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Charge-density Distribution of Heptasulfur Imide (S,NH) t 
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Heptasulfur imide,S,NH, was studied by X-ray diffraction at both 100 and 300 K: space group Pnrna, Z = 4, 
M, = 239, a = 7.842(2), b = 13.1 15(2), c = 7.621 9(7) A, at 100 K; R = 0.028 and 0.029 for 251 7 and 
994 reflections at 100 and 300 K respectively. The crown shape of the compound is similar to that of 
cyclooctasulfur, wi th one sulfur atom replaced by an N H  group. The experimental deformation density 
distribution reveals a large positive accumulation between the sulfur and nitrogen atoms; small 
accumulations were found between the sulfur atoms. A multipole refinement shows much clearer features 
in the bonding and lone-pair electron regions. The results of theoretical calculations by  the extended- 
Huckel molecular orbital, AM1 and ab initio methods are compared with experimental results. There is 
evidence of bent S-N bonds with endocyclic maxima in the deformation density distribution. The electron- 
density distribution may be affected by  the packing of molecules in the solid so that it differs from that of 
the isolated molecule. The net atomic charges from the multipole refinement indicate that N is negative, H 
is positive and S are neutral. However, those obtained from the ab initio method show a positive charge on 
the sulfur atom attached to  the N H  group. 

The molecular structure of heptasulfur imide (cycloaza- 
heptathiane, S,NH) was studied by X-ray diffraction at 
- 160 T. In basic solution it undergoes disproportionation 
to yield S7N-, S4N- and S3-  which were characterized by 
UV/VIS,' Raman and 'N NMR 4,s spectroscopy. 

Sulfur--nitrogen compounds have been widely investi- 
gated 6 - 1 0  in attempts to understand the nature of the S-S and 
S-N bonds. It appears that a large variation in the S-N bond 
lengths exists, the shortest being 1.416 A in N3S,F39 and the 
longest being 1.77 8, in sulfamic acid." This large range 
suggests the existence of different bonding modes. Sulfur-sulfur 
lengths also display a wide range, between 1.99 8, in 4-phenyl- 
1,2-dithiolylium cyanate [PhC3H,S,][SCN] and 2.59 A in 
benzothiophenes.' 2 . 1 3  Correlations between the bond length 
and bond order of S-N bonds have been 
Theoretical calculations on S4(NH)4 have even predicted 
bent bonds between S and N with density maxima outside the 
direct internuclear axis(exocyc1ic). 

In order to facilitate further understanding of the S-N and 
S-S bonds of S,NH, we have made structure analyses at both 
100 and 300 K. Experimental charge-density and multipole 
model density studies were performed on the 100 K data to 
elucidate the bonding properties. In addition, theoretical 
calculations on the isolated molecule based on extended Huckel 
molecular orbital (EHMO), Austin Model (AM1) and ab initio 
methods were also undertaken to study the bonding in terms 
of the electron-density distribution. From the comparison 
between experiment and theory we hoped to gain a better 
understanding of the nature of the S-S and S-N bonds. 

Experimental 
Heptasulfur imide was prepared from sodium azide NaN, and 
sulfur in P(NMe,),O under an atmosphere of N,, as previously 
described." It was then recrystallized from MeOH. The 
infrared spectrum (KBr pellet) showed bands at 3335w and 
792m cm--'. Suitable (light yellow) crystals were obtained by 
slow evaporation of a MeOH solution. 

The crystal data and some details of the experimental 

t Supplmicrirrirj~ r h i u  ut:uilublc: see Instructions for Authors,  J.  Chern. 
Soc.. D i i l t o ~  Trtrns., 1992, Issue I ,  pp. xx-xxv. 

conditions used in the present work are given in Table 1. The 
intensity data were collected on a CAD4 diffractometer 
equipped with a graphite monochromator and Mo-Ka radi- 
ation (h  0.7107 A). They were measured up to 28 = 70 and 92" 
at 300 and 100 K respectively. In order to improve the data 
accuracy, more measurements were made at 100 K. Two 
equivalent sets of reflections (h  k 1, hk I) were collected up to 
28 = 92". Seven measurements at w values from -45 to 45" 
with a step of 15" were collected for each reflection up to 28 = 
44". An additional set of reflections at w = 15" was collected for 
28 between 44 and 80". This yielded a total 13 442 measure- 
ments, which gave 2978 unique reflections after averaging of 
equivalents (Rint 0.01 9). Three standard reflections monitored 
every hour throughout the measurement varied by less than 

4%. An analytical absorption correction was applied based 
on six measured faces of the crystal. Normal least-squares 
refinements based on Fobs were performed; the weighting was 
calculated from counting statistics plus the 27; variation in 
intensity. The standard deviation of the averaged intensity was 
taken as the geometric mean of all the (3 values of equivalents. 
An extinction correction was tried in the least squares, but no 
effect was found. An additional high-order refinement was 
carried out based on data with (sin 0 / h  2 0.75 k') in order to 
obtain all the non-hydrogen atomic parameters for the use in 
a promolecule model density calculation of the deformation 
density distribution. Maps of the experimental deformation 
density ApxPx [equation (l)] were calculated from the 

1 
Ap,-, = pobs - p;'"" = - 1 (kFibs - F,) exp 27ci(hv) 

1 V h  

Fourier transform of the corresponding difference in structure 
amplitudes (kFo - F,), where F, was calculated based on the 
high-order refinement, i.e. promolecule model. The hydrogen 
position was displaced along the N-H vector to yield a N-H 
bond length of 1.0 A.18a Here k is the optimum scale factor 
for the data range used in the Fourier synthesis [(sin 8)/h = 
M . 7 5  A-'3, V is the volume of the unit cell, and h the Miller 
indices. 

In addition, a model deformation density distribution Apm - a  

based on a multipole model l 9  was calculated where ~2 repre- 
sents the density of the multipole model pmultipo'e and a the 
neutral spherical atomic density (promolecule). Basically, this 
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Table 1 Crystal data for S,NH a 

300 K 100 K 

alA 
bIA 
C I A  
UjA3 
Reflections used for cell parameter determination 
8 range(") for cell parameter determination 
DJg ~ m - ~  
Crystal size/mm 
p/cm-' 
Transmission coefficients 
8-20 scan range/" 
2 ~ m , x / "  
No. of reflections measured 
No. of unique reflections 
R, Rfb  
R, R'(sin 0/h  > 0.75 A-') 
h,k,l ranges 

7.960( 1) 
13.134(2) 
7.613(1) 

25 
10-23 
2.0 
0.5 x 0.5 x 0.3 
18.12 

795.9(3) 

1.6 + 0.7 tan 8 
70 
3460 
182OCI 2 30(I), 9941 
0.029,0.020 

- 12 to 12, -21 to 21, - 12 to 12 
- 

7.842(2) 
13.115(2) 
7.62 19(7) 
783.9(4) 
72 
14-38 
2.03 
0.35 x 0.26 x 0.37 
18.4 
0.628471 2 
2.2 + 0.7 tan 8 
92 
13 442 
2978CI k 30(1), 25171 
0.028,0.033 
0.027,0.026 
-15 t015 ,  -26t026, - 15 to 15 

Details in common: M ,  = 239.46, orthorhombic, space group Pnnza, Z = 4, F(O00) = 192. * R and R' are defined as R,  and R,, in Table 3. 

distribution is calculated in the same way as the experimental 
one, Apx-,, except that pobs was replaced by pmu'tipole 
[equation (2)]. The first two terms are the spherical part of the 

1 1 

- p""" + PvpVa' + 1 R,(r) 1 PlmYlm Pmultipo'e - 
1=0  m =  - 1  

electron density for the core and valence electrons respectively, 
the third is the sum of the multipole expansions in terms of the 
spherical harmonic series, Ylm; R,(r) is the Slater-type radial 
function, P,  and PI, are population coefficients which were 
obtained by least-squares refinement l9  together with conven- 
tional positional and thermal parameters. 

The deformation density distribution based on multipole 
refinement was calculated with a multipole expansion of the 
valence shell up to hexadecapoles for the S atoms, octapoles for 
the N atom and dipoles for the H atom. The atomic scattering 
factors were calculated as the sum of the core and valence 
electron scattering factors with coefficients taken from ref. 
18a. Neon and helium cores were used for S and N atoms 
respectively. The valence-electron configurations for S and N 
atoms were s2p4 and s2p3. A static multipole deformation 
density distribution was also calculated, in which all the 
thermal parameters U, were set to zero and the Fourier 
summation calculated up to the limiting sphere of the Mo-Ka 
radiation (1.41 k'). 

All computations were carried out on a local MicroVaxIII 
computer using mainly NRCVAX 2o programs. The multipole 
model was refined using the program MOLLY.19 The defor- 
mation density maps generated from both conventional and 
multipole refinement were produced by a locally developed 
contour-plotting program.2 

Additional material available from the Cambridge Crystal- 
lographic Data Centre comprises thermal parameters and bond 
angles. 

Computational Procedure 
All the molecular orbital (MO) calculations were carried out 
using the coordinates obtained from the diffraction data at 
100 K. The theoretical deformation density was computed by 
subtraction of the sum of the spherical atomic density from the 
total electron density of the occupied molecular orbitals 
[equation (3), HOMO = highest occupied molecular orbital]. 

HOMO 

APtheo = 1 PMO - 1 P?"" 
i =  1 1 

(3) 

Extended Hiickel calculations were made with the program 
ICON.22 The AM1 calculation was made with the AMPAC 
program.22 The AM1 parameters for sulfur were taken from 
ref. 23. The parameters for N and H were taken from the default 
values of the program. The ab initio calculation was carried out 
using the program GAUSSIAN 90.24 The molecular orbitals of 
an isolated S7NH molecule were obtained by making a single- 
point calculation at the restricted Hartree-Fock (RHF) level 
and using 3-21G and 3-21G* (split valence level with polari- 
zation function on S atom only) as basis sets.25 The spherical 
atomic density was computed using the same basis set at the 
restricted open-shell Hartree-Fock ROHF/GVB generalized 
valence bond level. All computations were carried out on a local 
MicroVaxIII computer. The deformation density maps were 
then produced by using the program MOPLOTZ2 and the 
contour plotted by the plotting program 2 1  mentioned above. 

Results 
The atomic and thermal parameters from the full data and the 
high-order [(sin B)/h > 0.75 A-'1 refinements are given in 
Table 2. The thermal ellipsoids of the molecule at 100 K and 
the bond lengths at both 100 and 300 K are shown in Fig. l(a). 
The thermal parameters of the non-hydrogen atoms are on 
average 30% of their room-temperature values at 100 K. 
However, the anisotropy in the thermal vibration does not 
change significantly. 

The experimental deformation density distributions in the 
planes of S( 1)-N-S( 1 *) and S(3)-!3(4)-S(3*) are shown in Fig. 
2(a) and 2(6). There is a positive density accumulation along 
the N-S bond in Fig. 2(a). There were actually three different 
deformation maps for the S-S-S planes, but only one is shown. 
Also one of the planes at the bisection of S( l)-S(2)-S(3) angle is 
shown in Fig. 2(c). It is apparent that lone-pair electrons are 
located around the sulfur atom at the bisecting plane. 

The local Cartesian axes defined in the multipole model are 
indicated in Fig. l(b). The results from the multipole refine- 
ments at various stages are compared in Table 3; the improve- 
ments in the agreement indices over the various stages of 
expanding the series are obvious. The final atomic parameters 
from this refinement are also given in Table 2. The net atomic 
charges of the atoms obtained from this refinement up to the 
monopole and hexadecapole terms are given in Table 4, with N 
bearing a negative charge, H a positive charge and S being 
neutral. The static multipole-model deformation density maps 
for all planes are shown in Fig. 3, their features being similar to 
those of the corresponding experimental maps. One experi- 
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Table 2 Atomic fractional coordinates and thermal parameters 
obtained from (N) full data refinement at 300 K, (b) full data refinement 
at 100 K, ( ( a )  high-angle (sin 8/h 2 0.75) refinement at 100 K and ( d )  
multipole refinement 

Y 

0.169 40(1) 
0.163 26(4) 
0.163 27(4) 
0.163 26(2) 
0.229 65( 1 ) 
0.224 02(3) 
0.223 88(4) 
0.223 96(2) 
0.042 97( 1 ) 
0.032 97(4) 
0.032 88(4) 
0.032 99(2) 
0.126 64(2) 
0.120 34(5) 
0.120 26( 6) 
0.120 31(4) 
0.262 57(5) 
0.261 O(2) 
0.259 8(2) 
0.260 l(2) 
0.359 4(7) 
0.400 8 
0.400 8 
0.400 8 

v z 
0.362 08( 1) 0.256 39( 1) 
0.363 30(2) 0.254 45(3) 
0.363 21(2) 0.254 28(4) 
0.363 25( 1) 0.254 27(2) 
0.416 72(1) 0.013 77(1) 
0.418 70(2) 0.009 78(3) 
0.418 67(2) 0.009 88(4) 
0.41 8 70( 1) 0.009 93(2) 
0.374 84(l) -0.157 93(1) 
0.376 09(2) -0.162 95(3) 
0.376 lO(2) -0.162 95(5) 
0.376 09(1) -0.162 98(2) 
0.250 0 -0.289 13(2) 
0.250 0 - 0.295 43(5) 
0.250 0 -0.295 67(6) 
0.250 0 -0.295 60(3) 
0.250 0 0.289 38(6) 
0.250 0 0.287 7(2) 
0.250 0 0.286 9(2) 
0.250 0 0.286 7(2) 
0.250 0 0.293 l(7) 
0.250 0 0.285 6 
0.250 0 0.285 6 
0.250 0 0.285 6 

B,, = ( 8 / 3 ) ~ ~ ~ C ~ C ~ U ~ ~ a ~ * a ~ * a ~ a ~ .  

Be,IAZ 
4.170( 5 )  
1.30(1) 

1.264( 5)  
4.676(5) 

1.35( 1) 
1.400( 5 )  
4.7 13(6) 
1.46(1) 
1.38( 1) 
1.422(5) 
4.838(9) 
1.45( 1) 
1.36(1) 
1.408( 1) 
3.70( 2) 
1.26(5) 
1.27(3) 
1.33(3) 
6.3 
2.0 
2.0 
2.0 

1.21(1) 

1.44(1) 

S 

n'3) 

Fig. I ((I) Molecular drawing of S,NH with thermal ellipsoids (50% 
probability) at 100 K. Bond lengths (A) at 100 (top) and 300 K (bottom) 
are given. ( h )  Choice oflocal Cartesian axes for the multipole refinements 
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Fig. 2 Experimental deformation density maps, A P . , - ~ ,  for S,NH. 
Contour lines (intervals of 0.1 e A-3) represent positive (solid), zero 
(dashed) and negative (dotted) values. (a) S( 1)-N-S( 1 *) plane, (b) 
S(3)-S(4)-S(3*) plane, (c) plane perpendicular to S( 1 FS(2)-S(3) and at 
the bisection of S( l)-S(2)-S(3) 

mental deformation density concerning the intermolecular 
hydrogen bond is shown in Fig. 5. The theoretical deformation 
density maps of the isolated molecule computed by the ab initio 
method for all the different S-S-S planes are essentially the 
same, so only one S-S-S plane is presented. The deformation 
density maps of the S-N-S, S-S-S planes and the plane at the 
bisection of S-S-S are shown in Fig. 4 as obtained by the ab 
initio method. 

The net atomic charges from three calculations are compared 
in Table 4 with results from the multipole refinement. 
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Fig. 3 
S( 1 )-S( 2)-S( 3) and (ii) is S(2)-S( 3)-S(4) 

Static multipole-model deformation density maps, Apm-@; (a)-(c) as in Fig. 2, there are two alternative S-S-S planes in (b), where ( i )  is 

Table 3 Least-squares results of multipole refinements (based on F )  

Method NV k R ,  R , ,  R2 R,, S 
Conventional 42 0.890(1) 0.0329 0.0327 0.0438 0.0514 3.015 
Monopole 48 0.889(1) 0.0319 0.0301 0.0420 0.0502 2.785 
Octapole I 1 3  0.8845(8) 0.0246 0.0199 0.0247 0.0276 1.862 
Hexadecapole * 145 0.8841(8) 0.0242 0.0194 0.0238 0.0268 1.822 

N ,  = number of variables, No = number of reflections; R ,  = ZIF, - kFJZF,,  R ,  = ZIF,' - kFc21JCFo2; R , ,  = (ZM'IF, - kFc12/ZwFo2)+, R,, = 

(ZwIF,' - kFc212/C:u~F,,4)* and S = [XwlFo2 - kFc2I2/(N, - N , ) ] : .  
* Up to hexadecapole terms for the sulfur atoms only. 

Discussion longer than those at room temperature due to libration 
The molecule of S,NH (Fig. 1) contains an eight-membered, effects.26-28 The S-N bond length is 1.6673(3) A at 300 K, 
puckered ring in a crown shape with the H atom bonded to the longer than some values in other S,N-heterocyclic com- 
N. The point group is C, with the molecular mirror plane pounds6." but certainly shorter than the value (1.73 A) 
passing through H, N and S(4), coinciding with the crystal- proposed for a single bond.14 Thus the S-N bond order is 
lographic mirror plane at z = i. Bond lengths at 100 K are probably greater than one, which is supported by both the 
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Table 4 Atomic net charges 

Experimental Ab initio 

Monopole Hexadecapole 
+ 0.49(2) + 0.67( 1 )  

+ 0.22(5) + 0.06(4) 
+0.15(5) + 0.0 I (4) 

+ 0.4 1 (3) + 0.07(2) 

- 0.86(4) -0.73(4) 

- 0.39(4) - 0.08(3) 

3-2 1 G 3-21G* EHMO AM1 
+0.25 +0.26 +0.39 + 0.37 

+ 0.32 +0.01 +0.28 +0.43 
-0.07 -0.12 -0.08 - 0.06 
-0.02 -0.02 -0.01 -0.01 
-0.02 +0.02 -0.01 

-0.07 -0.54 -1.06 -0.85 

- 0.004 

I 

i j  

Fig. 4 
in Fig. 2 

Deformation density maps from uh initio calculations; details as 

experimental deformation density distribution and the 
theoretical calculation. The S-N-S [122.97(1)] and S-N-H 
[ I  16.807(7)'] angles are very similar to those of S4(NH)4.8 All 
the S-S bond lengths of s8' can be considered to be equivalent, 
averaging 3.045 A. However, the replacement of one sulfur 
atom by an NH group appears to destroy this equivalency; 
the S-S bond next to S-N is shorter than the one next to it 

Fig. 5 Experimental deformation density, of the plane 
S( 1) H . - S( 1 *); dashed line indicates the intermolecular hydrogen 
bond 

and an alternate short, long, short pattern is found, as in 
S7NSN(Me,).6 

The net atomic charges from various calculation methods 
and the experimental values obtained from the multipole 
refinement are compared in Table 4. In general, they indicate 
that the most negatively charged atom is N and the most 
positive is H. This shows why heptasulfur imide has a strong 
acidic proton which reacts readily even with weak for 
example it donates a proton to thiobis(amines), S(NR,),, to 
yield S,NSNR, and NHR, (R = Me, Et, Pr' or c6H11).6 The 
charges of all the S atoms are roughly neutral, except in the case 
of ab initio and AM1 calculations where the sulfur atoms next 
to N are strongly positive. There are severe limitations in 
comparing the net atomic charges obtained from Mulliken 
populations 29  and those from charge-density experiments. This 
result may have some bearing on the alternation of S-S bond 
length. Nevertheless, the latter effect is not revealed by the 
theoretical deformation density distribution. 

The experimental deformation density (Apx - x )  distribution 
in the plane S( 1)-N-S( I *) shown in Fig. 2(a) clearly reveals the 
large density accumulation along the N-S and N-H bonds. Our 
results show that the S-N bond maxima in the deformation 
density maps [Figs. 2(a) and 3(a)] are endocyclic, similar to 
those found for S4(NH),* experimentally, but differ from the 
theoretical calculations which predict exocyclic type bent 
bonds. The large deficiency in density near the sulfur nucleus in 
the experimental map, Apx-x  (Fig. 2), was observed in other 
sulfur-containing  compound^,'^^^^-^^ but not in the multipole 
deformation density Ap,-,. Although the scale factor was 
optimized (refined) for the (sin0)/h range adopted in the 
deformation density map, the large peaks around N and large 
holes around S still persist. This phenomenon may be a result 
of the large difference in atomic charges between N and S. There 
is little density accumulation along the S-S bonds but there is 
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some positive density accumulation around the sulfur atoms. 
The static multipole-model deformation density maps [Fig. 3(a) 
and 3(b)] show similar features to the experimental ones; how- 
ever, these features are more pronounced than in the experi- 
mental maps. The experimental and the multipole deformation 
density distributions of three crystallographically different 
S-S-S planes apparently show significant differences; such 
differences were also found in S4(NH),,' and were ascribed to 
the effect of intermolecular hydrogen bonds. The reason for the 
differences among the S-S bonds in the present compound is 
not clear, since there are no strong intermolecular interactions 
in this crystal; the non-bonding S S or S N contacts are 
greater than 2.97 and 3.07 A respectively, and only one 
intermolecular hydrogen bond is possible (Fig. 5 where the 
similar effect of density polarization toward the hydrogen 
bond' is seen), but this only provides an explanation for one 
sulfur atom [S( l)] being different from the others. However, it is 
interesting that the packing of S,NH is very much the same as 
that in S,(NH),.t.' These differences are not observed in any 
theoretical deformation density map. This means that all the 
S-S bonds in the isolated molecule are chemically equivalent, 
but not equivalent in the solid, although the intermolecular 
interactions are not apparently strong. The distribution 
maxima of the lone-pair electrons around the S atom are 
located about 0.75 A above and below the S-S-S plane [Figs. 
2(c), 3(c) and 4(c)] both in the experimental and theoretical 
deformation density maps, suggesting an orbital of mostly p 
character. 

In theoretical calculations, the addition of d-polarization 
functions for the sulfur atoms lowers the energy and enhances 
the S-S bond density [Fig. 4(a)-4(c)], as observed in other 
sulfur-containing compounds. A comparison between the 
static and theoretical deformation density maps shows only 
limited agreement. In static maps more electron density 
along the bonds, and less in the region of the lone pairs, is 
apparent, compared with the theoretical maps. The electron- 
density distribution in the theoretical maps from ah initio 
calculation is better represented along the bonds than in those 
from the semiempirical AM 1 and EHMO calculations. 

Conclusion 
Evidence for bent S-N bonds with endocyclic maxima is con- 
firmed by the experimental deformation density distribution. 
The inherent symmetry of the isolated molecule may not 
exist in the solid state; the packing of molecules in the crystal 
may polarize the electron-density distribution. The inclusion 
of d-polarization functions for the sulfur atoms in the 
molecular orbital calculation is important for bonding density 
studies. 
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