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Abstract: 

 

MRCI-SD/def2-QZVP and PBE0/def2-QZVP calculations have been employed for the analysis 

of geometries, stabilities, and bonding of different isomers of the eighteen-electron anions N2S
2−, 

NS2
−, and NSO−. Isomers of the isoelectronic neutral molecules SO2, S2O, S3, and O3 have been 

included for comparison. The sulfur-centered acyclic NSN2− (1a), NSS− (2b), and NSO− (3a) 

anions are the most stable isomers of their respective molecular compositions. However, the 

nitrogen-centered isomers SNS− (2a) and SNO− (3b2) lie close enough in energy to their more 

stable counterparts to allow their occurrence. The experimental structural information, where 

available, is in good agreement with the optimized bond parameters. The optimized geometries of 

OSO (4a), OSS (5b), and OOO (7a) also agree with experimental data. The bonding in all 

investigated species is qualitatively similar, though electron density analyses reveal important 

quantitative differences that arise from bond polarization. Most of the investigated systems can be 

described with a single configuration wave function, the two notable exceptions being isomers 

SSS (6a) and OOO (7a) that show some diradical character.  

The computed MRCI-SD/def2-QZVP absorption maxima for SNS− (2a) and NSS− (2b) are 342 

and 327 nm, respectively. The corresponding PBE0/def2-QZVP values in acetonitrile are 353 and 

333 nm. These data support the formation of SNS−
 in electrochemical or chemical reduction of 

SSNS−, which has been proposed on the basis of UV-visible absorption bands at λmax 375 nm in 

acetonitrile or 390 nm in liquid NH3. Although SNS− is less stable than NSS−, their interconversion 

is calculated to be facile and reversible, leading to an equilibrium solution from which SNS− can 

be detected by its absorption. Thus, salts of the binary sulfur-nitrogen anion S2N
−, as either 2a or 
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2b, with bulky organic cations or crown-ether solvated alkali-metal cations represent feasible 

synthetic targets. 

 

Introduction 

 

Binary S,N and ternary N,S,O anions have engendered interest recently owing to their 

involvement in processes ranging from biological signaling to atmospheric chemistry.1 The 

eighteen-electron triatomic anions NSO− and NSN2−, isoelectronic with SO2, were first prepared 

and isolated as potassium salts in 1979 and 1982, respectively.2,3 The soluble 

tris(dimethylamino)sulfonium salt [(Me2N)3S](NSO) has also been isolated.4 Although the 

structures of M(NSO) (M = K, Rb) have been determined by X-ray powder diffraction analysis5 

and single crystals of (Me4N)(NSO) have also been obtained,6 the reported structural parameters 

are unreliable because O and N atoms could not be distinguished due to crystallographic disorder 

in the lattice. In contrast, an accurate structural determination of the [K(18-crown-6)]+ salt of 

NSN2− has been reported;7 the dianion exhibits slightly longer S-N bond lengths compared to the 

corresponding S-O distances in the neutral SO2 molecule (S-N, 1.484(3) Å vs. S-O, 1.4297(4) Å) 

and the ESE bond angle is significantly widened (NSN, 129.9(2)o vs. OSO, 117.5(1)o). The bent 

NSO− (Cs) and NSN2− (C2v) anions give rise to simple IR spectra comprised of asymmetric and 

symmetric stretching modes (νas and νs) and a bending mode (δ). The stretching modes for NSN2− 

occur at lower frequencies (by 150-160 cm−1) than those for SO2.
1 The similar values of all three 

vibrations for NSO− salts indicate only minor anion-cation interactions in the solid state.5 

Consistently, a recent photoelectron spectroscopy study of NSO− provided values for the 

fundamental vibrations in good agreement with the IR data.8 
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Although the NSO− and NSN2− anions have been employed in metathetical reactions to generate 

main group element and transition-metal complexes,1,9 there have been relatively few 

computational studies of these fundamentally important species. An early investigation of the 

NSN2− dianion by a combination of Hartree-Fock-Slater (HFS) and semi-empirical MNDO 

methods predicted two vastly different geometries,10 whereas more recent computational work 

using 2nd order Møller-Plesset perturbation theory (MP2) and density functional theory (DFT) has 

reproduced the experimental geometry;7 the bonding in the cyclic isomer of NSN2− has been 

discussed at the semi-empirical CNDO/2 level of theory.11 

The relative stability of the structural isomers NSO− and SNO− has been of topical interest owing 

to the biological significance of the latter species.12 While the first computational investigations 

employed mostly non-correlated levels of theory,13,14,15 recent studies have used highly correlated 

ab initio methods to confirm that NSO− is substantially more stable than SNO−, with an energy 

barrier greater than 450 kJ mol−1 for intramolecular isomerization.16 A DFT-level bonding analysis 

of NSO− revealed the expected four-electron three-centre π-system with a high S-N bond order 

and significantly weaker S-O interaction.17 Contemporary investigations of the electronic structure 

of the isoelectronic SO2 molecule have focused on the correlation between diradical character and 

molecular properties18 as well as its reaction with hydrogen atoms.19 

The related eighteen-electron triatomic anion NS2
− is also of considerable interest and has to 

date eluded isolation.1 However, its formation from the electrochemical or chemical (with NH2
−) 

reduction of SSNS− has been proposed on the basis of the observation of absorption maxima (λmax) 

at 375 nm in acetonitrile or 390 nm in liquid NH3, respectively (see Scheme 1).20,21 The reduction 

process involves S-S bond cleavage, which is expected to occur upon addition of an electron to 

the lowest unoccupied molecular orbital (LUMO) of SSNS− that is strongly antibonding with 
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respect to the S-S linkage.22 Although mass spectrometric techniques support S-S-N-S 

connectivity for neutral and ionic NS3 species in the gas phase, this methodology was not able to 

distinguish between an acyclic N-S-S arrangement and a cyclic structure for the related NS2 

species.23 The previous computational studies of NS2
− were reported close to 30 years ago.24,25 

While the first study employed the HFS method, the latter used the significantly more accurate 

multireference configuration interaction MRCI-D approach, allowing the estimation of both 

structural and spectroscopic parameters of NS2
− at a very high level of theory. 

 

(Scheme 1 here) 

 

In this contribution, we explore the geometries, relative stabilities and some spectroscopic 

properties of the different possible isomers of the eighteen-electron triatomic anions N2S
2−, NSO−, 

and NS2
−.a While there are numerous computational and experimental studies involving the 

isoelectronic species SO2, S2O, O3, and S3,
18,26 these molecules have nevertheless been included 

in the current study for comparison purposes. All single configuration computations were carried 

out at the PBE0/def2-QZVP level, while multireference calculations were performed at the MRCI-

SD/def2-QZVP level. 

 

                                                 
a The generic formulae N2S

2−, NS2−, NSO−, SO2, S2O, S3 are used, when only composition is 

being specified. When considering actual isomers, the order of the atomic symbols indicate 

connectivity (i.e. NSN2- for 1a). 
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Computational details 

 

The molecules and anions considered in this contribution are shown in Fig. 1. An initial 

structure search for each molecule and anion was performed with Gaussian09,27 employing the 

PBE0 hybrid density functional28,29,30,31 and Ahlrichs’quadruple-ζ valence def2-QZVP basis sets.32 

The bond angles were varied in steps of 10o from 30o to 180o, setting the electronic state of the 

molecules and anions either to a singlet, a triplet, or a broken-symmetry singlet. This search yielded 

local minima for wide-angle acyclic isomers as well as for small-angle cyclic isomers. The results 

were subsequently checked for internal instabilities and, if needed, re-optimized within the broken-

symmetry framework.  

 

(Fig. 1 here) 

 

The PBE0/def2-QZVP optimized geometry corresponding to the lowest Gibbs energy for each 

unique acyclic and cyclic isomer was used as a starting point for calculations with more accurate 

wave function methods using MOLPRO 2015.1.33,34 First, full valence complete active space 

CASSCF/def2-QZVP 35,36 calculations were executed to generate starting orbitals for successive 

multireference configuration interaction MRCI-SD/def2-QZVP calculations and geometry 

optimizations.37 These calculations were performed in order to treat molecules and anions with 

variable amounts of diradical character on equal footing. Vibrational frequency analyses using the 

numerical MRCI-SD Hessian method were performed to confirm the nature of all stationary points 

found (minimum or transition state). The MRCI-SD natural orbitals corresponding to the 

optimized structures were subsequently utilized to calculate generalized Wiberg bond orders 
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(gWBOs)38 and Atoms in Molecules (AIM) delocalization indices (DIs)39 with programs 

Molden2AIM40 and AIMAll.41 Images of MRCI-SD natural orbitals were drawn with the program 

Jmol.42 

The absorption properties of SNS− and NSS− were calculated at both MRCI-SD and PBE1PBE 

levels of theory, the latter employing the time-dependent (TD-DFT) approach.43 In DFT 

calculations, the integral equation formalism variant of the polarizable continuum model 

(IEFPCM) was used to model the effect of the solvent (acetonitrile) on the absorption properties 

of SNS− and NSS− as well as on their interconversion (reaction energies).44 

 

Results and discussion 

 

Geometries and energetics 

 

The MRCI-SD/def2-QZVP optimized geometries and relative energies of all isomers of each 

species considered are shown in Table 1; the total energies and the Cartesian coordinates of the 

atoms are reported in the Supplementary Material (Tables S1 and S2, respectively). 

 

(Table 1 here) 

 

Isomers of N2S2-. There are three possible isomers for the N2S
2− dianion: two acyclic species, 

NSN2− (1a) and NNS2− (1b), and the cyclic structure, c-NSN2− (1c). The symmetric isomer 1a has 

been isolated and structurally characterized as K2(NSN)3 and [K(18-c-6)]2(NSN) salts.7 The 

MRCI-SD/def2-QZVP optimized bond parameters for 1a (1.532 Å and 128.3o) agree reasonably 
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well with the experimental values (see Table 1) and data from earlier calculations employing the 

MP2 and DFT methods.7 In contrast, the asymmetric isomer 1b proved to be an unstable species 

in vacuum with respect to dissociation to N2 and S2−, as also found in the early HFS and MNDO 

calculations.10 The MRCI-SD/def2-QZVP optimization yielded a local minimum for the cyclic 

isomer 1c, but it lies 270 kJ mol−1 higher in energy than 1a. As only a small energy barrier prevents 

1c from dissociating to N2 and S2−, its preparation cannot be considered likely. 

Isomers of NS2
-. The two acyclic isomers of the NS2

− anion, SNS− (2a) and NSS− (2b), were 

found to lie close to each other in energy. Contrary to early HFS work,24 the MRCI-SD/def2-QZVP 

calculations indicate that the asymmetric isomer 2b is more stable than the symmetric isomer 2a. 

However, the energy difference is only 25 kJ mol−1, indicating that the occurrence of both isomers 

is possible; there is no experimental structural information on either of the two species. The MRCI-

SD/def2-QZVP computed S-N bond length of 1.649 Å in 2a is in good agreement with the earlier 

MRCI-D prediction of 1.66 Å,25 and much longer than the corresponding bond in NSN2−, 1.532 Å 

(see Table 1). This suggests a significantly weaker S-N interaction in the former compared to the 

latter. The lengths of the S-N and S-S bonds in 2b, 1.496 and 2.036 Å, suggest approximately 

double and single bonds, respectively. The cyclic isomer c-SNS− (2c) exhibits typical single bond 

lengths with respect to all three bonds, but this isomer lies 177 kJ mol−1 above 2b at the MRCI-

SD/def2-QZVP level. 

Isomers of NSO-. There are four isomers with the formula NSO−. The arrangement NSO− (3a) 

has the lowest relative energy at the MRCI-SD/def2-QZVP level, but the alternative SNO− (3b1) 

lies only 89 kJ mol−1 above it. In contrast, the third acyclic isomer NOS− (3b2) and the cyclic 

isomer c-NSO− (3c) lie well above 3a (308 kJ mol−1 and 364 kJ mol−1, respectively), and are not 

discussed further. Experimentally, both 3a and 3b1 have been isolated and structurally 
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characterized;2,4,6,45
 their photoelectron spectra have also been reported.8,16 A comparison between 

computational and experimental structural data is, however, unwarranted due to crystallographic 

disorder in the positions of N and O atoms in the structures of 3a and 3b1.  

Isomers of SO2. The most stable isomer of SO2 is, expectedly, the symmetric acyclic OSO (4a). 

The optimized MRCI-SD/def2-QZVP bond parameters of 1.431 Å and 119.5o agree well with the 

experimental values of 1.4299(4) Å and 117.16(3)o (see Table 1),46 and with the results from earlier 

computations at the MRCI-SD/aug-cc-pV(T+d)Z level.18 While the asymmetric isomer OOS (4b) 

and the cyclic isomer c-OSO (4c) also show reasonable values for their optimized bond parameters, 

these isomers lie over 450 kJ mol−1 above 4a at the MRCI-SD/def2-QZVP level and are, therefore, 

unlikely to be encountered experimentally; an energy difference of 481 kJ mol−1 was recently 

calculated for 4a and 4b at the MRCI-SD/aug-cc-pV(T+d)Z level of theory.18 

Isomers of S2O.The lowest-energy isomer of S2O at the MRCI-SD/def2-QZVP level is the 

asymmetric acyclic OSS (5b). The symmetric acyclic arrangement SOS (5a) and the cyclic form 

c-SOS (5c) lie 254 and 186 kJ mol−1 above 5b, respectively. In good agreement with our 

calculations, a recent MRCI-SD/aug-cc-pV(T+d)Z study predicted the energy difference of 5b and 

5a to be 245 kJ mol−1.18 The isomer OSS (5b) can be prepared by treating silver(I) sulfide (Ag2S) 

with thionyl chloride (SOCl2).
47,48

 The available structural data is based on the determination of a 

harmonic force field for S2O from a combined least-squares refinement of fundamental vibrations, 

isotopic shifts, and centrifugal distortion constants.49 The reported bond lengths and bond angle 

are in excellent agreement with the calculated MRCI-SD/def2-QZVP values (see Table 1). 

Isomers of O3 and S3. The acyclic structure OOO (7a) is well-established for O3 both by 

experimental50 and computational methods.18,26 The existence and stability of the high-energy 

cyclic isomer c-OOO (7c), however, have been the subject of extensive interest and debate.26 Our 
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computations expectedly reproduce the geometries and relative energies of 7a and 7c (see Table 

1). In the case of S3, there is no experimental structural evidence for either the acyclic arrangement 

SSS (6a) or the cyclic isomer c-SSS (6c). However, all computational studies, including the current 

one, indicate that while 6a is the more stable isomer, the cyclic form 6c lies significantly closer in 

energy than in the case of O3 (28 kJ mol−1 at the MRCI-SD/def2-QZVP level of theory).51 

 

Electronic structures and bonding 

 

The ground states of most of the investigated molecules and anions were either 1A1 or 1A’ at the 

MRCI-SD/def2-QZVP level of theory (see Table 1). The only exception to the above was the 

ground state of the high-energy isomer NOS− (3b2) that was found to be 3A”.  

Selected MRCI-SD natural orbitals (full valence space) and their occupancies are presented in 

Fig. 2 for acyclic NSN2− (1a), SNS− (2a), NSS− (2b), NSO− (3a), and SNO− (3b1); the 

corresponding orbitals of OSO (4a) are also shown for comparison. It is clear from Fig. 2 that the 

natural orbitals are qualitatively similar in shape with important variations that mirror the changes 

in both symmetry and atomic composition of the species in question. For example, the 3a’’-orbital 

of NSO− (3a) is of π-type and clearly S-N bonding and S-O anti-bonding, while the matching a2-

symmetric orbitals of OSO, SNS−, and NSN2− are effectively non-bonding. In similar vein, the 

corresponding a’’-symmetric π-type orbitals of NSS− (2b) and SNO− (3b1) are S-N bonding/S-S 

anti-bonding and N-O bonding/S-N anti-bonding, respectively. These differences naturally arise 

from the polarization of the electron density in species with inequivalent terminal atoms, and such 

polarization is by no means limited to π-orbitals but it also affects the σ-framework (see Fig. 2). 

As a result, the electron density analyses show great variation in the predicted bond properties for 

1-7 (see below). 



11 

 

 

(Fig. 2 here) 

 

Fig. 2 also demonstrates that none of the molecules and anions examined herein (N2S
2−, NS2

−, 

and NSO−) has appreciable diradical character as judged by the occupancies of their MRCI-SD 

natural orbitals. In each case, the highest occupation on formally unoccupied orbitals is not 

significantly higher than 0.10 e−. By contrast, the two homonuclear triatomic molecules SSS (6a) 

and OOO (7a) show greater multiconfigurational character, with natural orbital occupancies of the 

unoccupied orbitals of  0.18 and 0.25 e−, respectively; even higher natural orbital occupancies were 

obtained for the high-energy isomers OOS (0.32 e−) and SOS (0.39 e−). The diradical character in 

the series of molecules SxO3−x (x = 0-3) has been the subject of extensive discussion in recent 

years,18,52,53,54 with the earlier theoretical calculations yielding the trend OSO ≈ OSS << S3 < O3 < 

OOS < SOS. Our calculations reproduce this result and further show that the isoelectronic 

replacement of O or S with N− effectively leads to loss of diradical character in all cases 

considered. An explanation for this effect has been described before:55 the level of diradical 

character in the eighteen-electron triatomics depends on the possibility for charge separation that, 

in turn, is governed by the electronegativity of the central atom and the size of the two terminal 

atoms.   

 The results of bonding analyses for the energetically favourable species 1a, 2a, 2b, 3a, 3b1, 4a, 

5b, 6a, and 7a are shown in Table 2. When the optimized bond parameters, gWBOs, and AIM DIs 

are compared to the generally accepted single and double bond lengths of the S-N, S-O, and S-S 

bonds (see Table 3),56,57,58,59 it becomes clear that the gWBOs reproduce rather well the formal 

bond orders expected on the basis of interatomic distances alone. By contrast, the calculated DIs 
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show values significantly smaller than the formal bond orders, and especially so in cases when the 

polarity of the bond (as determined from the AIM atomic charges) is high. This is, however, 

expected as the gWBO is an index-type measure of the leading non-classical exchange contribution 

to bonding between two atoms,38 whereas the DI is not an indicator of bond order but rather a 

measure of shared electron pairs between two (AIM) atomic basins;39 the DI has sometimes been 

called the covalent bond order. It should be noted, however, that both gWBOs and DIs show a 

nearly linear correlation with the optimized bond lengths as exemplified by the data for S-N bonds 

for which r2 = 0.965 irrespective of whether gWBOs or DIs are used in the analysis. Thus, the two 

sets of bond property values in Table 2 predict similar trends and underline the fact that, besides 

covalency, electrostatic interactions play a significant role in the short S-N and S-O distances in 

the investigated molecules and anions.46,60,61,62 The importance of electrostatic interactions in 

bonding is mirrored in the shapes of MRCI-SD natural orbitals (see Fig. 2) as discussed above.  

 

(Table 2 here) 

(Table 3 here) 

 

It is evident from Fig. 2 as well as from Table 2 that the replacement of O with S in SNO− (to 

form SNS−) has only a relatively minor effect on the electronic structure, leading to a change in 

the nature of the S-E bond towards more electrostatic interaction for E = S. The same is also true 

for the OSO/OSS and NSO−/NSS pairs, in which case the S-E bond, however, transfers towards 

more covalent for E = S. The highest gWBOs and DIs are found for S-N bonds in NSS− and NSO−, 

of which the latter also shows the highest charge separation of all S-N bonds considered (3.71 e−). 

Interestingly, recent theoretical calculations described a qualitatively similar bonding scheme for 
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the NSO− anion but its S-O bond order was inferred to be only 0.75 with the help of Natural 

Resonance Theory (NRT) analysis.17 In this respect, it is interesting that the authors did not include 

the Lewis structure with an S-N triple bond and an N-O single bond in the NRT analysis even 

though it is predicted to be the single best Lewis-type representation in Natural Bond Orbital 

(NBO) analysis. If this Lewis structure is explicitly included in NRT calculations, the predicted S-

N and N-O bond orders of NSO− become 2.40 and 1.40, respectively, in excellent agreement with 

the gWBOs reported herein. As a final note, it should be pointed out that the low gWBO calculated 

for OOO, 1.15 (see Table 2), is perfectly reasonable considering its diradical character and the 

occupation of the π-type antibonding orbital by almost 0.25 e−.  

 

Isomerization of SNS− to NSS− 

 

Although the current calculations show NSS− (2b) to be slightly more stable than SNS− (2a), 

the symmetrical isomer has been proposed as the initial product of the electrochemical or chemical 

reduction of SNSS− (λmax 465 nm) via cleavage of the S-S bond.20,21 The formation of 2a was 

inferred from the observation of new UV-visible absorption bands with λmax 375 nm in acetonitrile 

or 390 nm in liquid NH3, respectively. Our computed absorption maxima for SNS− and NSS− at 

MRCI-SD/def2-QZVP level of theory gave λmax values of 342 and 327 nm, respectively; the 

corresponding PBE0/def2-QZVP values in acetonitrile are 353 and 333 nm. Since the computed 

absorption maxima of 2a are closer to the experimental values than those of 2b, these results 

support the formation of SNS− via the process depicted in Scheme 1.  

 

(Scheme 1 here) 
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The mechanism of isomerization of SNS− (2a) to NSS− (2b) was also explored computationally 

in order to establish the feasibility of the presence of 2a in the reaction mixture. It has been reported 

for the related isomerization of NSO− (3a) to SNO− (3b2) that the barrier for unimolecular 

transformation via the cyclic intermediate c-SNO− is more than 450 kJ mol−1.16 Our PBE0/def2-

QZVP calculations indicated that a similar unimolecular transformation between 2a and 2b is 

unfeasible and the conversion rather takes place via an asymmetric transition state with an 

activation barrier of 281 kJ mol−1 in acetonitrile. However, this barrier is still high enough that any 

2a formed in solution would not be converted to 2b at room temperature. 

An alternative route to isomerization of 2a to 2b is be the bimolecular reaction (eq. 1): 

 

2 SNS−   SSN− + SNS− (1) 

 

This pathway begins with an S-S bond formation that is immediately followed by an S-N 

interaction and a subsequent breakup of a second S-N bond to give the dianion SNSNSS2− (see 

Fig. 3). The proposed formation of this dianion finds support in the electrochemical one-electron 

reduction of cyclic 1,3-S4N2.
63 It was inferred to result in the formation of a radical monoanion, in 

which the extra electron enters the LUMO of 1,3-S4N2, an S-N antibonding orbital leading to 

dissociation.  

 

(Fig. 3 here) 
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The final step on the predicted isomerization pathway involves the dissociation of the dianionic 

SNSNSS2− intermediate to SSN− and SNS−, hence, leading to partial rather than full isomerization. 

The highest activation energy on the pathway was found to be 107 kJ mol−1 in acetonitrile, which 

indicates that the conversion of different species should be relatively rapid at room temperature. 

Furthermore, the barrier is lowered to 82 kJ mol−1 with the inclusion of two explicit potassium 

cations that balance the negative charge (see Fig. 3). It is notable that the change in Gibbs energy 

upon dissociation of SNSNSS2− to SNS and NSS is calculated to be only 3 kJ mol−1 and, over time, 

the system should reach an equilibrium containing all three species in nearly equal amounts. As 

the calculated (PBE0/def2-QZVP) UV-visible absorption maxima of SNSNSS2− are 640, 439, 219, 

and 185 nm in acetonitrile, the formation of SNS− upon reduction of SNSS− is not only plausible 

but also probable as it is the species with the best match between experimental and computed 

spectral parameters. Consequently, it should be possible to isolate salts of the binary sulphur-

nitrogen anion S2N
−, as either SNS− (2a) or NSS− (2b), with bulky organic cations or crown-ether 

solvated alkali-metal cations, similarly to what has been achieved for the isomeric anions NSO− 

and SNO−.2,4,6,45 It might even be possible to isolate salts of the surprisingly stable dianion 

SNSNSS2−. 

 

Conclusions 

 

The geometries, stabilities, and bonding of isomers of N2S
2−, NSO−, and NS2

− have been 

explored at PBE0/def2-QZVP and MRCI-SD/def2-QZVP levels of theory; the neutral molecules 

SO2, S2O, S3, and O3 have been included for comparison. The energetically most favourable 

nitrogen-containing molecular species are the bent acyclic NSN2− (1a), NSS− (2b), and NSO− (3a), 
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which all have the electropositive sulphur atom in the middle. However, the nitrogen-centered 

SNS− (2a) and SNO− (3b2) isomers lie surprisingly close in energy to their more stable counterparts 

to allow for their occurrence. The experimental structural information for salts of NSN2−, NSO−, 

and SNO− is in good agreement with the bond parameters yielded by the current calculations. The 

optimized geometries of OSO (4a), OSS (5b), and OOO (7a) also agree with the known metric 

parameters. 

The bonding in all investigated species is qualitatively similar, though orbital and electron 

density analyses reveal important quantitative differences as well. The calculated generalized 

Wiberg bond orders reproduce well the formal bond orders expected on the basis of interatomic 

distances alone. A clear correlation between calculated delocalization indices and bond lengths is 

also seen, though the absolute values of delocalization indices are significantly less than formal 

bond orders, which highlights the importance of electrostatic interactions to bonding in the 

investigated species. For the majority of the most stable isomers, the ground state is dominated by 

a single configuration. The two notable and well-known exceptions are OOO (7a) and SSS (6a) 

that both have diradical character. 

The proposed formation of SNS− (2a) as the initial electrochemical or chemical reduction 

product of SNSS− is supported by the calculation of its UV-visible absorption maxima. While 

SNS− lies only slightly higher in energy than the most stable isomer NSS−, the barrier for their 

unimolecular interconversion is high. In contrast, the multi-step partial bimolecular isomerization 

process has a low activation barrier and is expected to proceed readily. The composition of the 

predicted equilibrium reaction mixture indicates that the solution should contain nearly equal 

amounts of SNS−, SSN−, and acyclic SNSNSS2−, thereby rendering the detection of SNS− via UV-

visible spectroscopy probable. Finally, salts of the binary sulfur-nitrogen anion S2N
− (as either 2a 
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or 2b) or SNSNSS2− with bulky organic cations or crown-ether solvated alkali-metal cations 

represent feasible synthetic targets, by comparison with the isolation and structural 

characterization of such salts for the related monoanions NSO− and SNO−. 

 

Supplementary Material 

 

Supplementary material (MRCI-SD/def2-QZVP energies and optimized atomic coordinates of 

all investigated species) is available with the article through the journal Web site at 

http://nrcresearchpress.com/doi/suppl/10.1139/cjc-2015-xxxx. 
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Table 1. MRCI-SD/def2-QZVP optimized geometries and relative energies of the isomers of N2S
2−, NS2

−, NSO−, SO2, S2O, S3, and 

O3. 

Species Isomer a Parameter MRCI-SD Exptl. Species Isomer a Parameter MRCI-SD Exptl. 

N2S2− NSN2− (1a) rNS (Å) 1.532 1.484(3) b SO2 OSO (4a) rOS (Å) 1.431 1.4299(4) c 

 C2v (1A1) NSN (o) 128.3 129.9(3) b  C2v (1A1) OSO (o) 119.5 117.16(3) c 

  Erel. (kJ mol−1) 0    Erel. (kJ mol−1) 0  

 NNS2− (1b) rOO (Å) n.a. d   OOS (4b) rOO (Å) 1.301  

 Cs (1A’) rOS (Å) n.a. d   Cs (1A’) rOS 1.632  

  OOS (o) n.a. d    OOS (o) 119.5  

  Erel. (kJ mol−1) n.a. d    Erel. (kJ mol−1) 492  

 c-NSN2− (1c) rNN (Å) 1.501   c-OSO (4c) rOS (Å) 1.671  

 C2v (1A1) rNS (Å) 1.793   C2v (1A1) rOO (Å) 1.495  

  NNS (o) 65.2    OSO (o) 53.1  

  NSN (o) 49.5    OOS (o) 63.4  

  Erel. (kJ mol−1) 268    Erel. (kJ mol−1) 466  

NS2
− SNS− (2a) rNS (Å) 1.649  S2O SOS (5a) rOS (Å) 1.633  

 C2v (1A1) SNS (o) 121.9   C2v (1A1) SOS (o) 124.3  

  Erel. (kJ mol−1) 25    Erel. (kJ mol−1) 253  

 NSS− (2b) rNS (Å) 1.496   OSS (5b) rOS (Å) 1.468 1.456 e 

 Cs (1A’) rSS (Å) 2.036   Cs (1A’) rSS (Å) 1.888 1.885 e 

  NSS (o) 122.3    OSS (o) 118.0 117.9 e 

  Erel. (kJ mol−1) 0    Erel. (kJ mol−1) 0  

 c-SNS− (2c) rNS (Å) 1.780   c-SOS (5c) rOS (Å) 1.715  

 C2v (1A1) rSS (Å) 2.043   C2v (1A1) rSS (Å) 2.038  

  NSS (o) 55.0    SOS (o) 72.9  

  SNS (o) 70.0    OSS (o) 53.5  

  Erel. (kJ mol−1) 177    Erel. (kJ mol−1) 186  
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NSO− NSO− (3a) rNS (Å) 1.477 1.431(8) f S3 SSS (6a) rSS (Å) 1.925  

 Cs (1A’) rOS 1.501 1.438(7) f  C2v (1A1) SSS (o) 117.7  

  NSO (o) 124.0 126.8(4) f   Erel. (kJ mol−1) 0  

  Erel. (kJ mol−1) 0   c-SSS (6c) rSS (Å) 2.085  

 SNO− (3b1) rNO (Å) 1.236 1.214(5) g  D3h (1A1) SSS (o) 60.0  

 Cs (1A’) rNS 1.727 1.695(4) g   Erel. (kJ mol−1) 28  

  ONS (o) 117.8 120.5(3) g      

  Erel. (kJ mol−1) 89  O3 OOO (7a) rOO (Å) 1.272 1.27276(15) h 

 NOS− (3b2) rON (Å) 1.285   C2v (1A1) OOO (o) 116.8 116.754(3) h 

 Cs (3A”) rOS 1.821    Erel. (kJ mol−1) 0  

  NOS (o) 115.0   c-OOO(7c) rOO (Å) 1.439  

  Erel. (kJ mol−1) 308   D3h (1A1) OOO (o) 60.0  

 c-NSO− (3c) rNO (Å) 1.546    Erel. (kJ mol−1) 132  

 Cs (1A’) rNS (Å) 1.741       

  rOS (Å) 1.674       

  ONS (o) 60.9       

  SON (o) 65.3       

  NSO (o) 53.8       

  Erel. (kJ mol−1) 364       

a Chemical formula, numerical abbreviation, point group, and ground state term. b Ref. 7. c Ref. 46. d Not a stable species in vacuum. e 

Ref. 49. f Ref. 7. g Ref. 45. h Ref. 50. 
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Table 2. Bond lengths, generalized Wiberg bond orders, AIM delocalization indices, and AIM 

atomic charges of 1a, 2a, 2b, 3a, 3b1, 4a, 5b, 6a, and 7a. a 

Species Bond Bond length (Å) Generalized 

Wiberg bond order 

AIM delocalization 

index 

AIM atomic 

charges 

NSN2− (1a) S-N 1.532 1.88 1.42 

N:  −1.83 

S:  1.67 

N:  −1.83 

SNS− (2a) S-N 1.649 1.22 1.27 

S:  0.11 

N:  −1.23 

S:  0.11 

NSS− (2b) 
S-N 

S-S 

1.496 

2.036 

2.06 

1.21 

1.57 

1.21 

N: −1.41 

S:b 1.14 

S:c −0.73 

NSO− (3a) 
S-N 

S-O 

1.477 

1.501 

2.21 

1.40 

1.53 

1.08 

N:  −1.64 

S:  2.05 

O:  −1.41 

SNO− (3b1) 
S-N 

N-O 

1.727 

1.236 

1.11 

1.39 

1.14 

1.43 

S: −0.31 

N: −0.13 

O: −0.56 

OSO (4a) S-O 1.431 1.84 1.16 

O:  −1.28 

S: 2.55 

O:  −1.28 

OSS (5b) 
S-O 

S-S 

1.468 

1.888 

1.69 

1.75 

1.22 

1.57 

O: −1.19 

S:b 1.33 

S:c −0.14 

SSS (6a) S-S 1.925 1.49 1.40 

S:c −0.10 

S:b 0.19 

S:c −0.10 

OOO (7a) O-O 1.272 1.15 1.17 

O:c −0.10 

O:b 0.20 

O:c −0.10 

a MRCI-SD/def2-QZVP level. b Central atom. c Terminal atom. 
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Table 3. Typical S-N, S-O and S-S single and double bond lengths (Å) 

Bond Single bond Example Double bond Example 

S-N 1.7714(4) H3NSO3
 a 1.544(2) (NSF)4 b 

S-O 1.644(17) R1SOR2 c 1.492(1) R1R2SOc 

S-S 2.0529(2) S8 d 1.908(16) (RO)2SSc 

a
 Ref. 56. b Ref. 57. c Mean value of several related species from the Cambridge Crystallographic 

Data Base (Ref. 58) d Ref. 59.  
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Fig. 1. Common Lewis-type representations of the isomers of N2S
2−, NS2−, NSO−, SO2, S2O, S3, 

and O3 (formal charges indicated with coloured numbers). 
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Fig. 2. The occupancies of formally occupied (blue) and unoccupied (green) MRCI-SD natural 

orbitals of NSN2− (1a), SNS− (2a), NSS− (2b), NSO− (3a), SNO− (3b1), and OSO (4a). 
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Fig. 3. Calculated reaction pathway for the partial bimolecular isomerization of SNS− (2a) to 

NSS− (2b) (colour code: S = yellow, N = light blue, and K = grey). 
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Scheme 1. Proposed formation of SNS− (2a) via electrochemical reduction of SNSS−.
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