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Topological analysis of experimental and theoretical charge
densities in tetrasulfur tetranitride clarifies features of the
intramolecular bonding; intermolecular charge concentra-
tions reveal directional ‘key–lock’ interactions correspond-
ing to molecular recognition in the solid state.

Tetrasulfur tetranitride, S4N4, is perhaps the most studied
inorganic heterocycle, yet a full understanding of its bonding
remains elusive. Thus, whilst S–S bonding interactions between
proximal S atoms are established, the nature and extent of
interaction remain unclear,1–3 and the existence of distal S…S
interactions is either claimed1,4 or refuted.2

Two decades ago a low-temperature X-ray diffraction study
provided the most accurate molecular geometry to date, and
reported a preliminary analysis of the charge density distribu-
tion, r(r), in S4N4.1 With the subsequent advances in in-
strumentation, analytical methods and computing power, we
have undertaken experimental and theoretical studies of r(r) for
S4N4

5 and a theoretical study of S2N2 for comparison. Our
geometrical parameters for S4N4 are in good agreement with
those of the earlier study.1 We have clarified several incon-
sistencies still outstanding in the various bonding descriptions
of S4N4, and observed distortions in the experimental charge
density giving rise to directional intermolecular attractions
corresponding to molecular recognition in the solid state.

Intramolecular bonding: in order to reveal both gross and
subtle features of r(r), we have analysed its Laplacian, ∂2r(r),
using the ‘Atoms in Molecules’ (AIM) approach of Bader.6 By
means of a topological analysis of r(r), features such as bond
critical points (CPs) and paths of maximum electron density can
be used to construct a molecular graph representing the network
of bond paths connecting linked atoms. As shown in Fig. 1(a),
we find ten (3, 21) bond CPs,6 corresponding to eight S–N and
two S–S linkages, and four (3, +1) ring CPs,6 in a tetrahedral
array about a central (3, +3) cage CP.6 These conclusions are in
accord with an earlier theoretical study.3 r(r) at the cage CP is
a minimum in all three dimensions, supporting the conclusions
drawn from two theoretical deformation density studies,2,7 and
affording no evidence of significant distal S…S interactions.
The value of r at the bond CPs, r(rc), for the S–S bonds
[r(rc)av = 0.37(1) e Å23; av = average] is significantly lower
than that for the S–N linkages [r(rc)av = 1.54(1) e Å23], being
about one-third that reported for an S–S single bond.8 This,
together with the long S–S distances8 of 2.5995(2) and
2.5950(2) Å and a positive value of the Laplacian,6∂2r(rc)av =
1.61(1) e Å25, may be interpreted in terms of a weak, closed-

shell interaction between the two S atoms. However, analysis of
both kinetic energy densities G(r) and potential energy densities
V(r)10 of the electrons at the bond critical points suggests some
covalent character for the S–S bond [H(rc) = G(rc) + V(rc) =
20.116; G(rc) = 0.228 hartree Å23].9

The shortness of the S–N bond [1.629(1) Å; on average] and
its degree of ellipticity6 [e = 0.17; r(rc)av = 1.54(1) e Å23;
∂2r(rc)av = 210.60(3) e Å25] implies p-contributions. The
bond paths are displaced, respectively, outwards and inwards
for the S–S and S–N bonds, and the S–N bond CPs are located
closer to the electropositive S atoms [Fig. 1(a)]. Calculated
atomic charges11 suggest transfer of ca. 1.3 electrons to N from
S, although monopole charges based on the X-ray multipolar
model suggest a lower figure of 0.3 electrons.

Intermolecular bonding. The solid-state structure of S4N4
consists of helical chains of molecular units along the
crystallographic b-axis. The pronounced polarity of the S–N
bonds orients neighbouring molecules such that electrostatic
S…N contacts are formed [Fig. 2(a),(b)]. r(r) at the inter-
molecular S…N bond CPs is rather small [r(rc)av = 0.085(1) e
Å23], but is substantially greater than, for example, the S…S
intramolecular interactions in 3,3,6,6-tetramethyl-S-tetrathiane
[r(rc) = 0.043(1) e Å23].12 Despite the flatness of the r(r) map,
four intermolecular bond CPs, six ring CPs and one cage CP
have been located; all experimental and theoretical topological
parameters are in good agreement. A more detailed picture
emerges from analysis of the Laplacian, ∂2r(rc), in regions
corresponding to these intermolecular bonding interactions. The
results are depicted in Fig. 2 as contour plots for (a) the NNSASA,
and (b) the SNNASA interactions, respectively. Here maxima in
–∂2r(rc) signal regions of local charge concentration and
minima regions of local charge depletion. In accord with both
the present and an earlier theoretical study,3 we deduce that (i)
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Fig. 1 (a) Location of the critical points denoted by closed circles in the
S4N4 skeleton. The bond critical points along the S–N bonds are shifted
towards the more electropositive sulfur atoms. Important distances (Å) and
angles (°) (average values): S–N 1.629(1), S–S 2.598(1); N–S–N 104.5(1),
S–N–S 112.7(1). (b) Isosurface maps at constant 2∂2r(r) values indicating
bonded and non-bonded charge concentrations on N(1) and S(2) [2∂2r(r)
= 45 and 9 e Å25, respectively].
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two bonded and two non-bonded, and (ii) three bonded and one
non-bonded charge concentrations, respectively, in the valence
shells of the N and S atoms of S4N4 are retained in the solid state
[Fig. 1(b)].

While the bonded charge concentrations constitute the
intramolecular bonds, the magnitude and location of the non-
bonded charge concentrations on the nitrogen and the local
charge depletions on the sulfur atoms should be responsible for
the orientation of the S4N4 molecules in the solid state.3,13

According to a point charge model, optimal interaction should
occur for closest contact of S…NA pairs, giving a value of 90°
for the NNSA angle in the NNSASA plane. In fact, this angle is
100.00(3)° on account of the directionality of the interactions
between the local charge concentrations in the valence shells of
the N atom and the associated regions of charge depletion on the
corresponding SA atom. Fig. 2 clearly shows the resulting ‘key–
lock’ principle of facing charge concentrations and charge
depletions in the valence shells of the nitrogen and sulfur atoms
in the intermolecular NNSASA plane of the (S4N4)2 dimer. A
similar pattern of charge tessellation is displayed by the
Laplacian in the corresponding NSNASA plane of S4N4 and also
in the structurally related model system (S2N2)2,12 as depicted
in Fig. 2(c). For (S2N2)2 the S…NA contacts are significantly
shorter than in (S4N4)2 [2.890(1)14 cf. 3.0882(8) Å], in accord
with the proclivity of S2N2 to polymerise to (SN)x with the
transformation of one S…NA contact into a covalent S–N
bond.

The ‘key–lock’ interaction based on the Laplacian goes
beyond a point charge model which takes no account of the
polarisation of the valence shell and the consequent formation
of local charge concentrations and depletions. Whilst crystal
architecture is often controlled by directional interactions like
hydrogen bonding,17 this appears to be the first experimental
study to reveal a simple three-dimensional directional inter-
action involving facing charge concentrations and charge
depletions as a transferable architectural principle in a molec-
ular crystal. The transferability of the ‘key–lock’ pattern is
remarkable since S2N2 and S4N4 display rather different
geometries and electronic structures. These results suggest that
similar architectural forces encoded in the Laplacian of the
charge density may be more generally revealed by this type of
experimental study. The ability to observe such intermolecular
interactions is an important advance, for it demonstrates the
response of the non-isolated molecule to its chemical environ-
ment, and so holds out the prospect of a better understanding not
just of molecular structure, but of molecular reactivity and
molecular recognition under appropriate conditions.
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Fig. 2 Contour plots of charge concentrations determined experimentally and by calculation [B3LYP/6-311G(3df) level]. Negative values of 2∂2r(r) are
marked by broken lines. (a) 2∂2r(r)exp in the NNSASA plane and (b) 2∂2r(r)exp in the SNNASA plane. The relative orientations of the S4N4 molecules are
indicated by solid lines. Salient distances (Å) and angles (°): S–NA 3.0882(8); N–S…NA 79.43(3); N…NSA 100.00(3). (c) 2∂2r(r)calc in the SNNASA plane
of the (S2N2)2 dimer. In (a) the ‘key–lock’ interaction is marked by arrows.
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