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Magnetic Shielding, Aromaticity, Antiaromaticity and

Bonding in the Low-Lying Electronic States of S;N,

Peter B. Karadakov*!!, Muntadar A. H. Al-Yassiri/?! and David L. Cooper!®!

Abstract: Aromaticity, antiaromaticity and chemical bonding in the ground (Sy), first singlet excited
(S1) and lowest triplet (T ) electronic states of disulfur dinitride, S, N>, are investigated by analysing
isotropic magnetic shielding, ois,(r), in the space surrounding the molecule for each electronic state.
The 0y (r) values are calculated using state-optimized CASSCF/cc-pVTZ wavefunctions with 22
electrons in 16 orbitals constructed from gauge-including atomic orbitals (GIAOs). The S; and T;
electronic states are confirmed as 1 'A,, and 13Bj3,,, respectively, through linear response CC3/aug-
cc-pVTZ calculations of the vertical excitation energies for eight singlet (S;—Sg) and eight triplet
(T1-Tg) electronic states. The aromaticities of Sg, S; and T; are also assessed using additional
magnetic criteria including nucleus-independent chemical shifts (NICS) and magnetic susceptibili-
ties calculated at several levels of theory, the highest of which are CCSDT-GIAO/cc-pVTZ for Sy
and CASSCF(22,16)-GIAO/aug-cc-pVQZ for S; and T;. The results strongly suggest that the Sy
electronic ground state of S;N» is aromatic, but less so than is the electronic ground state of ben-
zene, S; is profoundly antiaromatic, to an extent that removes any bonding interactions that would
keep the atoms together, and T; is also antiaromatic, but its antiaromaticity is more moderate and
similar to that observed in the electronic ground state of square cyclobutadiene. S;Nj is the first ex-
ample of an inorganic ring for which theory predicts substantial changes in aromaticity upon vertical

transition from the ground state to the first singlet excited or lowest triplet electronic states.

Introduction

Disulfur dinitride, S,N», was most probably first generated but went unnoticed in an experiment carried

out by O. C. M. Davis at University College, Bristol: Heating of S4N4-SbCls resulted in the formation
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of a blue substance, identified later as the (SN), polymer. Burt described Davis’s experiment in a 1910
paper!! in which he reported that passing S4N4 vapour over a silver gauze or quartz wool produced blue
films or bronze-coloured crystals and suggested “that the immediate precursor of the blue sulphide of
nitrogen is a gas or very volatile liquid at the ordinary temperature”. These observations were explained
by Goehring and Voigt?! who established that the thermal decomposition of S4N4 yields S,N», a white
volatile crystalline solid, which polymerizes to (SN) .

Except for being a precursor to (SN)y, a polymer exhibiting metallic conductivity* and supercon-
ductivity P!, SN, is of relatively little experimental importance. However, the nature of bonding in this
four-membered inorganic ring with 67 electrons and its level of aromaticity have been the subject of
numerous theoretical studies.

One of the popular models for the electronic structure of S;N», shown in 1, can be traced back
to an Edmiston-Ruedenberg!6! localization of the MOs from a CNDO/2 spin-restricted Hartree-Fock
(RHF) calculation carried out by Adkins and Turner!”). They obtained LMOs corresponding to two
three-centre 7 orbitals localized mostly on the nitrogen atoms, a sulfur-sulfur non-bonding 7 orbital,

four S-N o bonds and four o lone pairs (one on each atom).
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Another model, featuring on the pages of a well-known inorganic chemistry textbook®!, was sug-
gested by Findlay et al.!”! on the basis of a Foster-Boys!'% localization of the MOs from an ab initio
RHF calculation in a “better than double ¢” basis set. The eleven valence-shell LMOs were found to
describe four “bent” bonds which attach one of the sulfur atoms to the neighbouring nitrogen atoms by
two double bonds, two S—-N ¢ bonds involving the second sulfur atom, which carries a 7 lone pair, and
four o lone pairs, similar to those in 1. As the resulting bonding scheme 2, on its own, would be of
broken symmetry, it is thought to be in resonance with 2’. The initial source of 3 was an INDO valence
bond (VB) calculation involving all ten VB structures arising from distributing six electrons amongst
the four sulfur 3p, and nitrogen 2p,, orbitals, carried out by Fujimoto and Yokoyama!'!!, in which the
dominant VB structure turned out to be a singlet diradical with a diagonal singlet pair involving the two

nitrogen 2p, orbitals.



Calculations with a r-space spin-coupled (SC) wavefunction, which is the most general wavefunction
utilizing a single product of non-orthogonal MOs, lend support to a singlet diradical version of 1121,
similar to the Adkins and Turner modell’!; the important new element is that two of the six singly-
occupied active m orbitals are found to resemble closely S(3p,) AOs, with spins coupled to a singlet.
On the other hand, a series of VB studies performed by Harcourt and coworkers (see reference [13]
and references therein) provide backing for the alternative singlet diradical scheme 3. Thorsteinsson
and Cooper obtained three individually optimized m-space CASSCF(6,6) (“6 electrons in 6 orbitals”
complete-active-space self-consistent field) wavefunctions corresponding to schemes 1, 2 and 31141, Ac-
cording to their results, 1 is slightly lower in energy than 2, by just over 0.5 millihartree, while 3 is
significantly higher, 8.6 millihartree above 1. CASVB transformations of these CASSCF wavefunctions
provided mr-space SC-like descriptions of the three bonding schemes, reproducing closely, in the case
of 1, the SC picture from reference [12]. Subsequent breathing orbital VB (BOVB) calculations, car-
ried out by Braida et al.!">!, produced wavefunctions in which the VB structure with the largest weight
turned out to be 3, followed by each of the four symmetry-equivalent covalent structures 44", with 1
coming only sixth in importance. Howeyver, it is appropriate to highlight a problem with VB wavefuncti-
ons constructed from non-orthogonal structures: There is no unambiguous way of assigning weights to
individual structures. The standard Chirgwin-Coulson approach!'®! is based on an obvious but arbitrary
partitioning of the normalization integral and may produce negative weights, as well as weights larger
than one. Alternative weighting schemes have been shown to yield very different results in some in-
stances!!”! and they could, in principle, place more emphasis on 1 at the expense of other structures.
Interestingly, Braida e al. showed!!> that, if working in a minimal basis set, the expansion of the 7-
space part of the SC wavefunction for SN, from reference [12] in terms of VB structures constructed
from AOs can be reasonably well approximated by a single structure corresponding to 3. This is an
indication that the lowest-energy SC!'>!4 and VB!3-15] wavefunctions for S,N, have much in common
and the preferred interpretation is down to some extent to personal choice. In very recent work, Pe-
notti et al.'*! projected various SC wavefunctions onto the basis of BOVB structures used by Braida et
al.!1 plus an orthogonal complement. They consistently found structure 3 to be more important than
1 but the largest contribution (approaching 60% of the total wavefunction) could be associated with the
symmetry-determined linear combination of the four symmetry-equivalent structures 4-4"". Trrespective
of disagreements about the positioning of the radical sites, all of the VB studies of S,N; suggest a
significant degree of singlet diradical character in the electronic ground state.

Other theoretical studies provide evidence both in favour and against the idea that SN, should be
considered as a singlet diradical. Tuononen et al. 18] showed that the RHF wavefunction for S, N> is non-

singlet unstable: There is a lower-energy broken-symmetry spin-unrestricted HF (UHF) wavefunction,



consistent with singlet diradical character. On the other hand, three density functional theory (DFT)
methods provide spin-restricted solutions that are non-singlet stable: BPW91 and B3PW91 calculations
were reported in reference [18], and a B3LYP calculation was reported in reference [19]. In a subsequent
paper?Y), Tuononen er al. argued that whereas the non-singlet instability of a RHF wavefunction is an
indication of its inadequate quality, which can be linked to singlet diradical character, the analogous sta-
bility analysis of a spin-restricted DFT solution tests only the ability of a certain exchange-correlation
potential to describe the electron density of a singlet system using a closed-shell Slater determinant
of Kohn-Sham orbitals. The same authors also compared the so-called fraction of diradical charac-
ter2122] for S,Nj, 6%, calculated from a CASSCF(22,16) wavefunction, to the corresponding fraction
for ozone, 26%, based on a CASSCF(18,12) wavefunction!'®. While 6% is not an indication of signifi-
cant diradical character, an additional analysis of their CASSCF(22,16) wavefunction for SpN5 in terms
of Lewis-type VB structures corresponding to 1 and 3 using idealized p, orbitals showed that these
diradical structures account for 14% and 34% of the wavefunction, respectively, or 48%, when taken
together.

The absence of a spin-unrestricted DFT solution was just one of the factors that led Head-Gordon et
al." to the conclusion that the diradical character of S,Nj is not significant. They also considered
the B3LYP HOMO-LUMO gap (which was found to be much larger than the corresponding gaps in
diradicaloid species of the same size), the large singlet-triplet gap, and the occupation numbers of the
antibonding orbitals in VOD(22,22) (valence space optimized doubles with 22 electrons in 22 orbitals)
and in CASSCF(6,4) wavefunctions, which turned out to be similar to the corresponding VOD(30,30)
results for benzene. According to Head-Gordon et al.['), structural and magnetic criteria suggest that
S2Nj; is aromatic: It is a planar four-membered ring with equal S—N bond lengths, intermediate between
a single and a double bond, and exhibits a sizeable negative 1 CMO-NICS(0) (canonical molecular or-
bital decomposition analysis of nucleus-independent chemical shifts?>>241) value of —26.2 ppm (at the
PW91-GIAO/IGLO-III level, DFT with gauge-including atomic orbitals). On the other hand, the aroma-
tic stabilization energy of S,N; obtained by Head-Gordon et al.'®! is small, 6.5 kcal mol™!, which was
thought to be an indication that although the six 7 electrons make this molecule compliant with Hiickel’s
4n + 2 rule, the higher, nearly degenerate set of 7 orbitals do not contribute significantly to the bonding.
Accordingly, they argued that SpN5 should be viewed as an aromatic system with 2z electrons, with
S—N bond order close to 1.25. A bond order of this magnitude is consistent with the observation that
the bond length in S,N; is between those of typical S—N single and double bonds!'?!. Interestingly, the
NICS(0) value of 5.6 ppm for SpN; reported in reference [19] indicates antiaromaticity, but this posi-
tive value was attributed to large o orbital contributions not relevant for aromaticity. Braida et al. ']

argued that the diradical character of SN, can co-exist with aromaticity and suggested that its 7 elec-



tron system features collective electron flow along a loop connecting 1, 3 and 4-4" through successive
one-electron transfers.

Electronic excited states of SN have been calculated at several levels of theory, including con-
figuration interaction (CI) (251 multi-reference CI (MRCI)[?6], time-dependent DFT (TDDFT) (20,271,
equations-of-motion coupled-cluster with single and double excitations (EOM-CCSD), state-averaged
CASSCF(22, 16) and CASPT2(22,16) (second-order perturbation theory with a state-averaged CASSCF
reference) ?°!. Tuononen et al.?") also carried out time-dependent HF (TDDHF) and second-order po-
larization propagator approximation (SOPPA) excited state energy calculations but did not report the
results because they were found to be unsatisfactory. The experimental UV absorption spectrum of
S>N» features a broad band with vibrational fine structure between 4.49-5.85 eV, which could arise
from two overlapping bands centred at approximately 5.03 and 4.97 eV, the second of which is slightly
lower in intensity?”). The only electric dipole allowed transitions from the 11A;, ground state are to
singlet excited states of By,,, B, and B3, symmetries. Calculated oscillator strengths [20.26.27] show that
the intensity of the transition to the 1 !B,, state is much higher than that to the 1 ! B3, state, while the
intensity of the transition to the 1By, state is negligibly low. The most thorough excited state calcu-
lations on S,N» available to date, including time-dependent DFT (TDPBEPBE and TDPBEO), EOM-
CCSD and state-averaged CASSCF(22,16) and CASPT2(22,16) in the cc-pVTZ and aug-cc-pVTZ basis
sets 201 predict that the 1 1B,,, state is lower in energy than the 1 1B, state, although the reverse or-
dering of these states that is observed in some TDDFT results!?”! would fit better with the shape of
the broad band in the experimental absorption spectrum. CASPT2(22,16) is found to underestimate the
1 B,y and 1 B3, excitation energies, while TDPBEPBE, TDPBEO, EOM-CCSD and CASSCF(22,16)
are found to overestimate these energies, with CASPT2(22,16), TDPBEPBE and TDPBEO coming clo-
ser to the ca. 5 eV value suggested by the experimental absorption spectrum than do EOM-CCSD and
CASSCF(22,16)1201,

In this paper we study bonding and aromaticity in the ground, first singlet excited and lowest triplet
electronic states of SpN» by analysing the changes in the off-nucleus magnetic shielding tensor, o (r),
within the space surrounding the molecule. Previous research on carbon-carbon bonds[?%2°1 showed
that the off-nucleus isotropic magnetic shielding, ois(r) = %[ax x(r) + 0y (r) + 0;(r)], is capable of
exposing the differences between carbon-carbon bonds of different multiplicities in much greater detail
than is achievable using the total electronic density. One of our aims is to establish whether the variations
in 0i50(r) provide similar insights into the nature of the S-N bond in S,N5. While a popular approach
for investigating aromaticity, namely the calculation of single-point NICS(0) indices, has already been
applied to S,N, 1! the examination of 0js(r) isosurfaces and contour plots can provide somewhat

more detailed and, arguably, more reliable information about aromaticity and its effect on chemical



bonding 3%,

The large volume of additional information that is required to represent the off-nucleus
magnetic isotropic shielding as a function of position resolves some important criticisms towards single-
point NICS, such as the arbitrariness in the choice of the locations at which such quantities are calculated
(NICS can exhibit strong positional dependence and, in certain situations, the standard choices can be
inappropriate, see e.g. references [31] and [32]) and the fact that a single number might not be sufficient
to characterize all aspects of aromatic behaviour, illustrated by the observation that different ring current
maps can produce nearly indistinguishable single-point NICS values 3334,

There has been substantial recent interest in aromaticity and antiaromaticity reversals upon transition

[35-37] " The first and better-known reversal

from the ground electronic state to a higher electronic state
of this type is associated with Baird’s rule'*®!, according to which the familiar 4n + 2 and 4n rules
for ground-state aromaticity in cyclic conjugated hydrocarbons are switched over in their lowest triplet
states: rings with 4n m electrons become aromatic while those with 4n + 2 7 electrons end up as
being antiaromatic. The second type of excited state aromaticity reversal is an analogous phenomenon

associated with the lowest singlet excited states39411,

We show that S;N,, is the first example of an
inorganic ring which can be expected to exhibit substantial changes in aromaticity upon transition from

the singlet ground electronic state to the first singlet excited or lowest triplet electronic states.

Computational Procedure

In all calculations on S,N» reported in this paper we used the D,; semi-experimental equilibrium ge-
ometry established by Perrin et al.'*?, with R(SN) = 1.64182 A and Z(NSN) = 91.0716°, in a coor-
dinate system that places the nitrogen atoms at positions (£1.171748, 0.0, 0.0), and the sulfur atoms at
positions (0.0, +1.150035, 0.0), respectively (all coordinates in A).

In order to obtain detailed contour plots describing changes in isotropic shielding that can be asso-
ciated with chemical bonding and aromaticity in the regions of space surrounding the ground (Sop), first
singlet excited (S;) and lowest triplet (T;) electronic states of SpN», the off-nucleus isotropic magne-
tic shielding ojs(r) for each electronic state was evaluated at regular two-dimensional grids of points
with spacing of 0.05 A in five planes: Two horizontal planes, including the molecular plane and a plane
parallel to the molecular plane and 1 A above it, as well as three vertical planes perpendicular to the mo-
lecular plane, with one passing through the two nitrogen atoms, one through the two sulfur atoms, and
the third one through one of the S—N bonds. For the purposes of comparison, gis,(r) calculations were
also carried out for the electronic ground state of benzene at the D), geometry with R(CC) = 1.3964 A
and R(CH) = 1.0831 A that was used in references [39, 41]. In this case, the regular grids of points
with spacing of 0.05 A were placed in three planes: Two horizontal planes, defined as those for SoN»,

and a vertical plane passing through one of the C—C bonds. In order to reduce computational effort,



Oiso(r) values were calculated only at symmetry-unique grid points.

The 0i5(r) calculations for the low-lying electronic states of SoN, were carried out using state-
optimized CASSCF-GIAO wavefunctions. We selected a “22 in 16” active space analogous to that
adopted by Tuononen et al.!'®2% including, as an initial guess, the eleven highest occupied and five
lowest virtual RHF orbitals. Off-nucleus isotropic magnetic shielding values for the electronic ground
state of benzene were obtained using the usual -space CASSCF(6,6)-GIAO wavefunction. All of these
calculations were carried with the standard cc-pVTZ basis set.

As a consequence of the decision to use ground-state geometries for all of the electronic states
studied in this paper, the comparisons between the properties of the electronic states of S;N» are in the
context of vertical excitations. In line with previous work on NICS 31431 and ring currents *4! in triplet
systems, the CASSCF-GIAO isotropic shieldings in the lowest triplet electronic state of S;N, reported
in this paper include the contributions arising from the perturbation to the wavefunction only (often
referred to as “orbital” contributions in single-determinant approaches). This choice is convenient for the
purposes of the current study, as the values reported for a triplet state can be compared directly to those
for singlet states. A more rigorous treatment would need to take into account the large terms associated
with the interaction between the electronic spin angular momentum and the magnetic field (4346,

Given that state-optimized CASSCEF calculations account only for static electron correlation effects,
they do not always reproduce the correct energy ordering of the electronic excited states. One exam-
ple is provided by benzene!#”!, for which the order of the third (S3) and fourth (S4) singlet electronic
excited states is reversed at the CASSCEF level; getting these states in the correct order requires the in-
clusion of dynamic electron correlation effects, for example, through the use of CASPT2. As there is
only very limited experimental information on the excitation energies from the ground electronic state
to other low-lying electronic states of SN, we decided to obtain more reliable theoretical estimates
of these energies through linear response calculations using two advanced coupled-cluster (CC) appro-
aches, namely CC3 and CCSDR(3)[*34%1 and we compare these results to those for state-optimized
CASSCF(22,16) wavefunctions (in addition, CC3 provides intermediate CCSD results). For the CC3
and state-optimized CASSCF(22,16) calculations we used the cc-pVTZ and aug-cc-pVTZ basis sets,
and for the CCSDR(3) calculations, the cc-pVTZ, cc-pVQZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets.

In order to gain better understanding of the method and basis set dependence of the magnetic pro-
perties of the low-lying electronic states of S,N», we carried out additional calculations of the sulfur
and nitrogen isotropic shieldings, magnetic susceptibilities and the NICS(0), NICS(0), ., NICS(1) and
NICS(1),, aromaticity indices at several levels of theory: CASSCF(22,16)-GIAO with the cc-pVQZ,
aug-cc-pVTZ and aug-cc-pVQZ basis sets for Sg, S; and T, and RHF-based HF-GIAO, MP2-GIAO,
CCSD(T)-GIAO and CCSDT-GIAO, all with the cc-pVTZ basis, for the electronic ground state. Ad-



ditionally, the corresponding set of magnetic properties for the electronic ground state of benzene were
evaluated at the CASSCF(6,6)-GIAO/aug-cc-pVTZ level.

All CASSCF-GIAO calculations were performed by means of the MCSCF-GIAO (multiconfigura-
tional SCF with GIAOs) methodology introduced in references [50, 51] and implemented in the Dal-
ton 2016.2 program package ®?!. For all other GIAO calculations we used CFOUR P31, The CC excited
state calculations were carried out using Dalton 2016.21?1, which is capable of performing linear re-

sponse CC3 for both singlet and triplet states, and CCSDR(3) for singlet states.

Results and Discussion

The vertical excitation energies from Sg to the next eight singlet (S;—Sg) and the eight lowest triplet
(T1-Tg) electronic states of SpN» calculated at different levels of theory are shown in Table 1. Our
results confirm the observation of Tuononen et al. ") that all of the S1—Sg states and similarly all of the
T;1-Tg states for S;N» belong to different irreducible representations of the D,y point group. As 2 lAg
is of the same symmetry as the electronic ground state (1 1Ag), the state-optimized CASSCF(22,16)
calculations for 2 lAg used the second root of the corresponding CI problem.

The CCSD/cc-pVTZ vertical excitation energies to singlet and triplet states included in Table 1 are
in good agreement with the corresponding results reported by Tuononen et al.??!, with the differences
most likely being due to the use of different ground-state S;N, geometries. The state-optimized and
state-averaged CASSCF(22,16)/cc-pVTZ results from this work and from reference [20], respectively,
show more differences: In reference [20], the vertical excitation energies to 1 1B;, and 1!B,, are
identical, 1 1B1g is lower in energy than 1 1B3g, and four of the triplet states, 1 3Bou, 13Byy, 1 3B2g
and 13A,,, appear in an order different from that in Table 1.

The general trends for singlet states that are suggested by the results shown in Table 1 is that the
use of a higher level of theory, in the sequence state-optimized CASSCF(22,16) — CCSD — CCSDR(3) —
CC3, decreases the singlet vertical excitation energy, and so does, but to a smaller extent, the increase
of the basis set size. State-optimized CASSCF(22,16) puts two pairs of states in a different order from
the CC approaches, such that 1 'By,, is lower in energy than 1A, and 1 ! B3, is lower in energy than
1 'B,,,. CCSD shows a single ordering difference from CCSDR(3) and CC3: 1 !By, is higher in energy
than 1 leg. As all of the CC results suggest that the lowest singlet excited state (S1) is 1 1A, we use
this state in the magnetic shielding analysis. The only notable irregularity in the results for triplet states
is that CCSD switches the energy ordering of 13Bj and 1 3B3,. All methods identify Ty as 13B3y,.

The sulfur and nitrogen isotropic shieldings in the Sp, S; and T; electronic states of S,N», and the
carbon and proton isotropic shieldings for the electronic ground state of benzene are shown in Table 2.

This table includes also results for the isotropic magnetic susceptibilities, yiso = %( Xxx + Xyy + Xzz),

Place
Table 1

near here.

Place
Tables 2
and 3

near here.



and out-of-plane components of the magnetic susceptibility tensor, y;,. In Table 3 we report the cor-
responding NICS(0), NICS(0),,, NICS(1) and NICS(1),, values for the electronic states of S;N, and
benzene, which follow the standard definitions, NICS(0) = —ojs(at the ring centre) 1541 NICS(0),, =
—0;z(at the ring centre) [55,56] NICS(1) = —0jso(at 1 A above the ring centre) (23,57 and NICS(1),, =
—05-(at 1A above the ring centre)®8]. The CASSCFE-GIAO/cc-pVTZ shielding data included in Ta-
bles 2 and 3 were extracted from the calculations of isotropic shieldings at the horizontal grids of points
for the respective electronic states of S,N» and benzene.

The CASSCF(6,6)-GIAO results for benzene with the cc-pVTZ and aug-cc-pVTZ basis sets re-
ported in Tables 2 and 3 show only insignificant deviations from those computed previously at the
CASSCEF(6,6)-GIAO/6-311++G(2d,2p) level *%). This is an indication that the quality of the cc-pVTZ
basis is adequate for the purposes of the current analysis.

The differences between some of the theoretical estimates of the electronic ground state sulfur and
nitrogen isotropic shielding values for S, N5 are considerable (see Table 2). Clearly, the CASSCF(22,16)-
GIAO, CCSD(T)-GIAO and CCSDT-GIAO results are in good agreement, especially so far as ojso(1°N)
is concerned. HF-GIAO significantly exaggerates the deshielding of both nuclei but at least keeps sulfur
more shielded than nitrogen, in line with CASSCF(22,16)-GIAO, CCSD(T)-GIAO and CCSDT-GIAO,
while the MP2-GIAO isotropic shieldings are not only considerably higher than those obtained with
all other methods but also suggest that sulfur is less shielded than nitrogen. According to Tuononen et
al.'?0) while RHF and MP2 can provide reasonable geometries and qualitatively correct vibrational fre-
quencies for SpN» and similar chalcogen-nitrogen compounds, these methods do not properly take into
account the singlet diradical character of the molecules and fail to predict second- or third-order pro-
perties such as IR intensities, Raman activities, and NMR chemical shifts. The nuclear shielding data
reported in Table 2 lends further support to this view.

The results for the S;N» electronic ground state isotropic magnetic susceptibility, yiso, and out-of-
plane component of the magnetic susceptibility tensor, y;,, obtained at different levels of theory (see
Table 2) are in reasonable agreement and they suggest that this state is aromatic, but considerably less so
than is the electronic ground state of benzene. For comparison, the yis, and y,, values for the strongly
antiaromatic electronic ground state of square cyclobutadiene at the CASSCF(4,4)/6-311++G(2d,2p)
level have been reported as —12.20 ppm cm® mol~! and 12.88 ppm cm? mol ™!, respectively[*!.

The So NICS(0) values for SoN5 obtained with the CASSCF(22,16)-GIAO, CCSD(T)-GIAO and
CCSDT-GIAO methods (see Table 3) are all positive but considerably smaller than the PW91-GIAO/
IGLO-III figure of 5.6 ppm reported in reference [19] which, incidentally, coincides with our MP2-
GIAO/cc-pVTZ result. On the other hand, the HF-GIAO/cc-pVTZ S NICS(0) value of —4.74 ppm is

well into the aromatic region. However, the analysis of the nuclear shielding data for the electronic



ground state of SpN» (vide supra) suggests that neither of the MP2-GIAO/cc-pVTZ and HF-GIAO/cc-
pVTZ S NICS(0) values is likely to be accurate. Judging by the more reliable CASSCF(22,16)-GIAO,
CCSD(T)-GIAO and CCSDT-GIAO results, the NICS(0) aromaticity index classifies the electronic
ground state of SN, as mostly non-aromatic.

The high positive values of the Sg NICS(0);, index obtained at all levels of theory arise as a conse-
quence of the high shielding anisotropy at the centre of the ring and should not be viewed as an indication
of antiaromaticity. For example, at the CASSCF(22,16)-GIAO/cc-pVTZ level the principal components
of the magnetic shielding tensor at the ring centre are oxx(0) = 16.87 ppm, 0y, (0) = 43.96 ppm and
0z72(0) = —63.81 ppm, respectively.

The S¢ NICS(1) and NICS(1),, values which, arguably, are more reliable aromaticity indices than
NICS(0) and NICS(0);, but do not appear to have been applied previously to the electronic ground
state of S,N,, are both negative at all levels of theory and suggest aromatic character, albeit somewhat
weaker than that of benzene (see Table 3).

The data in Tables 2 and 3 show clearly that the electronic structure of SN, undergoes profound
changes upon vertical excitation from Sg to S; or T;. The magnetic properties of S; included in these
tables exhibit pronounced basis set dependence and change significantly when calculated using basis
sets larger than cc-pVTZ; even the aug-cc-pVQZ results could be far from basis set convergence. Wit-
hout exception, the NICS values for S; show very substantial deshielding at and above the ring centre
which can be interpreted as an indication not only of very strong antiaromaticity but also of pronounced
structural instability: This could be associated with the well-known fact that S;N, decomposes explo-
sively when struck or heated above 30 °C 8], Larger basis sets containing more diffuse functions make
the ring centre and its surroundings less deshielded but the level of deshielding of this region of space
remains very high even in the results obtained with the aug-cc-pVQZ basis.

The basis set dependence of the magnetic properties of T; is much less pronounced and the results
obtained with the cc-pVTZ basis are sufficiently accurate for properties other than the sulfur and nitrogen
nuclear shieldings. The NICS, yiso and ;- values for T; are similar to those for the electronic ground
state of an archetypal example of an antiaromatic system, namely square cyclobutadiene (vide supra).

The spatial variations in isotropic shielding, ois, (r), for the Sg, S1 and T electronic states of SpN»
states are illustrated through the contour plots shown in Figures 1-9. In order to facilitate comparisons,
Figures 1-3 include corresponding contour plots for the electronic ground states of S;N, and benzene.
The levels in the 0j5, (r) contour plots in Figures 1-9 are selected as different consecutive subsets from a
consecutive range of values including —800, —700, —500, —480(20)—80, —70(10)—10, —5, 0, 1, 5(5)40,
50, 60(20)180 (all in ppm). The minimum and maximum values for the subset used in each figure are

specified in the respective figure caption.
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The comparison between the isotropic shielding contour plots for the electronic ground states of
S,N» and benzene in the respective molecular planes (see Figure 1) reveals high levels of similarity,
especially around the S—-N and C-C bonds. Figures 1-3 show clearly that both rings are surrounded
by doughnut-shaped regions of increased shielding, familiar from previous shielding studies of ben-
zene 394! Inside these regions, 0j(r) reaches 42.69 ppm along a S-N bond and 45.22 ppm along a
C-C bond. The 0js(r) contour plots in planes 1 A above the respective molecular planes (see Figure 2)
and in vertical planes through the S—N and C—C bonds (see Figure 3) show that the doughnut-shaped
region in SpN> is smaller than that in benzene, mainly because it extends a smaller distance above and
below the molecular plane. Nevertheless, its size is still sufficient to suggest that S, N, is aromatic in
its electronic ground state, but less so than is benzene. The 0is(r) contours outside the ring, next to
the sulfur and nitrogen atoms in Figure 1(a), indicate that the lone pairs on these atoms make similar
relatively minor contributions to the isotropic shielding in the molecular plane, but are more pronounced
around the sulfur atoms.

The deshielded region in the centre of the S;N» ring is very small, much smaller than that in the
electronic ground state of square cyclobutadiene %411, Vertically, it extends to only about 0.32 A above
and below the ring centre (see Figure 4). This deshielded region is a minor feature which might be due
to a number of reasons; for example, the o electrons in SN, could be engaged in a weak antiaromatic
system competing with the aromatic system formed by the 7 electrons.

The differences between the aromaticities of the electronic ground states of SN, and benzene is
illustrated particularly well by the isotropic shielding contour plots in the planes that are parallel to the
respective molecular plane and 1 A above it (see Figure 2). The contour plot for benzene in Figure 2(b)
features a thick circular band of isotropic shielding values above 15 ppm which has no equivalent in
the SoN, contour plot in Figure 2(a); the SN, counterpart to a much thicker circular band of isotropic
shielding values above 10 ppm in benzene are two relatively small symmetry-equivalent regions of
increased shielding above the nitrogen atoms. The presence of these regions suggests that the nitrogen
atoms make more pronounced contributions to the 7 system of S,N» than do the sulfur atoms. This is
in line with two of the electronic structure models from the Introduction, 1 and the resonance between
structures 4—4"", according to which the nitrogen and sulfur atoms are negatively and positively charged,
respectively. The charge distribution in SN, was discussed by Head-Gordon et al.!'®! who mentioned
that the formal charges N(+) and S(—) suggested by structures 44" are in line with the differences
between the electronegativities of nitrogen and sulfur (quoted as 3.0 and 2.8, respectively), and who
reported negative natural and Mulliken charges for nitrogen and positive natural and Mulliken charges
for sulfur, in agreement with earlier findings!”-1?!.

The comparison between the vertical cuts through the isotropic shielding surrounding the S-N and
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C-C bonds in the electronic ground states of S;N» and benzene (see Figure 3) shows that the C-C
bond is more shielded and its shielded area extends over larger distances above and below the molecular
plane. Looking at the S—N bond, the isotropic shielding decreases quickly in directions perpendicular
to the molecular plane above and below the sulfur atom, becoming lower than 15 ppm at distances of
just about 0.4 A. The shapes and density of the contours surrounding the nitrogen atom suggest that this
atom is the main contributor to the S—N bond, especially in the regions above and below the molecular
plane. According to these observations, the S—-N bond is noticeably weaker than the C—C bond and the
7 character of this bond is associated mainly with the nitrogen atom. This provides further arguments in
favour of models 1 and 44" from the Introduction. The o5, (r) contours on both sides of the S—-N bond
in Figure 3(a) indicate that the lone pairs on these atoms make similar relatively minor contributions to
the isotropic shielding in the vertical plane cutting through the bond, but are more pronounced around
the sulfur atoms.

The shapes of the ois(r) contour plots for the electronic ground state of S;N» in vertical planes
passing through the two sulfur and two nitrogen atoms (see Figure 4) reinforce the conclusion that
the contributions of the nitrogen atoms to the 7 system are more significant than those of the sulfur
atoms. None of the contour plots in Figure 4 suggests a diagonal bonding interaction between the pair
of nitrogen atoms or between the pair of sulfur atoms. The 05, (r) contours in Figure 4 show that the
lone pairs on the sulfur atoms make more substantial contributions to the isotropic shielding outside the
ring, in line with similar observations mentioned above in relation to Figures 1(a) and 3(a).

The contour plots in Figures 1, 3 and 4 show that ois,(r) changes very quickly in the close neig-
hbourhood of a nucleus. This is particularly noticeable around the sulfur atoms: On approaching one of
these atoms from the ring centre, 0is,(r) increases to values above 180 ppm over a very short distance,
then abruptly drops down to negative values below —128 ppm and then increases again before the nu-
cleus in reached, at which 05, (33S) = —77.79 ppm (see Table 2). The nitrogen atoms are surrounded
by strongly deshielded regions, in parts of which ois (r) decreases to under —215 ppm.

The isotropic shielding contour plots for the S; and T; electronic states of SN, (corresponding
to vertical excitations from Sg) shown in Figures 5-9 depict 0js(r) behaviour which is very different
from that in the electronic ground state. The S; and T electronic states of SN, both feature sizeable
deshielded regions spreading out in all directions from the ring centre. The deshielded region in the
T; electronic state of SpN» is very similar in shape and extent to the deshielded regions observed in
the ground electronic state of square cyclobutadiene and in the S; and T; electronic states of benzene,
where these deshielded regions were shown to be the driving force behind aromatic destabilization*!.
As can easily be seen in Figure 5(b), the extensive deshielded region in the centre of the ring reduces

the sizes and intensities of the shielded regions corresponding to individual S-N bonds and it displaces
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their more shielded parts to off-bond locations outside the ring. A comparison to the electronic ground
state shielding picture in Figure 1(a) shows clearly that the S—N bonds in T; are much weaker. This
observation is reinforced by the comparison between Figures 3(a) and 7(b). A key conclusion that arises
from this analysis of the isotropic shielding distribution in the T electronic state of S;Nj is that this
state is antiaromatic with much weaker but still easily discernible S—-N bonds which should be sufficient
for maintaining the ring structure. However, the T; electronic state is likely to assume a lower-energy
geometry, with a symmetry lower than that of the electronic ground state geometry. It has been argued
that the T; (1 3B3,) state of S,Nj is involved in the polymerization mechanism of S,N» to (SN), 261
such involvement could of course be facilitated by the weakened ring structure revealed by the current
shielding analysis.

The isotropic shielding contour plots for the S; electronic state of S;N» (see the left panels in Figu-
res 5-9) show that the surprisingly large NICS(0) and NICS(1) values for this state that were reported
in Table 3 correspond to locations which are surrounded by an extensive strongly deshielded region
originating at the ring centre. The NICS data in Table 3 suggests that the extent of deshielding within
this region is exaggerated by calculations in the cc-pVTZ basis, but that it would remain much more
extensive and deshielded than the corresponding region in the T; electronic state even if the isotropic
shielding contour plots were calculated in a much larger basis, such as aug-cc-pVQZ. The extensive
central deshielded region in the S; electronic state of SN completely obliterates the S—N bonds. As a
consequence, the Sp state of S;N3 can be expected to be highly unstable, given that there are no obvious

interactions that would keep the atoms together.

Conclusions

The magnetic properties of the low-lying electronic states of S;N» studied in this paper strongly suggest
that the electronic ground state of this four-membered ring is aromatic, but less so than is the electronic
ground state of benzene, that the lowest singlet excited state is profoundly antiaromatic at the same
geometry, to an extent that removes any bonding interactions that would keep the atoms together, and
that the lowest triplet state is also antiaromatic, but its antiaromaticity is more moderate and similar
to that observed in the electronic ground state of square cyclobutadiene. In this way, SN, becomes
the first example of an inorganic ring for which theory predicts substantial changes in aromaticity upon
transition from the ground state to the first singlet excited or lowest triplet electronic states.

The first singlet excited and lowest triplet electronic states of S;N, were confirmed as 1 'A,, and
1 3B3,, respectively, through linear response CC3/aug-cc-pVTZ calculations of the vertical excitation
energies from the ground electronic state to the next eight singlet electronic states and to the eight lowest

triplet states. These calculations provide the most accurate theoretical estimates of these excitation
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energies that are available to date.

Two aromaticity indices, NICS(0) and NICS(0), ., fail to provide reliable assessments of the aro-
maticity of the electronic ground state of S;N;. The value of NICS(0) reflects the presence of a small
deshielded region in the centre of the ring, a minor feature which could be due to the presence of a
weak o electron antiaromatic system competing with the aromatic system formed by the 7 electrons.
The NICS(0),, index is also unreliable as a measure of the aromaticity in this system because of the
high shielding anisotropy at the centre of the ring; the current results suggest that the use of this index
should be avoided in such situations. On the other hand, the NICS(1) and NICS(1),, indices, which are
influenced mainly by the 7 electrons, the isotropic magnetic susceptibility, yiso, and the out-of-plane
component of the magnetic susceptibility tensor, -z, have no problems with identifying the electronic
ground state of S;N, as moderately aromatic. All NICS indices, yis, and y;; agree on the levels of
antiaromaticity of the first singlet excited and the lowest triplet electronic states of SpN».

The analysis of the behaviour of the isotropic magnetic shielding, is(r), within the space surroun-
ding the molecular framework for the ground, first singlet excited and lowest triplet electronic states of
S2N, provides a detailed account of the substantial differences between the chemical bonding features
and aromaticies of these states.

The doughnut-shaped region of increased shielding enclosing the carbon ring in the electronic
ground state of benzene, which is indicative of strong bonding interactions and aromatic stability, is
also observed, in reduced size, in the electronic ground state of S,N». This size reduction affects mainly
the height and depth of the S, N, shielded “doughnut” above and below the molecular plane, which sug-
gests that the 7 bond component in the S—N bond in S;Nj is weaker than its counterpart in the C—C bond
in benzene. The 0i5, () contour plots for the electronic ground state of SoN» show that the more intensi-
vely shielded regions above and below the molecular plane are primarily above and below the nitrogen
atoms, whereas the regions above and below the sulfur atoms are significantly less shielded. This is an
indication that most of the 7 electron activity is focused around the nitrogen atoms; the nitrogen atoms
are also found to be the main contributors to the S—N bonds. These observations are consistent with the
67 -electron models for the electronic structure of SpN, which place at least one & electron pair on a
nitrogen atom, 1 and the sequence 44" (see the Introduction). The current isotropic magnetic shielding
analysis shows no hints of diagonal bonding interactions of the types depicted in models 1 and 3. While
we have not sought direct evidence of the singlet diradical character of the electronic ground state of
S>Np», this is the most likely reason for the large deviations of magnetic properties calculated with the
HF-GIAO and MP2-GIAO methods from their CASSCF-GIAO, CCSD(T)-GIAO and CCSDT-GIAO
counterparts.

The isotropic magnetic shielding picture of the lowest triplet electronic state of SN, follows the

14



antiaromatic pattern familiar from the electronic ground state of square cyclobutadiene and the lowest
triplet electronic state of benzene!*!l, featuring a strongly deshielded dumbbell-shaped region in the
centre of the molecule, which weakens the bonds forming the ring. A deshielded dumbbell-shaped
region in the centre of the molecule is also observed in the lowest singlet excited electronic state of
S, Ny but its hitherto unprecedented extent and intensity suggest that the molecule would immediately

dissociate following vertical excitation to this state.
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Tables and Figures

Table 1. Vertical excitation energies (in eV) from So to the next eight singlet (S1—Sg) and the eight

lowest triplet (T1—Tg) electronic states of SN, calculated at different levels of theory. Number of the

state corresponding to energy ordering for a particular method in brackets. CASSCF corresponds to

CASSCF(22,16). For further details, see text.

Method/Singlet State 2'A; 1'B3y, 1By, 1!Byg 1!By, 1'Byy 1B, 114,
CASSCF/cc-pVTZ 557(4) 6.13(5) 6.26(6) 6.93(8) 4.96(1) 5.12(3) 6.75(7) 5.11(2)
CASSCF/aug-cc-pVTZ  5.54(4) 6.09(5) 6.23(6) 6.90(8) 4.93(1) 5.12(3) 6.72(7) 5.05(2)
CCSD/cc-pVTZ 5.26(4) 5.73(6) 5.40(5) 6.21(8) 4.74(3) 4.66(2) 5.99(7) 4.50(1)
CCSD/aug-cc-pVTZ 521(4) 5.64(6) 531(5) 6.13(8) 4.71(3) 4.65(2) 5.93(7) 4.42(1)
CCSDR(3)/cc-pVTZ 5.05(4) 5.56(6) 5.33(5) 6.08(8) 4.61(2) 4.68(3) 6.00(7) 4.46(1)
CCSDR(3)/cc-pVQZ 5.00(4) 5.49(6) 5.25(5) 6.00(8) 4.58(2) 4.65(3) 5.94(7) 4.36(1)
CCSDR(3)/aug-cc-pVTZ 5.00(4) 5.48(6) 5.24(5) 6.00(8) 4.58(2) 4.66(3) 5.93(7) 4.37(1)
CCSDR(3)/aug-cc-pVQZ 4.98(4) 5.46(6) 521(5) 5.97(8) 4.57(2) 4.64(3) 5.91(7) 4.33(1)
CC3/cc-pVTZ 4.96(4) 5.49(6) 527(5) 6.02(8) 4.54(2) 4.62(3) 5.94(7) 4.43(1)
CC3/aug-cc-pVTZ 4.90(4) 5.41(6) 5.18(5) 5.94(8) 4.50(2) 4.60(3) 5.88(7) 4.33(1)
Method/Triplet State 13Ag 13Bay 1°Bay 1%Big 1%Biy 13Byg 1°B3g  13A,
CASSCF/cc-pVTZ 5.25(6) 3.28(1) 4.32(2) 5.94(7) 4.65(5) 4.61(4) 6.17(8) 4.48(3)
CASSCF/aug-cc-pVTZ  5.23(6) 3.29(1) 4.27(2) 591(7) 4.63(5) 4.62(4) 6.14(8) 4.44(3)
CCSD/cc-pVTZ 4.94(6) 3.03(1) 3.58(2) 5.39(8) 4.42(5) 4.11(4) 5.37(7) 4.01(3)
CCSD/aug-cc-pVTZ 4.90(6) 3.06(1) 3.51(2) 5.33(8) 4.40(5) 4.10(4) 5.31(7) 3.95(3)
CC3/cc-pVTZ 4.69(6) 3.17(1) 3.67(2) 5.27(7) 4.25(5) 4.12(4) 5.38@8) 3.97(3)
CC3/aug-cc-pVTZ 4.64(6) 3.20(1) 3.60(2) 5.21(7) 4.23(5) 4.11(4) 5.32(8) 3.90(3)
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Table 2. Sulfur and nitrogen isotropic shieldings in the Sg, S; and T electronic states of S;N», carbon
and proton isotropic shieldings in the electronic ground state of benzene (in ppm), and corresponding
magnetic susceptibilities (in ppm cm? mol~1). CASSCF(22,16) for S;N, and CASSCF(6,6) for ben-

zene. For further details, see text.

SoN> Method Uiso(33s) Oiso(lsN) Niso Nzz
So (1 lAg) CASSCF-GIAO/cc-pVTZ ~77.79 -120.29 -29.37 -27.66
CASSCF-GIAO/cc-pVQZ -80.47 -125.62 -29.03 -27.37

CASSCF-GIAO/aug-cc-pVTZ -89.41  -120.09 -29.12 -27.45
CASSCF-GIAO/aug-cc-pVQZ -8242  -12633 -29.19 -28.16

HF-GIAO/cc-pVTZ -270.24  -285.05 -27.71 -35.04
MP2-GIAO/cc-pVTZ -55.18 -3591 -27.19 -19.45
CCSD(T)-GIAO/cc-pVTZ -114.47 -12438 -26.86 -24.16
CCSDT-GIAO/cc-pVTZ -117.23  -129.10 -26.86 -24.42
S;1 (1'A,)  CASSCF-GIAO/cc-pVTZ 28478  —-151.83 163.27 494.46
CASSCF-GIAO/cc-pVQZ —429.02  -128.86  78.65 240.70

CASSCF-GIAO/aug-cc-pVTZ  —433.74  -126.43  84.07 257.14
CASSCF-GIAO/aug-cc-pVQZ  —-445.19 -127.58 67.20 206.44

T1 (13Bs,) CASSCF-GIAO/cc-pVTZ —227.96 9.58 -6.31 21.02
CASSCF-GIAO/cc-pVQZ —242.45 247 542  22.06
CASSCF-GIAO/aug-cc-pVTZ  -245.71 793 558 22.13
CASSCF-GIAO/aug-cc-pVQZ  -247.00 148 484 23.08

CeHs Method 0iso(PC)  0iso('H) Xiso Xzz

So (1'A1g) CASSCF-GIAO/cc-pVTZ 73.44 2496 -59.19 -99.70

So (llAlg) CASSCF-GIAO/aug-cc-pVTZ 73.07 2491 -59.11 -99.19
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Table 3. NICS(0), NICS(0),,, NICS(1) and NICS(1),, values in the Sy, S; and T; electronic sta-
tes of S;N», and in the electronic ground state of benzene (in ppm). CASSCF(22,16) for SN, and

CASSCEF(6,6) for benzene. For further details, see text.

SN2 Method NICS(0) NICS(0);; NICS(1) NICS(1);,
So (1'Ag)  CASSCF-GIAO/cc-pVTZ 0.99 63.81 -2.64 -5.44
CASSCF-GIAO/cc-pVQZ 1.08 62.33 -2.54 —-6.11
CASSCF-GIAO/aug-cc-pVTZ 1.41 63.72 -2.15 -5.60
CASSCF-GIAO/aug-cc-pVQZ 1.23 62.39 -2.32 —6.05
HF-GIAO/cc-pVTZ —4.74 48.91 -5.09 -12.32
MP2-GIAO/cc-pVTZ 5.60 73.01 -0.65 -0.16
CCSD(T)-GIAO/cc-pVTZ 1.82 64.66 -1.95 -3.51
CCSDT-GIAO/cc-pVTZ 1.66 64.18 -2.01 -3.70
S; (1'A,)  CASSCF-GIAO/cc-pVTZ 339.00  1004.56 313.03 926.19
CASSCF-GIAO/cc-pVQZ 185.38 544.21 169.05 494.66
CASSCF-GIAO/aug-cc-pVTZ 196.27 577.74 178.45 522.35
CASSCF-GIAO/aug-cc-pVQZ 165.60 485.17 150.04 437.62
T: (13Bs,) CASSCF-GIAO/cc-pVTZ 33.31 136.16 22.45 61.05
CASSCF-GIAO/cc-pVQZ 33.45 135.35 22.94 61.05
CASSCF-GIAO/aug-cc-pVTZ 34.14 137.41 23.36 62.44
CASSCF-GIAO/aug-cc-pVQZ 33.77 135.89 23.20 62.34
CesHe Method NICS(0) NICS(0);; NICS(1) NICS(1);,
So (1'A14) CASSCF-GIAO/cc-pVTZ -8.62 -12.63 -9.87 -27.71
So (1'A1,) CASSCF-GIAO/aug-cc-pVTZ -8.32 -12.58 -9.43 -27.76
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Figure 1. Isotropic shielding contour plots for the electronic ground states of (a) SoN» and (b) benzene
in the respective molecular (horizontal) planes. Contour levels, red (deshielded) to blue (shielded),

between (a) —200 to 180, (b) —40 to 60; is0(r) in ppm, axes in A. N atoms on the horizontal axis in (a).
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T 2 A 0 1 2
Figure 2. Isotropic shielding contour plots for the electronic ground states of (a) SoN» and (b) benzene
in planes parallel to and 1 A above the respective molecular planes. Contour levels, pink (slightly des-

hielded) to blue (shielded), between (a) 1 to 10, (b) 0 to 15; 0i50(r) in ppm, axes in A. N atoms on the

horizontal axis in (a).
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Figure 3. Isotropic shielding contour plots for the electronic ground states of (a) SoN» and (b) benzene
in vertical planes (perpendicular to the respective molecular planes) passing through the S—N and C-C
bonds. N and S atoms in (a) at positions (0, 0) and (1.64182, 0), carbon atoms in (b) at positions (0, 0)
and (1.3964, 0). Contour levels, red (deshielded) to blue (shielded), between (a) —200 to 160, (b) —30

to 60; 0is () in ppm, axes and coordinates in A.

\

\ \
| |
|

|

|
-3 T T T T T T T T T -3

T
-3 -2 -1 0 1 2 3/-3 -2 -1 0 1 2 3

Figure 4. Isotropic shielding contour plots for the electronic ground state of S,N, in vertical planes
(perpendicular to the molecular plane) passing through (a) the two nitrogen atoms and (b) the two sulfur
atoms. N atoms in (a) at positions (£1.171748,0.0), S atoms in (b) at positions (41.150035, 0.0).
Contour levels, red (deshielded) to blue (shielded), between (a) —200 to 30, (b) —120 to 180; giso(r) in

ppm, axes and coordinates in A.
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Figure 5. Isotropic shielding contour plots for the (a) S; and (b) T; electronic states of SoN» in the
molecular (horizontal) plane. Contour levels, red (deshielded) to blue (shielded), between (a) —480 to

50, (b) —260 to 180; 0 (r) in ppm, axes in A. N atoms on the horizontal axis.

Figure 6. Isotropic shielding contour plots for the (a) S; and (b) T; electronic states of SoN» in a
plane parallel to and 1 A above the molecular plane. Contour levels, red (deshielded) to blue (shielded),

between (a) —300 to 25, (b) —20 to 5; 0is0(r) in ppm, axes in A. N atoms on the horizontal axis.



Figure 7. Isotropic shielding contour plots for the (a) S; and (b) T; electronic states of S;N» in a
vertical plane (perpendicular to the molecular plane) passing through the S—N bond. N and S atoms at
positions (0, 0) and (1.64182, 0). Contour levels, red (deshielded) to blue (shielded), between (a) —800

to 260, (b) —260 to 140; 05 (r) in ppm, axes and coordinates in A.
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Figure 8. Isotropic shielding contour plots for the (a) S; and (b) T; electronic states of SoN»3 in a
vertical plane (perpendicular to the molecular plane) passing through the two nitrogen atoms, at positions
(£1.171748,0.0). Contour levels, red (deshielded) to blue (shielded), between (a) —380 to 40, (b) —200

to 60; 050 (T) in ppm, axes and coordinates in A.
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Figure 9. Isotropic shielding contour plots for the (a) S; and (b) T; electronic states of S;N» in a
vertical plane (perpendicular to the molecular plane) passing through the two sulfur atoms, at positions
(£1.150035,0.0). Contour levels, red (deshielded) to blue (shielded), between (a) —480 to 180, (b)

—260 to 140; 0is(r) in ppm, axes and coordinates in A.
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. antiaromatic . .
aromatic antiaromatic
: unstable

Is S;N, aromatic? Off-nucleus shielding calculations strongly suggest that SoN» is the first example
of an inorganic ring showing substantial changes in aromaticity upon transition from the ground state
(aromatic, but less so than is benzene) to the first singlet excited (strongly antiaromatic and unstable) or

lowest triplet (antiaromatic) electronic states.
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