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Stable organic radicals exhibiting absorption capabilities in the visible and near-infrared regions (NIR) are appealing 
candidates for a wide range of applications, including photovoltaics, photothermal applications, anticounterfeiting and 
information encryption/decryption. Hetero[8]circulenes represent a promising π-extended platform for stable delocalized 
radicals with rich possibilities for chemical tuning. In this paper, we present the stable cation-radical of diazadioxa[8]circulene 
with reduced symmetry showing a sharp and strong peak (ε~2·104 M-1 cm-1) in the NIR at 939 nm. The diazadioxa[8]circulene 
cation-radical can be obtained via chemical doping using Magic Blue, or via electrochemical doping. It remains stable for 
several days without any significant change to the absorption spectra. Furthermore, according to magnetic criteria of 
aromaticity, it exhibits antiaromatic behaviour. Advanced theoretical calculations predict NIR emission for the radical cation 
through an anti-Kasha D4 → D0 transition, which is experimentally not detectable due to non-radiative deactivation pathways. 
Our RI-CC2 theoretical calculations also corroborate the blue emission of neutral circulene from the bright lowest singlet 
excited state S1, which was previously unexplained due to TD-DFT artefact predicting dark S1 state. These results open the 
opportunities for the practical application of diazadioxa[8]circulene cation-radicals in photovoltaics, sensors and 
photothermal imaging.

Introduction

Hetero[8]circulenes (H8Cs) represent a class of polyaromatic π-conjugated organic compounds with a central eight-
membered ring surrounded by eight arene (benzene, naphthalene, anthracene etc.) or hetarene (pyrrole, thiophene, furan 
etc.) moieties.1–3 The appealing features of H8Cs are their high symmetry (up to D8h space point group), planarity, double 
aromaticity and high stability. Therefore, H8Cs have been explored in OLEDs as blue-emissive materials,4–6 in field effect 
transistors as the charge-carrier transporting materials,7–9 and as building blocks for two-dimensional covalent and metal 
organic frameworks.10–12 In addition, H8Cs are characterized by extended π-delocalization, potentially enabling a platform 
for stable radicals with strongly delocalised unpaired electrons. 

This design strategy for stable radicals - an alternative to atom-centred luminescent radicals with sterically protected 
unpaired electrons- has already been described for other organic compounds.13–17 For example, Chen et al. reported  
bisphenalenyl radicals (Fig. 1) exhibiting anti-Kasha emissions, while D1 excited state is non-emissive due to its small energy 
difference (ΔE) with the ground state (ΔE~1 eV). 18,19 Thanks to the efficient delocalization of the unpaired electron over the 
bisphenalenyl core, these radicals show an excellent photostability with a half-life (t1/2) of 9.5 × 104 s under 350 nm irradiation. 
Yamaguchi et al. synthesized planar Boron-containing triphenylmethyl radicals (B-TPM, Fig. 1), which demonstrated red 
fluorescence from the D1 state, in agreement with Kasha rule.20 These radicals show high chemical stability at room 
temperature. Another example of stable, delocalized luminescent radical is the carbazole/carbonyl hybridized luminophore 
TBIQ reported by Lee et al., which showed strong orange emission (λem~600 nm) and additionally a white emission when 
mixed with the neutral blue-emissive TBIQ.21
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Fig. 1. Examples of the reported π-delocalized radicals based on different platforms including H8Cs (R = –CH2– and –(CH2)2– 
for TOC) and the peculiarities of newly synthesized cation-radical of AOC (C1) presented in this paper. 

In the context of H8Cs, tetraoxa[8]circulenes (TOCs)22 and tetrabenzotetraaza[8]circulene (TB-TAC)23 were shown to produce 
stable cation radicals when doped with strong oxidants such as [NAP+• SbCl6−] and tris(4-bromophenyl)ammoniumyl 
hexachloroantimonate (Magic Blue), respectively. However, the optical properties of TOCs and TB-TAC radicals (Fig. 1), and 
especially their luminescence, do not show the distinct features typically associated with the presence of unpaired electrons. 
Indeed, TOC radicals exhibit a red-shifted absorption in the visible region compared to their neutral form and the appearance 
of new weak bands in the 600-800 nm region, but they do not show any detectable emission.22 Similarly, TB-TAC radicals 
present absorption bands in the visible region at 486 and 605 nm, but no luminescence was observed for these radicals. 23 
Both TB-TAC and TOC radicals exhibit featureless and broad absorption in the near-infrared region (1000-2000 nm23 and 800-
1100 nm,22 respectively), which are associated with the number of low-lying and doublet excited states with small oscillator 
strengths.23 However, due to the high symmetry of the TB-TAC and TOC units (D4h symmetry point group) there are several 
symmetry-forbidden electronic transitions and thus they are not observed in absorption and emission spectra. Additionally, 
the number of low-lying doublet exited states in the spectrum of TB-TAC cation radical manifested as a continuous 1000-
2000 nm absorption band prevents observing the fluorescence due to dominating non-radiative quenching in the near-
infrared region (NIR). 

In this work, we overcome the challenges associated with symmetry-forbidden transitions and tetrabenzoannelation-
assisted red-shifted absorption/emission by using non-benzoannelated diazadioxa[8]circulene (AOC, referred to as C1 in the 
text) as the precursor for cation radicals.1 C1 also exhibits a reduced symmetry (D2h symmetry point group) compared to TOC 

Page 2 of 14Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:5

8:
08

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6QM00054A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qm00054a


and TAC chromophores. Through redox doping with Magic Blue, we were able to obtain a cation-radical of C1, which showed 
an extraordinary intensive absorption in the near-infrared region at 939 nm. The isolated radical compound also exhibits a 
good stability (at least two days in dichloromethane solution and four days in a poly(methyl methacrylate) (PMMA) film 
without significant changes in Vis-NIR absorption spectra). Based on the detailed quantum-chemical calculations, we 
assigned the strong NIR absorption to the D0-D4 electronic transition. We believe that shifting this band into the blue region, 
together with confining the radical within the rigid matrix, will enable observation of the radical fluorescence via the anti-
Kasha mechanism, i.e. asymmetrical heterocirculenes represent a promising platform for the new class of stable luminescent 
radicals. We also addressed the computational challenge related to the photophysical behaviour of neutral TAC 
chromophores, which show a bright blue fluorescence recorded experimentally, but not predicted by density functional 
theory (DFT) calculations. Lastly, we have also characterized the aromaticity of C1 and of its corresponding cation-radical 
(R1). We have found that neutral C1 demonstrates the typical “bifacial” aromaticity of H8Cs (inner cyclooctatetraene core 
sustain strong paratropic magnetically induced ring current associated with antiaromatic behaviour and outer perimeter 
exhibits strong diatropic ring current corresponding to aromatic character), while the cation-radical demonstrates the double 
paratropicity (antiaromaticity) within inner and outer conjugation circuits. This is a new example of stable antiaromatic 
systems that opens new possibilities for probing the effects of an antiaromatic environment on electronic structure and 
reactivity of molecular systems.

Result and Discussion

Synthesis and characterization of the circulene radical cation

The diazadioxa[8]circulene1 C1 was oxidized using tris(4-bromophenyl)ammoniumyl hexachloroantimonate (Magic Blue), a 
well-known effective one-electron oxidant, to produce the circulene radical cation R1 (Fig. 2c). 24,25 To optimize the molar 
ratio of the redox reaction, a titration of the circulene C1 in dichloromethane (DCM) was carried out by slow addition of a 
Magic Blue solution (Fig. 2a) in DCM. Upon addition of Magic Blue to the C1 solution, the peak maxima of the starting material 
C1 at 402 and 420 nm decreased while several new peaks appeared in the visible spectrum (λmax = 450, 473, 537 and 582 
nm), resulting in a solution colour change from yellow to red. Furthermore, new peaks were identified in the NIR region: two 
broad peaks at 743 and 829 nm and a sharp peak at 939 nm. It is noteworthy that the longest wavelength peak (939 nm) is 
also the strongest, with a remarkable high molar extinction coefficient (ε) of ~2·104 M-1 cm-1. This value also exceeds those 
of the product peaks in the visible region. Saturation of the spectrum is reached after the addition of 1.2 equivalents of Magic 
Blue, suggesting an equimolar ratio for the two reactants. The slight imbalance of the stoichiometry can be explained by the 
low solution concentrations used, which are more susceptible to deviations. Continued titration of C1 with Magic Blue (1.3 
equivalents) results in the emergence of a new peak at 732 nm, which can be attributed to the Magic Blue in excess (see Fig. 
S4 for the absorption spectrum of Magic Blue in dichloromethane). Subsequently, a larger scale reaction (30 mg) was carried 
out under N2 atmosphere by adding the Magic Blue in ~1:1 ratio to an anhydrous dichloromethane solution of the circulene 
C1. After stirring for one hour at room temperature, the product R1 was purified by addition of an excess of n-hexane to a 
concentrated dichloromethane solution of the reaction mixture to remove excess of C1 and of the byproduct tris(4-
bromophenyl)amine (t-BPA, Fig. S1), and isolated as an amorphous red powder with a yield of 84 %. An absorption spectrum 
of the isolated product was recorded (Fig. S5). The ratio of the visible region peak (around 411 nm) to the NIR peak (around 
939 nm), which is attributable only to the product, represents a sound parameter for evaluating product purity from optical 
spectroscopy analysis, since the starting material and the product overlap in the visible region. Therefore, we compared the 
ratio obtained from the absorption spectrum of excess of Magic Blue (1.3 equivalents) added to C1 (Fig. 2a), which we assume 
to be completely converted to R1, with the ratio obtained from the absorption spectrum of the product isolated after the 
larger-scale reaction (Fig. S5). The difference between the two ratios remains lower than 6%. This falls within the 
experimental margin of error, allowing us to assume the starting material to be present in negligible amounts. Furthermore, 
the low absorption recorded between 600 nm and 720 nm, where the Magic Blue absorbs, allows us to assume the absence 
of the oxidant.
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Fig. 2 (a) Absorption spectra evolution of circulene C1 upon titration with Magic Blue, in dichloromethane. (b) Room 
temperature EPR spectra of a dichloromethane solution of the circulene C1 and of the corresponding radical cation R1.  (c) 
Synthesis of the radical cation by oxidation of the diazadioxa[8]circulene C1 with Magic Blue. (d) Spin distribution on radical 
cation R1. Red and blue bubble plots show positive and negative signed spin distribution (spin α – spin β). Isosurface cut-off 
is set at 0.002 e/a03.

A comparison between the FTIR spectra of the starting materials and the product (Fig. S2) further corroborated the optical 
spectroscopy results. Indeed, the peaks of the Magic Blue at 3079 and 3051 cm-1, that are attributed to the C-H stretching of 
the tris(4-bromophenyl)ammoniumyl moiety, are absent in the spectra of the circulene radical cation R1. A detailed 
description and interpretation of the FTIR peaks of the circulene C1 was previously published26 and a similar explanation can 
be applied to the peaks of the product R1. The compound is quite stable in solution. Indeed, only a gradual reformation of 
the neutral circulene C1 was observed after two days, as indicated by the appearance and intensification of its peaks at 402 
and 420 nm (see Fig. S7). Furthermore, the compound also exhibits good stability in its solid state. No significant changes 
were observed in the absorption spectra of a radical film in a PMMA matrix (1.0% w/w), even after four days (Fig. S8).

Continuous wave (CW) X-band electron paramagnetic resonance (EPR) measurements were performed to prove the 
presence of an unpaired electron in the electronic configuration of the circulene radical cation R1. As expected, no EPR peaks 
were detected for dichloromethane solutions of the neutral circulene C1 (Fig. 2b). Conversely, EPR analysis of 
dichloromethane solutions of R1 confirmed the presence of radicals, as evidenced by the observed broad peak (Fig. 2b). Note 
that the position of this peak was different from the one recorded for the unpaired electron of Magic Blue (Fig. S3). 
Considering the presence of nitrogen atoms and the spin density positioned on them (see below), the EPR spectrum is 
expected to show 25 spikes which consist of 5 from the two equivalent nitrogen nuclei, multiplied by 5 from the four 
equivalent hydrogen atoms. However, in solution sample, the spin-spin relaxation time (T2) is shortened by intensive 
interactions with neighbouring nuclei. The shortening of T2 causes line broadening of EPR spectra. Curve-fitting of the 
experimental spectrum is performed as a spin system of two equivalent nitrogen and four equivalent hydrogen atoms, as 
the spin density is mainly delocalised throughout the circulene core. Derived EPR parameters are summarised in Table S1. 
The fitting calculated g-factor of the peak was determined to be 2.0079, which is a typical value for organic molecules and is 
in the range of reported values for similar aza[8]circulene molecules.23,27 The broad peak is Voigt-lineshape, which is a 
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convolution of Gaussian- and Lorentzian-lineshape (Table S1). The dominant Gaussian-type component suggests that the 
broadening is mainly due to unresolved hyperfine structure, while the Lorentzian component is attributed to the T2 relaxation 
by collision.28

The DFT calculations on the radical cation R1 show that the spin density is delocalised throughout the outer ring of the 
circulene molecular framework (Fig. 2d). Calculated g-factor is gx=2.0017, gy=2.0029, gz=2.0033, and giso=2.0026, which are 
typical for organic molecules. The difference from the experimental value is mainly attributed to contribution from the SbCl6- 
and byproduct (Fig. S1) present in the solution, which are not considered in the DFT calculations. Hyperfine coupling tensors 
(A) are also calculated for nitrogen and hydrogen atoms in the central circulene molecular framework, which the spin density 
lies on/near them, and summarised in Table S2. The two nitrogen atoms possess axial A values of ANx≈23.2 MHz, ANy≈1.0 
MHz, ANz≈1.1 MHz, and ANiso≈8.5 MHz and the hydrogen atoms possess AHx≈-10.4 MHz, AHy≈-3.9 MHz, AHz≈-14.4 MHz, and 
AHiso≈9.6 MHz. Considering the averaging of anisotropy in the solution sample, these results are consistent with the 
experimentally obtained values.

To verify if we could experimentally detect the NIR emission predicted by calculations, we performed photoluminescence 
characterization of the radical R1. However, no emission was observed for the radical in dichloromethane solution (298 K). 
Therefore, we tested the emission of a film of R1 in PMMA matrix (1.0 % w/w), because the PMMA matrix combines optical 
transparency with a more rigid environment for the radical cation R1 that potentially reduces non-radiative decay pathways. 
Despite the use of a rigid matrix, an unreproducible emission at 977 nm was obtained when irradiating the radical film with 
an 850 nm continuous-wave (CW) laser diode.

Single-crystal electron diffraction

To further prove the formation of the radical cation R1, single-crystal electron diffraction (ED) measurements were 
performed.  Slow evaporation of a saturated solution of R1 in CH2Cl2/n-heptane afforded red microcrystals suitable for this 
analysis. The crystal structure is shown in Fig. 3a and it confirms the formation of radical cations. The radical cation R1 
crystallizes in the triclinic P1 space group. The asymmetric unit consists of one half of a circulene unit and one half of an 
SbCl6− counterion. Bond lengths corresponding to the formally double bonds are systematically shorter than in the previously 
reported single-crystal structure of C11 (CCDC: 945393, see ESI, Fig. S9), consistent with previous observations on persistent 
circulene radical cations.23 The bond length alternation (BLA, defined as the difference between the average formal single 
and double bonds in a p-conjugated system) is seemingly higher in R1 than in C1. This increase may indicate enhanced 
antiaromatic character in R1, although the magnitude of the difference is small and should be interpreted cautiously given 
the experimental uncertainties. The mean planar deviation (MPD) of R1 (MPD= 0.018 Å) is comparable to the neutral C1 
(MPD= 0.012 Å), indicating that both circulenes adopt a nearly planar conformation. The packing diagram (Fig. 3b) shows 
two closest radical cations separated by an interplanar distance of 4.81 Å. This notably larger separation compared to the 
2.923 Å between neutral C1 residues can be attributed to Coulombic repulsion between the positively charged radical species 
in the lattice.
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Fig.3 (a) SC-ED structure of R1 represented as ORTEP diagrams. the 50% thermal ellipsoids. Non-hydrogen atoms are 
represented as 50% probability thermal ellipsoids, and selected bond lengths are given in Å (uncertainty in brackets). Atoms 
are colored grey (carbon), red (oxygen), and blue (nitrogen). Hydrogens are omitted for clarity. (b) Packing diagram of R1, 
interplanar distance between the residues is shown.

Cyclic voltammetry and spectroelectrochemistry 

Electrochemical characterisation and the in-situ spectroelectrochemistry of the circulene C1 were performed to produce the 
radical cation both chemically and electrochemically, and to compare the results of the two methods. A cyclic voltammetry 
(CV) of the circulene C1 was first carried out to evaluate the potential necessary for the formation of the radical cation. The 
CV was performed in dichloromethane using tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte 
and ferrocene/ferrocenium couple (Fc/Fc+) as internal standard (Fig. 4a). The first oxidation potential was recorded at 0.54 
V. We attribute this quasi-reversible process to the radical cation formation. A secondary irreversible peak, related to the 
dication production, was observed at a higher potential of 1.09 V. Since the reduction potential of Magic Blue is at 0.7 V,29 it 
follows that the formation of the radical cation R1 by electron transfer with Magic Blue is thermodynamically favoured, 
whereas the driving force for the formation of the di-cation is insufficiently high.

a) b)
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Fig.4 (a) Cyclic Voltammogram of the neutral circulene C1 recorded in dichloromethane solution (0.1 M TBAPF6) at scan rate 
100 mV/s and reported versus Fc/Fc+ couple. Ox1 is the first oxidation potential, Ox2 the second oxidation potential of 
circulene starting material C1. (b) Differential absorption spectra of circulene C1 measured using honeycomb electrode after 
applying potential of 0.6 V (vs. Fc/Fc+) for 80 s; spectra were recorded at five-seconds intervals. The blue line is the spectra 
recorded at time 0 s and the red one is the spectra recorded after 80 seconds.

Following the measurements of the oxidation potentials of the circulene C1, in-situ spectroelectrochemistry was performed 
to monitor the optical evolution of the radical cation electrochemical production. The spectroelectrochemistry analysis was 
conducted in dichloromethane solution (0.1 M TBAPF6), using a Pt honeycomb electrode. Upon application of a potential of 
~0.6 V (the first oxidation potential of C1), an optical spectrum was obtained, which exhibited a resemblance to the spectrum 
of the redox reaction product R1 (Fig. 4b). Over time the intensity of the spectrum increased, reaching a plateau after almost 
30 seconds. This result confirms that the isolated product formed by reacting circulene C1 and Magic Blue is the radical cation 
R1, and that the chemical design of the counterion does not have a marked influence on the optical absorption. The same 
spectrum shape was obtained applying potentials in the 0.5-0.9 V range, while at potential below 0.5 V no changes were 
observed, as expected by the cyclic voltammetry results (Fig. S10). Furthermore, the investigated process shows good 
reversibility, as evidenced by the quick progressive decrease of the radical cation peaks, when moving from a potential of 
0.6 V to a negative one of -0.2 V (Fig. S11). To measure the efficiency of the electrochemical production of the radical cation, 
a previously published procedure30 was followed and values of faradaic efficiency (FE) between 13% and 21% were estimated 
(Table S3). The low FE calculated can be attributed to a deposition of the radical cation within tabular cavities of the 
honeycomb electrode, which is not consequently optical detected, and to the electrolysis formation of other species, such 
as dications. As the potential applied increased, different behaviours were observed. After applying a 0.7 V potential for one 
minute and producing the previously reported spectrum of the radical cation, a potential of 1.2 V was applied for 100 seconds 
(Fig. S12). The first 20 seconds of this period showed an increase in the intensity of the radical cation spectrum. However, its 
peak intensity subsequently declined while the peaks at 668 nm and 740 nm kept rising. The final spectrum obtained could 
be therefore attributed to a mixture of the radical cation and the dication, as corroborated by theoretical calculations.

Theoretical calculations

To better understand the absorption features of radical circulenes, we performed density functional theory simulations using 
the dispersion-corrected GD3BJ-B3LYP31–33 functional and 6-31+G(d)34–36 basis set across the whole study. We simulated 
ground-state geometries (Fig. 5a) and the absorption of neutral, cation, and dication diazadioxa[8]circulenes in implicit 
dichloromethane solvent. 

Fig. 5 (a) Optimized geometry of a neutral circulene in its ground state. (b) Simulated absorption peaks of neutral, cation, 
and dication circulenes (inset shows peaks with λ < 1000 nm) and visualization of orbitals related to the dominant transitions 
at 713 nm in dication circulene and at 936 nm in cation circulene. (c) Calculated emission mechanism through D4→D0 
transition in cation circulene.
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Neutral circulene

Despite the optical absorption properties of neutral diazadioxa[8]circulene being well studied, its emission remains 
unexplained, with ongoing debates in the literature about its origin. While the neutral diazadioxa[8]circulene was 
experimentally verified as an emitter, time-dependent density functional theory (TD-DFT) indicates that it is supposed to be 
dark.37 S1→S0 transition, which is expected to be responsible for emission, has a negligible oscillator strength (Table S4). It 
was proposed that neutral circulene emits through anti-Kasha S2→S0 transition,37 but this explanation can be questioned by 
the significant energy gap between S2 and S1 states. Alternatively, Nakagawa et al.38 proposed that the emission appears 
"dark" in TD-DFT because the main transitions are symmetry-forbidden while in experimentally studied systems, Herzberg–
Teller vibronic coupling and solvent interactions allow observable emission. Even though the theoretical results were 
enhanced, this correction was not sufficiently large to provide good agreement with the experiment.38 In this work, we found 
that the problem of “dark” S1 state is related to the artefact of TD-DFT, which flips the energies of the dark state with the 
emissive state, thus making the emissive state as S2 and the first dark state as S1. This speculation was confirmed by 
simulations performed with higher levels of theory. Simulation done with RI-CC2 indicates that the S1→S0 transition occurs 
at λ=373 nm with a large oscillator strength of 0.32, while the S2→S0 transition occurs at λ=366 nm and is effectively “dark” 
with an oscillator strength of ≈0. A similar result was obtained with the ADC (2) method, where S1→S0 transition occurs at 
λ=379 nm with a large oscillator strength of 0.34, while S2→S0 transition is “dark” with an oscillator strength ≈0. We have 
performed the RI-CC2/def2-SVP geometry optimization of S1 and S2 states and found that S1→S0 transition is bright at S1 
state geometry [2.98 eV and f=0.18] similarly to the S1→S0 transition at S0 geometry [3.32 eV and f=0.32].  Also, we optimized 
the S2 state and found that the adiabatic S2-S1 gap is 0.1 eV (optimized S2 is higher than optimized S1). This confirms that 
neutral C1 fluoresces from S1 state following normal Kasha rule in contrast to TD-DFT predictions. Another essential factor, 
which affects the emission of neutral circulene, is the intersystem crossing. There are four triplet states with energies smaller 
than the energy of the first singlet excited state (T1 — 2.16 eV, T2 — 2.29 eV, T3 — 2.57 eV, T4 — 2.59 eV). Specifically, T4 has 
similar energy to S1 (2.74 eV), resulting in a substantial spin-orbit coupling matrix element of 0.6 cm-1 and an intersystem 
crossing (ISC) rate constant of kISC = 1.5*108 s-1. Other triplet T3, T2, and T1 states also contribute to the emission quenching 
but on a smaller scale with corresponding kISC(T3) = 3.6*104 s-1, kISC(T2) = 1.2*104 s-1, kISC(T1) = 2.0*10 s-1 (Fig. S17). Following 
this, we used TD-DFT (MolSOC software) to study photophysics (on S2 geometry) and obtained a correct quantum yield of 
Φtheoretical = 43% versus Φexperimental = 30%. This quantum yield is primarily determined by intersystem crossing and, to a large 
extent, by internal conversion processes, as shown in the Jablonski diagram in Fig. S17.

Radical circulene 

Withdrawal of one electron changes the electronic structure of the molecule, turning a circulene into a radical with a doublet 
spin multiplicity. This leads to the appearance of additional low-energy absorption peaks. Three of them are located at λ > 
1200 nm wavelengths (Table S4 and Fig. 5), some of them even with noticeable oscillator strengths. A new strong peak 
appears in the NIR at λ = 936 nm with an oscillator strength of f ≈ 0.1 (Fig. 5b), which corresponds well with the experimental 
measurements. This strong absorption peak predominantly originates from the transition from orbital 184 to LUMO orbital 
188 (Fig. 6b) and corresponds to the fourth excited state. Such changes in the electronic structure of the radical compared 
to neutral circulene are maintained upon further oxidation. Withdrawal of an additional electron eliminates the radical 
nature of circulene and turns it into singlet dication. Despite a lack of an unpaired electron, the absorption spectrum of the 
dication is similar to the cation radical and not to the neutral molecule, with three peaks at large wavelengths λ >1000 nm 
and a strong absorption peak at 713 nm (Table S5). 

In most neutral molecules, the emission mechanism follows the Kasha rule and originates from the transition from the lowest 
excited states showing same spin of the ground state. However, often in the case of radicals, the emission involves higher 
excited states and violation of this rule.39,40 After simulating emission with time-dependent density functional theory, we 
found that the reported circulene radical should represents the case of anti-Kasha emission. Indeed, because of a very low 
energy gap of <0.35 eV between the ground state and the first three excited states (Fig. 5c and Table S5), the emission must 
originate from the fourth excited state D4→D0 at λ = 1018 nm. This also allows us to explain the absence of experimentally 
recorded emission. Several possible quenching pathways involving non-radiative transitions reduce emission intensity to 
below the detection level. Specifically, there are four internal conversion (IC) pathways for D4 state dissipation: D4→D0 (kIC = 
2*1010 s-1), D4→D1 (kIC = 2.5*1011 s-1), D4→D2 (kIC = 2.3*1010 s-1), and D4→D3 (kIC = 9.6*1010 s-1). By using Strickler–Berg relation 

we can calculate the radiative rate constant 𝑘𝑟 = 1
1.5𝑓𝐸2(𝐷4→𝐷0) = 107 s-1.41 It follows that the resulting quantum yield is 

Φ𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑘𝑟 𝑘𝑟+𝑘𝐷4→𝐷0
𝐼𝐶 +𝑘𝐷4→𝐷1

𝐼𝐶 +𝑘𝐷4→𝐷2
𝐼𝐶 +𝑘𝐷4→𝐷3

𝐼𝐶 = 0.025 %. Such a small quantum yield is a direct 
consequence of three strong quenching pathways through non-radiative transitions to lower D3, D2, and D1 states (with 
D4→D1 IC being the dominant one). Another possible non-radiative quenching channel is the intersystem crossing with 
quartet states. To exclude this possibility, we simulated the first quartet state and found out that Q1 is located at a much 
higher energy (2.12 eV) compared to D1 (0.26 eV), D2 (0.29 eV), D3 (0.38 eV), and even D4 (1.32 eV). This result confirms 
the considerable potential of such radical systems in applications that require absorption at the near-infrared part of the 
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spectrum. The possible way to make R1 radical fluorescent is to enhance the intensity of D4→D0 transition together with 
shifting it to the blue region. This can be realised by modifying the C1 core with strong electron-donating groups at the outer 
perimeter. Another strategy can be confinement of the radical by the rigid host matrix that helps in supressing of the D4 non-
radiative quenching into D3, D2, D1, or D0. Combining the chemical modification with a matrix confinement would have 
synergetic effect in achieving D4→D0 fluorescence. 

Aromaticity

[8]Circulenes are polycyclic aromatic hydrocarbons with a central cyclooctatetraene (COT) ring surrounded by eight fused 
benzene units. Hetero[8]circulenes are analogues, but they have some benzene rings substituted with different heteroles 
(thiophene, furan, pyrrole, etc).42 Neutral hetero[8]circulenes are usually nonaromatic because the paratropic (antiaromatic) 
current in the COT core cancels out the diatropic (aromatic) current in the outer rim.43 However, their doubly charged ions 
(both dications and dianions) often display net diatropic currents, making them globally aromatic, as shown by the results of 
GIMIC calculations.43 A similar trend was confirmed by studying another hetero[8]circulenes: neutral molecules are mostly 
nonaromatic, with some weak antiaromaticity based on substitution.44 Dianions tend to become aromatic, with strong 
diatropic currents in both rim and sometimes hub regions. Dications, however, show more varied behaviors—some are 
aromatic (e.g., SiH- or GeH-based), while others (e.g., O- or NH-containing) are strongly antiaromatic. Overall, the aromaticity 
of circulenes depends on charge and it is greatly affected by structure and substitution, illustrating how electronic effects 
influence global delocalization in macrocyclic systems.44 In case of diazadioxa[8]circulene, which is the object of this study, 
we can confirm previous results for its neutral molecules. Visualization of the zz component of its isotropic chemical shielding 
surface (ICSSzz) in Fig. 6a shows a paratropic current in the inner ring, compensating for the diatropic current in the outer 
ring. This is also confirmed by current vectors, depicted in Fig. 6d, where we can clearly see an anti-clockwise paratropic 
current in the inner ring, a diatropic clockwise vector in the outer ring and a small contribution of current flowing through 
radial bonds. Contrary to neutral molecules, electron oxidation makes the molecule anti-aromatic. The cation radical 
molecule exhibits strong paratropic features in both rings (Fig. 6b). Current vectors depicted in Fig. 6e suggested that current 
from the inner ring is being interrupted and merges with the current in the outer ring through radical bonds, leading to a 
global paratropic current (current pathways depicted in Fig. S18). This anti-aromatic behavior can be enhanced by further 
oxidation of cation into dication, resulting in even stronger paratropic current in both inner and outer rings (Fig. 6c, f). In this 
regard, the aromaticity of radicals represents an intermediate stage between the aromaticity of neutral and dication 
molecules.
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Fig. 6. (a); (b); (c) ICSSzz depicted in circulene plane for neutral, cation, and dication molecules. (d); (e); (f) Current pathways 
for neutral molecule and its cation and dication counterparts.

Conclusions

In this work, we report a diazadioxa[8]circulene radical cation exhibiting an intense near-infrared (NIR) absorption at 939 
nm. Theoretical simulations predict weak red-shifted radical emission through anti-Kasha D4→D0 transition, which is 
substantially quenched by non-radiative pathways, making it difficult to detect experimentally and we propose the future 
strategies for achieving the D4→D0 fluorescence.

A key advantage of this platform lies in its synthetic accessibility. The radical cation can be generated in high yield and purity 
via straightforward chemical oxidation with the commercially available one-electron oxidant “Magic Blue.” Equally, it can be 
produced electrochemically under mild conditions, with spectroelectrochemistry confirming that both routes yield the same 
NIR-active species. The reversible nature of the oxidation and the stability of the radical over days, in both solution and solid-
state (at least two days in DCM solution and four days in PMMA film without significant changes in Vis-NIR absorption 
spectra), underscore its practical robustness.

The unique combination of strong, tuneable NIR optical response and easy accessibility place diazadioxa[8]circulene radical 
cations as a promising new class of functional materials. Their stable antiaromatic character further enriches the 
fundamental understanding of electronically delocalised radicals, while their optoelectronic properties open perspectives 
for applications in NIR-absorbers, optical sensing, and photonic information technologies. This study thus establishes 
circulene radical cations as both a novel photophysical phenomenon and an easily deployable materials platform.
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The data supporting this article have been included as part of the Supplementary 
Information. Supplementary information includes description of materials and methods, 
synthesis details, details of FTIR, EPR, UV-Vis, spectroelectrochemistry analysis, 
stability tests, single-crystal electron diffraction, estimations of Faradaic efficiency, 
details for theoretical calculations.

Crystallographic data for R1 has been deposited at the CCDC repository under 
2494920 number and can be obtained from https://www.ccdc.cam.ac.uk/
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