Insights into bonding and hydrogen bond directionality in
thioacetamide from the experimental charge distribution
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A multipole model of the charge density distribution in thioacetamide has been obtained using high-resolution single
crystal X-ray diffraction data. Topological analysis of the total experimental charge density p(r) and its Laplacian
—V2p(r) at the bond critical points reveals fine details of intra- and intermolecular bonding features.

Introduction

Although there have been two previous crystallographic studies
of thioacetamide (CH,CSNH,),"* these were low resolution
structural studies, from which it was not possible to obtain any
charge density information. The study by Jefirey et al.! concen-
trated on the comparison of high-precision crystal structure
analysis coupled with ab initio calculations to distinguish small
structural differences between the two molecules in the asym-
metric unit (related by a non-crystallographic centre of sym-
metry), including those arising from crystal-field effects. The
authors concluded that the presence of hydrogen bonding in the
crystal alone could not cause the discrepancy between observed
and calculated bond lengths in the thioamide side-chain, with
HF/3-21G and HF/3-21G* basis set calculations under- and
over estimating the bond lengths, respectively. They concluded
that van der Waals forces or dipole interactions must be the
reason for the lack of agreement between the (solid state)
experimental structure and the (gas phase) single molecule
calculation. However, little mention was made of the possibility
of the thioamide side chain existing as the zwitterionic form

(Fig. 1).
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Fig. 1 Zwitterionic forms of the thioamido group; (A) amide form,
(B) ionic form.

The study by Truter? addressed this possibility with con-
clusions drawn directly from inter-nuclear geometry. The
conclusion drawn was that thioacetamide exists purely as the
amide form (A). The current study was undertaken to deter-
mine experimentally the electron density distribution in thio-
acetamide, to clarify some of the outstanding inconsistencies
in both the intra- and inter-molecular bonding characteristics.

Experimental

High-resolution low temperature X-ray diffraction data were
collected using an Enraf Nonius FAST area detector diffract-
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ometer. Cell constants were obtained from the least squares
refinement of 50 reflections located between 5.3 and 106.9° 26.
Two reciprocal space data spheres were collected, with one
sphere providing data between +3.0 and —52° 26, and a second
for data between —37 and —110° 20. Data were collected at
100(2) K with omega scan increments of 0.20°, with the orient-
ation matrix continually recalculated every 250 reflections. The
intensities of 15 standard reflections collected in the overlap
region did not change significantly during data collection,
therefore no scaling correction was applied. Data reduction
was carried out using the DREAM? program package. An
analytical correction for absorption was carried out using
SHELX-80.* The topological analysis of the experimental
charge distribution used the XDPROP part of the XD program
package.’

All gas phase DFT calculations were performed on the
dimers with the GAUSSIANYS program package® at the 6-311
++G** level of theory at the crystal geometry, using the
exchange functional of Becke in combination with correlation
potential of Lee, Yang and Parr (BLYP).” The topological
analyses of the theoretical data were based on the wave func-
tions obtained from single point calculations using the same
basis sets, and used the AIMPAC suite of programs.?

Multipole refinement

The crystal structure was determined in an earlier publication,
and the structural parameters therein formed the starting point
for a high-order independent atom model (IAM) refinement
where all atoms are treated as spherical. Bond lengths to hydro-
gen atoms were normalised to average neutron diffraction
values,” with bond directions and isotropic temperature factors
fixed at values obtained from the IAM refinement. For Csp*-H,
and N-H, the values were 1.097 and 1.032 A respectively.
Multipole refinement was carried out using the generalised
scattering factor model based on the Hansen—Coppens formal-
ism.!® Refinements were carried out using the full-matrix least-
squares program XDLSM, also part of the of the XD program
package, which utilizes the well established rigid pseudoatom
model.!*'? For all refinements the quantity Tw(|F,| — k |F,)?
was minimised with the statistical weight w = ¢ — 2(F,), using
structure factors that met F, > 30(F,).
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In a crystal the electron density p(r) can be described by a
sum of aspherical pseudoatoms with nuclear positions {R;}:

p() =Epr — R) (1)

With the pseudoatomic density form of:

A1) = Peplry) + k°Pop(ic'r) + K" Py, R("r)d,,(0,0)  (2)

thus each pseudoatom is described by three components, core
density, spherical valence density, and the deviation of the
pseudoatom density from sphericity. The core and spherical
valence density was composed of Hartree-Fock wave func-
tions expanded over Slater type basis functions, with x’ (the
expansion—contraction coefficient which modifies the radial
distribution) being refined along with the valence population
(P,) fixed at 2 for first row atoms. The final term, again describ-
ing the deviation of the pseudoatom density from sphericity, is
represented by deformation functions in the form of density-
normalised spherical harmonics d,,,,."°

The Slater type function Nr"exp(—x"Cr), forms the radial
term (R) for the deformation functions, with an additional
radial screening parameter (k") being refined. The exponents n/
of the Slater function were chosen so that the maximum of the
radial function was at the density peak position (7., = (7,/().
The program FSTRUCT" was used to calculate theoretical
structure factors from the DFT wave function, with the same
Bragg reflections used in the experimental refinement, and these
data were used to determine the best values of the Slater
exponents. The temperature factors were set to unity, since it is
only the static Born—Oppenheimer densities are needed for
comparison with the corresponding static experimental density.
These structure factors were then treated as observed data and
refined with XDLSM in the same manner as the experimental
data, but with no refinement of positional parameters, temper-
ature factors or scale factor. The standard values of 4,4,4 (for
dipoles, quadrupoles and octupoles) were found to give the best
fit in this case. The value of ( is taken from reference 11. The
planarity of the molecules allows for the omission of hexadeca-
pole functions on all atoms except for C(2) and C(2"). However,
these higher functions had negligible population parameters
and were also omitted. A constraint whereby the overall charge
on the molecule was kept neutral was applied. In this refine-
ment the expansion was truncated at the octupole level (/,,,, = 3)
for heavy atoms while the asphericity of the hydrogen atoms
was modelled with a single bond-directed dipole (/,,,, = 2). Sep-
arate k' and x” were employed on all heavy atoms, although
atoms that were chemically ‘equivalent’ had the same « sets.
Hydrogen ' and x” were constrained to have the value 1.2, as
obtained from theoretical studies.'*

Given that there are two independent molecules in the
asymmetric unit, this suggests at least two possible refinement
strategies: (a¢) Both molecules treated independently, enabling
comparison of their charge distributions and to interpret the
observed differences in terms of intermolecular interactions
within dimers. (b) The charge densities of the two independent
molecules are averaged. Such a procedure forgoes any chance of
studying how the molecules affect each others’ charge distribu-
tions. However, it may be justified if the main aim is simply to
obtain a high quality charge distribution for a single molecule,
enabling conclusions to be drawn about both bonded and
non-bonded electron pairs. In approach (a), sensible monopole
charges with low SUs (0.05-0.07 ¢) were obtained, but an
inspection of the residual density maps gave the first indication
of the inadequacy of the model. The residual density in the
plane of the molecule showed troughs (between —0.4 and
—0.6 e A7) at the nuclear positions and high peaks (0.2-0.4 e
A7 in the lone pair regions. Further, topological analysis of
the resultant charge density of this refinement exhibited a num-
ber of deficiencies. In particular the C-N critical point values

236 J. Chem. Soc., Perkin Trans. 2, 2002, 235-239

Table 1 Final multipole refinement statistics for thioacetamide

Formula C,H,NS
Molecular mass 75.13

Crystal size/mm 0.20 x 0.18 x 0.17
Temperature/K 100(2)

Crystal system monoclinic

Space group P2,/n

a 7.030(1)

b 9.911(2)

¢ 11.019(5)

B 99.643(4)
Volume/A® 756.9(4)

VA 8

DJgcm™ 1.319

Radiation Mo-Ka; 4 =0.71069
Max (sind/A)/A™"! 1.23

Absorption coefficient/cm ™! 6.11

No. of reflections measured 14444

No. of unique reflections 2806

Index ranges

—12<h<12,-19<k<19,
—-21<1<22

R(int) 0.0201
Refined on F?
No. reflections I > 267 (N, 2280
R(F) 0.0265
WwR 0.0278
S 1.30
Niedd Nyar 45.6

of p and —V?p in molecules 1 and 2 differing considerably from
each other, and the ellipticities (¢) of bonds to hydrogen atoms
being unrealistically large. The agreement with the Density
Functional Theory BLYP/6-311++G** calculated values of
p and —V?p was generally poor. The maps of the experimental
—V?p failed to recreate the contiguous region of density around
the heavy atoms exhibited in the calculated maps, in particular
sulfur, with large gaps and very diffuse density in the lone pair
regions.

Approach (b) however, with the advantage of a larger N,/
N, ratio, and correspondingly improved refinement statistics,
appeared to be the only approach which results in a reliable
charge density distribution in good agreement with DFT calc-
ulations. In this method the multipole populations of the same
atom in each independent molecule are constrained to be equal,
in addition to this a plane of symmetry was imposed on the
heavy atoms S(1), C(1) and N(1), such that multipoles with
an odd z component are forced to be zero. This refinement
converged smoothly with no large least-squares correlation
coefficients, all bonds easily satisfying Hirshfeld’s rigid-bond
criterion.'s

Results

The final refinement statistics for the constrained refinement
are given in Table 1, atomic labelling is given in Fig. 2 and

Fig. 2 Molecular structure of one molecule of thioacetamide.
Ellipsoids are at 50% probability.

selected bond lengths and angles (including values from pre-
vious studies) are given in Table 2. Anisotropic displacement



Table 2 Selected bond lengths and angles for thioacetamide [A, (°)]

Molecule 1 Molecule 2
This study (X-ray data 100 K)
S(1)-C(1) 1.681(3) S(1)-C(1") 1.688(2)
N(1)-C(1) 1.316(4) N(1")-C(1") 1.307(4)
C(1)-C(2) 1.502(3) C(1")-C(2") 1.504(3)
N(1)-C(1)-C(2) 116.2(2) N(1")-C(1")-C(2") 116.1(2)
N(1)-C(1)-S(1) 122.9(2) N(1)-C(1")-S(1") 122.6(2)
C(2)-C(1)-S(1) 120.8(2) C(2")-C(1")-S(1") 121.3(2)
Ref. I (Neutron data 15 K)
S(1)-C(1) 1.686(3) S(1")-C(1") 1.690(8)
N(1)-C(1) 1.317(4) N(1")-C(1") 1.316(7)
C(1)-C(2) 1.504(8) C(1)-C(2") 1.502(1)
N(1)-C(1)-C(2) 116.5(1) N(1")-C(1")-C(2") 116.3(1)
N(1)-C(1)-S(1) 122.8(1) N(1)-C(1")-S(1") 122.5(1)
C(2)-C(1)-S(1) 120.8(1) C(2")-C(1")-S(1") 121.3(1)
Ref. 2 (X-ray data 298 K)
S(1)-C(1) 1.710(8) S(1)-C(1") 1.716(8)
N(1)-C(1) 1.324(11) N(1)-C(1") 1.323(11)
C(1)-C(2) 1.497(11) C(1)-C(2") 1.490(12)
N(1)-C(1)-C(2) 118.6(6) N(1")-C(1")-C(2") 116.7(6)
N(1)-C(1)-S(1) 121.7(6) N(1")-C(1")-S(1") 121.6(6)
C(2)-C(1)-S(1) 119.7(7) C(2")-C(1")-S(1") 121.7(7)
Table 3 Monopole charges and x values
Atom Monopole charge/e K K"
S(1) —0.72(3) 0.97(1) 0.96(5)
N(1) —0.77(4) 0.96(1) 0.89(5)
C(1) +0.37(5) 1.01(2) 0.99(3)
C(2) —0.63(3) 0.96(3) 0.86(3)

parameters, fractional coordinates and multipole population
coeflicients are available as supplementary material. f

The values of x’ and x” for multipoles (1 </ < 3) for S(1),
S(1") refined to 0.97(1) and 0.96(5), indicating an expansion of
the monopole and higher multipole terms in comparison to the
free atom. Similarly for N(1), N(1") 0.96(1) and 0.89(5), and
C(2), C(2') 0.96(3) and 0.86(3), while C(1), C(1") 1.01(2) and
0.99(3) indicates a contraction of the monopole while the
higher multipoles remain expanded. The dipole moment of
the dimer is 0.9(2) D, with the individual dipole moments
of each molecule being 9.0(1) D. This compares with 0.3 and
4.8 D from theoretical BLYP/6-311++G** calculations. Such
an increase of the molecular dipole moment of = 100% is not
unprecedented. '

Fig. 3 shows the residual density in the plane defined by
C(1)-S(1)-N(1), and is essentially the same for each of the two
independent molecules. Fig. 4 shows the static deformation
density in the same plane, while Fig. 5 and 6 show the experi-
mental and theoretical Laplacian maps respectively. Again the
Laplacian maps are essentially identical for each molecule, thus
only one is shown. Table 3 reports monopole charges and the
associated x values.

Bond (3, —1) Critical Point data are presented in Table 4.

Table 5 details the hydrogen bonding present in the thio-
acetamide crystal, and Table 6 reports the CP analysis for these
interactions. Table 7 reports the CP analysis for the lone pairs
on sulfur.

+ CCDC reference number 172905. See http://www.rsc.org/suppdata/
p2/b1/6109353¢/ for crystallographic files in .cif or other electronic
format.
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Fig. 3 Residual density in the S(1)-C(1)-N(1) plane. Contours (--*)
zero and (—) negative are at 0.1 ¢ A3,

Fig. 4 Experimental static deformation density (—) zero and (-*-)
negative contours. Contour level 0.1 ¢ A,

Discussion

Thioacetamide (Fig. 2) crystallises in the centrosymmetric
space group P2,/n, with two molecules in the asymmetric unit,
with a non-crystallographic centre of inversion between them,
and the bond lengths and angles of this study do not differ
significantly from those reported in the neutron structure
determination.'

Comparison of experimental and theoretical charge distributions

Comparing the experimental CP data with the theoretical
results we see that the agreement is good, although there is a
tendency to overestimate the ellipticity values in the three C-H
(methyl) bonds, and also p at the CPs is markedly under-
estimated with respect to theory. This is strongly indicative of
rotation (or at least some libration) of the methyl group, as
indeed was noted at 15 K by Jeffrey ez al.
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Fig. 5 Experimental Laplacian distribution in the S(1)-C(1)-N(1)
plane, showing the S - - - H-N interaction.

Fig. 6 Theoretical (BLYP/6-311+ +G**) Laplacian distribution in the
S(1)-C(1)-N(1) plane.

From a purely structural viewpoint, the mean bond length
for C(1)-C(2) is 1.503(2) A, indicative of single bond between
these atoms. The mean C(1)-S(1) bond length of 1.684(2) A is
in the range between typical C-S single bond (1.795 A) and C=S
double bond (1.615 A) lengths. Similarly the mean C(1)-N(1)
bond length of 1.312(2) A is much shorter than the typical
C-N single bond (1.47 A), and very close to the typical C=N
double bond value (1.30 A). Moreover, the mean sum of bond
angles at N(1) is 360.1°, i.e. a completely planar (sp>-hybridised)
nitrogen. These structural data therefore point to a strongly
delocalised S—C—N system. Therefore an experimental charge
density study was carried out to determine the extent of the
conjugation.

Comparing the experimentally determined values with the
calculated BLYP/6-311++G** results, we see that the agree-
ment is good. A key observation with regard to the CP analysis
is that the ellipticities of the S-C (0.11) and C-N (0.03)
bonds, of key interest, are in quite good agreement with theory
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Table 4 Critical point (CP) data“

Bond ple A~ —Vple A= &

S(1)-C(1) 1.53(1.42) 6.16(4.04) 0.11(0.18)
C(1)-C(2) 1.73(1.82) 14.79(18.90) 0.04(0.04)
C(1)-N(1) 232(2.35) 20.62(16.82) 0.03(0.03)
S(1"-C(1) 1.52(1.41) 7.80(3.70) 0.11(0.18)
C(1'-C(2") 1.72(1.81) 14.72(18.85) 0.04(0.03)
C(1-N(1") 2.30(2.39) 20.24(16.48) 0.02(0.03)
N(1)-H(01) 1.77(2.23) 38.98(40.96) 0.03(0.05)
N(1)-H(02) 1.83(2.20) 48.10(47.47) 0.06(0.04)
N(1")-H(01") 1.78(2.24) 39.04(42.96) 0.03(0.05)
N(1'Y-H(02') 1.82(2.11) 47.45(43.40) 0.06(0.04)
C)-H(1) 1.55(1.86) 11.04(23.62) 0.19(0.03)
C(2)-H(2) 1.60(1.87) 12.54(23.70) 0.19(0.03)
C(2)-H(3) 1.61(1.86) 12.14(23.60) 0.08(0.01)
C")-H(1") 1.56(1.86) 10.10(23.49) 0.13(0.03)
C'Y-HQ') 1.57(1.88) 11.83(23.97) 0.20(0.02)
C')-H(3) 1.65(1.86) 14.12(23.45) 0.20(0.02)

“ Values in parentheses are the BLYP/6-311+ +G** calculated values.

Table 5 Hydrogen bonding in thioacetamide [A, (°)]

d(N-H) dMH-S) d(NN-S) «(NH:--S)
HO1) --- S1)¢  1.023 2.358(3)  3.378(5)  175.81(9)
H(02) --- S(1)*  1.023 2453(4)  3.420(7)  160.07(11)
HO1) -+ S(1)¢  1.023 2.379(7)  3.396(5)  173.68(10)
H(02) -+ S(1)*  1.023 2469(4)  3.474(3)  167.63(12)

“(6,0.5 = 3,0.5 = 2)." (x, , 2).

Table 6 CP data for hydrogen bonds present in thioacetamide

ple A~ ~V2 ple A5 P
S(1) -~ H(OL") 0.09 +1.082 0.10
S(1) - -+ H(02") 0.08 +1.030 0.09
S(1’) - -+ H(01) 0.11 +1.342 0.08
S(1) --- H(02) 0.11 +1.416 0.10

Table 7 Lone pair (LP) (3,—3) critical point data for thioacetamide

Multipole refined BLYP/6-311++G**
Lone pair Vip d* VZp d*

S(1)LP1 —14.546 0.691 —12.126 0.692
S(1)LP2 —18.849 0.683 —12.162 0.691
S(1")LP1 —14.566 0.691 —12.141 0.692
S(1")LP2 —18.851 0.683 —12.168 0.691

“ Distance from sulfur nucleus to LP centroid (A).

(0.18 and 0.03, respectively). This indicates conjugation in the
S—C bond but little hyper-conjugation in the C-N bond. The
theoretical and experimental values of ¢ provide a reasonably
consistent picture, namely that the canonical form (A) of thio-
acetamide predominates in the solid state.

Hydrogen bonding and the charge distribution

Each sulfur atom in thioacetamide donates two LPs in hydro-
gen bonds to amido protons of a molecule: () in an adjoining
cell (via a 2, screw) and (b) between the two molecules in
the asymmetric unit (Fig. 7). The hydrogen bonds link the
molecules to form buckled layers, however there is no hydrogen
bonding between the layers which have a separation of 3.5 A.
The topological analysis of these bonds is given in Table 6.
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Fig. 8 Orientation of H-bonds and lone pairs in thioacetamide.

The values of the topology of the sulfur lone pairs are given
in Table 7. The averaging procedure applied here guarantees
that the values must be very similar between molecules 1 and 2,
and thus it is impossible to determine the differences between
any of the hydrogen bonds.

The m symmetry constraint on the sulfur multipoles means
that LP1, LP2, S(1) and C(1) necessarily lie in a plane in the
case of the experimental data, i.e. w; + y, + 0 =360.0° (Fig. 8).
There is no such constraint on the theoretical LP positions; but
intra- and inter-molecular interactions have only a very small
effect on the planarity of the LP system: y; + y, + 6 = 360.3
and 359.7° respectively for the above theoretical data. Turning
now to the experimental LP positions; on average, the angular
positions of the LP’s show a 10° discrepancy with respect to the
theoretical values, but are nevertheless still realistic for a thio-
carbonyl group. An average discrepancy in the radial distances
of the LPs from the sulfur nuclei of 0.005 A is found between
experiment and theory. According to Carrol and Bader'” the
LP direction should effectively predict the direction of any
hydrogen bond to it. Here the angular orientation ¢ of the
hydrogen bonds is on average about 100°, which supports the
observation of Platts et al. that hydrogen bonding to thiocar-
bonyl sulfur atoms is more perpendicular to the S-C bond than
hydrogen bonds to carbonyl groups.'® Despite the almost iden-
tical radial distances of the sulfur LPs from the sulfur nucleus,
the values of V?p are markedly different, i.e. the LP eclipsed
with the NH, group has a higher concentration of electron
density than the other. This might be attributed to hydrogen
bonding, although in a theoretical study changes in LP proper-
ties of less than 1 % were observed. In a previous experimental
charge density study,'® such asymmetry in the two lone pairs
of a carbonyl oxygen has been observed, and was apparently
countered by the imposition of mm2 site symmetry on this
atom’s multipoles.

Conclusions

Multipole refinement and subsequent topological analysis of
the resulting charge distribution identified critical points
(including those characteristic of intra-molecular bonding) in
which the values of p and —V?p agree closely with those cal-
culated by Density Functional Theory. Properties at the bond
critical points reveal fine details of inter- and intra-molecular
interactions. It has been shown that experimental charge
density studies can clarify issues related to both intra- and
inter-molecular bonding interactions, and that the direction-
ality of hydrogen bonding cannot be predicted solely by lone
pair geometry. We believe that the ability of charge density
studies to differentiate between independent molecules in the
unit cell remains uncertain, and this a problem of paramount
importance in modern X-ray crystallography.
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