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Abstract: With 2,1,3-benzochalcogenadiazoles C6R4N2E (E/R; E = 

S, Se, Te; R = H, F, Cl, Br, I) and C6H2R2N2E (E/R’; E = S, Se, Te; R 

= Br, I) – 10π-electron hetarenes, it is shown by CV / EPR 

measurements, DFT calculations, and QTAIM and ELI-D analyses 

that their molecular electron affinities (EAs) increase with decreasing 

Allen electronegativities and electron affinities of the E and non-

hydrogen R (except Cl) atoms. DFT calculations for E/R + e
·–
 → 

[E/R]
·–
 electron capture reveal negative ΔG values numerically 

increasing with increasing atomic numbers of the E and R atoms; 

positive ΔS has a minor influence. It is suggested that the increased 

EAs are caused by more effective charge / spin delocalization in the 

radical anions of heavier derivatives due to contributions from diffuse 

(a real-space expanded) p-AOs of the heavier E and R atoms; and 

that this counterintuitive effect might be of the general character. 

Introduction 

A charge transfer (CT) between electron-donor and electron-

acceptor species is important for chemistry and materials 

science. Incomplete CT leads to polarized molecular complexes, 

and complete CT to radical-ion salts. Frequently, the former 

reveal properties of molecular conductors; and the latter, 

molecular magnets.[1-3] Generally, CT is considered to be one of 

the prevailing switching mechanisms of memristors (memory 

resistors) based on organic polymers[4,5] and also plays a crucial 

role in the processes of exciton dissociation, charge separation 

and charge recombination in solar cells.[6] 

One of the most widely used descriptors of the electron-

acceptor ability (EAA) is the electronegativity χ.[7-9] There are 

numerous definitions of χ, some of which have a clear physical 

meaning, particularly those by Mulliken and Allen – χM
[10] and 

χA,[11] respectively. Consequently, χM and χA can be measured 

experimentally as real physical properties of species. Generally, 

higher χ’s values lead to a higher EAA of the species. 

Here we report on an unexpected reversed trend observed 

with 2,1,3-benzochalcogenadiazoles E/H and their 4,5,6,7-

tetrahalogen and 4,7-dihalogen derivatives E/R and E/R’, 

respectively (Scheme 1). We have found that the EAA of these 

compounds, assessed experimentally with CV / EPR and 

theoretically with DFT, QTAIM and ELI-D, increases with 

decreasing χA and electron affinities of the E and non-hydrogen 

R (except Cl) atoms; and for the halogenated derivatives, with a 

decrease of χM of molecules. As a result, the strongest electron 

acceptor amongst the theoretically characterized compounds 

and overall in the series is Te/I; and amongst experimentally 

characterized compounds, Te/Cl (Scheme 1). 

 

Scheme 1. 2,1,3-Benzochalcogenadiazoles represented by superposition of 
the benzoid and quinoid forms, together with atom numbering; relative 
contribution of the forms depends on E.

[12]
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It should be noted that compounds E/H, E/R and E/R’, 

which are 10π-electron hetarenes, are widely used in 

contemporary chemistry and materials science due to a unique 

set of properties including high EAA, dualistic Lewis 

ambiphilicity; enhanced chromophoric / fluorophoric 

performances; redox activity; and a propensity to secondary 

bonding interactions with special emphasis on chalcogen 

bonding.[12-20] In some fundamental and applied aspects their 

EAA, highlighted by the formation of CT complexes and radical 

anions (RAs), plays the key role.[13,18-26] 

The new effect described in this work clarifies some earlier 

unexplained findings, e. g. regarded to the EAA of C6R6 benzene 

derivatives (R are the same as above). More important, it might 

be of the general character for π-cyclic heteroatom compounds 

and find applications in the design and synthesis of new 

molecular conductors (CT complexes) and magnets (RA salts). 

Results and Discussion 

Two sets of compounds are studied (Scheme 1): 1) the 

archetypal 2,1,3-benzochalcogenadiazoles and their 4,5,6,7-

tetrahalogen derivatives E/R, and 2) 4,7-dihalogen derivatives 

E/R’ (Table 1, Figure 1; ESI). Compounds Te/Br and Te/I are 

not involved into experimental study due to the lack of suitable 

synthetic methods and the presumably low solubility in organic 

solvents caused by strong Te…N chalcogen bonding,[27,28] which 

prevents CV measurements. The influence of the iodine is 

studied experimentally with compounds E/I’ in comparison with 

compounds E/Br’. With CV, the first reduction half-wave 

potentials E1/2
[29] are measured in DMF and MeCN solvents; and 

onset potentials Eon
[30-32] in DMF under the same conditions 

(ESI). The electrochemically obtained [E/R]·– and [E/R’]·– 

persistent RAs are characterized by EPR and DFT (ESI). 

Table 1. Compounds E/R: the experimental first reduction half-wave potentials E1/2 and onset potentials Eon in solution;
[a-c]

 gas-phase DFT adiabatic and vertical 

electron affinities aEA1 and vEA1, and vertical ionization energies vIE1;
[d-f]

 Mulliken and Allen electronegativities χM and χA;
[g,h]

 and atomic electron affinities.
[i]
 

Compounds E1/2 / MeCN Eon / DMF E1/2 / DMF aEA1 vEA1 vIE1 (exp.
[33,34]

) χM 

S/H –1.53
[20]

 –1.33 –1.42 0.82 0.68 8.85 (8.98) 4.77 

Se/H –1.37
[20]

 –1.19 –1.28 1.02 0.89 8.65 (8.80) 4.77 

Te/H –1.24
[20]

 –1.06 –1.18 1.12 1.00 8.57 (8.57) 4.79 

S/F –1.21 –0.94 –1.03 1.45 1.24 9.18 (9.51) 5.21 

Se/F –1.08 –0.81 –0.93 1.63 1.44 8.97 (9.28) 5.21 

Te/F – –0.72 –0.79
[j]
 1.70 1.52 8.70 5.11 

S/Cl
[k]

 –1.01 –0.78 –0.87 1.69 1.54 8.64 5.09 

Se/Cl
[k]

 –0.89 –0.71 –0.78 1.85 1.71 8.48 5.10 

Te/Cl – –0.63 –0.71
[j]
 1.90 1.78 8.27 5.03 

S/Br – –0.79 –0.87 1.79 1.65 8.48 5.06 

Se/Br – –0.71 –0.79 1.95 1.82 8.34 5.08 

Te/Br – – – 2.00 1.88 8.15 5.02 

S/I – – – 1.85 1.68 8.05 4.87 

Se/I – – – 1.98 1.86 7.94 4.90 

Te/I – – – 2.04 1.93 7.77 4.85 

[a] From CV in MeCN and DMF with respect to saturated calomel electrode (SCE), V. [b]
 
Taking into account the approximate proportionality of the change in re-

solvation energies Gsolv in each E/Hal subset, the main contribution to the change in the corresponding E1/2 / Eon can be associated with gas-phase EAs of 

molecules.
[35]

 [c] From CV in DMF with Pt working electrode at the potential sweep rate of 0.1 V·s
–1

 with respect to SCE, V (ESI). [d] Fully-optimized gas-phase 
(U)B3LYP/def2-tzvp calculations with ECP for Te and I, eV. [e] EA1 = E(M) – E(M

·–
). When positive, EA1 represents stabilization of [M]

·–
 with respect to M in the M 

+ e
·–

 →[M]
·–

 gas-phase process, in which vertical transition occurs to [M]
·–

 in non-relaxed geometry and adiabatic transition to [M]
·–

 in energetically more favorable 
relaxed geometry, and aEA1 > vEA1. [f] IE1 = E(M

·+
) – E(M). [g] χM = ½(vEA1 + vIE1), eV. [h] On Pauling scale, χA = 2.59, 2.42 and 2.16 for S, Se and Te, 

respectively; and 4.19, 2.87, 2.69 and 2.36 for F, Cl, Br and I, respectively. For H, χA = 2.30. [i] Atomic electron affinity, eV, is 2.08, 2.02 and 1.97 for S, Se and Te, 
respectively; and 3.40, 3.62, 3.36 and 3.06 for F, Cl, Br and I, respectively; for H, 0.75.

[36]
 [j] Calculated using CV simulations (ESI). [k] For the CVs in MeCN (ESI). 
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Figure 1. CVs of compounds E/R in DMF at  = 0.1 V∙s

–1
 normalized to equal concentration of 1 mM (for determining E1/2 of Te/R, see ESI). 

 

Table 2. Compounds E/R’: the experimental first reduction half-wave 

potentials E1/2 in solution;
[a]

 gas-phase DFT adiabatic and vertical electron 

affinities aEA1 and vEA1,
[b,c]

 and vertical ionization energies vIE1;
[d]

 and 

Mulliken electronegativities χM.
[e]

 

Compounds E1/2 aEA1 vEA1 vIE1 χM 

S/Br’ 1.05 1.46 1.30 8.48 4.89 

Se/Br’ 0.95 1.63 1.49 8.34 4.92 

Te/Br’ 0.93 1.70 1.57 8.14 4.86 

S/I’ 1.06 1.50 1.35 8.17 4.76 

Se/I’ 0.98 1.68 1.54 8.05 4.80 

Te/I’ 0.98 1.75 1.62 7.89 4.75 

[a] From CV in DMF with respect to SCE, V. [b] Fully-optimized gas-phase 
(U)B3LYP/def2-tzvp calculations with ECP for Te and I, eV. [c] EA1 = E(M) – 
E(M

·–
). [d] vIE1 = E(M

·+
) – E(M). [e] χM = ½(vEA1 + vIE1), eV. 

 

It is found that the EAA of E/R and E/R’ represented by 

E1/2 and Eon potentials increases with a decrease of χA of both E 

and R atoms (and their atomic EA, except for Cl); and for E/Hal, 

that the trend is also tracked with χM of the molecules. Overall, 

the strongest electron acceptor amongst experimentally studied 

compounds is Te/Cl with E1/2 / Eon = –0.71 / –0.63 V (DMF); and 

amongst computationally studied compounds and in the whole 

series, Te/I with aEA1 = 2.04 eV (Tables 1 and 2; ESI). 

The gas-phase DFT-calculated change of the Gibbs free 

energy ΔG for the E/R + e∙– → [E/R]∙– electron capture is 

negative and numerically increasing with the atomic numbers of 

both E and R atoms (ESI). The determining factor for aEA1 is ΔH, 

which is typical of organic gas-phase electron-transfer 

reactions.[36,37] Positive and E-dependent ΔS has a minor 

influence on aEA1 for E/R with R = H, F, Cl, Br, becoming, 

however, more significant with R = I. The latter leads to a 

deviation from the linear correlation between –ΔG and aEA1, 

which is as follows: –ΔG = (0.9557 ± 0.018)aEA1  0.057 for the 

full set of compounds; and –ΔG = (1.033 ± 0.058)aEA1 + 0.034 

when E/I are omitted (for graphical representation, see ESI). 

On transformation of E/R into [E/R]·–, the π*-LUMOs of the 

former, which are isolobal for the whole series, transforms into 

the π*-SOMOs of the latter (ESI). The spatial expansion of these 

MOs is controlled by the contribution from p-AOs of E and R 

atoms in accordance with their covalent[38] and van der Waals 

(VdW)[39-41] radii (with Penning ionization electron spectroscopy 

of C6H5R benzene derivatives (R = F, Cl, Br, I), it is seen that π-

MOs expand even outside the molecular VdW surfaces).[42] This 

real-space gradual expansion increases delocalization of the 

unpaired electron and progressively stabilize corresponding 

[E/R]∙– containing heavier E and R atoms, i.e., increases EA1 of 

their neutral precursors E/R. Overall, it is suggested that the 

discovered effect is caused by a more effective charge / spin 

delocalization in the π*-SOMOs of RAs of the compounds due to 

contributions from diffuse p-AOs of the heavier E and R atoms; 

and thermodynamic stabilization on going from E/R to [E/R]∙– can 

be associated with lower electrostatic repulsion in [E/R]∙–. 

Conceptually, this effect belongs to size-dependent effects in 

chemistry. 

The gradual increase of the EAA with the gradual spatial 

expansion of a molecular π-system is known, e. g. for acenes,[43] 

where it requires spatial expansion of a molecular scaffold via 

increasing the number of C atoms with the same χ (i.e., 

naphthalene → anthracene → tetracene → pentacene, etc.). 

This is not the case for E/R and E/R’ whose scaffold remains 

unchanged but χA is varied. 

The formation of [E/R]∙– is ultimate manifestation of the 

EAA of E/R, and [E/R]∙– worth in-depth consideration. DFT-

calculated Mulliken[44] and QTAIM[45,46] distributions of atomic 

charges and spin densities in [E/R]·– confirm that a whole 

molecule participates in charge / spin delocalization despite 

Mulliken and QTAIM patterns are quite different (ESI).[47] The 

QTAIM and ELI-D[48,49] analyses disclose important 

stereoelectronic changes on going from E/R to [E/R]·– (Figure 2; 

ESI). Particularly, upon the E/R + e·– → [E/R]·– electron capture, 

the electron density of the E–N bonds decrease and the 

Laplacian become more negative indicating pronounced 

covalent character in [E/R]·– vide supra. In conjunction, the 

G/ρ(r)cp values are significantly more positive in E/R. However, 

the H/ρ(r)cp values are actually also more negative in E/R 

compared to [E/R]·– indicating the presence of both, pronounced 

ionic and covalent, E–N bonding aspects in E/R. This effect is 

more significant in the S compounds compared to the heavier  
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Figure 2. QTAIM bond paths of E/F and [E/F]
·–

  with cp’s given as red dots, and ELI-D localization domains depicted in transparent mode at iso-values of 1.50. 

 

Se/Te species. With the QTAIM bond[45,46] / line[50] critical points 

(below denoted as cp’s), the covalent character of the E–N bond 

decreases in the order S–N > Se–N > Te–N in both E/R and 

[E/R]·– species. Particularly, this is exemplified by negative 

Laplacians for S/R (2ρ(r)cp = –7.0 to –7.8 e Å–5) and [S/R]·– 

(2ρ(r)cp = –8.6 to –10.1 e Å–5), respectively. These are more 

negative compared to Se and Te congeners showing Laplacians 

of 2ρ(r)cp = –0.3 to 0.0 e Å–5 (Se/R) and –0.6 to –1.0 e Å–5 

([Se/R]·–); as well as, 2ρ(r)cp = +4.6 to +4.2 e Å–5 (Te/R), and 

+3.8 to +3.0 e Å–5 ([Te/R]·–). Covalent interactions are also 

indicated by negative values of the total energy density over 

ρ(r)cp ratios (H/ρ(r)cp) and consequently those ratios show the 

most negative values for the S derivatives, followed by the Se 

derivatives and are less negative for the Te derivatives. It should 

also be stated that the electron density at the E–N cp’s 

decreases in the order S > Se > Te. Simultaneously, 

pronounced ionic contributions are reflected by strongly positive 

kinetic energy density over ρ(r)cp ratios (G/ρ(r)cp) and in 

conjunction those values increase in the order S–N > Se–N > 

Te–N (ESI).  

The ELI-D electron population analysis reveals 

increasing lone pair populations for N and E atoms in [E/R]·– as 

compared with E/R. In agreement with the spin density 

consideration, all atoms are participating in the electron-capture 

process and the population of the V2(C5–C6), V2(C3a–C4) and 

V2(C7a–C7) bonding basins are increasing, whereas the 

population of the V2(C–N), V2(C4–C5) and V2(C6–C7) bonding 

basins are decreasing and the bridging V2(C3a-C7a) show 

similar populations in the E/R and [E/R]·– species. This effect is 

more pronounced for R = H and F and decreases steadily for 

heavier R (ESI). 

Molecular electrostatic potential (MEP)[51] of the E/R 

compounds reveals expected σ-holes[52] at the heavier E and R 

atoms, together with π-holes[52] at the hetero- and carbo-cycles 

of the heavier derivatives. However, energy of electrostatic 

interaction of a free electron with π-holes, e·Vs,max where Vs,max 

is the maximum of MEP in the hole, does not correlate with E1/2 

characterizing of EAA of the compounds (ESI). It might be 

considered as another indication that other effects are involved 

in the formation of RAs including spatial delocalization of their 

charge / spin. 

Overall, the aforementioned arguments provide a 

reasonable explanation of the observed effect based on real-

space delocalization. If so, the effect should be general, i.e., 

embracing other heteroatom π-systems, with polyhalogenated 

benzenes being the natural referent system. Indeed, in the 

series C6R6 (R = F, Cl, Br, I) a gas-phase vEA1 is positive and 

equal (experiment / CCCSD(T) + ZPE calculations) to 0.53 / 

0.55, 0.92 / 0.86, – / 1.17, – / 1.82 eV, respectively (exp. for 

C6H6: –1.17 eV), i.e., revealing the same χA-contradictive trend 

which, however, was not explained.[53] Accordingly, unexplained 

CV data reveal that amongst C6F6,
[54] C6Cl6

[55] and C6Br6
[56] the 

former is the weakest, and the latter the strongest, one-electron 

acceptor (C6I6 was, seemingly, never studied due to very poor 

solubility in suitable solvents); for C6R6, E1/2 = –2.49, –1.99 and –

1.66 V (R = F, Cl and Br, respectively, vs. Fc / Fc+ in DMF).[53-56] 

 

Conclusion 

Unexpectedly, the EAA of 2,1,3-benzochalcogenadiazoles E/R 

and E/R’ (E = S, Se, Te; R = H, F, Cl, Br, I) increases with a 

decrease of electronegativity χA and electron affinity of E and R 

(except Cl) atoms; and for the halogenated derivatives, with a 

decrease of χM of molecules. DFT-calculated thermodynamics of 

the E/R + e·– → [E/R]·– electron capture in all cases reveal 

negative ΔG numerically increasing with the atomic numbers of 

both E and R atoms. The main driving force is ΔH, and positive 

ΔS has a minor influence. It is suggested that the discovered 

effect is caused by more effective charge / spin delocalization in 

heavier compounds due to contributions from diffuse (a real-

space expanded) p-AOs of heavier E and R atoms. According to 

QTAIM and ELI-D, the transformation of E/R into [E/R]·– also 

decreases the ionic character of the E–N bonds and increases 

the lone pair population of both E and N atoms. 

The findings of this work clarify the previously unexplained 

situation with the EAA of C6R6 (R = F, Cl, Br, I) benzenes, 

amongst which C6I6 is a stronger electron acceptor than C6F6.
[53-

56] 

It is expected that the discovered counterintuitive effect 

might be of the general character within main group chemistry 

and find applications in the design and synthesis of new 

functional materials. Particularly, E/R and E/R’ heavier 

derivatives (E = Se, Te; R = Cl, Br, I) can be used in the design 

and synthesis of new CT complexes with 

tetrachalcogenafulvalenes (chalcogen = S, Se, Te) proposed as 

molecular (photo) conductors;[57,58] and, as in-chain or/and 
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pendant/side groups, in the design and synthesis of redox active 

ambipolar polymers for organic memristors.[4,5] 

Overall, this work suggests that the scope of size-

dependent effects in chemistry is broader than it is usually 

discussed,[59] and covers not only nanoparticles but also normal 

molecules with their isostructural / isoelectronic transformations. 

Notably, and in contrast to acenes,[43] the described increase of 

the EAA does not require an expansion of a molecular scaffold 

but only χA varying. 

Experimental and Computational Section 

General: The 13C, 77Se and 125Te NMR spectra were measured with 

Bruker spectrometers AV-600, AV-400 and DRX-500 at frequencies of 

150.9, 76.4 and 158.2 MHz, respectively; with standards TMS, Me2Se 

and Me2Te, respectively. High-resolution MS spectra were collected with 

a Thermo Scientific DFS instrument (EI, 70 eV); UV-Vis spectra, with 

Hewlett Packard Vectra VL and SF 2000 spectrophotometers; and IR 

spectra, with a Bruker Vector 22 spectrometer. Elemental analyses for C, 

N and S were accomplished with a CHNS-Analyzer Euro EA 300; and for 

Cl and Br, with mercurimetric titration of halides in the combustion 

products using diphenylcarbazone as an indicator. Simultaneous TG / 

DSC measurements were performed with a NETZSCH STA 409 

instrument and NETZSCH Proteus Thermal Analysis software. GC-MS 

measurements were carried out with a Hewlett-Packard G1800A 

instrument combining HP 5890 Series II gas chromatograph (equipped 

with capillary column HP-5) and HP 5971 mass-selective detector (EI, 70 

eV), or with an Agilent 6890N chromatograph combined with an Agilent 

5973N system; with helium, 1 ml min–1, as carrier gas. 

Compounds S/H, Se/H, N-bromosuccinimide (NBS) and N-

iodosuccinimide (NIS) were received from Aldrich and additionally 

purified by sublimation in vacuo or recrystallization. Compounds 

Te/H,[60,61] S/F,[62,63] Se/F,[62,63] Te/F,[64,65] S/Cl[66] and Se/Cl[66] were 

prepared and purified by known methods. 

Syntheses: Compound S/Br: At ambient temperature, 4.83 g (27 mmol) 

of NBS were added slowly in portions to a stirred solution of 0.616 g (4.5 

mmol) of S/H in 20 ml of concentrated sulfuric acid in 50-ml flask. The 

flask was closed with a stopper, and the reaction mixture was stirred for 

96 h and poured into 50 ml of water. The yellow precipitate was filtered 

off, washed with concentrated aqueous Na2SO3 and then H2O till neutral 

reaction of washing water. The product was dried in vacuo overnight. 

Compound S/Br was obtained in the form of off-white powder, 1.24 g 

(61%), m. p. 230-231 oC (225-227 oC).[67] Found / calculated for 

C6Br4N2S, %: C 15.97 / 15.95, Br 70.97 / 70.75, N 6.18 / 6.20, S 7.07 / 

7.10 (GC-MS purity > 99%). MS, measured / calculated for 

C6
79Br3

81BrN2
32S: 449.6492 / 449.6489. 13C NMR (d6-Me2S=O), δ, ppm: 

151.5, 129.7, 117.2. UV-Vis (CHCl3), λmax, nm, (log ε): 247 (4.15), 323 

(4.10), 337 (4.17), ~360 (3.67, shoulder) (ESI). Single crystals suitable 

for XRD were obtained by slow diffusion of pentane vapor into toluene 

solution of S/Br at ambient temperature. 

Compound Se/Br: At ambient temperature, 4.33 g (24 mmol) of NBS 

were added slowly in portions to a stirred solution of 0.430 g (2.4 mmol) 

of Se/H in 10 ml of concentrated sulfuric acid in a 25-ml flask. The flask 

was closed with a stopper, and reaction mixture was stirred at for 72 h 

and poured into 100 ml of ice. The yellow precipitate was filtered off, 

washed with H2O until neutral reaction of washing water. The product 

was dried in vacuo overnight. Compound Se/Br was obtained in the form 

of yellow powder, 0.312 g (27%); on heating, Se/Br decomposes without 

melting after ~300 oC (TG / DSC; ESI). Found / calculated for 

C6Br4N2Se, %: C 14.46 / 14.45, Br 63.33 / 64.09, N 5.61 / 5.62 (GC-MS 

purity > 99%). MS, measured / calculated for C6
79Br4N2

80Se: 495.5958 / 

495.5955. NMR (d6-Me2S=O), δ, ppm: 13C: 171.1, 156.7, 143.8; 77Se: 

1542 (ESI). UV-Vis (CHCl3), λmax, nm, (log ε): 245 (4.07), 303 (4.25), 344 

(3.91), 358 (4.00), ~387 (3.31, shoulder) (ESI). Single crystals suitable 

for XRD were obtained by slow evaporation of solution of Se/Br in 

toluene. 

Compound Te/Cl: At ambient temperature and under argon, a solution 

of 0.681 g (2.5 mmol) of TeCl4 in 20 ml of toluene was added dropwise to 

a stirred solution of 1,2-diamino-3,4,5,6-tetrachlorobenzene[66] in 100 ml 

of the same solvent. After 1 h, 2 ml (14.4 mmol) of Et3N were added to 

the orange reaction mixture. After additional 0.5 h, the precipitate was 

filtered off, and the solution was concentrated at the reduced pressure. 

The solid residue was washed with CH2Cl2 to remove traces of Et3NH+Cl–, 

recrystallized from hot Me2S=O and dried for 3 h at 50°C in vacuo. 

Compound Te/Cl was obtained in the form of yellow thin needles, 0.706 

g (76%); on heating, Te/Cl decomposes without melting after ~300 oC 

(TG / DSC; ESI). Found / calculated for C6Cl4N2Te, %: C 19.30 / 19.50, 

Cl 37.75 / 38.38, N 7.12 / 7.53. MS, measured / calculated for 

C6
35Cl3

37Cl126N2Te: 369.7818 / 369.7821. NMR (d6-Me2S=O), δ, ppm: 
13C: 132.2, 116.9, 113.6; 125Te: 2431 (ESI). UV-Vis (THF), λmax, nm, (log 

ε): 218 (4.40), 405 (4.34) (ESI). IR (KBr), ν, cm–1: 1616 m, 1548 w, 1463 

s, 1398 m, 1349 w, 1319 m, 1261 s, 1203 vs, 1139 w, 1014 w, 975 m, 

811 c, 700 c, 626 m, 584 s, 466 m, 437 w. Solvate Te/Cl · Me2S=O in the 

form of prismatic single crystals suitable for XRD was obtained by storing 

of Te/Cl under Me2S=O for several weeks at ambient temperature. 

Compound S/Br’: At ambient temperature, a stirred solution of 1.02 g 

(7.5 mmol) of S/H and 2.80 g (15.8 mmol) of NBS in 25 ml of 

concentrated H2SO4 was kept for 24 h in a firmly closed flask. The 

reaction mixture was poured into 100 ml of ice, and the precipitate was 

filtered off, washed twice with water, dried in vacuo overnight, and 

recrystallized from 130 ml of 4 : 1 hexane / toluene. Compound S/Br’[68,69] 

was obtained in the form of colorless needles, 1.61 g (73%). 1H NMR 

(CDCl3), δ, ppm: 7.72. 

Compound Se/Br’: At ambient temperature, a stirred solution of 10.00 g 

(54.6 mmol) of Se/H and 19.60 g (110.1 mmol) of NBS in 230 ml of 

concentrated H2SO4 was kept for 24 h in a firmly closed flask. The 

reaction mixture was poured into 1 liter of ice and the precipitate was 

filtered off, washed carefully with water and dried in vacuo over two days. 

Compound Se/Br’[69] was obtained in the form of green-yellow powder, 

17.05 g (92%; GC-MS purity > 95%). 1H NMR (CDCl3), δ, ppm: 7.64. 

Sample for CV measurements was prepared by crystallization from 

toluene (GC-MS purity > 98%). 

Compound Te/Br’: At ambient temperature and under argon, a solution 

of 0.253 g (0.9 mmol) of TeCl4 in 20 ml of pyridine was added dropwise 

to a stirred solution of 0.250 g (0.9 mmol) of 3,6-dibromo-1,2-

benzenediamine in 20 ml of the same solvent. After 0.5 h, 1 ml (7.2 

mmol) of Et3N was added to the orange reaction mixture; and after 

additional 0.5 h, the solvent was removed at the reduced pressure. The 

solid residue was mixed with 50 ml of MeCN to remove Et3NH+Cl–, the 

mixture was filtered, and the filter cake washed twice with additional 10 

ml of MeCN and dried in vacuo. Compound Te/Br’[61] was obtained in the 

form of orange powder, 0.336 g (87%). NMR (CDCl3), δ, ppm: 1H: 7.56. 

Found / calculated for C6Br2N2Te, %: C 18.92 / 18.50, H 0.50 / 0.52, N 

6.97 / 7.19. 

Compound S/I’: At ambient temperature and under argon, 14.22 g (56.0 

mmol) of I2 in one portion, and then 23.81 g (76.3 mmol) of Ag2SO4 in 

small portions, were added to a stirred solution of 3.46 g (25.4 mmol) of 

S/H in 80 ml of concentrated H2SO4 (this order of addition provides 

homogeneous solution and prevents clumping of the solid reagents). The 

reaction mixture was kept at 100 °C for 48 h, cooled to the room 

temperature and poured into 600 ml of ice. The precipitate was washed 

carefully with water and dried in vacuo overnight. The obtained solid was 

extracted 3×300 ml of boiling DCM, and combined extract was 

evaporated to dryness. Compound S/I’[70,71] was obtained in the form of 

yellow needles, 8.26 g (84%). NMR (d6-Me2S=O), δ, ppm: 1H: 7.79; 13C: 

152.8, 132.2, 113.7. 
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Compound Se/I’: Under argon, a stirred mixture of 0.50 g (1.5 mmol) of 

Se/Br’, 2.50 g (13.2 mmol) of CuI and 4.32 g (26.0 mmol) of KI with 20 

ml of DMF was kept at 150 °C for 48 h. The reaction mixture was cooled 

to the ambient temperature, poured into 70 ml of water and the brown 

precipitate was filtered off. This product was suspended in 100 ml of 20% 

aqueous ammonia, stirred at ambient temperature for 30 min and filtered 

off. The yellow solid was washed with water, dried in vacuo overnight, 

sublimed at 170 °C / 4×10–2 Torr, and recrystallized from ethylacetate. 

Compound Se/I’[72] (GC-MS: 95%) was obtained in the form of bright-

yellow needles, 0.12 g (19%). NMR (d6-Me2S=O), δ, ppm: 1H: 7.81; 13C: 

157.0, 139.4, 92.9. 

Compound Te/I’: a) At 0° C and under argon, 0.59 g (15.5 mmol) of 

NaBH4 and 0.024 g (0.1 mmol) of CoCl2·6H2O were added consequently 

to a stirred solution of 2.00 g (5.2 mmol) of S/I’ in a mixture of 30 ml of 

ethanol and 10 ml of THF. The reaction mixture was kept at ambient 

temperature for 5 h (longer reaction times led to deiodination), and the 

black precipitate was filtered off and carefully washed with ethanol. The 

filtrate was evaporated to dryness, and the residue was mixed with 10 ml 

of water, stirred for 20 min, filtered off, and dried in vacuo. 3,6-Diiodo-1,2-

benzenediamine[72] was obtained in the form of yellow solid, 0.80 g (43%). 

NMR (CDCl3), δ, ppm: 1H: 6.69 (2H), 4.88 (4H). b) At ambient 

temperature and under argon, a solution of 0.214 g (0.8 mmol) of TeCl4 

in 10 ml of pyridine was added dropwise to a stirred solution of 0.287 g 

(0.8 mmol) of the diamine in 10 ml of the same solvent. After 0.5 h, 1 ml 

(7.2 mmol) of Et3N was added to the orange reaction mixture. After 

additional 0.5 h, the solvent was removed at the reduced pressure. The 

solid residue was mixed with 30 ml of MeCN, the mixture was filtered, the 

filter cake washed twice with additional 5 ml of MeCN and dried in vacuo. 

Compound Te/I’[73] was obtained in the form of red powder, 0.336 g 

(87%). NMR (d6-Me2S=O), δ, ppm: 1H: 7.61 (2H); 13C: 161.3, 137.7, 

102.5; 125Te: 2340 (ESI); 1H and 13C NMR spectra correspond to 

published.[73] Found / calculated for C6I2N2Te, %: C 15.22 / 14.90, H 0.57 

/ 0.42, N 5.62 / 5.79. 

X-ray crystallography: The crystallographic data for compounds S/Br, 

Se/Br and Te/Cl·Me2S=O (Figure 3; ESI) were collected with a Bruker 

Kappa Apex II CCD diffractometer by using a graphite-monochromated 

MoKα irradiation. The structures were solved by direct method using the 

SHELX-97 program[74,75] and refined by full-matrix least-squares method 

against all F2 in anisotropic approximation using the Olex2 program.[76] 

The H atoms positions were calculated with the riding model. Absorption 

corrections were applied using the empirical multiscan method with the 

SADABS programs.[77] The obtained crystal structures were analysed for 

shortened contacts between non-bonded atoms using the PLATON[78,79] 

and MERCURY[80] programs. Atomic coordinates, thermal parameters, 

bond lengths, and bond angles were deposited at the Cambridge 

Crystallographic Data Center. CCDC 2165320 (S/Br), 2165319 (Se/Br), 

and 2165318 (Te/Cl·Me2S=O) contain the supplementary 

crystallographic data for this paper. These data can be obtained free of 

charge from The Cambridge Crystallographic Data Centre. 

Cyclic voltammetry and electron paramagnetic resonance: CV 

measurements (ESI) were performed at 293 K with a PG 310 USB 

potentiostat (HEKA Elektronik GmbH, Germany) for DMF and MeCN 

solutions using a standard glass electrochemical cell (solution volume of 

5 mL) equipped with a stationary Pt disc working electrode (A = 0.0143 

cm2, calibrated using ferrocene as a standard). Pt helix was used as an 

auxiliary electrode. The solutions were bubbled with dry argon to remove 

air. The cell was connected to the potentiostat using a three-electrode 

circuit. Peak potentials were quoted with a reference to a saturated 

calomel electrode (SCE). A bridge with 0.1 M of MeCN solution of n-

Bu4NClO4 supporting electrolyte was used to connect the cell and SCE. 

Combined electrochemical / EPR measurements (ESI) were 

accomplished with an ELEXSYS E-540 spectrometer (X-band, MW 

frequency ca. 9.87 GHz, MW power 1 mW, modulation frequency 100 

kHz, and modulation amplitude 0.006 mT) equipped with a high-Q 

cylindrical resonator ER4119HS. An electrochemical cell for EPR 

 

Figure 3. XRD molecular structures of compounds S/Br, Se/Br and 
Te/Cl·Me2S=O (displacement ellipsoids at 30%); color code: C – grey, H – 
light grey, Cl – green, Br – brown, N – blue, O – red, S – yellow, Se – magenta, 
Te – orange. 

measurements equipped with Pt working electrode, Pt auxiliary electrode 

and pseudo-reference Ag/AgCl electrode for organic solvents was used. 

The working electrode was placed into the EPR cavity. Electrolysis was 

performed using potentiostatic mode in anhydrous DMF and MeCN with 

0.1 M Et4NClO4 as a supporting electrolyte. Simulations of the 

experimental EPR spectra were accomplished with the Winsim 2002 

program.[81] The Simplex algorithm was used for optimization of hfc 

constants and line widths. 

Quantum chemical calculations: DFT calculations were performed with 

the GAUSSIAN16[82] and Orca 5.0.2[83] suits of programs applying 

(U)B3LYP and (U)B97-D3 functionals and def2-tzvp basis set with ECP 

for Te and I.[84-90] Thermodynamics of the E/R + e·– → [E/R]·– electron 

capture was calculated at the (U)B97-D3/def2-tzvp level of theory with 

the Becke-Johnson damping scheme (D3BJ)[91] and gCP correction,[92] 

and refers to T = 298.15 K and P = 1 atm. The DFT wavefunctions were 

employed in the QTAIM analysis with the AIMAll program,[93] whereas the 

DGrid program[94] was used to generate and analyze the ELI-D real-

space bonding descriptors applying a grid step size of 0.05 a. u. The ELI-

D and QTAIM results were visualized with the Multiwfn_3.8[95] and 

VMD[96] programs. 
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The size does matter: Changing in 2,1,3-benzochalcogenadiazoles C6R4N2E and C6H2R2N2E (E = S, Se, Te; R = H, F, Cl, Br, I) 

lighter / smaller E and non-hydrogen R atoms to heavier / bigger, i.e., decreasing atomic electronegativities, increases molecular 

electron affinities. 

10.1002/cphc.202200876

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPhysChem

This article is protected by copyright. All rights reserved.

 14397641, ja, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202200876 by N
.N

.V
orozhtsov N

ovosibirsk Institute of O
rganic C

hem
istry SB

 R
A

S, W
iley O

nline L
ibrary on [22/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


