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Abstract: The thiourea S,S-dioxide
molecule is recognized as a zwitterion
with a high dipole moment and an
unusually long C�S bond. The molecule
has a most interesting set of intermolec-
ular interactions in the crystalline
state–a relatively strong O ¥¥¥ H�N hy-
drogen bond and very weak intermolec-
ular C ¥¥ ¥ S and N ¥¥¥ O interactions. The
molecule has Cs symmetry, and each
oxygen atom is hydrogen-bonded to two
hydrogen atoms with O ¥¥¥ H�N distan-
ces of 2.837 and 2.826 ä and angles of
176.61 and 158.38�. The electron density
distribution is obtained both from X-ray
diffraction data at 110 K and from a
periodic density functional theory
(DFT) calculation. Bond characteriza-

tion is made in terms of the analysis of
topological properties. The covalent
characters of the C�N, N�H, C�S, and
S�O bonds are apparent, and the agree-
ment on the topological properties be-
tween experiment and theory is ade-
quate. The features of the Laplacian
distributions, bond paths, and atomic
domains are comparable. In a systematic
approach, DFT calculations are per-
formed based on a monomer, a dimer,
a heptamer, and a crystal to see the

effect on the electron density distribu-
tion due to the intermolecular interac-
tions. The dipole moment of the mole-
cule is enhanced in the solid state. The
typical values of �b and Hb of the
hydrogen bonds and weak intermolecu-
lar C ¥¥ ¥ S and N ¥¥¥ O interactions are
given. All the interactions are verified
by the location of the bond critical point
and its associated topological properties.
The isovalue surface of Laplacian
charge density and the detailed atomic
graph around each atomic site reveal the
shape of the valence-shell charge con-
centration and provide a reasonable
interpretation of the bonding of each
atom.
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Introduction

Intermolecular interactions, particularly hydrogen bonds, play
a key role in molecular recognition in a wide range of
chemical and biological systems.[1] These interactions are
almost ubiquitous in molecular crystals and biological mole-
cules. For the hydrogen-bond interaction, studies that use the
theory of atoms in molecules (AIM),[2] based on both
theoretical[3±14] and experimental[15±25] electron densities, have
drawn considerable interest recently. Different types of

hydrogen bonding and weak interactions have been studied
to elucidate the nature of these interactions. The topological
properties of the electron density distribution of both a
molecule and a crystal are based on the gradient vector field
of the electron density ��(r) and on the Laplacian distribu-
tion of the electron density �2�(r). Several excellent reviews
have been published[2, 15, 26±28] on this subject. In the light of the
AIM approach, experimental and theoretical research into
the charge density distributions of many different types of
chemical bond in organic, sulfur-containing compounds and
metal complexes[29±32] has been studied in terms of local charge
concentration and local charge depletion of a Lewis acid ±
base concept.[2] This general phenomenon has been well
studied in many other kinds of interaction, such as the
formation of hydrogen bonds,[3±25] the directional intermolec-
ular interaction of Cl2

[33] and S4N4
[34, 35] in the solid state, and

even the binding interaction in van der Waals dimers and a
trimer,[36] as well as the adsorption of molecules on a
surface.[37]

The charge density, chemical bonding, and intermolecular
interactions of urea and thiourea have all been extensively
investigated.[8, 25, 38±41] It was reported[38] that the observed
planar geometries of guanidine and urea in the crystal form
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are probably due to hydrogen bonding. In a theoretical study,
hydrogen-bonded aggregates of urea and thiourea were
reported[39] to form chains and ribbons. The structure and
charge density of the complex of thiourea with parabanic acid
were studied at room temperature,[25] and two N�H ¥¥¥ S and
N�H ¥¥¥ O weak hydrogen-bonding interactions were located
in the cyclic parabanic acid ± thiourea dimer. A preliminary
study was carried out for crystalline urea a decade ago with
the ab initio approach.[40] In a further study using the periodic
Hartree ± Fock (PHF) approach,[8] with the geometry taken
from the accurate neutron diffraction,[41] two in-plane and two
out-of-plane hydrogen bonds, as well as intramolecular
interactions, were described in terms of the AIM theory in
the crystal structure of urea. The topological properties
associated with the bond critical points (BCPs) were inves-
tigated in the gas phase and the solid state, for the purpose of
understanding changes in the properties due to changes in the
packing environment, in other words, the crystal packing
effect. It was found that, on going from molecule to crystal,
both the �Hb � and �b values increase for the C�N bond, while
these values decrease for all other bonds.[8] This means that
only the C�N bond is strengthened, where an increase of �

character is induced by crystal packing. It is not often found
that a carbonyl oxygen atom is involved in four hydrogen
bonds, as in this case; the calculated sublimation energy was
91.21 kJ mol�1[8] in comparison with the experimental value of
88� 2 kJ mol�1.[42] Recently, quantitative comparisons of the
experimental and theoretical charge densities of urea were
made.[43] The intermolecular interaction energy in crystalline
urea was calculated both from diffraction data and with the
PHF approach by using a modified atom ± atom approxima-
tion scheme; the calculated sublimation energy was
90 kJ mol�1, which is very close to the value of 96 kJ mol�1

obtained by experiment.[44]

The purpose of the present study is to investigate the intra-
and intermolecular interactions, particularly the hydrogen
bonding, in a molecular crystal. Thiourea S,S-dioxide was
chosen due to its zwitterionic character and its C�S bond,
which is the longest known (1.8592 ä), to best of our
knowledge. The extensive hydrogen-bond network through-
out the crystal may well be the result of the high dipole
moment of the molecule. The molecule is quite unique and,
together with the previous knowledge about urea and
thiourea,[8, 25, 38±44] it is bound to give much insight into the
intermolecular interactions. A systematic study concerning
the intermolecular interactions of this molecule should be
very interesting. According to our previous studies, the crystal
structure[45] of this molecule is in space group Pnma. Each
oxygen atom is involved in two hydrogen bonds similar to
those in urea. A preliminary electron density study[46] was
made by single-crystal X-ray diffraction at 110 K and by a
molecular-orbital calculation based on an isolated molecule.
The agreement on the chemical bonding characterization
between the experimental and theoretical results was ad-
equate.[46] The main interests of this work are, however, the
hydrogen bonds and other weak intermolecular interactions.
In order to understand the nature of such intermolecular
interactions in this molecule in the solid state, theoretical
charge densities are to be calculated systematically for the

monomer, dimer, heptamer, and crystal. The effect on the
chemical bonds due to molecular packing will be investigated
in terms of the AIM theory.

Results and Discussion

Structure and multipole model : The molecular structure of
thiourea S,S-dioxide with its atomic labeling and internal
coordinates is depicted in Figure 1. The molecular symmetry
is Cs, and two types of hydrogen bond exist in the crystal. In

Figure 1. The molecular structure of thiourea S,S-dioxide with atomic
labeling and internal coordinates.

the first, molecules are linked to each other through hydrogen
bonds in pairs between the N�H1 group and an O atom to
form a ™head-to-tail∫ type bond with an O ¥¥¥ H1�N distance
of 2.837 ä and an angle of 176.61� (Figure 2 a, b). The other
type of bond is between the N�H2 group and a neighboring O
atom with an O ¥¥¥ H2�N distance of 2.826 ä and an angle of
158.38� (Figure 2 a, b). Each H atom is involved in one type of
hydrogen bond, but each O atom is involved in two hydrogen
bonds. These two types of hydrogen bond form a zig-zag
network and give rise to an infinite network of molecules
throughout the crystal (Figure 2 a, b). In addition, there are
weak C ¥¥¥ S and N ¥¥¥ O interactions in the crystal as shown in
Figure 2 c. The structural parameters are the same (within
standard deviations) as those given in the previous work,[46]

where the deformation density maps based on the multipole
model were also shown. In this work, multipole refinements
are performed with an additional quadrupole term for the H
atom and �� for each atom. Parallel multipole refinements
based on the structural amplitudes (F values) derived from a
periodic density functional theory (PDFT) calculation are
also carried out. The residual maps after the multipole
refinements based on experimental structural amplitudes
and the theoretically derived ones are displayed in Figures 3 a
and b, respectively. The maps are essentially featureless. The
agreement indices and the multipole coefficients from various
refinements are qualitatively the same. Of course, the Uij

values were set to zero for the model derived from the PDFT
calculation. The list of parameters is given in the Supporting
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Figure 2. The intramolecular bonds (sticks) and intermolecular hydrogen
bonds and weak interactions (dashed lines) in the crystal packing.
a) Projection on the a,b plane showing the hydrogen bonds, b) display of
the in-plane and out-of-plane hydrogen bonds, c) depiction of the C�S and
N�O weak intermolecular interactions.

Figure 3. Residual maps after the multipole refinement based on a) ex-
perimental data and b) theoretically derived structural factors. Solid
contours denote positive values, dashed contours denote negative values.
The contour interval is 0.1 e ä�3.

Information. The additional parameters in the present study
do improve the refinements. The refinement based on the
theoretically derived structure amplitudes is particularly
successful, with the lowest agreement indices shown in
Table 1. The refinements on the experimental data with ��
constrained from, and free from, the values derived from the
PDFT refinement do not appear to show any difference. The
��-restricted multipole model (KRMM)[47] is used for the
subsequent density studies.

Intramolecular interactions : The comparison of the thiourea
S,S-dioxide molecule with the crystal geometry (CG) and the
optimized geometry (OG) in the gas phase was made, and the

Table 1. Agreement indices of various multipole refinements.

R(F) Rw(F) R(F 2) Rw(F 2) GOF Variable

octapole[a][46] 0.0174 0.0217 0.0317 0.0468 1.47 97
KRMM 0.0169 0.0150 0.0278 0.0299 4.28 111
UMM[b] 0.0166 0.0149 0.0282 0.0297 4.25 115
PDFT/XD program 0.0097 0.0092 0.0119 0.0205 4.79 85

[a] Octapole with hexadecapole of the S atom. [b] UMM�Unrestricted
multipole model.
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optimized geometry of the molecule was constrained to Cs

symmetry. Significant differences are found in these two
geometries: 1) Marked lengthening of the C�S bond length is
found in the OG (1.9888 rather than 1.8592(6) ä); 2) a bigger
dihedral angle is found between the SO2 and (NH2)2C groups
in the OG (78.9 compared with 69.1�); and 3) two extra
intramolecular hydrogen bonds (O ¥¥¥ H2�N) are present in
the OG that are absent in the CG (Figure 4). However, the

Figure 4. Laplacian charge density distributions of the molecule with
a) crystal geometry, and b) optimized geometry. Dashed contours denote
positive values and solid contours denote negative values. Solid circles
denote the BCPs. Heavy solid lines denote the bond paths. The locations of
nuclei are labeled in a). Contours are in steps of 2m� 10n eä�5 (m� 1 ± 3,
n��3 ± 1).

energy difference between the two geometries is relatively
small (30.59 kJ mol�1). Therefore the crystal geometry is used
for the subsequent analyses. In the light of the topological
properties analysis of the charge density distribution, the �b,
�2�b, and Hb values (Table 2) of all intramolecular bonds are
in good agreement between the two geometries. The only
discrepancy found is the values related to the S�C bond, due
to the marked lengthening of the bond length in the OG. In
addition, the charge concentration of the S atom is different
between the CG and OG in the thiourea plane shown in
Figure 4; this is apparently owing to the extra hydrogen bond
in the OG. It is clearly shown that all the intramolecular bonds
are covalent in character. The C�N and S�O bonds have
relatively large �b and �Hb � values, which indicates a possible
double bond. The�2�b value of the S�O bond is positive, but
the Hb value is negative and the BCP is significantly closer to

the S atom; this indicates a highly polarized covalent bond,
although similar findings would also occur in a very short
polarized bond.[2, 48] It was reported[49] that the S�O bond in
compounds containing a hypervalent sulfur atom in �SO and
�SO2 fragments could involve possible participation of an
ionic � bond, however more than 90 % of the charge density is
located at the O atoms in such a � bond. This is in agreement
with the results based on a different population analysis.[50] In
one recent report,[51] the S�O bond was also expressed as a
typical polarized � bond. Compared with the topological
analysis of the S�O bond in Me2SO2 and H2SO2

[51] this bond is
longer in thiourea S,S-dioxide (1.500 compared with 1.456/
1.466 ä); the �b and Hb values of the S�O bond in this
compound are also slightly smaller in magnitude. With a �b

value of 1.71 e ä�3 (versus 1.97 in Me2SO2) and a negative Hb

(�2.04 Hartree ä�3), there is definitely an indication of a
partial double bond, and the polarity of the charge density is
toward the oxygen atom, a fact which is quite consistent with
earlier findings.[49, 51] The C�S bond is the longest single bond
found in the literature.[46] The BCP is slightly closer to the S
atom, which indicates that the S atom is slightly more positive
than the C atom; this is indeed so, as observed from the
atomic charge (Table 4). The �b and �Hb � values of the C�S
bond are relatively low. This indicates that the C�S bond here
is a rather weak single bond. An empirical linear correlation
between the bond length and the values of �b was reported
recently for C�S bonds of several sulfur-containing com-
pounds.[30] The �b value and bond length of this molecule fit
well with this linear relationship. The C�N bond here is
shorter than that of urea.[8] The �b values are comparable. The
large negative Hb value of �4.01 Hartree ä�3 certainly
indicates that the C�N bond is more than a single bond. It
was also reported that the � character of the C�N bond is
enhanced for urea from the isolated molecule to the solid
form.[8]

In order to realize the effect of intermolecular interactions
exerted on the chemical bonds in the solid, the systematic
topological properties analysis is applied to the theoretically
calculated electron densities of a monomer, a heptamer, and a

Table 2. The topological properties of the theoretically calculated charge
densities at the bond critical point for the crystal geometry (CG) and the
optimized geometry (OG).[a]

Bond Bond length d1[b] �b �2�b Hb

[ä] [ä] [eä�3] [e ä�5] [Hartree ä�3]

S�O 1.4997(6) 0.583 1.71 18.96 � 2.04
1.509 0.586 1.68 17.54 � 2.00

S�C 1.8592(6) 0.884 1.12 � 6.69 � 0.87
1.988 0.975 0.88 � 2.76 � 0.50

C�N 1.3096(7) 0.444 2.28 � 17.90 � 4.01
1.310 0.445 2.27 � 18.01 � 3.99

H1�N 1.030 0.259 2.12 � 41.18 � 3.22
1.013 0.250 2.20 � 43.36 � 3.39

H2�N 1.030 0.238 2.10 � 42.24 � 3.24
1.022 0.234 2.14 � 43.18 � 3.33

O ¥¥¥ H2
2.226 0.876 0.12 1.41 0.00

[a] First line for the CG, second line for the OG. [b] d1 is the distance from
the BCP to the first atom.
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crystal; the results are tabulated in Table 3. The correspond-
ing values obtained by experiment and from the multipole
model imposed on theoretical structure factors are also listed
in the table for comparison. The trend of strengthening the
intramolecular bond in terms of �b from the monomer and the
heptamer to the crystal is detectable in the theoretical results.

Some discrepancies of the topological properties are found
between the experimental and theoretical values, particularly
on the sign of the �2�b value of S�O bonds. It is noticeable
that the BCP of the S�O bond observed in the experiment is
not as close to the S atom as in the theoretical calculations,
therefore the �3 value is reasonable to make the�2�b negative
as expected.[48] It was pointed out[52] that topological discrep-
ancies between experimental and theoretical crystal charge
densities are mainly attributed to the nature of the radial
function in the experimental multipole model, which would
result in the difference of the �3 value. It is worth mentioning
that the intramolecular bonds, except the N�H bond, are all
enhanced by the intermolecular interactions according to the
topological analyses. The N�H bonds are weakened in the
solid, which is expected when the corresponding intermolec-
ular hydrogen bond is strengthened. In general, the agree-
ment in �b between the experiment and theory improves when
intermolecular interactions are taken into account from a
monomer to a heptamer and then to a crystal. However, the
Hb values do not follow the same trend. This may result from
the approximate expression[19, 53±55] in the experimental values,
which does not strictly fit for a covalent bond.

Atomic domains and atomic net charges : According to AIM
theory,[2] a set of zero-flux surfaces partitions the molecule
into unique atom domains (�). These zero-flux surfaces
projected onto a molecular plane, which contained the S, C,
and N atoms of a moiety, together with the total electron
density distribution, bond paths, and BCPs, are illustrated in
Figure 5 from a DFT calculation of a heptamer model and
from experimental results. The shape and the size of these
domains are nearly identical between the theory and experi-
ment.

The AIM net atomic charge (q�) can be obtained by
numerical integration of the electron density distribution
within the atomic domain (�) and subtraction from the
atomic number (Zn): q� � Zn�

�
��(r)d�. The net atomic

charges and the fragment charges are tabulated in Table 4.
The H, C, and S atoms are positively charged and the O and N
atoms are negatively charged. The agreement between
experiment and theory is reasonable. This charge distribution
gives a positive C(NH2)2 moiety and a negative SO2 fragment,
which fits the zwitterionic description; however the negative
charge is mainly on the O atoms of the SO2 fragment. The
dipole moment of the molecule seems to be enhanced from
the monomer to the crystal (12.6 versus 14.6 Debye), which
was also found in the case of urea (2.02 versus 2.77 Debye)[8]

and nitro aniline compounds (13.3 versus 16.1 Debye).[56, 57]

The dipole moment derived from the Mulliken charges or the
monopole values obtained from the multipole refinement
gives roughly the same value. This confirms the earlier
finding.[47]

Intermolecular interactions

Intermolecular hydrogen bonding : The existence of two types
of hydrogen bonds is confirmed by the topological properties
analysis of electron density (Table 5). According to the
topological properties associated with the BCP of the

Table 3. Intramolecular interactions: the topological properties associated
with the BCPs.[a]

Bond/ d1 �b �2�b Hb

Bond length [ä] [ä] [eä�3] [eä�5] [Hartree ä�3]

S�O 0.583 1.709 18.964 � 2.038
/1.4997(4) 0.583 1.749 19.469 � 1.958

0.581 1.779 20.866 � 2.012
0.609 1.772 6.825 � 1.677
0.608 1.852 5.353 � 1.772

S�C 0.884 1.117 � 6.686 � 0.873
/1.8592(6) 0.922 1.173 � 7.790 � 0.878

0.939 1.186 � 6.984 � 0.817
0.933 1.167 � 4.967 � 0.867
0.985 1.195 � 2.977 � 0.838

C�N 0.444 2.279 � 17.900 � 4.007
/1.3096(5) 0.452 2.322 � 22.396 � 4.103

0.442 2.419 � 18.488 � 4.125
0.450 2.444 � 22.419 � 3.135
0.479 2.302 � 17.770 � 2.906

H1�N 0.259 2.124 � 41.180 � 3.224
/1.030 0.237 2.102 � 41.805 � 3.246

0.230 2.170 � 41.395 � 3.217
0.233 1.916 � 30.605 � 2.482
0.203 1.776 � 29.992 � 2.382

H2�N 0.238 2.102 � 42.242 � 3.238
/1.030 0.224 2.077 � 41.942 � 3.227

0.230 2.170 � 41.395 � 3.227
0.241 1.946 � 30.513 � 2.503
0.179 1.532 � 25.074 � 2.165

S�O[51] 1.97 22.94 � 2.38
/1.456

S�O[51] 1.94 20.55 � 2.36
/1.466

S�O[51] 0.878 � 1.357 � 0.502
/1.514

S�C[30] 0.79 1.36 � 3.75 � 1.03
/1.712 0.71 1.42 � 8.97 � 1.60

S�[30] 0.96 1.21 � 3.53 � 0.90
/1.824 0.96 1.22 � 6.78 � 0.83

S�C[30] 0.83 1.35 � 6.91 � 1.13
/1.721 0.78 1.40 � 9.78 � 1.37

S�C[30] 0.78 1.50 � 4.87 � 1.46
/1.657 0.64 1.45 0.18 � 1.71

C�N[30] 0.71 2.45 � 11.15 � 2.43
/1.326 0.45 2.30 � 18.05 � 3.83

C�N[30] 0.69 2.53 � 6.28 � 2.95
/1.318 0.45 2.32 � 18.43 � 3.83

C�N[30] 0.60 2.51 � 24.80 � 2.82
/1.338 0.46 2.27 � 21.35 � 3.73

C�N[8] 0.442 2.30 � 22.65
/1.345 0.451 2.36 � 27.71 ±

C�N[75] 0.52 2.31 � 20.65
/1.322 0.52 2.39 � 21.39 ±

[a] For thiourea S,S-dioxide: first line from DFT calculations of monomer,
second line from DFT calculations of heptamer, third line from DFT
calculations of crystal, fourth line from PDFT/XD program, fifth line from
KRMM. For other compounds (with references): first line from calcula-
tions, second line from experiment.
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Figure 5. Total electron density, �(r), bond paths, and atom domains
partitioning by zero-flux surfaces in the molecular plane derived from
a) the DFT calculation of a heptamer and b) experimental diffraction data.
The nuclei at the plane are labeled in (a). The charge density contours are
in steps of 2m� 10n e ä�3 (m� 1 ± 3, n��3 ± 3).

H1 ¥¥¥ O and H2 ¥¥¥ O hydrogen bonds, these are relatively
strong hydrogen bonds with a �b value of �0.2 e ä�3, which is
in accordance with values obtained elsewhere,[19, 21, 55] for
example, �b � 0.199 e ä�3 for the F ¥¥ ¥ H hydrogen bond.[55]

There is no obvious difference in the �b or Hb values from a
dimer, a heptamer, and a crystal; nevertheless the exper-
imental values are significantly lower. However the kinetic
energy density, Gb (Table 5) fits well with the exponential
expression given in the literature.[19] It also fits in the linear
relationship[53] between Gb and �3 .The �b value of the O ¥¥¥ H1
bond is slightly larger than the O ¥¥¥ H2 interaction. The BSSE
(basis set superposition error) corrected binding interaction

energies are calculated based on the specifically chosen
dimers shown in Figures 6 and 7. This correction results in
energies of �40.83 and �54.53 kJ mol�1 for N�H1 ¥¥¥ O and
N�H2 ¥¥¥ O, respectively. In general the nonbonded charge
concentrations are the preferred sites of protonation. There
are two Laplacian charge concentrations (vertex critical point
in the atomic graph) in the valence-shell charge concentration
(VSCC) of the O atom (see Supporting Information) and a
Laplacian local minimum (face critical point) of hydrogen
toward this charge concentration of the O atom. In principle,
the locations of the N�H bond with its Laplacian local
minimum and the charge concentration of O should be in
alignment as far as possible. This is true in cases of both
N�H2 ¥¥¥ O and N�H1 ¥¥¥ O hydrogen bonds. A similar feature
was reported in crystalline urea.[8] Furthermore the BSSE-
corrected binding energies of N�H1 ¥¥¥ O and N�H2 ¥¥¥ O
were calculated for a trimer including both N�H1 ¥¥¥ O and
N�H2 ¥¥¥ O type interactions. The values were �45.66 and
�54.15 kJ mol�1, respectively. The binding energies increase a
bit for the N�H1 ¥¥¥ O bond from a dimer to a trimer.

Weak intermolecular binding interactions C ¥¥¥ S� and O ¥¥¥ N�:
In addition to the intermolecular hydrogen bonds, the
thiourea S,S-dioxide molecules in the crystal are linked to
one another through weak C ¥¥¥ S� and O ¥¥¥ N� binding
interactions between neighboring moieties (Figure 2 c). These
binding interactions are again confirmed by the location of the
BCPs and the trace of the associated bond path to the relevant
nuclei, as displayed in Figure 8. The related topological
properties are listed in Table 5. It is obvious that the �b values
(approximately 0.02 ± 0.06 e ä�3) are much less than those of
hydrogen bonds (�0.2 e ä�3). The bond paths of C ¥¥¥ S� and
O ¥¥¥ N� are slightly longer than the respective geometrical
distances (bond lengths), so they are slightly bent as shown in
Figure 8. The nature of these weak intermolecular binding
interactions can be understood correctly by the VSCC
Laplacian critical points. The 3D isovalue surfaces of Lap-
lacian distributions derived by experiment and theory are
depicted in Figure 9, where a nonbonded charge concentra-
tion is located at the VSCC of the S atom and two charge
depletions are located above and below the C atom. While in
the crystal, the nonbonded charge concentration of the S atom
is directly inserted toward the charge depletion of the C atom
from the molecule below to form the C ¥¥¥ S� binding
interactions (Figure 9 a, b). In other words, the nonbonded
Laplacian charge concentration of the S atom serves as a
Lewis base or an electrophile and the Laplacian charge

Table 4. The atomic AIM charges (q�) and the molecular dipole moments (Debye).

Atom Monomer Heptamer PDFT PDFT/XD program Experiment/KRMM

S 2.164 2.141 2.145 1.955 1.759
O � 1.313 � 1.347 � 1.362 � 1.339 � 1.255
N � 1.287 � 1.386 � 1.407 � 1.246 � 1.452
C 1.214 1.221 1.277 0.790 0.893
H1 0.410 0.502 0.522 0.611 0.671
H2 0.500 0.550 0.538 0.602 0.707
SO2 � 0.46 � 0.55 � 0.58 � 0.72 � 0.75
C(NH2)2 0.46 0.55 0.58 0.72 0.75

dipole moment 12.6 14.2 14.6 15.5 16.3
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depletion of the C atom is the Lewis acid or a nucleophile.
Similarly the N atom possesses two nonbonded charge
concentrations, one on each side of the plane. One of these
charge concentrations of the N atom can align itself toward
the Laplacian charge depletion of the O atom of a neighbour-
ing molecule to form the O ¥¥¥ N� binding interaction. These
weak C ¥¥¥ S and N ¥¥¥ O interactions together with hydrogen
bonds demonstrate the 3D directional ™key ± lock∫ architec-
ture in the crystal. Based on the chosen dimer model, the
BSSE-corrected binding interaction energies, �E, are �9.48
and �5.80 kJ mol�1 for C ¥¥¥ S� and O ¥¥¥ N�, respectively.

Conclusion

An exact comparison has been accomplished between the
experiment and theory of electron density based on the
multipole model. The covalent bonding characters of the C�S,
S�O, and C�N bonds in thiourea S,S-dioxide have been
illustrated by topological analysis. The partial double bond
character of the S�O and C�N bonds is recognized, with ionic
� character of the S�O bond. A highly polar single C�S bond
between two oppositely charged fragments has been estab-
lished. The large dipole moment results from a positive
C(NH2)2 moiety and a negative SO2 fragment, a firm
illustration of the zwitterionic character. Two categories of
intermolecular interactions are identified: the relatively
strong hydrogen bonds, with �b � 0.2 e ä�3 and binding
energies (�E) of �50 kJmol�1, and the relatively weak C ¥¥¥ S�

and O ¥¥¥ N� interactions, with �b � 0.02 ± 0.05 e ä�3 and
�E� 6 ± 9 kJ mol�1. The natures of these intermolecular
interactions have been demonstrated as 3D directional
interactions. The effect of such intermolecular interactions
on the chemical bond is detected through the systematic
studies. The chemical reactivity of this molecule can be
understood according to the fragment charges of the SO2 and
C(NH2)2 groups as well as the knowledge of VSCC distribu-
tion.

Computational Methods

Multipole refinement : Thiourea S,S-dioxide was prepared by oxidation of
thiourea with hydrogen peroxide at 0 �C and crystallized in an aqueous
solution.[45] The intensity data were collected on a CAD4 diffractometer at
110 K. Details were described in our previous work.[46] A multipole model
refinement was reinvestigated by using the XD program.[58] The multipolar
model is expressed as a series expansion of spherical harmonic terms (ylmp)
multiplied by a Slater-type radial function Rl(r).[17, 59] Spherical harmonic
expansion terms up to hexadecapoles were included for S atoms, up to
octapoles for O, N, and C atoms, and up to quadruples for H atoms. The
core and valence electron scattering factors for each atom are taken from
International Tables for X-ray Crystallography (1974, Vol. IV). The core
electron configurations are assumed to have Ne core for S and He core for
O, N, and C atoms. During the refinement, H atoms are moving along N�H
vectors to make an N�H distance of 1.03 ä.[60] The nl values (l� 1 ± 4) of S
are 4, 4, 4, 4, those of N, O, and C are 2, 2, 3, and those of H are 1, 2. The ��-
restricted multipole model (KRMM)[47] was carried out at the final stage.
The radial �� coefficients were fixed at values derived from multipole
refinement of theoretical structure factors obtained from PDFT calcula-
tions (�� coefficient for S: 0.890; O: 2.315; N: 0.939; C: 0.725; and H: 1.2).

Table 5. Intermolecular interactions: the topological properties associated with the BCPs.[a]

Bond/bond length [ä]/ d1 �b �2�b Gb Hb �E[b]

bond path [ä] [ä] [e ä�3] [e ä�5] [Hartreeä�3] [Hartree ä�3] [kJ mol�1]

O ¥¥¥ H1 1.176 0.222 2.486 0.176 � 0.002 � 40.83
/1.810(2) 1.179 0.225 2.479 0.176 � 0.003
/1.811 1.179 0.235 2.376 0.171 � 0.005

1.192 0.216 2.232 0.167 0.010
1.202 0.178 2.883 0.180 0.022

O ¥¥¥ H2 1.199 0.199 2.171 0.152 0.000 � 54.53
/1.843(2) 1.197 0.196 2.210 0.155 0.001
/1.849 1.189 0.204 2.267 0.157 0.002

1.221 0.166 2.649 0.164 0.022
1.237 0.146 2.323 0.141 0.022

S ¥¥¥ C� 1.820 0.054 0.649 0.031 0.010 � 9.48
/3.3128(6) 1.813 0.055 0.666 0.036 0.010
/3.323 1.805 0.058 0.659 0.036 0.010

1.776 0.064 0.718 0.042 0.009
1.769 0.062 0.766 0.044 0.010

O ¥¥¥ N� 1.794 0.018 0.270 0.015 0.004 � 5.80
/3.619(2) 1.787 0.019 0.278 0.016 0.004
/3.630 1.791 0.019 0.279 0.016 0.004

1.851 0.017 0.247 0.012 0.005
1.836 0.019 0.261 0.013 0.005

O ¥¥¥ H[21] 0.273 3.40 0.216 � 0.013
/1.72 0.295 3.10 0.242 � 0.020

O ¥¥¥ H[21] 0.230 2.88 0.202 0.000
/1.81 0.248 2.66 0.202 0.000

O ¥¥¥ H[21] 0.174 2.49 0.155 0.013
/1.93 0.188 2.30 0.149 0.007

[a] First line from DFT calculations of chosen dimers, second line from DFT calculation of heptamer, third line from PDFT calculations of crystal, fourth line
from PDFT/XD program, fifth line from KRMM. The intermolecular binding interaction energies are calculated based on the corresponding dimer models in
the BSSE correction.



Interactions in Thiourea S,S-Dioxide 3112 ± 3121

Chem. Eur. J. 2003, 9, 3112 ± 3121 www.chemeurj.org ¹ 2003 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim 3119

The � values of H, N, O, and S are 3.1762,
3.8407, 4.4724 and 3.9496, respectively. The
experimental Laplacian distributions are
depicted with the XD program,[58] and the
contour maps of the charge density distri-
butions, zero-flux surfaces, and bond paths
are drawn with the PROP program.[61]

The total energy density at the bond
critical point Hb values evaluated from
the experimental electron density by the
multipole model was derived according to
the approximate expression,[54] where the
kinetic energy density, Gb, is directly
related to the electron density, introduced
by the semiclassical Thomas ± Fermi equa-
tion, where ��(r)��(r)��ci(r); in prac-
tice, �ci(r) is the deformation density, that
is, �ci(rc)��mul(rc)� �iam(rc). The Hb value
is the sum of Gb and Vb, which can be
estimated roughly by this generalized ap-
proach.

Theoretical calculations : All DFT[62] cal-
culations, including those for the single
molecule and oligomers of thiourea S,S-
dioxide, were carried out with the GAUS-
SIAN 98 program.[63] The correlation cor-
rection by Lee, Yang, and Parr (LYP)[64]

Figure 6. a) Model of the chosen dimer with O ¥¥¥ H1�N hydrogen bonds.
Laplacian charge density distributions in the plane containing O ¥¥¥ H1�N
hydrogen bonds are shown as calculated from b) the DFT calculation of the
chosen dimer, c) the PDFT calculation, d) the multipole model of
theoretically derived structure factors and e) the multipole model of
experimental data. Contours are stepped as in Figure 4.

Figure 7. a) Model of the O ¥¥¥ H2�N hydrogen bond. Laplacian charge
density distributions of the O ¥¥¥ H2�N hydrogen bond are shown in b) ± e)
as defined as in Figure 6. Contours are stepped as in Figure 4.

Figure 8. Weak intermolecular interactions indicated by bond paths (black
lines), critical points (black dots), and charge density distribution (con-
tours) in a heptamer model: a) C ¥¥¥ S� interaction, b) O ¥¥¥ N� interaction.
Contours in �(r) are stepped as in Figure 5.
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together with Becke×s nonlocal, gradient approach to the exchange
functional in its three-parameter hybrid density form (B3LYP)[65] was
used. The standard split-valence 6-31G(d,p) basis set[62, 66] was employed for
all the calculations. Fully PDFT calculation of the crystal was incorporated
in the CRYSTAL algorithm by Saunders et al.[67] by using the CRYSTAL 98
program.[67] According to the Bloch function for an insulator, the K-point
sampling of 6, 6, and 6 was chosen isotropically along the reciprocal axis a*,
b*, and c* respectively. The structural amplitudes (Ftheo) were thus derived
from this calculation. The multipole refinement[59] was then applied to these
theoretically calculated structural amplitudes, and the �� thus obtained was
adapted in the experimental multipole model.

Topological properties analysis : The total electron density obtained from
the experiment was calculated according to the multipole refinement
model.[59] The total electron density for the theoretical model was
calculated on the basis of the aforementioned DFT and PDFT calculations.
The topological properties, maps of the charge density distributions, and
Laplacian distributions were performed with the programs AIMPAC[68] and
AIM98PC[69] for the single molecule and oligomers, with the program
TOPOND[70] used for the crystal.

The magnitude of the electron density at the BCP, �b, correlates with the
bond distance and the bond order and, therefore, with the bond
strength.[71, 72] The sign of the Laplacian distribution of � at the BCP,
�2�b, could be used to distinguish bonding features between a shared
interaction (covalent bond) and a closed-shell interaction (ionic bond). It
was suggested[27, 73] that the negative total energy density value, Hb, at the
BCP can be interpreted as the sufficient condition of a covalent bond and
could be used as a qualitative measure for covalence. Correlation between
the bonding and strain energies of hydrocarbon molecules was reported
with �b and Hb values.[74] The network of bond paths defines the shape of
the molecule. A gradient path for which the electron density decreases
most rapidly is developed in all directions normal to the bond. The set of
such gradient paths starting at each BCP defines a zero-flux surface
separating two bonded atoms. The network of these surfaces (one per

bond) will partition the molecule into unique atomic domains (basins) for
which the hypervirial theorem is satisfied. Numerical integration of the
electron density within such a region yields the net charge of the given
atom[75] called the AIM charge. The Laplacian distribution,�2�(r), is also a
very useful tool for understanding the chemical reactivity and revealing a
simple 3D directional interaction in the molecular crystal. Similarly to the
aforementioned �(r) distribution, the topological properties of �2�(r) can
be summarized by its critical points. The atomic graph thus defined denotes
the connectivity of the local valence shell charge concentration (VSCC).
Such a polyhedron obeys Eular×s formula: V�E�F� 2, where V, E, F
stand for the number of vertices, edges, and faces, respectively. A
correlation between these critical points of �2�(r) in the valence shell
and the location of the active site has been established.[2, 14, 76]
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