6

-, which represent two 

innovative examples of helical diradicals.31 In dichloromethane 

solution (Figure 5), 22●2+ 2SbCl6
- displays a similar UV-vis-NIR 

signature than 2●+ SbCl6
-, with expected higher absorption in-

tensity from the presence of additional oxidized carbazole units. 

The optical signature of 32●2+ SbCl6
- shows a more structured 

profile in the NIR region than the one obtained for its monorad-

ical counterpart, along with a marked absorption increase at 450 

nm ( = 15 000 M-1cm-1 at 450 nm). The calculated spectra of 

22●2+ and 32●2+ reproduced well the experimental ones and al-

lowed us to assign the low-energy bands between 700 and 1200 

nm to transitions among the set HOMO-1, HOMO and LUMO, 

LUMO+1 (Figure 5, S58-61, S63 and Table S20-23). More than 

being chemically persistent, enantiomers of 22●2+ 2SbCl6
- and 

32●2+ 2SbCl6
- remain also configurationally stable. The corre-

sponding mirror-image ECD spectra show similar profile than 

the ones obtained for 2●+ SbCl6
- and 3●+ SbCl6

-, with absorption 

anisotropy factors, gabs, reaching 1.0  10-3 in the NIR region, 

among the highest measured for molecular organic diradicals.31, 

46 

EPR measurements on both 22●2+ 2SbCl6
- and 32●2+ 2SbCl6

- af-

forded a doublet signal at 77 and 298 K, neither displaying hy-

perfine coupling nor a m = 2 half-field transition, presumably 

due to a weak interaction between the two unpaired electrons (g 

= 2.00, Figure S27).90 For each diradical, the EPR signal inten-

sity decreases when lowering the temperature (Figure 5 and 

S30). Following the evolution of the product of integrated EPR 



 

signal intensity and temperature (i.e. I  T) in function of the 

temperature in frozen dichloromethane solution allows us to 

characterize an antiferromagnetic coupling between the spins, 

with an estimated singlet-triplet gap (EST) of -1.15 and -1.26 

kcal mol-1 for 22•2+ 2SbCl6
-and 32•2+ 2SbCl6

-, respectively, using 

the Bleaney-Bowers equation (Figure 5, the EST gap values are 

the average of two different measurments, see ESI for details).91 

These results confirm the expected formation of a diradical 

upon oxidation of the highest doubly occupied molecular orbital 

for both 22●2+ 2SbCl6
- and 32●2+ 2SbCl6

-, as expected from the 

SHI electronic configuration of the monoradicals.62 Calcula-

tions show that for 22●2+ 2SbCl6
-, both in the triplet and open-

shell singlet configuration, one SOMO is localized on the biaryl 

fragment of the 6,6’-bicarbazole -conjugated system, while 

the other one is localized on the helical 4,4’-bicarbazole frag-

ments, indicating therefore a weak interaction between the un-

paired electrons.30, 40 A similar situation is also obtained for 

32●2+•2SbCl6
-, because the two SOMOs are spread out over each 

6,6’-bicarbazole fragments (Figure S61). Visual inspection of 

the two SOMOs confirms a weak spatial overlap of these two 

orbitals, which can be thus considered as disjoint (Figure 5). As 

a result of the spatial separation, the exchange repulsion integral 

between the two unpaired MOs is going to be small and not 

necessarily the decisive factor in the stabilization of a triplet vs. 

singlet electronic configuration, such that ultimately a singlet 

ground state is favored, contrary to Hund’s rule expectations.4, 

92 The present calculations agree with the experiments in that 

the singlet diradical configurations are favoured over the tri-

plets, as long as the singlets are calculated in the usual ‘broken 

symmetry’ (BS) fashion.93 �̂�2 values from the BS calcula-

tions, given in Tables S16—S18, are approximately 1, which is 

expected,93 and reflects the presence of two weakly interacting 

radical centers.  The triplet �̂�2 values are close to the idealized 

2 and do not raise concerns regarding spin contamination. As a 

check, similar calculations were performed for the bi-radical of 

a previous related study,62 and  we also obtained close energies 

between the BS singlet and the triplet, with the singlet being 

very slightly lower in energy in agreement with experiments. 

Irrespective of the spin multiplicity of the present diradicals, the 

two SOMOs are unexpectedly separated energetically from the 

highest occupied level by other sets of spin-paired orbitals (Fig-

ure 5 and S60-61). While a recent theoretical study of Abe et al. 

has proposed a diradical system showing SHI between HOMO 

and SOMO-1 levels,94 the electronic configuration of SHI 

diradical 22●2+ appears particularly intriguing. Experiments and 

calculations suggest that the occurrence of a spatially disjoint 

pair of MOs energetically below the highest occupied level  

may contribute to the diradical stability.

Figure 5. a) Synthetic route to persistent radicals 22•2+ 2SbCl6
-, 32•2+ 2SbCl6

-, and 42•2+ 2SbCl6
-. b) UV-vis-NIR absorption spectra of: 

2 (black), 2•+ SbCl6
- (red) and 22•2+ 2SbCl6

- (blue) (top), and 3 (black), 3•+ SbCl6
- (red) and 32•2+ 2SbCl6

- (green) (bottom) in dichloro-

methane at 298 K; c) Calculated UV-vis-NIR absorption spectra of top: 2 (black), 2•+ SbCl6
- (red) (top), and 22•2+ 2SbCl6

- (blue) and 

bottom: 3 (black), 3•+ SbCl6
- (red) and 32•2+ 2SbCl6

- (green) in dichloromethane. d) IT vs. T plots of frozen solution of diradicals 22●2+ 

2SbCl6
- (blue) and 32●2+ 2SbCl6

- (green) in dichloromethane fitted using Bleaney-Bowers model with an estimated average ΔES-T 

values obtained from two measurements. e) Experimental vis-NIR ECD spectrum of 22•2+•2SbCl6
- (black) and calculated vis-NIR 

ECD spectra of (+)-2 (blue), (+)-2•+ (red) and (+)-22•2+ (green) for both singlet (solid line) and triplet (dashed line) spin multiplicity; 

f) Top: Isosurfaces (±0.030 a.u.) of frontier molecular orbitals computed for diradicals 22•2+. 



 

 

CONCLUSION 

In conclusion, we have reported the synthesis, characterization, 

and computational analysis of a new series of carbazole-based 

persistent chiral open-shell systems. The obtained mono- and 

diradicals are persistent, show configurational stability and SHI 

in both cases, allowing us to characterize in depth their chirop-

tical and magnetic properties. In comparison to the previously 

reported unstable helical bicarbazole radical, we show that ex-

tending the delocalization of the unpaired electrons within the 

helical -conjugated system strongly increases the chemical 

stability of the monoradicals and creates intense CP-light ab-

sorption in the near infra-red region. Interestingly, modifying 

the molecular arrangement of the carbazole units impacts both 

the optical and chiroptical properties of the open-shell systems, 

as well as their persistent character, with half-life up to several 

days in solution at room temperature. Along with these new 

findings, we also investigated the IET that occurs within the 

chiral monoradicals and show for the first time that increasing 

the polarity of the medium can lead to ECD sign inversion of 

the radical absorption transitions. Investigating this IET aspect 

in the context of chiral open-shell compounds is of high interest 

given the unique ability of chiral molecules to filter the spin of 

electron upon charge conduction (e.g. chirality-induced-spin-

selectivity, CISS).82-85 Finally, we successfully generated two 

innovative chiral diradicals, which bring new aspects regarding 

the structural and electronic parameters impacting the stability, 

optical and chiroptical of such scarce chiral open-shell systems. 

The obtained persistent compounds show an antiferromagnetic 

interaction between the unpaired electrons in the experiments, 

and an intriguing electronic configuration with also a SHI in the 

diradical state. While the consequences of this unprecedented 

result remain to be explored, its potential impact on the unpaired 

electrons exchange/repulsion, orbital relaxation contributions 

are of fundamental interest for exploring organic polyradical 

systems. It is our hope that these results may help in designing 

new (chiral) open-shell systems with higher persistent character 

and a better control of the organic spins interaction. 
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