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Abstract

The electronic structures and molecular properties of SaN2 as well as the currently
unknown chalcogen nitrides Se2N2 and SeSN2 have been studied using various ab initio
and density functional methods. All molecules share a qualitatively similar electronic
structure and can be primarily described as 2zn-electron aromatics having minor singlet
diradical character of 6—-8% that can be attributed solely to the nitrogen atoms. This
diradical character is manifested in the prediction of their molecular properties, in which
coupled cluster and multiconfigurational approaches, as well as density functional
methods show the best performance. The conventional ab initio methods RHF and MP2
completely fail to describe these systems. Predictions for the vibrational frequencies, IR
intensities, Raman activities, N, °N, and 7’Se chemical shifts, as well as singlet
excitation energies of SeaN. and SeSN2 have been made. The computed high-level
spectroscopic data will be of considerable value in future efforts aimed at the preparation

of the conducting polymers (SeN)x and (SeNSN)x.



Introduction

Poly(sulfur nitride), (SN)x, is an inorganic polymer in which alternating nitrogen and
sulfur atoms form planar quasi-one-dimensional chains.® One of the many exceptional
physical properties it exhibits is good electrical conductivity along the chains.! In
addition, the material becomes superconducting below liquid helium temperatures i.e.
near 0.3 K.2 In principle, the conductivity of (SN)x can be increased by either full or
partial replacement of sulfur atoms with one of the heavier congeners of group 16,
selenium or tellurium. However, the preparation and characterization of heavier

chalcogen-bearing analogues of (SN)x has not been reported.

Although there are several synthetic strategies leading to (SN)x, the classical route
involving the thermal decomposition of SsN4 in the presence of silver wool is the method
of choice for the formation of good quality crystals of (SN)x.2 The same method cannot,
however, be readily applied to the synthesis of (SeN)x because of the explosive and non-
volatile nature of the obvious precursor SesNa. Therefore, the preparation of heavier
chalcogen-bearing analogues of (SN)x requires the development of new synthetic

methods or precursors.*

Kelly et al. have outlined a synthetic approach to the preparation of (SeN)x polymer
which utilizes metal complexes of SezN28 e.g. the tetrabutylammonium salt of (u-N,N -
diselenium dinitride)bis[tribromopalladate(11)]° from which free Se2N could be released
via ligand exchange reactions. A similar pathway has been utilized to generate free SoN>
from the adduct with AICIs.2% A subsequent polymerization of the crystallized free Se2Na

would then yield the polymer (SeN)x.



The recent preparation of 1,5-Se2S2N4''12 might provide a route to the mixed
chalcogen-nitrogen polymer (SeNSN)x. Although this compound is explosive under the
influence of heat and mechanical stress, it is sufficiently volatile to undergo thermolysis
in the presence of silver wool. The formation of the four-membered ring SeSN: as a TiCl4
adduct has previously been reported by Haas et al..*® Free SeSN- has also been proposed
to be an intermediate in the production of 1,5-Se2SoNs4 from Se(NSO).'3 and in
reactions of (MesSiNSN).E with ECl; (E = S, Se).!? However, neither the crystal

structure nor molecular properties of a discrete SeSN; ring have been determined.

Since all proposed routes to (SeN)x and (SeNSN)x polymers involve Se>N. and
SeSN2 ring systems as reaction intermediates, molecular characterization methods
capable of confirming the formation of the four-membered rings will play a crucial role
in determining whether the synthetic approaches are viable. High-level theoretical
calculations can play an important role in providing accurate data regarding the molecular
properties of SezN2 and SeSN2 to which the experimental results can then be compared.

Currently such data are nonexistent.*®

A prerequisite for obtaining accurate molecular properties using computational
methods is that the chosen theoretical approach is able to give a balanced description of
all factors affecting the electronic structure. When considering the four-membered
chalcogen-nitrogen rings, this becomes a non-trivial task. Several theoretical studies have
attempted to elucidate the uncertainties associated with the electronic structure of SaN»

and related species. However, total consensus has yet to be reached.

The bonding in SpN, was first described with four localized o-bonds and six

delocalized n-electrons, 1 thus implying some similarity with aromatic structures.'®1° As



opposed to this view, Skrezenek and Harcourt have shown that the primary Lewis-type
valence bond (VB) structure for SoN2 resembles the spin-paired singlet diradical structure
2 with a long N----N bond across the ring.?%-23 This opinion, however, has been questioned
by Gerratt et al.?* who used spin-coupled VB theory calculations to show that while the
structure is a singlet diradical in nature, the diradical character is solely assigned to the
sulfur atoms, 3. More recently Jung et al.,?® using different ab initio and DFT methods,
have shown that SoN2 is a closed shell 2z-electron aromatic with an insignificant amount
of diradical character. However, large LUMO occupation numbers indicated the presence

of a strong antibonding effect which caused a 7% reduction to the aromatic character of

SoNo.
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The conclusions of Jung et al.?® are for the most part in agreement with our recent
high level ab initio analysis of the electronic structure of SoN2, as we also found it to be a
primarily aromatic system.'® Our detailed wave function analysis showed that S;N»
possesses 6% diradical character which could be attributed to the nitrogen atoms. This
value is in good agreement with the antibonding effect discussed by Jung et al.®
However, they do not directly relate the antibonding effect to the diradical character in

their conclusions.

The purpose of the current contribution is two-fold. First, before any further
theoretical work is done for SoN2 and the related ring systems, it is important to achieve a

consensus on the best description of their electronic structures. We consider this to be a



realistic objective that can be achieved mainly with a theory-based re-evaluation of the
previous work. We show here that the chalcogen-nitrogen ring systems SN2, Se2N. and
SeSN; are all mainly aromatic in nature and have only a small amount (6—8%) singlet
diradical character. However, contrary to the conclusions drawn by Jung et al.,?® the
diradical character is extremely significant to take into account in theoretical calculations.
Second, once a clear description of the electronic structure has been established, we will
use high level ab initio and DFT methods to reproduce the molecular properties of SoN>
and predict those of the currently unknown ring systems SeSN> and Se2N>. The results for
SoN2 enable comparison to experimental data and therefore ascertain the level of

accuracy that can be achieved.

Theoretical Methods

Calculations were carried out for S2N2, Se2N2 and SeSN2. Throughout the work, S2N2 and
SeoN2 molecules were orientated in the xy-plane: nitrogen atoms were located on the x-
axis and chalcogen atoms on the y-axis. SeSN2 was constrained to the yz-plane in such a
manner that the chalcogen atoms resided on the z-axis. Full point group symmetries (Coy
or D2n) and Dunning’s correlation consistent basis sets of triple-zeta quality, cc-pVTZ

and aug-cc-pVTZ, were used in all calculations.?®

Geometries of all molecules were fully optimized in their singlet ground states
using several different theoretical methods: RHF, MP2,2” CCSD, CCSD(T),?® CAS,? and
CASPT2.30 Two density functionals, PBEPBE3®'32 and PBE0*34 were also used in the

optimizations. In CAS optimizations, the active space consisted of full valence space and



included all possible configurations that arise from the distribution of 22 valence
electrons in 11 highest occupied and 5 lowest virtual orbitals i.e. [22,16]-CAS. The active
space was considerably reduced in CASPT2 optimizations due to the larger
computational cost of the method and the lack of analytical first and second order
derivatives. Only MOs that were involved in the most important configurations of
[22,16]-CAS wave functions were retained in the active space. Thus, the active space in
CASPT2 calculations included only the lowest unoccupied and two highest occupied

orbitals i.e. [4,3]-CAS.

Vibrational frequencies, IR intensities, Raman activities, 1*N, N, and 7’Se nuclear
magnetic shielding tensors, as well as singlet/triplet excitation energies were calculated

for all molecules.

Vibrational frequencies were calculated utilizing all aforementioned methods within
the harmonic approximation. For methods for which analytical second derivatives were
not implemented, frequencies were calculated using finite differences of energy. All
methods except CCSD(T) were used in the calculation of IR intensities whereas Raman

activities were calculated only with RHF, MP2, and density functional methods.

Singlet and triplet excitation energies were calculated using TDHF, SOPPA, EOM-
CCSD, CAS, CASPT2 and TDDFT. In CAS and CASPT2 calculations the active space
size was [22,16]. First, a state averaged CAS calculation was performed (with equal
weights for all states) for the ground state and the lowest eight excited singlet (triplet)
states. The resulting orbitals were then used in subsequent CASPT2 calculations in which
energies of the excited singlet (triplet) states belonging to the same symmetry were

calculated together using equal weights for all states.



14N, BN, and "’Se nuclear magnetic shielding tensors were calculated using the
GIAO ansatz.*®* RHF, MP2, and CAS methods, as well as both density functionals were
used in the shielding tensor calculations. To facilitate the comparison among different
methods, NMR shielding tensors were also calculated for the experimentally
characterized parent compounds SsN4 and Se2S:Ns4. Ammonia and dimethyl selenide
were used as references for N, N, and "’Se NMR chemical shifts, respectively.
However, following the common practice, the reported 14N and °N values are referenced

to neat nitromethane [6(MeNO.) = 6(NH3) + 380 ppm].

Band gap calculations for the one-dimensional model systems of SoN2, Se2N2 and
SeSN2 were done using the PBC module of the Gaussian03 program. Pure GGA

PBEPBE functional and aug-cc-pVTZ basis set were used in all PBC calculations.

All calculations were carried out using Gaussian 03,% Dalton 1.2.1,%” and Molpro

2002.6 %8 sets of programs.

Results and Discussion

The electronic structure of S2No.

There are two important unanswered questions relating to the electronic structure of SoN»
and its heavier chalcogen analogues: What is the amount of singlet diradical character (if
any) and should it be attributed to chalcogen or nitrogen atoms in the molecule? Of all the

recent papers published on this topic'®2°-5 only Jung et al.?® report that the diradical



character in S2N: is insignificant. However, their analysis of LUMO occupation numbers

shows that the molecule exhibits some strong electron correlations.

The primary evidence by which Jung et al.?® infer that the diradical character in
S2Nz2 is not significant is the lack of a symmetry-broken UB3LYP solution. However, this
lack of symmetry-broken spin-unrestricted DFT solution cannot be held as a definite
proof of a non-existent diradical character because DFT solutions are found to be stable
even for some of the obvious diradicals such as ozone whose diradical character has been
found to be 26% by ab initio methods.'® In ab initio theory, the instability of the spin-
restricted SCF solution is a direct indication of the quality of the wave function, whereas
within the DFT framework of electronic structure theory it mirrors the capability of the
exchange-correlation functional to describe the electron density with a single Slater
determinant comprised of Kohn-Sham (KS) orbitals. If the exact exchange-correlation
functional were available, a single Slater determinant of KS orbitals would be adequate to
describe even pure diradical systems and, hence, no lower-energy spin-unrestricted

solutions would therefore be found.

This was shown to be true by Gritsenko and Baerends®® who used an essentially
exact KS potential derived from high level ab initio calculations to describe the
dissociation of H.. They found that a single Slater determinant represents the non-
interacting KS reference system not only in the equilibrium bond distance, but also when
the H—H bond is significantly stretched. The performance of current exchange-correlation
functionals is not as good, since they are unable to reproduce the non-classical
contributions to the energy, which leads to incorrect dissociation curves within the
restricted scheme.*® However, the B3LYP/aug-cc-pVQZ solution first becomes singlet

unstable at r(H-H) = 2.0-ro which corresponds to 19% diradical character based on the



[2,2]-CAS wave function at the same internuclear distance. The corresponding GGA
functional BLYP performs even slightly better and displays a singlet instability when
r(H-H) > 2.1-r, using the same basis set. The poorer performance of the hybrid
functional comes from the inclusion of a constant fraction of the RHF exact exchange,
which leads to non-physical delocalized exchange-correlation hole upon bond

elongation.*°

Consequently, the possible diradical character of SN2 should be evaluated based
on the stability of the spin-restricted Hartree-Fock SCF solution instead of the
corresponding DFT solution. We have recently shown that even at the equilibrium
geometry, the RHF wave function of S:N: displays a singlet instability.® Because a
symmetry-broken UHF solution can be found, it is perfectly valid to state that the strong
electron correlations described by Jung et al.? are a direct consequence of the diradical
nature in SaNa. A rigorous wave function-based analysis therefore leaves the origin of the
electron correlations unquestionable and subsequent analyses of the molecular properties
of SzN2 (vide infra) show that the proper description of the diradical character becomes

essential in theoretical calculations.

Before turning attention to the molecular properties of S;N. and the related
heavier chalcogen containing species SeSN2 and Se2N2, we seek to answer another open
question, whether the diradical character in S2N2 should be attributed to nitrogen or to
sulfur atoms. Previous VB calculations have come to two different conclusions,?0-2*
whereas our recent MO-theory based wave function analyses indicated that the diradical
character of SoN2 in its equilibrium geometry can be unquestionably addressed to the
nitrogen atoms.® In the following we will present further theoretical evidence based on

symmetry-broken spin densities of familiar radicals that supports this interpretation.
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It is clear from elementary quantum mechanics that the spin density associated
with a symmetry-broken singlet UHF wave function is non-physical as it does not equal
zero at every point in space. For example, in Hz dissociation the UHF solution breaks the
inversion symmetry as the H—H distance increases and leads to spin polarization where a-
spin density concentrates on one nucleus and B-spin density at the other [see Figure 1(a)].
A correct spin density can be restored if we take into account the situation where the
spins of the electrons are reversed. This approach to obtain physical spin densities from
an ensemble of non-physical spin densities has been used for example in the context of

DFT.4

Figure 1. Spin densities of symmetry-broken singlet UHF wave functions of (a) Hx at r =
219, (b) O3, (c) CH2, and (d) S2N2. Red denotes excess a-spin density and blue excess -

spin density.

Despite the non-physical nature of the symmetry-broken spin densities, they
usually provide valuable information about the origin of the diradical character.** A good
illustration of this is the symmetry-broken spin density of H» at elongated bond lengths,

which correctly describes the homolytic dissociation of the bond by localizing one

11



electron on each nucleus. Similarly, the symmetry-broken spin density of singlet Os
[Figure 1(b)] mirrors the familiar VB structure 4 in which the two singlet-coupled
electrons are localized at the opposite ends of the molecule. The same is also true for
singlet methylene, 5, whose symmetry-broken spin density shows two electrons with
different spins localized above and below of the molecular plane around the central

carbon [Figure 1(c)].

In an analogous manner the symmetry-broken singlet UHF spin density of S;N>
[Figure 1(d)] shows two singlet-coupled electrons each localized on one of the nitrogen
centers. A much smaller amount of the spin density is found on the sulfur atoms.
Together with the previous results'®29-24 the spin density analysis clearly settles the
discussion about the nature of the singlet diradical character in SaN2 in favor of the
nitrogen-localized VB structure 2. It should, however, be noted that our recent analysis of
the [22,12]-CAS wave function of S;N; in terms of different Lewis-type VB structures?®
showed that the VB structure 2 has only 34% weight in the CAS wave function. Similar
conclusion was also obtained by Harcourt et al..>* Although 2 is the most significant
single Lewis-type VB structure, the combined contribution of the four 2z-electron VB
structures 6-9 exceeds its weight. Hence, as it has been pointed out,?*25 S,N; is primarily
an aromatic system with two bonding n-electrons and strong electron correlation effects.
The present work further confirms that the strong electron correlations are static in nature

and arise from the nitrogen-centered diradical character in SoNa.

12



Singlet RHF instabilities have also been found for the heavier chalcogen
analogues of SoNo. Their symmetry-broken UHF spin densities mirror the aforementioned
results for SoN2. An analysis of the [22,12]-CAS wave function CI coefficients for SeSN>
and Se;N> shows that their diradical characters are 7% and 8%, respectively. This
suggests that the electronic structures of the chalcogen-nitrogen ring systems SoN2, Se2N2

and SeSN: are essentially identical.

Molecular properties of S2N2, SeSN2 and SezNo.

Table 1 shows the optimized metric parameters of SN2, SeaN2 and SeSN2 calculated at
different levels of theory along with the experimental values for free SoN» 4243 and the
palladium adduct of Se;N».° Considering the general performance associated with the
different theoretical methods, the values in Table 1 show no distinct anomalies.
Therefore, no visible indication of the extraordinary electronic nature of these molecules
is evident from the calculated geometrical parameters alone. RHF predicts bond lengths
that are 0.05A too short, whereas MP2 overestimates lengths by nearly the same amount.
As expected, coupled cluster, CASPT2, and DFT show the best performance. As
observed for the adducts of S2N>,1%444% the coordination of SezN- to the palladium centers
in [BrsPd(u-N2Se2)PdBrs]?~ has very little effect on the Se—N bond lengths and the

calculated values match well with the experimental ones.'® The effect on the bond angles

13



Is stronger as the Se;N2 moiety is distorted noticeably from the idealized structure.

The S—N bond lengths are calculated to be slightly shorter in SeSN; than in SN,

whereas the corresponding Se—N bond lengths are predicted to be longer by an equal
amount in SeSN than in Se2N2. Due to the different size of selenium and sulfur atoms,
the geometry of SeSN; is distorted from the square-planar arrangement in E2N2. The
ENE’ angles are still close to 90°, but the £ NSN bond angle is around 97° and the £

NSeN angle is approximately 83°. Interestingly the £ NSeN angle is found to be smaller

than the £ NSN angle.

14



Table 1. Optimized Geometries of SoN2, Se2N2 and SeSN. Calculated with Various Methods Using the cc-pVTZ Basis Set?

PBEPBE PBEO RHF MP2 CCSD CCSD(T) CAS CASPT2 exptl.

S2N2 r (SN) 1.673 1.642 1.608 1.677 1.647 1.664 1.679 1.656 1.658
Z SNS 88.6 89.1 90.1 88.2 89.3 89.0 88.9 88.7 90.4

Z NSN 914 90.9 89.9 91.8 90.7 91.0 91.1 91.3 89.6

SezN2 r (SeN) 1.826 1.789 1.749 1.841 1.794 1.816 1.832 1.796 1.807
2 SeNSe 89.9 90.5 91.8 88.9 90.7 90.3 90.1 89.7 97.9

2 NSeN 90.1 89.5 88.8 91.1 89.3 89.7 89.9 90.3 82.1

SeSN:2 r (SN) 1.647 1.615 1.561 1.674 1.616 1.637 1.647 1.634 —
r (SeN) 1.851 1.817 1.802 1.830 1.826 1.842 1.864 1.821 -

2 SNSe 89.5 89.7 90.7 88.7 89.9 89.6 89.5 89.1 -

Z NSN 97.4 97.1 97.4 96.8 97.0 97.1 97.7 97.2 -

2 NSeN 83.7 83.5 81.3 85.9 83.1 83.6 83.4 84.6 -

a Bond lengths and bond angles are reported in Angstréms and degrees, respectively. ® Experimental data for S;N2 and Sez2N; is taken

from references 43 and 10, respectively.



Before entering the discussion about second order molecular properties and
excitation energies, it is informative to examine the natural orbital occupation numbers
(NOONSs) obtained from correlated ab initio calculations. As mentioned above, high
LUMO occupation numbers can be used to aid in the determination of the amount of
diradical character in a molecule. However, NOONSs can also be used to identify, whether
a multiconfigurational description of the wave function is needed. As Gordon et al.*®
have shown, the presence of non-physical negative NOONSs is a clear indication that the
chosen computational approach is not suitable for creating a reliable wave function. For
example, when modeling the dissociation of N2 with MP2, negative NOONSs appear at r =
1.2 A. At the same distance the MP2 potential energy curve starts to deviate distinctly
from those of multiconfigurational methods as the single determinantal approximation of

the wave function loses ground.

We have calculated the MP2 and CCSD NOONSs for S2N2, Se2N2, and SeSN for
their equilibrium structures and structures having minimal bond elongation. For all
molecules, negative NOONs were found at the MP2 level of theory indicating the
breakup of the perturbational approach. Clearly the RHF wave function is not an ideal
first order approximation of the true wave function for any of the molecules. By virtue of
the infinite-order feature of the coupled cluster methods, they have the ability to handle
moderate amounts of static electron correlation. Consequently, all NOONSs were found to
be positive at the CCSD level. Thus, RHF and MP2 are expected to show unpredictably
varying performance when used to calculate the molecular properties of SoN2, Se2N2 and

SeSNo.

16



Vibrational frequencies. The IR active vibrational frequencies of S;N2 have been
determined by Bragin and Evans,*” and Warn and Chapman.*® Several authors*>* have
already pointed out the apparent inconsistencies in the assignment of vibrational modes
by Bragin and Evans and the matter will not be discussed further here. No reliable Raman

data have been reported for SoNo.

The calculated harmonic vibrational frequencies, IR intensities, and Raman
activities for SoNa, Sez2N2, and SeSN are listed in Table 2. As we'® and other authors*®!
have noted before, the calculated RHF and MP2 frequencies of SoN» show differences of
several hundred wave numbers. Scaling the RHF values with an empirical factor of 0.90
improves the match.>? However, MP2 results cannot be improved with a uniform scaling
factor; and markedly different factors for different normal modes should be used if better
agreement is sought with scaling. In addition, MP2 IR intensities and Raman activities
deviate noticeably from other values listed in Table 2. Despite the apparent shortcomings
of both methods, RHF and MP2 still manage to give a qualitatively accurate description

of the frequencies of all normal modes.

17



Table 2. Harmonic Vibrational Frequencies [cm™] of S2N2, Sez2N2 and SeSN- Calculated
at Different Levels of Theory Using the cc-pVTZ Basis Set.2

S2N2 vi(Ag) v2(Ag) v3(B1g) va(B1u) vs(B2u) ve(B3u)
PBEPBE 885!0.100] 607032 8971034 45817301 65310 75211000]
PBEO 974[0.100] 6620301 970[038] 49015301 699[201  840I[100.0]
RHF 112410.100] 7520032 107200.69] 54503401 659[43.0] 96311000]
MP2 829[0.100] 615[09%8] 874001 46711000] 7747301 7881601
CCSD 975[0-] 66801 962[0-] 48915401 66901401 839[100.0]
ccsD(T) 913 637 917 467 654 785
CAS 891[0-] 620[0-] 865[0-1 46217401 60402801 758[100.0]
CASPT2 924[0-] 648I0-1 914[0-] 47616901 687128.] 7901100.0]
exptl.*8 — — - 474 663 795
Se2N2 vi(Ag) v2(Ag) v3(B1g) v4(B1u) vs(Bzu) ve(Ba3u)
PBEPBE 765[0.100] 349[025] 7300023 336[100.0] 566(8] 6118601
PBEO 843[0.100] 3861022 79900271 3587901 61701801 684[100.0]
RHF 980(0.100] 443[023] 894054 39904401 602[7301  78711000]
MP2 66700131 3460541 6g5[0.100] 3538001 §73[100.0] 6684301
CCSD 849[0-] 393[0-] 802[0-] 3637801 6033001 68gl100.0]
ccsD(T) 785 369 751 344 578 635
CAS 764[0-] 352[0-] 730001 334[100.0] 5355101 609(8501
CASPT2 816[0-] 393[0-] 762[0-] 36009401 59001501 §5211000]
SeSN2 vi(Az) v2(A1) v3(A1) va(B1) vs(B2) ve(B2)
PBEPBE 84200100 gA7141 4401330  40QU0  gg5R6l  GplT614]
PBEO 928[0.100] 695471 48503241 427110001 g7Q[64.15]  §Q2[9.15]
RHF 10942100 739844 52562 4710501 112200061 757(65.17)
MP2 755021 713141000 4g5[2%9]  41001000] 881253 p4glll
CCSD 933l 6841121 484151 42811007 972167-] 69410981
CCSD(T) 867 660 462 408 913 649
CAS 843I271 626151 43701 40111007 8971391 6200751
CASPT2 889Mt31 6720101 48101-] 419[100.] 970128 664071

a Scaled IR intensities and Raman activities [%] are reported in square brackets.
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The other methods display a more rational performance. Both PBEPBE and CAS
predict too small frequencies for SoN2, which mirrors their tendency to overestimate bond
lengths (see Table 1). Again coupled cluster, CASPT2, and PBEO give results, which are
in good quantitative agreement with the experimental values. Thus, PBEO, coupled
cluster, and CASPT?2 are also expected to give the most accurate data for the vibrational
frequencies of SeSN, and Se2N>. The data given by these methods can be averaged and

used to estimate the observable normal modes. The reported values are expected to be
accurate to within £25 cm=! because the anharmonicity effects are expected to be very

small in the current case.

Figure 2(a) shows the theoretically predicted IR and Raman spectra of Se2Nz. The
three IR allowed fundamentals vs—ve are estimated to occur at 355 cm1, 590 cm~ and
660 cm~L. The transition at around 590 cm~! should be considerably less intense than the
two other transitions. The corresponding wave numbers for the allowed Raman
transitions vi—vz are 822 cm=, 385 cm~ and 780 cm~'. The Raman activity for the first

fundamental is predicted to be more than two times those of the latter two.
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(a) 1250 1000 750 500 250 0 [cm]

(b) 1250 1000 750 500 250 0 [cm]

Figure 2. Theoretically predicted IR (blue) and Raman (red) spectra of a) Se2N2 and b)

SeSNz. The lines are artificially broadened using a Lorentzian line shape and a half-width

value of 25 cm1.

The theoretically predicted IR and Raman spectra of SeSN» are shown in Figure

2(b). All six fundamentals are both IR and Raman allowed. Calculated IR intensities
show that the fundamentals vi—v3 should be considerably weaker than vs—ve. The three
most intense IR transitions are expected to occur at 960 cm™, 675 cm and 420 cm.
The two normal modes of SeSN; displaying the largest Raman activities are vi and v3

with estimated wave numbers of 905 cm™ and 480 cm™, respectively. Two weaker

transitions are predicted to occur at 960 cm~t and 675 cm™.
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Table 3. NMR Chemical Shifts of Some Chalcogen-Nitrogen Compounds Calculated at
Different Levels of Theory Using the cc-pVTZ basis set

PBEPBE PBEO RHF MP2 CAS? exptl.1t

14BN S2N2 63 69 110 -104 49 -
SSeN: 96 108 145 -168 72 -

Sez2N2 160 189 302 -479 132 -

SaNy —237 —238 —254 —259 - —256
Se252N4 -210 -211 —228 —233 - —238

"Se SeSN; 1786 1848 1911 1437 1775 -
Se2N2 1756 1857 1991 667 1728 -
Se2SaNs4 1147 1261 1251 1285 - 1418

& A full valence CAS space was used in all calculations.

NMR chemical shifts. Table 3 includes the calculated N, °N, and ’Se NMR chemical
shifts of SoN2, SeoN2 and SeSN2 as well as those of SaN4 and 1,5-Se>SoNa. It can be seen
that the calculated **N and >N NMR chemical shifts of SaN4 and Se2S2N4 are in excellent
agreement with the experimental data.'* The calculated "Se chemical shifts of Se;S;N4
have slightly larger errors and all methods uniformly predict chemical shifts that are
around 200 ppm too small. This is expected since these cage structures exhibit weak
transannular E---E bonding interactions which are known to be difficult to model
accurately.>® The calculated "’Se shielding is therefore extremely structure-sensitive and
even small geometrical displacements induce differences of about £100 ppm in the
calculated shieldings. Therefore we chose to use the experimentally determined geometry
of SaNs in all shielding tensor calculations.>*% The crystal structure of Se»S;Na4 cannot,
however, be used. It exhibits positional disorder with site occupation factors ca. 50% for

selenium in each chalcogen atom position. Therefore, all experimentally determined bond
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parameters reflect only the relative composition of the atomic positions.! For this reason
we used the PBEO/cc-pVTZ optimized geometry for Se2SaNa. This introduces some
systematic error into the results which is most likely responsible for the observed

homogeneous shift in the calculated 7’Se shieldings.

A much more non-uniform performance of the different theoretical methods is
observed for the calculated shieldings of the four-membered rings. The most distinct
feature is the large difference between RHF and MP2 values. Similar results have been
obtained previously for the Ses?* cation whose reported RHF and MP2 7’Se NMR
chemical shifts are 3821 ppm and 154 ppm, respectively.>” The difference becomes larger
as the selenium content in the ring increases i.e. in the order S;N2 < SeSN2 < Se2N». For
SezN2 the RHF—-MP2 differences are enormous: 780 ppm and 1324 ppm for N and 1°N,
and "’Se chemical shifts, respectively. In addition, RHF chemical shifts seem to be much

better in line with DFT and CAS results than the MP2 values.>®

The rather conflicting performance of RHF and MP2 is not surprising if one takes
into account the singlet diradical character of these molecules. This has already been
discussed thoroughly in the context of Ses?* and other structurally related
heterochalcogen cations SxSesx?* (x = 1-3).1® As shown earlier with both wave function
and NOON analyses, the RHF wave function is not a good first order approximation of
the true wave function for any of the four-membered rings. Consequently, the use of a
perturbational approach to calculate electron correlation effects is no longer justifiable
and spurious results are obtained. The higher the order of the calculated property is, the
more profound the errors become. Both RHF and MP2 give reasonable geometries and
qualitatively correct vibrational frequencies, but fail to predict second or third order

properties like IR intensities, Raman activities and NMR chemical shifts.
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Interestingly, the PBEPBE and PBEO results display a similar, albeit much less
profound, trend as RHF and MP2. This reflects the fact that hybrid functionals become
more and more unsuitable as the diradical character of the molecule increases. A local
treatment of the exchange energy is a much better approximation of the true situation and
the pure GGA functional therefore performs better. PBEPBE results are also closest to

the values obtained with the multiconfigurational CAS method.

As no experimental NMR data are available for SoNo, error estimates for the
calculated PBEPBE and CAS chemical shifts cannot be readily obtained. An indirect
approach is to use the experimental chemical shift of Ses?* (1936 ppm) as a reference.>®
The calculated PBEPBE and CAS chemical shifts of Ses?* are 1906 and 1886 ppm,
respectively. Both values are slightly smaller than the experimental chemical shift. As all
these systems are structurally similar, it is reasonable to assume that the error in the
calculated values remains fairly constant. Hence, the /Se chemical shifts of SeSN, and
SeoNo are expected to occur at 1820 + 20 ppm and 1780 + 20 ppm, respectively.
Assuming comparable errors also for nitrogen, the respective N and N chemical shifts
of 95 + 20 ppm, 125 + 20 ppm and 185 * 20 ppm for SaN2, SeSN2 and SezN2 can be

expected.

Excitation energies. Excitation energy calculations of S;N. have previously been
reported at C1,%° MRCI,%* and TDDFT* correlated levels of theory. The CI results of Jafri
et al.5% offer only qualitative insight as the predicted transition energies are overestimated
by several eV. Experimentally, the UV/Vis spectrum of S2N> shows one broad band with
vibrational fine structure in the range 4.5-5.8 eV.%° The shape of this band clearly

suggests the presence of two overlapping bands.
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The calculated singlet and triplet excitation energies of SoN2, Se2N2 and SeSN> are
presented in Tables 4 and 5, respectively. Only the energies of the lowest eight excited
singlet and triplet states are shown. It is only by chance that the lowest eight excited
states of SoN2 and SezN: all belong to different symmetries. Excitation energies were also
calculated using HF (TDHF) and MP2 (second order polarization propagator
approximation, SOPPA) methods. The calculated values, however, turned out to be of
little practical use and are therefore omitted from tables. For example, TDHF incorrectly
predicted the ground state of Se>N> to be a triplet. Although a SOPPA calculation gave a
correct singlet ground state, the triplet excitation energies were still severely
underestimated. It is obvious that more elaborate ab initio methods are needed to reach
even qualitative accuracy.

The only electric dipole-allowed transitions for SoN> are those to Biy, B2y, and Bsy
symmetric states. However, the calculated CAS, EOM-CCSD and TDDFT oscillator
strengths consistently indicated that transition to the first By, state is very low in
intensity and will therefore not contribute to the spectrum. In addition, the transition to
the 1'Byy state is found to be considerably more intense than the transition to the 1'Bay
state as calculated oscillator strengths for these states are 0.13 and 0.03, respectively.

These results are in good agreement with earlier findings.>061
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Table 4. Vertical Singlet Transition Energies [eV] of SoN2, SeoN2 and SSeN, Calculated at Different Levels of Theory Using the cc-pVTZ
Basis Set.

1Aqg 1Bau 1B2u 1B1g 1B1u 1B2g 1B3yg 1Au

S2N2 TDPBEPBE 4.21 5.32 5.24 5.57 4.05 4.32 5.65 4.17
TDPBEO 4.95 5.25 5.25 5.92 441 4.37 5.61 4.37

CCsD 5.25 5.63 5.30 6.11 4.64 4.62 5.87 4.44

CAS 571 6.10 6.10 6.66 4.59 5.09 6.76 4.84

CASPT2 4.44 491 4.69 5.55 4.04 4.37 5.67 4.23

Se2N2 TDPBEPBE 3.68 4.65 4.37 4.93 3.43 3.76 5.03 3.43
TDPBEO 4.30 4.53 4.36 5.22 23.72 3.70 491 3.61

CCsD 4.23 4.67 4.29 5.18 3.58 3.73 5.06 3.51

CAS 4.87 5.37 5.13 5.84 3.80 4.43 6.05 4.04

CASPT2 3.68 4.25 3.89 4.87 3.37 3.74 5.05 3.45

1A1 2A1 1B1 2B1 1B2 2B2 1A 2A2

SeSN,  TDPBEPBE 3.83 4.75 3.62 5.35 4.95 5.18 3.63 4.09
TDPBEO 4.44 4.84 3.94 5.27 4.92 5.45 3.78 4.09

CCsD 4.59 4-98 4.17 5.55 5.23 5.67 3.85 4.31

CAS 5.03 5.75 3.98 6.39 5.64 6.15 4.17 4.87

CASPT2 3.86 4.21 3.57 5.24 4.64 4.93 3.44 4.02
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Table 5. Vertical Triplet Transition Energies [eV] of SoN2, Se2N2 and SSeN» Calculated at Different Levels of Theory Using the cc-
pVTZ Basis Set.

1Aqg 1Bau 1B2u 1B1g 1B1u 1B2g 1B3yg 1Au

S2N2 TDPBEPBE 3.80 2.96 3.40 4.78 3.66 3.62 4.92 3.59
TDPBEO 4.47 2.29 3.14 4.97 3.97 3.60 4.80 3.71

CCsD 491 2.89 3.51 531 4.32 4.06 5.26 3.95

CAS 5.17 3.06 4.34 591 4.25 4.63 6.17 4.19

CASPT2 4.24 2.89 3.38 4.82 3.78 3.87 511 3.65

Se2N2 TDPBEPBE 3.22 2.35 2.78 4.33 3.07 3.08 4.40 2.92
TDPBEO 3.75 1.50 2.51 4.48 3.31 2.95 4.20 3.02

CCsD 3.82 1.99 2.76 4.56 3.29 3.18 4.53 3.03

CAS 4.29 2.46 3.69 5.26 3.50 3.96 5.53 3.41

CASPT2 3.51 2.32 2.79 4.32 3.14 3.25 4.54 2.90

1A1 2A1 1B1 2B1 1B2 2B2 1A 2A2

SeSN,  TDPBEPBE 3.10 3.36 3.24 4.66 2.72 4.40 3.06 3.41
TDPBEO 2.88 3.93 3.52 4.57 1.99 4.50 3.13 3.34

CCsD 3.26 4.34 3.87 4.96 2.65 4.87 3.32 3.77

CAS 4.03 4.54 3.69 5.82 2.83 5.35 3.49 4.40

CASPT2 3.01 3.68 3.32 4.68 2.62 441 2.93 3.52
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It has been noted earlier®® that the addition of diffuse functions to the basis set
leads to changes in the energies of the 1'Bsy state relative to those of the 1'By, state. As it
is possible that some of the excited states might require spatial diffuseness characteristic
of Rydberg states, the excitation energies of SoN> were also calculated with the
augmented aug-cc-pVTZ basis set. The results were however virtually indistinguishable
from those listed in Table 4 and are not tabulated. The addition of diffuse functions
resulted in overall lowering of the excitation energies by 0.04 eV, but the energy ordering
of the states remained unchanged. In particular, we find the 1'By, state to be always lower
in energy than the 1'Bs, state. As a result, none of the first eight excited states of SoN-
has much Rydberg character. In addition to the basis set, the reported selective energy
lowering effect also depends on the method used and the molecular geometry i.e. the
relative energy ordering of the nearly degenerate HOMO and HOMO-1 orbitals.

The band maximum in the experimental UV/Vis spectrum of SN2 is at
approximately 5.0 eV (250 nm).%° It is obvious that the calculated CAS and CCSD singlet
excitation energies are overestimated. The same appears to be true also for the TDDFT
energies, although the overestimation is not as large. Conversely, the excitation energies
are slightly underestimated at the CASPT2 level because calculated 1'Bs, and 1'Bay,
transition energies are both below the experimental band maximum. Both CAS and
PBEPBE results are equally close, but on the different sides of the experimental band
maximum.

Identical spectral features are predicted for SexN.. The calculated oscillator
strengths for the three symmetry-allowed transitions 1By, 1'B2y and 1'Bs, are 0.00, 0.12
and 0.02, respectively. The band maximum is shifted slightly towards the lower energy

end of the spectrum and is expected to occur at ca. 4.3 eV (285 nm). The mixed
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chalcogen species SeSN2 shows Cpy symmetry, which means that the A> transitions are
dipole forbidden. The calculated oscillator strengths predict one strong A: transition at
around 4.5 eV (275 nm) and the possible occurrence of two lower intensity transitions
slightly above and below 5.0 eV.

Taken as a whole, the singlet transition energies in Table 4 show that the
excitation energies decrease as the selenium content in the ring increases. The same is
also true for the triplet energies (see Table 5). In particular, the singlet-triplet energy gap
decreases 0.3 eV with every selenium addition and changes from 3.00 eV (S2N2) to 2.35
eV (Sez2N2). This might indicate slightly higher reactivity for the selenium-containing

rings.

Crystal structures and band gaps. Disulfur dinitride forms monoclinic crystals, space
group is P2i/c, with two SN2 molecules per unit cell.** The crystal structure shows a
herring-bone pattern characteristic of closest packing molecular crystals of planar
molecules. Along the crystallographic a axis, there is a relative short intermolecular S---N
contact of 2.889 A. The other S---N distances are much longer (mean value of 3.282 A;
c.f. S--N van der Waals distance 3.35 A). The crystals of SaN; are originally colorless,
which indicates the existence of a band gap greater than 3.2 eV. Theoretical calculations
have come to similar conclusions; S>N> has been described as an indirect-gap
semiconductor whose energy gap is found to be close to 3 eV.52-64 Upon polymerization,
the crystals turn an intense dark blue color. Over time the blue color fades and the
crystals become a lustrous golden color, indicating the formation of a (SN)x polymer.

To determine the band gaps for the heavier chalcogen analogues of SoNp, at least a

one-dimensional model of their crystal structure is needed. For this reason, the
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geometries of the weakly bonded dimers were optimized using the PBEO/aug-cc-pVTZ

method. The structure of SoNo---SoN2 was found to be remarkably close to the geometry

of the unit in the crystal structure, as the calculated intermolecular S---N distance was
found to be 2.881 A. It can therefore be concluded that electrostatic, bond dipole forces
are predominantly responsible of the crystal structure geometry. The corresponding
intermolecular Se---N distance in the selenium analogue was found to be 2.685 A: in good
agreement with change in the electronegativity of the chalcogen atom. Similarly, the
S--N and Se---N distances in the optimized mixed chalcogen dimer SeSN,---SeSN, were
2.902 A and 2.684 A. From these three structures, the translational vectors needed for the
creation of one-dimensional model systems can be obtained.

Band gap energies were then calculated for all one-dimensional model systems
using the pure GGA PBEPBE functional and the aug-cc-pVTZ basis set. The indirect
band gap of SoN> was calculated to be 3.32 eV, which is in excellent agreement with
earlier results.52%* This gap corresponds to a wavelength of 370 nm. The corresponding
band gaps for SeSN2 and Sez:N> were found to be 2.50 eV (485 nm) and 2.20 eV (555
nm), respectively. Thus, crystals of SeSN> and Sez>N; are predicted to be orange-yellow
and red, respectively. In agreement with the aforementioned results for excitation

energies, the band gap energy decreases as the selenium content in the ring increases.

Conclusions

The electronic structures and molecular properties of S;N. as well as the currently
unknown chalcogen nitrides Se>N2 and SeSN> have been studied using various ab initio

and density functional methods. All molecules share a qualitatively similar electronic
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structure and can be described as 2m-electron aromatic systems. The existence of
symmetry-broken spin-unrestricted HF solutions suggests that the strong electron
correlation effects exhibited by the SaN2, SeaN2 and SeSN> ring systems are static in
nature and are a direct consequence of their intrinsic minor singlet diradical character.
This effect reduces their aromaticity by 6—-8%. Together with the previous results, the

spin-density analyses provided in this work further confirm that the diradical nature can

be unquestionably attributed to nitrogen rather than to sulfur atoms.

Although the singlet diradical nature of S2N2, Se2N2 and SeSN: is not a dominant
effect in their wave functions and does not, therefore, exclusively determine their
reactivity, it imposes strict requirements on the theoretical methods used in the
calculation of their second and higher order molecular properties. This has been
demonstrated by wave function and natural orbital occupation number analyses, as well
as by comparison of results calculated at different levels of theory. Spurious results are
obtained for all present systems, if the methods are incapable of describing their diradical
character. Of the conventional ab initio methods, RHF and Mgller-Plesset perturbation
theory (in all orders) completely fail to describe the electronic structures. The use of a
pure GGA density functionals over their hybrid counterparts is preferred, as the
employment of a constant fraction from the exact RHF exchange leads to non-physical
delocalized exchange-correlation holes in the current case.

Predictions for the vibrational frequencies, IR intensities, Raman activities, and
14N, 5N and "7Se chemical shifts, as well as singlet excitation energies of Se2N. and
SeSN: have been made by using the results from the theoretically most reliable coupled
cluster, CASPT2 and DFT methods. The computed high-level spectroscopic data for

SeoN2 and SeSN will be of considerable value in efforts aimed at the preparation of these
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precusors and, ultimately, the conducting polymers (SeN)x and (SeNSN)x.
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