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Abstract

Intra and intermolecular interactions of heptasulfur imide (S7NH) are investigated in terms of topological properties analyses, such

analyses are applied to both experimental (multipole model) and theoretically calculated (DFT and PDFT calculations) charge densities of

the isolated molecule and of the crystal. The same analyses are also applied to a multipole model density obtained from theoretically (PDFT)

derived structural amplitudes. The covalent bond character of S–N, N–H and S–S bonds are well described in terms of density, rb, and total

energy density, Hb, at the bond critical point rc, though it is clear that the S–S bonds are weaker shared interactions than those of N–H and

S–N bonds. Lone pair electron regions of sulfur and nitrogen atoms are revealed as the local charge concentration site from the Laplacian of

charge density. The even weaker intermolecular interactions are well characterized; these include the N–H/S hydrogen bonding, N/S

binding interactions and S/S binding interactions. All these intermolecular binding interactions are closed-shell interactions. The Laplacian

of charge density demonstrates a directional intermolecular binding interaction. The corresponding intermolecular binding energies are

derived by MP2/6-311CG(d,p) calculations. Atomic graph of each atom of the molecule is described in detail by the vertices, edges and

faces of the polyhedron around the nucleus to illustrate such directional interactions.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The studies of molecules containing sulfur–sulfur bonds

have drawn extensive attention in the past 20 years [1–20]

not only on the bonding features of S–S bond and the

necessity for the inclusion of d-polarization functions for

the sulfur atoms, but also for its important role in the

protein folding. Some studies of experimental deformation

density distribution reveal various density distribution on

S–S bond, such that a double maximum was found along

the S–S bond of S8 molecule [1]; a maximum at the

midpoint of the S–S bonds was observed on Na2S2O6$
2H2O, Na2S2O6$2D2O [S–SZ2.14 Å] and MgS2O3$6H2O

[S–SZ2.02 Å] [2–3]. Several thiathiophthene derivatives

were investigated, little density accumulation was detected
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in the deformation density distribution along the S–S bonds

[S–SZ2.14–2.51 Å] [5–12]. The similar results were also

reproduced from theoretical studies [13]. Molecular

structures and chemical bonding were determined by

ab initio calculations for several sulfur–nitrogen com-

pounds [4,20] using the ‘atoms in molecules’ (AIM)

approach [21]. In the light of AIM approach, experimental

and theoretical studies of the charge density distribution of

[(CH3)2CS2]2 [14], as well as many types of interactions in

other sulfur containing compounds have been studied

[14,19,20,22–23,25] in terms of local charge concentration

and local charge depletion of a Lewis acid–base concept

[21]. The S/S intermolecular interaction in L-cystine was

analyzed [19] in the same approach. This general

phenomenon has been well studied in many types of

interaction, such as formation of hydrogen bonds [22], the

directional interaction of Cl2 [23], the packing of S4N4 in

solid state [4,20], the binding interactions in van der Waals

dimers and trimers [24], the metal ligand bond in metal
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complexes [25], the adsorption of molecules on surface

[26] as well as the catalytic activities of some transition

metal sulfides [27].

The Heptasulfur imide, S7NH was studied by single

crystal X-ray diffraction at 100 K and the electron density of

the molecule was analyzed in terms of deformation density

distribution [10]. It crystallized in an orthorhombic space

group Pnma, ZZ4, with cell parameters aZ7.842(2),

bZ13.115(2), cZ7.6219(7) Å. The S7NH molecule is in a

crown shape structure, which is similar to that of

cyclooctasulfur, S8, with one sulfur atom replaced by an

imide (NH) group. In order to extend our understanding of

the nature of intramolecular S–N and S–S bonds as well as

the intermolecular binding interactions between neighbor-

ing molecules of S7NH in the solid state, the topological

property analysis has been employed in the present study.

The theoretical charge densities are obtained from DFT

calculations for monomer and selected dimers. Additional

calculation at the same level is made on S8 molecule based

on the experimental geometry [1] for the sake of valuable

comparison. In addition, periodic density functional (PDFT)

calculations for the electron density of the crystal have also

been investigated. Taking advantage of the topological

properties analyses, the comparison between experiment

and theory is fully undertaken. Same approach was

investigated on the thioures-S, S-dioxide [22(g)], where

the intermolecular hydrogen bonds as well as the weak

directional interactions were studied.
2. Computational details

2.1. Experimental data refinements

The experimental charge density was derived from the

single crystal X-ray diffraction applying the multipole

model (MM) [28]. The atomic electron density in MM is

expression as follows

ratðrÞ Z PcrcoreðrÞCPvk3rvalenceðkrÞ

C
Xlmax

lZ0

k03Rlðk
0rÞ

Xl

mZ0

PlmGYlmGðq;fÞ

where the electron density is the sum of a spherical core

electron part, Pcrcore, and a valence electron part. The

valence part includes a spherical term, Pvk3rvalence(r), and

multipole parts in terms of spherical harmonics, YlmG. The

coefficients of the multipole terms, PlmG, Pv as well as

the expansion–contraction k, k 0 are the parameters fitted

through multipole refinement. Detailed description of the

data collection and refinements as well as the deformation

density distribution was given in the previous paper [10].

Multipole refinements were reinvestigated using the XD

program [29]. The level of multipole expansion was

extended up to quadrupole for hydrogen; up to octapole
for nitrogen and up to hexadecapole for sulfur. The

minimization function is based on F2. During the refine-

ment, H atom was moved along the N–H vector to make an

N–H distance of 1.03 Å [30]. The nl values (lZ1–4) of S are

set as 6, 6, 8, 8, where those of N are: 2, 2, 3 and of H are:

1, 2. The kappa 0-restricted multipole model (KRMM) [31]

was carried out at the final stage. With KRMM the radial k 0

coefficients were fixed at values derived from multipole

refinement of theoretically derived structure factors

obtained from PDFT calculations (k 0 coefficient for S1:

1.14; S2: 1.26; S3: 1.29; S4: 1.32 and N: 1.03). The z values

of H, N, and S are 2.00, 3.84, and 3.95 ÅK1, respectively.

The Laplacian distributions from experiment are depicted

using XD program [29] and the contour maps of charge

density distributions; iso-value surfaces of Laplacian

distribution as well as bond paths are drawn by PROP

program [32].

2.2. Molecular orbital calculations

All density functional theory (DFT) calculations includ-

ing the monomer and the chosen dimers of heptasulfur

imide were carried out using the GAUSSIAN 98 program [33].

The B3LYP functional [34,35] and basis set 6-311G(d,p)

were used. In order to estimate the intermolecular binding

energies, the MP2 calculations using 6-311CG(d,p) basis

set were applied [36] including the correction for basis set

superposition error (BSSE) [37]. Fully periodic density

functional (PDFT) calculation on the crystal of the title

compound with the comparable functional and basis set

[B3LYP/6-311G(d,p)] was performed using CRYSTAL 98

[38]. The structural amplitudes were derived from this

calculation. The multipole refinement [28] on these

theoretically derived structural amplitudes was then applied

(PDFT/MM). The k 0 thus obtained were used for the

experimental multipole model (KRMM).

2.3. Topological properties analysis of charge

density distributions

Bond critical points (BCPs) and bond paths (BPs) of

electron density can be used to construct a molecular graph.

Since the BP is ‘an universal indicator of bonded

interactions’ [39], the network of BPs therefore represents

all atomic interactions in a given system. The electron

density at BCP, rb, is related to the bond strength or the

bond order [40]. The sign of the Laplacian of density at the

BCP, V2rb, may be used to distinguish bonding type

between the share interaction and the closed-shell inter-

action, however, exceptions do occur. It was suggested [40]

that the total energy density value at the BCP, Hb, which is

the sum of kinetic energy density Gb and potential energy

density Vb, at the BCP, could be interpreted as the sufficient

condition of a covalent bond when the sign of Hb is

negative. Such value may be used as a measure for the

covalency of a bond. The experimental Hb value is
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estimated by a generalized approach of Abramov’s

expression [41,42]. The Laplacian distribution is a very

useful tool, for the purpose of understanding the chemical

reactivity and of revealing a directional interaction in the

molecular crystal. The topological properties of Laplacian,

V2r(r), can be further quantified by its critical points, CPs.

These CPs, construct the atomic graph around each atom. A

correlation between these CPs of V2r(r) in the valence shell

and the location of the active site in molecule has been

established [21,43]. In principle, a Lewis acid–base reaction

occurs when a local density maximum (vertex) in the VSCC

of the Lewis base aligns itself as far as possible with a local

density minimum (face) in the VSCC of the Lewis acid.

Starting at a BCP, paths for which the electron density

decreases most rapidly are developed in all directions

normal to the bond. The set of such paths defines a zero-flux

surface separating a pair of bonded atoms. A set of these

surfaces (one per bond) will partition a molecule into unique

atom domains U. Numerical integration of the electron

density within such a domain yields atomic AIM charge.

The AIMPAC [44] and AIM98PC [45] programs were employed

for the topological analyses of the charge density of

monomer and dimer derived from DFT calculations. The

TOPOND [46] program was employed for the PDFT crystal

calculation.
3. Results and discussion
Fig. 2. The residual map of S7NH based on (a) experimental structure

factors (KRMM), (b) the theoretically derived structure factors
3.1. Multipole refinements

The molecular structure of heptasulfur imide with its

atomic labeling and internal coordinates is shown in

Fig. 1. The structural parameters are the same within SD

as those given in the previous work [10]. The residual

maps after the multipole refinements based on experimen-

tal structure amplitudes and the theoretically derived ones

are displayed in Fig. 2a and b, respectively. In general the

theoretical one shows little residual, the experimental one

shows more noise (G0.2 e ÅK3). The agreement indices
Fig. 1. The molecular structure of S7NH with atomic labeling and the

definition of internal coordinates.

(PDFT/MM). Contour interval: 0.1 e ÅK3, solid line, positive; dash line,

negative.
of the multipole refinements are given in Table 1. The

atomic parameters and the multipole coefficients from

various refinements are qualitatively the same. Of course,

the Uijs are set to zero for the model density derived from

PDFT calculation. The lists of multipole coefficients are in

supplementary material. The additional parameters in the

present study do improve the refinements. The refinement

based on the theoretically derived Fs is particularly

successful with the lowest agreement indices. The k 0

thus obtained for each atom is used for the subsequent

density studies (KRMM).



Table 1

Agreement indices of various multipole refinements

Nv R1
a R1w

a R2
a R2w

a GOFa

MM [10] 145 0.0242 0.0194 0.0238 0.0268 1.82

MM 156 0.0182 0.0191 0.0226 0.0235 1.73

KRMM 151 0.0188 0.0193 0.0226 0.0348 1.76

PDFT/MM 126 0.0050 0.0054 0.0079 0.0108 1.69b

a R1 Z
P

jFo KFcj=
P

Fo; R1w Z
P

wjFo KFcj
2=
P

wF2
o

� �1=2
; R2 Z

P
jF2

o KF2
c j=

P
F2

o ; R2w Z
P

wjF2
o KF2

c j
2=
P

wF4
o

� �1=2
; GOFZ

P
wjFo KFcj

2=
�

ðNRKNVÞ�1=2 NRZ2874, NV, no. of variables.
b Refinement using unit weight.
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3.2. Intramolecular bonding

The Laplacian of charge density distributions at three

unique planes from calculated and from experimental

results are depicted in Fig. 3. The local CCs around each

atom at the plane are clearly observed in the Laplacian

distributions. The shared-interaction characters along N–H,

N–S and S–S are also manifested in these figures. All the

essential features do reproduce in the experimental ones as

in the theoretical ones. The ones using the theoretically

derived Fs imposed with the multipole model (PDFT/MM)

show better agreement with the experiment (KRMM) than

those from the purely calculated ones (PDFT). For example,

the Laplacian distribution of S2–S3–S4 plane shown in

Fig. 3e–h, indicate that the PDFT/MM one (Fig. 3h) agrees

better with the KRMM one (Fig. 3f) than that of PDFT one

(Fig. 3g).

Nine BCPs and one ring critical point in r(r) are found

both from experiment and from theory. The topological

properties associated with the BCPs are tabulated in Table 2.

In general, the rb, V2rb, and Hb values are in reasonable

agreement between experiment and theory, taking the SD of

0.04 e ÅK3 in experimental rb value. The H–N, N–S and the

S–S bonds are covalent having negative value of Hb

and reasonable rb values. According to the rb and Hb

values, N–H and N–S bonds are stronger than that of S–S

bond. The S–S bond distances of the title compound are the

same as those of S8 [1] and L-cystine [19]. The theoretical

rb, V2rb and Hb values of these three compounds are quite

consistent with one another (Table 2). Based on these

values, one can conclude that the nature of chemical bond

and the bond strength of these S–S bonds are quite close to

that of S8. However, the experimental rb value of S3–S4

bond does appear different from other S–S bonds. A survey

of the rb values of S–S bonds in various compounds with

S–S distances in the range of 2.00–2.51 Å is listed also in

Table 2 for comparison. The rb value is in the range of

0.37–1.14 e ÅK3 and the corresponding S–S distance is in

the range of 2.509–2.006 Å. The longer the S–S bond

distance, the smaller is rb. Unfortunately, we do not have

many Hb values; only one is available for comparison in

these compounds. The rb values of H–N bond are weakened

from isolated molecule (2.13 e ÅK3) to solid (1.88 e ÅK3).

This might be due to the intermolecular binding interactions
in crystal. Comparable findings are reported for O–H/O of

KHC2O4 [47] and HCN [48]. Discrepancies in V2rb values

of S–S bonds between the theory and experiment were

discussed elsewhere [49]. The N–S bond length, 1.686 Å, is

clearly shorter than the typical single bond (1.73 Å) [50] and

the earlier study of charge density distribution [10] also

indicated there is some ‘p-character’ of S–N bond. In the

present theoretical calculations of the monomer and the

crystal, the average value of ellipticity of this bond at BCP is

3y0.2, which supports the p-character of S–N bond. The rb

value of 1.74 e ÅK3 and the Hb value of K1.5 a.u. ÅK3 also

indicate a strong binding interaction. Moreover, based on

the V2r(r) distribution there are CCs about 0.4 Å above and

below the N at the S1NS1 0 plane. These CCs are well

correlated with intermolecular interaction discussed in the

following section.
3.3. Atom domains and atomic charge

The partitioning surfaces around each atom (atom

domain) can be derived from the total electron density

distribution. Atomic charges based on such partitioning both

from the experiment and from theory are tabulated in

Table 3. The atomic charges are such that the N–H group is

carrying negative charge, S1 is positive charge, and the rest

of S atoms are roughly neutral. There is a net charge transfer

of ca. 1.2 e from two neighboring sulfur atoms and the

hydrogen atom to the nitrogen atom in the theoretical

calculation, which is similar to the calculated values of 1.22

and 1.29 e in the case of S2N2 and S4N4, respectively [4].

However, there is a net charge transfer of 1.5 e in

experimental ones.
3.4. Atomic graphs of N and S atoms in monomer

and in crystal

In general, the charge concentrations in the valence shell

(VSCC) of an atom, as determined by the Laplacian of r(r),

are found to be in good agreement with the corresponding

bonded and non-bonded pairs in Gillespie’s VSEPR model

of molecular geometry [51]. An atomic graph [21,45] is a

polyhedron around the nucleus where the local density

maxima in VSCC of the atom define the vertices, V. The

unique pair of trajectories of the gradient of V2r(r) that



Fig. 3. The Laplacian distribution and the molecular graph of S7NH at (a), (b) the S1–N1–S10 plane; (c), (d) the N1–S1–S2 plane; (e)–(h) the S2–S3–S4 plane;

(a), (c), (e) are from theory of isolated molecule and (b), (d), (f) are from experiment (KRMM), (g) is from PDFT calculation, (h) is from PDFT/MM. The heavy

solid lines represent the BPs, the solid circles represent the BCPs and the triangle is the ring critical point in r(r). Crosses denote the positions of nuclei at the

plane and open crosses represent the projections of out-of-plane nuclei. Contours are in steps of 2m10n e ÅK5 (mZ1–3; nZK3 to C3). Bond path, bcp (C)

and rcp (6) include in (a), (c), (e).
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Table 2

Topological properties associated with the BCPs of intramolecular

interactions

Bond, BL (Å) d1

(Å)

rb

( e ÅK3)

V2rb

( e ÅK5)

Hb

(a.u. ÅK3)

H1–N1, 1.03 0.278 2.13 K33.55 K2.69

0.292 1.88 K32.85 K2.59

0.239 1.88 K22.11 K2.16

0.175 1.88 K38.84 K2.58

N1–S1,

1.6880(7)

1.001 1.37 K5.98 K1.56

0.990 1.38 K5.22 K1.56

0.891 1.42 K6.77 K1.34

0.847 1.74 K5.25 K1.53

S1–S2,

2.0565(4)

1.023 0.98 K2.26 K0.52

1.027 1.00 K1.84 K0.52

1.016 0.99 K1.08 K0.66

0.983 0.88 K1.48 K0.56

S2–S3,

2.0708(5)

1.034 0.95 K1.92 K0.47

1.034 0.96 K1.61 K0.49

1.012 0.94 K0.37 K0.61

0.988 0.89 K1.00 K0.61

S3–S4,

2.0558(4)

1.028 0.98 K2.26 K0.51

1.028 0.99 K1.94 K0.52

1.031 0.97 K0.34 K0.64

1.054 1.14 K1.73 K0.75

S–S in S8 2.050 1.024 0.98 K2.29 K0.51

S–S [19] 2.047 1.025 0.89 K2.57

S–S [14], 2.023 1.09 K5.39

1.13 –0.59

S–S [48], 2.006 1.00 1.08 K4.56 K0.67

1.01 1.08 0.60

S–S [12], 2.351 1.10 0.54 0.98

1.16 0.51 2.31

S–S [12], 2.509 1.34 0.38 1.93

1.28 0.37 2.66

S–S [12], 2.213 1.05 0.75 K0.88

1.08 0.70 2.75

First line from DFT calculations of monomer, second line from PDFT

calculation of crystal, third line from PDFT/MM, fourth line from KRMM.

For other compounds: first line from calculation, second line from

experiment.

Fig. 4. Atomic graphs of (a) N1, (b) S4, & represents CC, B denotes edges,

6 denotes faces, (c) 3D iso-value surface of Laplacian charge density maps

(V2r(r)ZG31.0 e ÅK5).
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originate at a saddle point and terminate at neighboring

vertices define the edges, E, of the polyhedron. The set of

trajectories that arise as a ring critical point define the faces,

F. The numbers of each type of critical point satisfy the

Euler’s formula VKECFZ2. Based on the theoretical

density map, the geometry of the atomic graph of nitrogen

atom is a slightly distorted trigonal bipyramid (tbp). Three

equatorial bonded CCs along N–S1, N–S1 0 and H–N bonds

and two axial non-bonded CCs ca. 0.4 Å above and beneath
Table 3

Atomic AIM charges

Atom Monomer PDFT PDFT/MM KRMM

H1 C0.40 C0.40 C0.53 C0.95

N1 K1.23 K1.18 K1.28 K1.49

S1 C0.47 C0.42 C0.31 C0.34

S2 K0.04 K0.02 C0.07 K0.04

S3 K0.01 K0.02 K0.05 K0.07

S4 C0.00 K0.01 C0.09 C0.09
the core of N are found. Six edges and three faces are

located as displayed in Fig. 4a. A corresponding 3D iso-

value Laplacian surface around N1 is depicted in Fig. 4c.

The geometry of the atomic graph of S atom is slightly

distorted tetrahedron (Td). There are four vertices: two non-

bonded CCs and two bonded CCs, five edges and three faces

as shown in Fig. 4b. The detail description of the polyhedron

around N, S and H are given in supplementary material. The

atomic graphs of S in S7NH and S8 are essentially the same.
3.5. Intermolecular interactions

Bifurcated hydrogen bonding. Hydrogen bonding is

found between neighboring molecules in the crystal [10].

Due to the mirror symmetry, this H-bond has to be

bifurcated. The existence of this bifurcated hydrogen

bonding is reconfirmed by the topological properties

analysis on charge density distributions. All rb, V2rb, Hb

values of such H-bond listed in Table 4 are very small both

in experiment and theory. The differences in BP and

geometrical distance (BL) are noticeable, BLZ2.617 Å,

BPZ2.880 Å (experiment), 2.715 Å (crystal), 2.713 Å

(dimer). Therefore, the hydrogen bonds are slightly bent

of course it could be due to the uncertainty of BP for such a

weak interaction. The close to zero Hb value and positive



Table 4

Topological properties associated with BCPs for intermolecular interactions

Bond, BL (Å) d1 (Å) rb (e ÅK3) V2rb (e ÅK5) Gb (kJ molK1 ÅK3) Hb (kJ molK1 ÅK3) BP (Å) DE (kJ molK1)

H(1)a/S(1),

2.617(2)

0.873 0.10 0.90 156.4 9.7 2.713 K14.04

0.904 0.10 0.84 149.0 6.0 2.715

1.047 0.12 1.02 187.3 0.9 2.620

1.066 0.09 0.59 110.9 K2.0 2.880 K8.4b

N(1)c/S(4),

3.3645(3)

1.619 0.06 0.61 94.5 18.0 3.364 K5.54

1.621 0.06 0.59 92.1 16.8 3.364

1.685 0.07 0.84 128.5 26.5 3.364

1.722 0.06 0.58 90.8 16.2 3.379

S(2)/S(3)d,

3.5593(2)

1.729 0.05 0.61 89.4 23.1 3.569 K3.14

1.838 0.06 0.59 92.1 16.8 3.569

1.825 0.06 0.56 88.4 15.0 3.566

1.795 0.05 0.62 90.6 23.8 3.569

S(4)/S(3)e,

3.6477(3)

1.841 0.04 0.53 75.1 22.7 3.673 K5.82

1.840 0.05 0.51 77.1 17.0 3.665

1.926 0.07 0.68 108.8 16.6 3.668

1.905 0.06 0.63 97.0 19.3 3.704

S/S [19],

3.426

1.717 0.08 0.53 96.7 1.1

S/S [14],

3.669

0.04 0.44 64.0 17.1

First line from DFT calculations of dimer, second line from PDFT calculation of crystal, third line from PDFT/MM, fourth line from KRMM. For other

compounds from calculation: first line from calculation, second line from experiment.
a K1/2CX, 1/2KY, 1/2KZ.
b Calculated based on [41].
c X, Y, K1CZ.
d KX, 1KY, KZ.
e K1/2CX, 1/2KY, K1/2KZ.
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value of V2rb indicate a closed-shell interaction of

hydrogen bonding. The kinetic energy density Gb is

110.9 kJ molK1 ÅK3. The binding interaction energy of

this hydrogen bonding, DE, of K14.04 kJ molK1, is based

on the dimeric model calculation taking account of the

BSSE correction (7.31 kJ molK1). It appears a weak

hydrogen bond in solid, which is very close to the H-bond

found in HCN [48] on the accounts of rb and DE values.

Following the Abramov’s expression and Espinosa’s

statistic survey on De vs d(O/H) [41], the experimental

DE would be K8.4 kJ molK1 (Table 4). For depicting this

bifurcated hydrogen bonding, Fig. 5 shows the Laplacian

charge density distribution at the S1H(1)S1 0 plane including

the bifurcated H-bond. It is clear both in experiment and

theory that the non-bonded CC of S is directed toward the H

atom, forming a directional Lewis acid–base pair.

N1/S(4) binding interactions. In addition to hydrogen

bonding there are N/S and S/S intermolecular interactions

in the solid. The N1 atom binds with the S4 of the neighboring

moiety. The rb values of N1/S(4) and S/S are close to those

of the reported [20] values in S4N4 [rbZ0.085, 0.043 e ÅK3].

Based on the dimeric model, the BSSE corrected

binding interaction energy of N1/S(4) interaction, DE, is

K5.54 kJ molK1. The BP and BL values are the same at

3.364 Å. The non-bonded Laplacian CC of N1 is toward the

secondary Laplacian charge depletion of S4. The typical
Lewis acid–base directional interaction is shown in Fig. 6 as

the Laplacian distributions at the H1N1S(4) plane.

S/S binding interactions. The S2 atom binds with the

neighboring S(3) atom in pairs. The intermolecular S/S

distances are slightly shorter than the sum of van der Waals

radii. A BCP is located between the two atoms. Due to the

symmetry exhibited in the crystal, this S/S interaction has

to be in pairs shown in Fig. 7. The experimental rb and V2rb

values of this S/S binding interaction agree well with those

in L-cystine [rbZ0.02–0.03 e ÅK3 and V2rbZ0.53 e ÅK5]

[19]. The binding interaction energies of S2/S(3) is

K3.14 kJ molK1. Again, it can be visualized with one of

the Laplacian vertices around S2 pointing towards the

Laplacian face of S(3) of the neighboring moiety forming the

S2/S(3) directional interaction. Fig. 7f gives a 3D isovalue

surface of Laplacian for this interaction. The bonded CCs of

sulfur atoms are not shown here for clarity. There is an other

types of S/S interaction in the crystal, due to the mirror

symmetry, the bifurcated S/S interactions are located

between S4 and two S(3) atoms of neighboring moiety. The

rb, V2rb and Hb values are close to those of S2/S(3)

interaction, so as the Laplacian distribution. The BSSE

corrected binding interaction energy for each of the

interaction, DE, is estimated as K5.82 kJ molK1. All

these H/S, S/S, and N/S weak intermolecular inter-

actions should be closed-shell interactions according to



Fig. 5. The Laplacian distribution of bifurcated hydrogen bonded interactions at the projection of S1–H1–S10 (a) the model of chosen dimer; (b) from the DFT

calculation of this dimer; (c) from PDFT calculation of the crystal and (d) from the experiment (KRMM), contours are as in Fig. 3.

Fig. 6. The Laplacian distribution of N1/S(4) interactions at the projection of H1–N1–S4 0, (a) the model of chosen dimer; (b) from the experiment (KRMM),

contours and notations are as in Fig. 3.
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Fig. 7. The Laplacian distribution of S2/S(3) and S3/S(2) intermolecular interactions at the projection of S2–S3–S2 0, (a)–(c) are defined as in Fig. 6,

contours and notations are as in Fig. 3. The 3D iso-value surface of Laplacian (V2r(r)ZK11.0 e ÅK5) is shown in (d).
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the topological analyses (see Table 4). The kinetic energy

density, Gb, values at the BCPs of S/S, and N/S weak

interactions are ca 14 kJ molK1 a.u.K3 volume, which is the

same as those in L-cystine [19]. These interactions are similar

to the van der Waals interaction as calculated in the Ar/HF

and Ne/HF complexes [21]. Even for such a weak

intermolecular interaction, the directional interaction

between a Laplacian concentration and Laplacian depletion

can be visualized and a quantitative description of a Lewis

acid–base pair is provided. The low rb values are consistent

with the calculated low binding interaction energies.

The order of the strength of these intermolecular interactions

is N–H/S O N/SzS/S.
4. Summary

The topological properties analyses of the charge density

distributions have been dealt with the monomer, the chosen

dimer and the crystal both by experiment and by theory

(DFT and PDFT). The chemical aspects of the charge

density distribution for intra and intermolecular interactions

are described. The nature of the bifurcated hydrogen

bonding and the existence of N/S, S/S weak interactions

in solid state have been characterized as directional

interactions. The directional interaction based on Laplacian
topology provides a clear description of Lewis acid–base

concept. It is a promising tool and an important advance to

extend our understanding not only of molecular structure,

but also of weak intermolecular interactions.
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