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Abstract. With DFT calculations, compared where possible with experimental data, molecular and 
electronic structure of the title compounds 1-5 (chalcogen=O, S, Se, Te and Po, respectively) and their 
radical ions was studied towards identification of regularities and peculiarities over a whole chalcogen 
pentad. Calculated properties of neutral molecules covered their geometries, atomic charges, bond orders 
and QTAIM descriptors, shapes and energies of π-MOs, ionization energy and electron affinity, NICSs, and 
MEPs; and those of radical ions included geometries, shapes and energies of π-SOMOs, electron spin 
density distributions, hyperfine coupling constants and g factors. In the most cases uniform patterns were 
obtained featuring only some particular peculiarities regarded to a certain chalcogen. The most important 
findings embrace reduced aromaticity of the heterocycles of 4 and 5 (NICS) and enlarged electrostatic 
contribution to their X–N bonds (QTAIM; X=Te, Po) as compared with 1-3. However, the ground-state 
patterns are not enough to explain known differences in heteroatom reactivity of the title compounds. It is 
suggested that the differences come mainly from reaction kinetics and thermodynamics where widely varied 
atomic dipole polarizability of the chalcogens should be essentially important. 
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1. Introduction 

Chalcogen-nitrogen chemistry, especially heterocyclic, is an important part of contemporary main 
group chemistry including applications to material science and biomedicine.1-6 In a fundamental aspect, 
however, a missing link is generalization covering all chalcogen pentad O, S, Se, Te and Po. The main 
reasons of this are enormous structural diversity of the chalcogen-nitrogen compounds and a lack of data on 
Po derivatives never studied experimentally due to radioactivity of the element. 

In this situation, 2,1,3-benzochalcogenadiazoles (Scheme 1), relatively small and structurally-rigid 
10π-electron hetero-analogs of naphthalene, seem to be a reasonable choice to begin discussion. Notably, 
these π-heterocyclic compounds are redox-active7,8 and possess Lewis ambiphilicity.6 The latter is dualistic 
in the sense that in both basic and acidic properties both π- and σ-MOs are involved, which is rather rare and 
can be used in various applications.6 Overall, chemistry of O,2,4 S2,4-6,9,10 and Se2,4-6 derivatives is well 
studied over more than a century, whereas that of Te congeners only emerges5,6,8,11 and chemistry of Po ones 
does not exist. Due to this, the general discussion can only be based on computational results compared, 
where possible, with experimental data. 

In this work, molecular and electronic structure of the archetypal 2,1,3-benzochalcogenadiazoles 1-5 
(Scheme 1) and their radical ions was studied by means of DFT calculations. The radical ions are of special 
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interest as potential building blocks of functional magnetic materials. Calculated properties of neutral 
molecules covered their geometries, atomic charges, bond orders and QTAIM topological descriptors, 
shapes and energies of π-MOs, ionization energy and electron affinity, NICSs, and MEPs; and those of 
radical ions included geometries, shapes and energies of π-SOMOs, electron spin density distributions, 
hyperfine coupling (hfc) constants and g factors. In the most cases uniform patterns were obtained featuring 
only some particular peculiarities regarded to a certain chalcogen. The most important findings embrace 
reduced aromaticity of the heterocycles of 4 and 5 (NICS) and enlarged electrostatic contribution to their X–
N bonds (QTAIM; X=Te, Po) as compared with 1-3. However, the ground-state patterns are not enough to 
explain known differences in heteroatom reactivity of the title compounds. It is suggested that the 
differences come mainly from reaction kinetics and thermodynamics where widely varied atomic dipole 
polarizability of the chalcogens should be essentially important. 
 

 
Scheme 1. 2,1,3-Benzochalcogenadiazoles 1-5 represented by superposition of quinoid (left) and benzenoid 

(middle and right) forms, X=O (1), S (2), Se (3), Te (4) and Po (5), and their atom numbering. 
 

Unless otherwise indicated, the DFT calculations were performed with full optimization of molecular 
geometries with the Gaussian0912 program package at the (U)B3LYP level of theory with the def2-tzvp 
basis set (for compounds 4 and 5 with ECP accounting 24 valence and 28 core electrons for Te atom, and 24 
valence and 60 core electrons for Po atom). In all cases, the stability of the ground-state wave functions was 
verified.13 Natural population analysis was carried out with the NBO6 program (version for Gaussian).14 The 
Mayer bond orders, MEPs, electron spin densities and QTAIM descriptors were obtained with the Muliwfn 
3.6 program.15,16 Visualization was achieved with the Chemcraft program.17 
 
2. Neutral molecules 

For compounds 1-4, XRD structures are known, the molecules are planar and feature C2v symmetry 
slightly perturbed by crystal packing.18-21 The DFT calculations reproduce the XRD geometries pretty well 
(Table 1). 
 

Table 1. Bond lengths (Å) and bond angles (o) in heterocycles of compounds 1-5. 
Comp. X Method Bond length Bond angle 

X–N N–C C–Ca N–X–N X–N–C N–C–C 

1 O XRD18 1.377, 1.391 1.303, 1.316 1.427 111.9 104.5, 105.0 108.8, 109.9 
B3LYP 1.362 1.316 1.432 113.1 104.8 108.6 

2 S XRD19 1.614, 1.620 1.348, 1.352 1.441 101.1 106.4, 106.5 112.8, 113.3 
B3LYP 1.615 1.341 1.443 101.1 106.4 113.1 

3 Se XRD20 1.777, 1.792 1.321, 1.328 1.437 94.7 106.8, 106.3 116.9, 116.3 
B3LYP 1.791 1.324 1.460 94.7 106.4 116.3 

4 Te XRD21 1.987, 2.014 1.314, 1.322 1.458 83.7 109.3, 112.2 115.2, 119.5 
B3LYP 1.986 1.317 1.478 88.1 106.8 119.1 

5 Po B3LYP 2.096 1.317 1.488 84.6 107.1 120.6 
aBond C3a–C7a in Scheme 1. Calculated lengths of bonds C3a–C4 (C7–C7a) and C5–C6 (Scheme 1) 

are 1.417-1.441 Å, and bonds C4–C5 (C6–C7) 1.355-1.367 Å. At the same level of theory, 
length of C–C bond in benzene is 1.391 Å. 

 
The QTAIM22 topological descriptors such as electron density b, its Laplacian 2b, and ratio of 

potential Vb and kinetic Gb energy densities at bond critical points suggest predominantly covalent X–N 
bonding in 1-5, with some contribution of electrostatic interactions in 3-5 increasing with the atomic number 
Z of the chalcogen (Table 2). 

Polarization of NXN fragment, as represented by natural atomic charges,25,26 is very different for 1 and 
2-4 where it is practically uniform (Table 3). Mayer bond orders27 of X–N bonds in 1-5 suggest practically 
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single bonds (Table 3). This, together with the bond lengths (Table 1) implies dominance of the quinoid 
form in its superposition with the benzenoid form (Scheme 1). However, these findings cannot be taken 
without additional consideration since π-bonding situation in 1-5 is very special (for the initial discussion, 
see ref. 28). In all compounds p-AOs of the chalcogen and nitrogen atoms participate in the formation of the 
united π-system of molecule but contribute predominantly to π-MOs of different symmetry, i.e. to b1 and a2 
MOs, respectively (Figure 1). Of five occupied π-MOs, chalcogen and nitrogen p-AOs are involved 
simultaneously only in the HOMO-4 in 1-3 and HOMO-3 in 2-4, whereas in 5 there are no such MOs 
(designations HOMO-n regards only to Figure 1 but not to MOs’ actual numbering). As a result, despite the 
chalcogen and nitrogen atoms of 1-5 jointly participate in the united π-systems of the molecules, π-density in 
the X–N bonds is low, which explains their low Mayer bond orders and long bond distances. 
 

Table 2. QTAIM topological descriptors of X–N and N–C bonds in compounds 1-5.a 
Compound X Bond b 2b |Vb|/Gb 

1 O O–N 0.346 –0.434 2.450 
N–C 0.369 –1.147 2.871 

2 S S–N 0.247 –0.240 2.245 
N–C 0.342 –1.071 3.051 

3 Se Se–N 0.188 0.010 1.982 
N–C 0.355 –1.119 2.973 

4 Te Te–N 0.143 0.200 1.594 
N–C 0.361 –1.146 2.968 

5 Po Po–N 0.126 0.210 1.493 
N–C 0.368 –1.162 2.920 

a2b and b are given in au. For shared (i.e. covalent) bonding b>0.2, 2b<0, and |Vb|/Gb>2; 
for closed-shell (i.e. predominantly electrostatic) bonding b<0.1, 2b>0, and |Vb|/Gb<1.23,24 

 
Table 3. Natural atomic charges and Mayer bond ordersa in heterocycles of compounds 1-5. 

Comp. X Atomic charge Bond order 
X N C X–N N–C C–Cb 

1 O –0.093 –0.075 0.059 1.042 1.642 1.121 
2 S 0.929 –0.601 0.092 1.349 1.494 1.139 
3 Se 0.920 –0.597 0.094 1.254 1.588 1.073 
4 Te 1.056 –0.661 0.096 1.191 1.638 1.028 
5 Po 1.003 –0.628 0.093 1.154 1.730 0.986 

aThe values of Mayer bond orders are in agreement with empirical ones to be close to 1.0, 2.0 and 3.0 
for single, double and triple bonds, respectively. At the same level of theory, Mayer bond order of 

C–C bond in benzene is 1.418. bBond C3a–C7a in Scheme 1. 
 

Notably, whilst the LUMOs of 1-5 are isolobal, the HOMOs are not as the HOMO of 5 is different 
from those of 1-4 (Figure 1). On going from 1 to 5, the energy gap between the frontier MOs monotonically 
decreases (Figure 1), which correlates with bathochromic shift of the long-wavelength absorption band in 
experimental UV-Vis spectra of 1-4 (Figure 2). 

The first ionization energy (IE1) of 1-4 is less sensitive to the nature of chalcogen (Table 4), which can 
be explained via the Koopmans theorem by a lack of chalcogen contribution to their HOMOs of a2 
symmetry (Figure 1). Calculated adiabatic IE1 of 5 also fits this pattern. DFT predicts for 5 practically 
degenerated HOMO and HOMO-1 of b1 and a2 symmetry, respectively, with the HOMO featuring 
significant contribution from Po (Figure 1). Overall, slight decrease of IE1 in the series 1-5 correlates with 
decrease of electronegativity (EN)29 of the chalcogen atoms. 

DFT-calculated first adiabatic electron affinity (EA1) of 1-5 is positive (Table 4), which means that 
their radical anions (RAs) are thermodynamically more preferable than neutral molecules.30-32 Due to this, 
compounds 1-5 are efficient electron acceptors, and 1-3 and their derivatives found numerous relevant 
applications in both chemistry and materials science (available literature is too abundant to be cited 
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completely, for introduction see refs. 2, 4-6, 9, 33,34 and refs. therein). Notably, EA1 in the series 1, 3-5 and 
2-5 increases with Z of the chalcogen (Table 4), which, in contrast to the situation with IE1, contradicts EN29 
of the chalcogens. For 2-4 this trend is experimentally confirmed by electrochemical data.7,8,30,35-37 
Tentatively, the trend can be explained by better charge / spin delocalization in diffuse π-SOMOs of RAs 
containing contribution from heavier chalcogens. For 1 and 2, higher EA1 of the former can be associated 
with higher EN29 of O as compared with S. 
 

 
Figure 1. The LUMO, HOMO and four other occupied π-MOs of compounds 1-5, and their energies (eV). 

 

 
Figure 2. Experimental UV-Vis spectra of compounds 1-3 in ethanol and 4 in THF. 
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Table 4. IE1 and EA1 of compounds 1-5 (eV).a,b 
Compound X ENc IE1 EA1 

He(I) PES B3LYP 
1 O 3.61 9.37;38 9.5839 9.09 (9.05) 0.93 (1.04) 
2 S 2.59 8.95;40 8.98;38,41 9.0039,42,43 8.74 (8.70) 0.82 (0.92) 
3 Se 2.42 8.76;43 8.80;41 8.8139 8.53 (8.50) 1.02 (1.11) 
4 Te 2.16 8.5741 8.26 (8.22) 1.12 (1.20) 
5 Po 2.19 – 8.10 (8.07) 1.10 (1.19) 

aValues in brackets obtained with ZPVE correction. bMeasured IE1 are vertical, whereas 
calculated adiabatic. cThe Allen scale in Pauling units.29 

 
Magnetic descriptor NICS44-46 suggests aromaticity47 of carbocycles of compounds 1-5, which slightly 

depends on the nature of chalcogen atoms. The NICS values of heterocycles are more chalcogen-dependent 
and notably lower those of the carbocycles. For 4 and 5, the NICS(0) values imply situation with conjugated 
non-aromatic rather than aromatic heterocycles (Figure 3). It can be explained by worse overlap between  
2p-AO of N with 5p-AO of Te and 6p-AO of Po as compared with np-AOs (n=2-4) of the lighter 
chalcogens. Despite NICS is magnetic criterion, the aromaticity is basically thermodynamic conception47 
and reduced aromaticity means reduced thermodynamic stabilization caused by perimeter delocalization of 
π-electrons in a π-conjugated cyclic system. In the context of heteroatom reactivity, reduced aromaticity of 
the heterocycle of 4, i.e. its reduced thermodynamic stabilization, should influence accessibility of certain 
transitions states (TSs) as compared with 1-3 (see below). 
 

 
Figure 3. NICS(0) and NICS(1) values (circles and squares, respectively) for carbo- (blue) 

and hetero- (red) cycles of 1-5. At the same level of theory for benzene, the NICS(0) 
and NICS(1) are –8.11 and –10.03, respectively. 

 
MEPs48 of compounds 1-5 reveal σ-holes,49-51 i.e. regions of poor electron density/positive electrostatic 

potential (Figure 4), associated with the chalcogens and arising from the anisotropy of the atomic charge 
distributions. 
 

 
Figure 4. Molecular electrostatic potentials of compounds 1-5 in the molecular planes, 

black curves correspond to the electronic density ρ=0.001 au. 
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The σ-holes are important for ability of 1-5 to participate in secondary bonding interactions (SBIs),52 
which are more pronounced with heavier chalcogens. The SBIs, particularly, include chalcogen bonding, i.e. 
the attractive interactions between chalcogen sites in molecules and Lewis                          
bases/nucleophiles,53 in the case of 2-4 and related chalcogenadiazoles.6,8,11,54-61 In the solid state, these SBIs 
manifest themselves in the shortened intermolecular contacts X…N (X=S, Se, Te) leading to supramolecular 
association, which can be used in crystal engineering.11,54 Compound 1 is unstudied in this context although 
O derivatives can, principally, be involved in the chalcogen bonding, at least in the solid state.53 
 
3. Radical anions 

RAs of compounds 1-3 are known with solution EPR since 1965,62 whereas that of 4 only since 2019.8 
As compared with EPR spectrum of [3]·–, that of [4]·– features broadened lines and is significantly g-shifted 
(Figure 5) due to stronger spin-orbit coupling (SOC) at the Te atom than at the Se atom8 (the strength of the 
SOC increases sharply as Z4 to be efficient for atoms with Z>30;63,64 for O, S, Se, Te and Po, Z=8, 16, 34, 
52, and 84, respectively). The SOC is important for molecular magnetism in the solid state since it can be 
involved in spin canting leading to ferromagnetic (FM) ground state of a substance under conditions of 
antiferromagnetic (AF) exchange interactions between its paramagnetic centers.65-67 
 

3300 3400 3500 3600

H / 10-4 T

2

1

 
Figure 5. EPR spectra of [3]·– (red and violet lines) and [4]·– (green and blue lines) featuring shift 

of g factor (1–experiment, 2–simulation).8 
 

DFT-calculated π-SOMOs of [1]·–-[5]·– are isolobal (Figure 6), and electron spin density distribution in 
these RAs is quite uniform (Figure 7, Table 5). 
 

 
Figure 6. -SOMOs of [1]·–-[5]·– and their energies (eV). 

 

 
Figure 7. Electron spin density distribution on the VdW surfaces of [1]·–-[5]·–. 
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Table 5. Atomic spin populations in [1]·–-[5]·– from DFT calculations. 

RA X Atom 
X2 N1, N3 C3a, C7a C4, C7 C5, C6 

[1]·– O 0.161 0.250 –0.062 0.193 0.055 
[2]·– S 0.252 0.237 –0.047 0.151 0.046 
[3]·– Se 0.199 0.271 –0.037 0.129 0.049 
[4]·– Te 0.168 0.287 –0.025 0.113 0.051 
[5]·– Po 0.127 0.304 –0.023 0.113 0.054 

 
On the van der Waals (VdW) surfaces of the RAs the density is mainly positive with only small islands 

of negative values in the area of the C3a–C7a bond. Spin polarization is a real physical property which, 
similarly to the SOC, is important for molecular magnetism in the solid state: contacts between the like spin 
density of neighboring paramagnetic species lead to AF exchange interactions, whereas those between 
unlike density to FM interactions.65 

The hfc constants of [1]·–-[5]·– reveal weak dependence on the nature of chalcogen (Table 6); it follows 
from EPR data that UB3LYP/def2-tzvp calculations underestimate hyperfine coupling with nitrogen nuclei. 
 

Table 6. Hyperfine coupling constantsa,b (G) and g factors of [1]·–-[5]·–. 

RA X Method Hfc constant giso N1, N3 H4, H7 H5, H6 

[1]·– O EPR62 5.24 3.33 2.02 – 
UB3LYP 3.88 –4.37 –1.73 2.0043 

[2]·– S 
EPR 5.26;62 5.3137 2.63;62 2.6137 1.61;37 1.5362 2.0022537 

UB3LYPc 5.46 –3.81 –1.52 2.00288 
UB3LYP 3.90 –3.41 –1.44 2.0046 

[3]·– Se 
EPR37 5.73 2.36 1.61 2.0064 

UB3LYP 4.20 –2.96 –1.47 2.0068 
DKH2-UB3LYPd 5.18 –2.98 –1.46 2.0076 

[4]·– Te EPR8 5.85 – e – e 1.9952 
DKH2-UB3LYPd 5.12 –2.67 –1.47 1.9947 

[5]·– Po DKH2-UB3LYPd 5.01 –2.54 –1.52 1.9230 
aConstants of isotropic Fermi contact coupling. bThe calculations were performed using the ORCA 4.0.1 

suit of programs with implemented version of UB3LYP.68 сUB3LYP/6-31+G(d).37 dAll-electron 
calculations using the scalar relativistic DKH2 Hamiltonian69 with DKH-def2-tzvp reconstructed 

basis sets70 for C, H, N, Se and Te atoms, and SARS-DKH-def2-tzvp basis set71 for Po atom. 
eNo hfc constants were experimentally assessed due to the line broadening. 

 
RAs [2]·–, [3]·– and [4]·– are isolated in the form of thermally-stable salts of cations [K(THF)]+,   

[K(18-crown-6)]+ or [K(18-crown-6)(THF)]+ upon chemical reduction of 2-4 with elemental K, and 
characterized by XRD8,72,73 and DFT (Table 7). In contrast to [2]·– and [3]·– isolated in the form of ordinary 
1:1 cation/anion salts, [4]·– was isolated in the form of 2:1 salt (Figure 8) whose dianion is formally 
composed of neutral molecule 4 and two RAs [4]·– asymmetrically bound by Te…N contacts.73          
Broken-symmetry DFT calculations suggest the singlet ground state of this specie, i.e. [43]2– (on singlet 
diradicals see ref. 74), caused by AF exchange interactions with J=–0.13 eV. More rigorous CASSCF 
calculations give J=–0.16 eV and suggest that the singlet ground state of [43]2– contains 15% contribution of 
diradical character (details will be published elsewhere).73 According to DFT calculations, the negative 
charge of [43]2– is highly delocalized and it is impossible to distinguish between neutral and charged 4 units 
within the specie. 

Structural changes on going from neural molecules (Table 1) to RAs (Table 5), particularly elongation 
of bonds X–N, correspond to nodal properties of the π-LUMOs of 1-5 (Figure 1)/π-SOMOs of [1]·–-[5]·– 
(Figure 6). 
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Table 7. Bond lengths (Å) and bond angles (o) in heterocycles of [1]·–-[5]·–. 
RA X Method Bond length Bond angle 

X–N N–C C–Ca N–X–N X–N–C N–C–C 
[1] O B3LYP 1.415 1.328 1.444 111.5 104.5 109.7 

[2] S XRD72 1.665, 1.669  1.355, 1.370 1.439 99.8 106.0, 106.4 113.4, 114.4 
B3LYP 1.671 1.349 1.454 99.9 105.8 114.2 

[3] Se XRD8 b 1.813, 1.842; 
1.829, 1.833 

1.353, 1.362; 
1.351, 1.354 

1.435; 
1.446 

95.0; 
94.9 

104.8, 104.9; 
104.9, 105.1 

117.1, 118.2; 
117.2, 117.9 

B3LYP 1.840 1.343 1.464 94.6 105.2 117.5 

[4] c Te XRD74 
2.019, 2.094; 
2.036. 2.096; 
2.034, 2.066 

1.308, 1.314; 
1.357, 1.360; 
1.343, 1.349 

1.479; 
1.445; 
1.467; 

83.3; 
81.2; 
84.0 

109.1, 110.4; 
112.5, 111.3; 
109.0, 110.2 

117.9, 119.3; 
116.5, 118.0; 
117.9, 118.7 

B3LYP 2.023 1.343 1.474 88.7 105.3 120.3 
[5] Po B3LYP 2.134 1.338 1.481 85.4 105.4 121.0 

aBond C3a–C7a in Scheme 1. Calculated lengths of bonds C3a–C4 (C7–C7a) and C5–C6 (Scheme 1) are 
1.410 ([2]·–)-1.441 ([5]·–) Å and 1.398 ([2]·–)-1.406 ([5]·–) Å respectively, and bond C4–C5 (C6–C7) 1.383 

([5]·–)-1.398 ([1]·–) Å. bData for two salts of [3] with different cations. cSee relevant text above. 
 

 
Figure 8. XRD structure of RA salt [K(18-crown-6)(THF)]2[43]2–.73 

 
4. Radical cations 

Radical cations (RCs) of compounds 1-3 were tried to access electrochemically but oxidation of 
neutral precursors was irreversible and neither target [1]·+-[3]·+ nor other paramagnetic species were detected 
by EPR.7,37 This does not exclude attempts of chemical preparation of the RCs. 

DFT calculated π-SOMOs of [1]·+-[5]·+ are isolobal (Figure 9) and correlate with the π-HOMOs of 1-5 
(Figure 1). They do not contain contribution from the chalcogen atoms due to which their energies are rather 
invariant to the nature of these atoms (Figure 9). 
 

 
Figure 9. π-SOMOs of [1]·+-[5]·+ and their energies (eV). 

 
Electron spin density distribution in [1]·+-[5]·+ (Figure 10, Table 8) reveals enlarged areas of negative 

values associated not only with bond C3a–C7a, as in [1]·–-[5]·–, but also with the chalcogen atoms. This 
provides better possibilities for FM exchange interactions between the RCs in the solid state and motivates 
chemical synthesis of their salts. 

As in [1]·–-[5]·– (Table 6), the DFT-calculated hfc constants in [1]·+-[5]·+ slightly depend on the 
nature of chalcogens (Table 9). 
 
5. Conclusions 

On the basis of DFT calculations performed in this work on isolated molecules of neutral 2,1,3-
benzochalcogenadiazoles 1-5 and their radical ions and comparison of the results with relevant experimental 
data, no one element of group 16 can be claimed a maverick among the chalcogens (formulation is taken 
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from ref. 75) with possible exception for Te in the context of RAs (i.e. singlet diradical [43]2– vs. [2]·– and 
[3]·–). 
 

 
Figure 10. Electron spin density distribution on the VdW surfaces of [1]·+-[5]·+. 

 
Table 8. Atomic spin population in [1]·+-[5]·+ from DFT calculations.a 

RC X Atom 
X2 N1, N3 C3a, C7a C4, C7 C5, C6 

[1]·+ O –0.042 0.227 –0.076 0.343 0.040 
[2]·+ S –0.065 0.189 –0.061 0.370 0.049 
[3]·+ Se –0.089 0.216 –0.068 0.358 0.053 
[4]·+ Te –0.125 0.236 –0.070 0.351 0.059 
[5]·+ Po –0.151 0.255 –0.072 0.344 0.063 

aThe instability of the RCs’ wave functions under perturbation was observed, and the reoptimization 
of the ground-state wave-functions to lower-energy solutions was performed using orbital rotation. 

 
Table 9. Hyperfine coupling constantsa (G) and g factors of [1]·+-[5]·+ from DFT calculations.b-d 

RC X Hfc constant g 
N1, N3 H4, H7 H5, H6 

[1]·+ O 2.96 –7.66 –1.41 2.00270 
[2]·+ S 2.04 –8.25 –1.69 2.00254 
[3]·+ Se 2.22 –7.15 –2.10 2.00113 
[3]·+ Seе 2.91 –7.13 –2.11 2.00092 
[4]·+ Tee 2.88 –7.79 –1.92 1.99649 
[5]·+ Poe 2.89 –7.65 –1.99 1.97542 

aConstant of isotropic Fermi contact coupling. bThe calculations were performed using the ORCA 4.0.1 suit 
of programs with implemented version of UB3LYP.68 cThe reoptimization of the ground-state wave 
functions to lower-energy solutions was performed using orbital rotation. dIt follows from EPR data 
for RAs that UB3LYP/def2-tzvp calculations underestimate hyperfine coupling with nitrogen nuclei; 

for RCs, EPR data are absent. eAll-electron calculations with DKH-def2-tzvp basis sets70 
for C, H, N, Se and Te atoms, and SARS-DKH-def2-tzvp basis set71 for Po atom. 

 
The most important findings embrace reduced aromaticity of the heterocycles of 4 and 5 (NICS) and 

enlarged electrostatic contribution to their X–N bonds (QTAIM; X = Te, Po) as compared with 1-3. Despite 
NICS is magnetic criterion, the aromaticity is basically thermodynamic conception47 and reduced 
aromaticity (or non-aromaticity) of the heterocycles of 4 and 5 means reduced thermodynamic stabilization 
(i.e. destabilization as compared with the heterocycles of 1-3) caused by perimeter delocalization of π-
electrons in a π-conjugated cyclic system. 

Beyond SBIs in the supramolecular context controlled by σ-holes,6,8,11,54-61 the ground-state patterns 
are not enough for direct explanation of known differences in heteroatom reactivity of the title compounds. 
The reactivity of 1 is different from the reactivity of 2 and 3, and, especially, the reactivity of 1-3 is strictly 
different from the reactivity of 4.2,4-6 For example, 1-3 are highly resistant against hydrolysis, whereas 4 is 
highly unstable towards transformation into 1,2-diaminobenzene and TeO2 under the action of water.4,5 This 
El-Nu reaction is seemingly orbital-controlled with the main contribution coming from interaction of the 
LUMO of electrophile (1-4) with the HOMO of nucleophile (H2O), and minor difference in the LUMO 
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energies of 1-4 (Figure 1) cannot explain the experimental results. One can think that the reduced 
aromaticity of the heterocycle of 4, i.e. its thermodynamic destabilization as compared with the heterocycles 
of 1-3, facilitates access of the corresponding TS. In any way, kinetics and thermodynamics of reactions 
should be discussed. Furthermore, one can think that the main origin of the differences in reactivity do not 
regard to the properties of the ground state of unperturbed molecules of 1-4 but to reaction kinetics and 
thermodynamics where critical point may be assigned to atomic dipole polarizability of the chalcogens: as 
the molecules begin to interact, the electronic distribution of each one becomes polarized by the electric field 
of the other. For the chalcogens, the atomic dipole polarizability (au) increases with Z as ca. 5, 19, 29, 38 
and 44 for O, S, Se, Te and Po, respectively,76 i.e. by ca. an order of magnitude on going from O to Po. It 
should be emphasized that for 1-4 mechanisms of their heteroatom reactions are poor-studied to be a serious 
challenge in the field.5 Due to obvious experimental difficulties, the main progress is expected to come from 
quantum chemical modeling of reaction pathways (cf. refs. 34,77). 

Isolation of RA [1]·– and RCs [1]·+-[4]·+ in the form of thermally-stable salts is obvious missing link. 
Whereas isolation of [1]·– should not be a problem, that of [1]·+-[5]·+ is another serious challenge undouble 
worth the effort. The latter is also true for investigation of compound 1 in the context of chalcogen bonding. 

Nowadays, neutral compounds 1-4 are, perhaps, the most interesting in the context of anion 
recognition via the σ-hole interactions,57,61,78 whereas radical ions [1]·–-[4]·– and [1]·+-[4]·+ in that of spin 
science79 and AF spintronics.80 
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