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M. S. GOPINATHAN and M. A. WHITEHEAD. Can. J. Chem. 53, 1343 (1975) 
The energies calculated for tetranitrogen tetrasulfide, S4N4, by the CNDOIBW theory 

favor a structure with coplanar nitrogen atoms and not a structure with coplanar sulfur atoms. 
Both structures have been proposed from experimental studies. Localized molecular orbitals are 
calculated for S4N4 and used to choose the appropriate Lewis structure for the molecule. The 
hybridization at the nitrogen and sulfur atoms is discussed. There is electron delocalization in 
the molecule, the S-N bond is a bent bond involving pure p-orbitals on the sulfur and nitrogen 
atoms and there is a pure p-bent bond between thesulfur atoms on the same side of the coplanar 
nitrogen atoms. There is no N-N bond in S4N4. 

M. S. GOPINATHAN et M. A. WHITEHEAD. Can. J. Chem. 53, 1343 (1975). 
Les energies calculks pour le tetrasulfure de tetrazote, S4N4, par la thbrie CNDOIBW 

favorisent une structure avec des atomes d'azote coplanaires et non pas une structure avec des 
atomes de soufre coplanaires. Les deux structures avaient ete proposks a partir d'etudes 
experimentales. Les orbitales molkulaires localiskes peuvent &tre calculks pour S4N4 et 
utiliskes pour choisir la structure de Lewis approprike pour la molkule. On discute de I'hybridi- 
sation aux atomes d'azote et aux atomes de soufre. 11 y a une delocalisation des electrons dans 
la mol8cule; le lien S-N est un lien courbe impliquant des orbitales p pures sur les atomes de 
soufre et les atomes d'azote et il y a un lien p courbe entre les atomes de soufre sur le meme 
cBt6 des atomes d'azote coplanaires. 11 n'y a pas de lien N-N dans le S4N4. 

[Traduit par le journal] 

Introduction 
The molecular structure and chemical bonding 

in tetranitrogen tetrasulfide, S4N4, are unre- 
solved (1, 2). X-Ray and electron diffraction 
studies (3) and vibrational (4) and electronic (5) 
spectral studies lead to two proposed molecular 
structures, 1 and 2, (Figs. 1 and 2). In structure 
1 the four nitrogen atoms are coplanar with two 
sulfur atoms above and two below the plane, 
while structure 2 has coplanar sulfur atoms with 
the nitrogen atoms above and below the plane. 
Both structures have D,, molecular symmetry. 
An extended Hiickel theory study (6) of the 
energies of the two structures predicted structure 
1 to be more stable. The same structures are 
here studied using SCFMO wavefunctions of the 
CNDOIBW theory (7). 

There is also the problem of the electronic 
structure of S4N4. Many Lewis structures (Fig. 3, 
A to G )  have been proposed for S4N4, which 
differ in the type of bonds present, the charge on 
the atoms, the number of lone-pair electrons on 
each atom, and the presence or absence of S-S 
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FIG. 1. The coplanar nitrogen atom structure of 
S4N4. 

FIG. 2. The coplanar sulfur atom structure of S4N4. 
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and N-N bonds. Experimental and theoretical 
studies have not provided a unique atomic orbital 
description. From vibrational spectra, Lippin- 
cott and Tobin (4) proposed structure 2 with 
N-N bonds but no S-S bonds. The electronic 
spectrum was explained (5) using a weak S-S 
bond, structure 1. A free electron treatment (8) 
suggested the presence of both N-N and S-S 
bonds, while Lindqvist (9) proposed formula B. 
From an empirical correlation between S-S 
bond length and s-character of the sulfur hybrid 
orbitals in other molecules, it was argued that a 
single bond involving pure po orbitals exists in 
S4N4 (9). Extended Hiickel calculations (6) gave a 
negative bond order between the nitrogen atoms 
and indicated a weak S-S bond of the po type. 
The dispute over the existence of an S-S bond 
arises from the fact that the observed S-S dis- 
tance in S4N4 is 2.58 A which is longer than the 
normal single bond length, of 2.08 A, and shorter 
than the sum of the van der Waals radii, 3.70 A 
(7). A pure po bond between sulfur atoms does 
not fit (3) with the "double bond character" o f .  
the N-S bond inferred from the bond leqgth of 
1.616 A, which is shorter than a "pure single 
(sp3)" bond length of 1.764 A. However this 
N-S double bond character is not consistent 
with the observed angles of 113" at nitrogen and 

FIG. 3. Possible Lewis structures for S4N4. 

105" at sulfur. Any bonding scheme for the 
molecule also has to explain the electron de- 
localization in the S-N ring, indicated by the 
electronic spectrum ( 9 ,  and the 1 4 ~  n.m.r. 
chemical shifts (10) and explain the unstable na- 
ture of the compound. 

The conventional form of molecular orbital 
wavefunctions cannot answer the above ques- 
tions since the wavefunctions are delocalized 
over the entire molecular frame, and do not cor- 
respond to chemical bonds, lone pairs, etc. How- 
ever, a single determinantal wavefunction, such 
as the CNDO/BW wavefunction, is invariant to 
orthogonal transformation of the occupied mo- 
lecular orbitals out of which it is formed. There- 
fore the delocalized molecular orbitals can be 
transformed into Localized Molecular Orbitals 
(LMO's) which correspond to chemical bonds 
and lone pairs. Several criteria have been used to 
determine the transformation matrix (1 1) but the 
most successful and theoretically attractive 
method is that of Lennard-Jones (12), extensive- 
ly applied by Ruedenberg and co-workers (13). 
This method uses the theory that the two elec- 
trons forming a localized bond have maximum 
self-repulsion. This is an intrinsic criterion (14) 
and does not involve any preconceived model for 
the electron density distribution. The method 
successfully describes the electronic structure of a 
wide variety of molecules including electron de- 
ficient molecules (15, 27), and has been applied 
to the CNDO/BW wavefunctions for S4N4 to ob- 
tain a quantitative description of the nature of 
the bonding. 

Method of Calculation 
The CNDO/BW theory is specifically param- 

eterized to yield the correct equilibrium molecu- 
lar geometry (7). The parameter set I11 of Boyd 
and Whitehead (7) has been used, together with 
the experimental molecular geometry : structure 
1: N-S 1.616 A, LSNS 113", LNSN 105" (ref, 
3); structure 2: N-S 1.74 A, L SNS 98.Z0, 
LNSN 79.25" (ref. 4). Only 2s and 2p functions 
were used in the basis set; the possibility of d- 
orbitals on sulfur is discussed later. The localiza- 
tion procedure followed that of CNDO type 
wavefunctions given by Gopinathan and Nar- 
asimhan (16). 

Results and Discussion 
Geometrical Structure 

The total molecular energy calculated by the 
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TABLE 1. Truncated Localized Molecular Orbitals, TLMO, in S4N4. The numbering of the atoms and 
the coordinate axes refer to structure 1 

Type of LMO N,* N ~ x  N ~ v  N ~ x  sst S ~ x  spy S ~ z  

N1 lone pair (I) -0.95299 0.28548 0.00513 0.00756 

S3 lone pair 0.89418 0.14669 0.15409 -0.38646 

N1-S3 bond 0.12185 0.39316 -0.31899 0.343203 
0.23949 -0.29937 0.44656 -0.48681 

N l  lone pair (11) 0.00890 - 0.00544 0.65906 0.646042 
(S2) -0.00148 -0.05309 0.18677 0.10042 
(S3) -0.00535 0.064929 0.18992 0.10374 

S3-S1 bond (S,) -0.03571 0.43401 0.49203 -0.13945 
(S3) -0.11140 -0.48274 -0.46936 -0.12651 

*N coefficient of atomic orbtal a on nitrogen. 
t~'coefficient of atomic orbital b on sulfur. The delocalization is given by d = (1 - x c : ~ ~ ~ ~ )  x 100%. Thus the delocalization of the N1 

lone pair is (1 - x c ~ , , , ~ ~ ) ,  and the amount of delocalization other than to the adjacent SZ and S3 is givenby (1 - Z clZ - x ciZ). 
J.P.,P,.Px niVogen sulfur 

orbitals orbitals 

CNDOIBW method is - 64.72827 a.u. for struc- 
ture 1 and -64.39302 a.u. for structure 2. The 
average calculated S-N bond energy is 70 kcal 
mol-' for structure 1 and 50 kcal mol-' for 
structure 2. Thus the coplanar nitrogen structure 
is more stable than the coplanar sulfur structure 
by 0.33525 a.u. (- 200 kcal mol-l). Qualitatively 
similar results were obtained from extended 
Hiickel calculations (6). The latest three- 
dimensional X-ray diffraction study (3) also sup- 
ports structure 1. These results show structure 1 
to be the correct one; structure 2 is not con- 
sidered further. 

Electronic Structure 
There are 44 valence electrons in S4N4 in 22 oc- 

cupied molecular orbitals. The localized CNDO/ 
BW molecular orbitals for S4N4 are highly 
localized. The degree of delocalization of LMO 
can be obtained as follows. 

While a given LMO approximates a given 
bond or lone pair in a molecule, it contains co- 
efficients of atomic orbitals on atoms which are 
not those forming a localized bond or lone pair. If 
all the coefficients of atomic orbitals, other than 
those chemically considered to be involved in the 
bond or lone pair, are neglected, a Truncated 
Localized Molecular Orbital, TLMO (yTLMo) is 
obtained. This TLMO is not renormalized. The 
original LMO is normalized, and the difference 

measures the delocalization of the original LMO. 
If the LMO is completely localized it equals the 

TLMO and the above difference is zero. Within 
the CNDOIBW theory, where differential over- 
lap is neglected, this difference becomes 

as a percentage of delocalization, and d goes to 
0% when the LMO represents a completely 
localized lone pair or bond, and hence is identi- 
cal to the TLMO. 

The LMO's in S4N4 belong to five types, 
Table 1 and Fig. 4. 

( I )  Nitrogen Lone Pair (I) 
This is a nitrogen 2s orbital, with 99.1% s- 

character. Thus there is no hybridization at the 
nitrogen atoms in S4N4. The delocalization in- 
dex, d, is 1.02%; this lone pair is highly localized. 

(2) Sulfur Lone Pair 
This is predominantly a. sulfur 2s orbital, with 

80.45% s-character. The d value is 0.85%; the 
lone pair is highly localized. 

(3) N-S Bond 
The d value is 2.76%; the bond is highly 

localized. It is a single bond between almost pure 
p-orbitals on nitrogen and sulfur. The s-charac- 
ters of the nitrogen and sulfur orbitals are 3.82 
and 9.83% respectively. These orbitals are not 
directed along the N-S internuclear axis. The 
p-vector corresponding to the nitrogen orbital 
(having the x, y, z components given in Table 1) 
makes an angle of 6.03" with the NS axis at 
21.17" to the NSS plane and the corresponding 
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FIG. 4. Atomic orbital representation (schematic) of 
N-S and S-S bonds in S,N, obtained from LMO's. 
Only one N-S bond (N1S3)  and one S-S bond (S1-S3) 
are shown. The angles represent the deviation of the 
atomic hybrids from the internuclear axes and from the 
NSS plane. Note that the overlap occurs inside the nuclear 
frame, as in ref. 27 for the center bond of 1,2-C2B,H6. 
Angle between pl and axis = 6.03"; p ,  and 
NI-S3-S, plane = 21.17"; p2 and Nl-S3 axis = 
9.84"; p ,  and N,-S3-S, plane = 23.880'; p3 and 
S3-S1 axis = p4 and S3-S1 axis = 10.67'; p3 and 
N1-S3-SI plane = p4 and N,-S3-S1 plane = 81.5"; 
where p ,  = p-orbital vector on N ,  involved in the 
N,-S3 bond, p2 = p-orbital vector on S3 involved in 
the N,-S3 bond,p3 = p-orbital vector on S3 involved in 
the S3-S1 bond, and p,  = p-orbital vector on S1 in- 
volved in the S3-S1 bond. 

sulfur orbital makes an angle of 9.84" with the 
NS axis at 23.88" to the NSS plane (Fig. 4). Thus, 
maximum overlap occurs off the internuclear 
axis; the N-S bond is bent (17). 

(4) S-S Bond 
The delocalization index is 6.7% and is over 

the whole molecule. The orbitals in this LMO 
are almost pure p-orbitals on sulfur, with 2.0% 
s-character; the bond is between two sulfur 
atoms on the same side of the nitrogen plane. 
The S-S bond is bent, the sulfur p-orbital vec- 
tors in this LMO make angles of 10.67" with the 
S-S axis at 81.5" to the NSS plane. 

(5) Nitrogen Lone Pair (11) 
The d value is 14.82%. The delocalization is 

mainly (9.89%) to the p-orbitals of the two sulfur 
atoms to which the nitrogen is bonded. The re- 
maining 5% is to all other atoms. This is a pure 
p-orbital lone pair on nitrogen, but more delocal- 
ized than the nitrogen s-lone pair (I) described 
above. 

These are the only LMO's in S,N,. No LMO 
corresponds to an N-N bond; there is no N-N 
bond in the molecule, agreeing with the reduc- 
tion products of S,N, never containing N-N 
bonds. The LMO's show the molecule to be 
adequately described by the Lewis structure B, 
suggested by Lindqvist (9). 

The atomic charges at nitrogen and sulfur 
from the present calculations are -0.329 and 
+0.329 respectively, again supporting structure 
B which has been shown to be consistent with the 
electronic spectrum of S,N, (5) which requires a 
polar structure. 

The N-S and S-S bonds are bent bonds be- 
tween almost pure p-orbitals; they are weaker 
than normal straight bonds involving spn hy- 
brids, Which explains the classical "strain" in 
S,N, and its unstable nature (4). Thus S,N, is 
analogous to P, (17) where bent bonding occurs 
between essentially p-orbitals. The difficulty in 
reconciling the observed N-S and S-S bond 
lengths with the valence angles at nitrogen and 
sulfur disappears; bond lengths are not simply a 
function of double bond character or bond order. 
Thus while the N-S bond length in H3-N-SO, 
is 1.764 + 0.020 A, and is assumed to be a single 
sp3 bond (3), the observed N-S distance in S,N, 
is 1.616 + 0.010 A. But this does not imply 
double bond character in the N-S bond in S,N, 
(bond order greater than 1) nor sp2 hybrids. The 
nature of a chemical bond between two atoms is 
determined by, (1) the s and p character of the 
bonding atomic hybrids, (2) the bent or straight 
overlap of these hybrids, and (3) the delocaliza- 
tion of these hybrids to other atoms. The S-S 
bond in S,N, illustrates these points. The LMO 
shows pure p-orbitals in the bond, a considerably 
bent bond, and a delocalization of 6.7% to other 
atoms in the molecule, causing a considerable 
weakening of the bond even though it is a two 
electron single bond. This result agrees with 
Lindqvist's (9) prediction of a pure p-orbital 
bond from the correlation of observed S-S dis- 
tances in S,, S2O6'-, S2043-, and S,N, with 
the s-character of the sulfur hybrid. 

There is no satisfactory definition of bond in- 
dex to measure the strength of a bond in SCFMO 
theory (18, 19). However, the bond order index 
of Wiberg (20, 21) may be used as a measure of 
bond strength. The index is the sum of the squares 
of the first-order density matrix elements be- 
tween orbitals on two atoms. The Wiberg index 
for the N-S and S-S bonds in S4N4, has been 
calculated using the LMO's in Table 1. For the 
N-S bond the value is 0.907; there is an addi- 
tional contribution to the N-S bond order from 
the delocalized N lone pair (11) of 0.16. Thus the 
total bond order for the N-S bond is 1.067; 
that for the S-S bond is 0.869. The N-S bond 
has little double bond character, and the S-S 
bond is weaker than a normal single S-S bond. 
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The diamagnetic ring current in S4N4 (10) The authors deeply appreciate the warm hospitality and 
suggests electron delocalization around the SN the keen interest in their welfare and scientific work, ex- 

ring. F~~~ the ~ ~ 0 9 ~  the diamagnetic ring cur- tended by the late Professor C. A. Coulson, FRS. M.S.G. 
gratefully acknowledges the award of a Commonwealth rent is obvi~usly due the pmorbital lone pair Bursary of the Royal Society, London, that made possible 

electrons on nitrogen delocalizing into the P- his visit to Oxford. M. A. w. acknowledges the award of a 
orbitals on the sulfur atoms to which it is directly National Research Council of Canada Travelling Fellow- 
bonded. A recent CND012 calculation of the ship 1971-1974. 

Wiberg bond order for 'the S-N bonds in 
N4S4F4 and S4N4 by Cassoux et al. (22) gave the 
values 1.3 and 1.87 for the two types of bonds in 
N4S4F4 and 1.49 for the bond in S4N4. These 
authors interpreted the bond order in S4N4 in- 
termediate between the values for N4S4F4, as 
evidence for electron delocalization in N4S4. 
This is not true; their result is a consequence of 
using uniform S-N bond lengths in S4N4 inter- 
mediate between the two S-N bond lengths in 
N4S4F4. 

The present LMO picture of the molecule ob- 
tained using only s and p functions on sulfur 
shows electron delocalization in the molecule, 
and hence it is not necessary to use d-orbitals on 
sulfur to explain the ring current (10, 15). Turner 
and Mortimer's extended Hiickel theory calcula- 
tions (6), specifically included d-orbitals on sulfur 
and showed that d-orbitals do not play any role in 
the molecular description of S4N4. Similarly X, 
calculations on and SF, (23) have shown 
that there is no sulfur 3d orbital contribution to 
the electronic structure of these molecules. Simi- 
lar conclusions have been reached by Koutecky 
and Musher (24) from CND0/2 calculations on 
sulfur compounds of different valence states. 

Conclusion 
S4N4 has a molecular structure with coplanar 

nitrogen atoms. The electronic formula for the 
molecule is the polar Lewis structure B. There is 
no s-p hybridization at nitrogen or sulfur. The 
N-S and S-S bonds are bent single bonds in- 
volving pure p-orbitals. There is no N-N bond. 
Electron delocalization occurs by delocalization 
of the p-electrons in a nitrogen lone pair to the p- 
orbitals on the sulfur atoms to which the nitrogen 
is bonded. 'The field gradient direction at the 
nitrogen atom, and the relation to recent n.q.r. 
field gradient measurements (25) will be con- 
sidered in a paper on the n.q.r. field gradients of 
various SN ring systems (26). 
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