MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 363-366 (1997)

119Sn Solid-State NMR of Tin Sulfides. Evidence

of Polytypism in SnS,
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The 1'°Sn magic angle spinning NMR spectra of the three tin sulfides SnS, SnS, and Sn,S; are discussed with
respect to results from x-ray structure analysis. The distortion from an octahedral environment of tin in SnS and
Sn(II) in Sn,S; is reflected in the large chemical shift anisotropy. The denser coordination sphere of Sn(IV) in SnS,
in comparison with Sn,S; is reflected in the upfield shift observed for SnS,. With the same argument, the shift of
Sn(II) in the sulfides under study is generally much lower than that of Sn(IV). The **°Sn high-resolution solid-state
NMR signal of SnS, displays a fine structure which is assigned to different polytypic regions in the crystallites. ©

1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

119Gn high-resolution NMR has been applied to eluci-
date the structure and dynamics of a variety of
materials, mainly organotin compounds!™ and tin
oxides® for catalytic applications.®

In the framework of a structural study of lithium-
intercalated SnS, compounds,® we investigated the
effects of structural and electronic changes on the tin
nucleus in a series of tin sulfides (SnS, Sn,S;, SnS,) by
1198n solid-state NMR spectroscopy. For SnS,, there
are 21 polytypes reported in the literature determined
by x-ray crystallography.l®~'2 Using powder x-ray
analysis, the different polytypes cannot be distinguished.
One aspect of this work is to show that polytypism in
powders can be evidenced by solid-state NMR spectros-

copy.

EXPERIMENTAL

1198n magic angle spinning (MAS) NMR spectra were
recorded on a Bruker MSL 300 NMR spectrometer at a
Larmor frequency of 111.921 MHz. Samples were
packed in ZrO, rotors of 4 mm o.d. Chemical shift
anisotropies were estimated with the program Winfit
(Bruker) and determined for two different spinning
speeds (3 and 12 kHz). For SnS,, only the value
obtained at a spinning frequency of 3 kHz is reported.
For SnS, the values obtained at different speeds were
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consistent. A lower limit for the value of Sn,S; was esti-
mated from the distribution of sidebands. Isotropic
chemical shifts were determined by comparing MAS
spectra at different spinning speeds. Chemical shifts are
reported using the convention that higher frequencies
correspond to a more positive chemical shift value.

RESULTS AND DISCUSSION

Figure 1 shows the 1°Sn MAS NMR spectra of the tin
sulfides SnS, Sn,S; and SnS,. The spectrum of SnS is
split up into a set of rotational sidebands with an iso-
tropic chemical shift d,,, = —299 ppm and a chemical
shift anisotropy 6cga = —384 ppm. The !'°Sn NMR
spectrum of SnS, shows a single peak at —763 ppm.
On lowering the spinning speed to 3.5 kHz, the chemi-
cal shift anisotropy could be determined from the rota-
tional sideband pattern as Jdcgp = —79 ppm. A
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Figure 1. ''°Sn MAS NMR of the three tin sulfides SnS, SnS,
and Sn,S;. MAS spinning frequency, 10 kHz; spectral width, 250
kHz; pulse width, 4 ps; recycle delay, 5 s; SnS, 1000 transients;
SnS,, 400 transients; Sn,S;, 7808 transients.
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superposition of the spectra of SnS and SnS, corre-
sponds roughly to the spectrum of Sn,S;. However, the
peak corresponding to Sn(IV) is shifted slightly down-
field to d,,, = —719 ppm.

Whereas in SnS, each Sn atom is in a highly sym-
metric environment,'® the symmetry in SnS is much
lower.!* Each tin atom in SnS, is surrounded by a
hexagon of tin atoms located in the same plane. The
sulfur atoms form an octahedral environment around
each tin atom, with three sulfur atoms located above
and below the tin plane. The Sn—S bond length is
2.56 A. Different stacking of the SnS, layers gives rise to
a large number of polytypes.!!:'2 The layers are held
together by van der Waals forces with a spacing of
3.65 A. In SnS, each tin atom is also surrounded by six
sulfur atoms, but in a highly distorted octahedral
arrangement due to the stereochemically active lone
pair on Sn(II). The SnS molecules form layers in which
each tin atom has three almost equally distant sulfur
neighbors (2.66, 2.66 and 2.62 A) forming a trigonal
pyramid with the tin atom at the apex. The other three
sulfur atoms coordinating each tin atom belong to a
neighbouring layer, resulting in longer Sn—S distances
(3.29, 3.29 and 3.39 A). The layers are linked together by
weak Sn—S---Sn and Sn---Sn interactions.*!-1?

The highly distorted octahedral environment causes
the large chemical shift anisotropy observed for Sn(II).
The smaller isotropic chemical shift value of SnS com-
pared with SnS, indicates a lower shielding of the Sn(II)
nucleus in SnS when compared with Sn(IV). It has been
shown that an increase in the coordination number of
tin leads to a stronger shielding of the tin nucleus, that
is, an upfield shift (lower frequency).!>'® The short
bond lengths in SnS, (2.56 A) create a denser coordi-
nation sphere around the tin nucleus than in SnS, where
the octahedron is highly distorted owing to the con-
siderable increase in three of the bond lengths. Thus, a
downfield shift is expected for Sn(II), which is in agree-
ment with the experimental result.

In Sn,S;, which is better described as a mixed sulfide
SnS, - SnS, there are two types of tin atoms in the
structure. The Sn(IV) atoms are located in the centers of
slightly distorted octahedra formed by the sulfur atoms.
The Sn(IV)—S bond lengths range from 2.50 to
2.61 A.1718 The octahedra form infinite double rutile
strings with the Sn(II) atoms attached laterally. As in
SnS, the Sn(IT) atoms in Sn,S; occupy the apical posi-
tion in a trigonal pyramid. The Sn(II)—S bond lengths
in Sn,S, are 2.64, 2.64 and 2.74 A.

One of the bond angles of the Sn(II) atom in Sn,S;
formed with the three sulfur atoms of the trigonal
pyramid is considerably smaller (83.6°) than the corre-
sponding angle in SnS (86.8°), whereas the other
S—Sn—S bond angle of the pyramid is similar in both
compounds (90.2° in Sn,S; and 89.0° in SnS).!*17 A
decrease in bond angle is frequently accompanied by a
downfield shift.!® Therefore, a decrease in the chemical
shift of the Sn(II) peak in Sn,S; is expected compared
with SnS. In fact, the isotropic chemical shift value of
Sn(Il) in Sn,S; is d,, = —274 ppm compared with
—299 pm in SnS. The chemical shift anisotropy of
Sn,S; is more than —800 ppm and thus substantially
larger than that in SnS. This is in agreement with the
distortion of the bond angles compared with SnS. Ana-
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Figure 2. ''°Sn MAS NMR of SnS,. MAS frequency, 12 kHz;
spectral width, 50 kHz; pulse width, 2.8 ps; recycle delay, 5 s;
2880 transients. Peak positions are marked as in Table 1.

logously, the isotropic chemical shift value of Sn(IV) in
Sn,S; is d;,, = —719 ppm, whereas for SnS, a value of
—764 ppm has been found. This result indicates a
decrease in the bond angle of Sn(IV) in Sn,S; compared
with SnS, which is in agreement with the results from
x-ray structure analysis. The S—Sn—S bond angles on
the Sn(IV) in Sn,S; are 86.1°, 86.7° and 90.8°,'® whereas
SnS, presents a perfect octahedral arrangement with
90° bond angles.!?

In conclusion, the high-resolution !'°Sn NMR
spectra for the three sulfides agree well with their x-ray
structures. However, a closer investigation of the Sn(IV)
peak in SnS, reveals a fine structure (Fig. 2). The
decomposition into individual Lorentzian lines is
reported in Table 1. Several possibilities may account
for the observed fine structure: (i) misadjustment of the
magic angle, (i) **°Sn-°Sn or 11°Sn-117Sn J-coupling
or (iii) different tin sites with slightly different chemical
shifts. Possibility (i) can be ruled out. Similar splittings
should also be observable for the other tin sulfides,
since the magic angle was not readjusted when changing
the sample. Possibility (ii) cannot be ruled out com-
pletely. In the tin planes, each tin atom is connected to
its neighboring tin atoms via two bonds through the
shared sulfur atoms at the corners of the octahedra. For

Table 1. '°Sn chemical shifts of the different
components of the SnS, signal (compare
Fig. 2)°

Peak distance,

Peak component, n Chemical shift (ppm) (n+1) —n(Hz)

1 —757.7

2 —759.9 266
3 —761.9 223
4 —764.4 275
5 —765.8 157
6 —767.5 196
7 -774.4 771

2 Chemical shifts were obtained by decomposition
into different Lorentzians. The last column gives the
energy differences between the individual peak
components.
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1198n, 2J-couplings are generally in the region of 102
Hz. For example, in (Me;Sn),C, a value of >J = 328 Hz
is reported.! For a coupling through a chalcogen such
as oxygen, 2J = 74 Hz was found in (n-Bu,ClSn),0.°
It is evident from Table 1 that the frequency differ-
ences between the individual peaks are of the order of
102 Hz. If all the tin atoms were equivalent as predicted
from the x-ray structure, a 2J(*°Sn-!'°Sn or !!°Sn-
1178n) should give rise to only one set of satellite lines
for each of the isotope pairs. The ratio of the intensities
of these satellites to the central (uncoupled) peak can be
much larger than just the ratio of the natural abun-
dances, since each tin atom is surrounded by six other
tin atoms. The corresponding J values should then
reflect the ratio of the nuclear gyromagnetic ratios y
with p(11°Sn)/y(*17Sn) = 1.0465. However, the observed
pattern is more complex and, thus, requires the pres-
ence of different tin sites. Each tin nucleus at a specific
site can couple with up to six neighboring tin nuclei
whose identity as ''°Sn or !!7Sn follows a statistical
distribution according to their natural abundances. In
order to verify the possibility of overlapping multiplet
structures caused by tin atoms at different sites and
subject to scalar coupling, a 11’Sn NMR spectrum was
recorded under conditions identical with those for
119Gn. Since both J-coupling and chemical shift scale
with the gyromagnetic ratios, the peak positions are
expected to be identical in both spectra with the excep-
tion of peaks arising from 1°Sn—1'°Sn or 1!7Sn—1"Sn
J-coupling. However, since the abundances of both tin
isotopes differ by 12%, the peak intensities should vary
for peaks arising from scalar coupling. No such change
was observed. Moreover, in the experimentally observed
pattern, each of the spacings between the individual
components is unique and cannot be attributed to a
multiplet structure. The most intriguing evidence,
however, that the observed pattern is not generated by
pure J-coupling, is the change in the relative intensities
of the individual peaks upon chemical lithium insertion,
which does not cause a shift of the resonance lines.®
Therefore, we conclude that J-coupling is not a domi-
nant mechanism, and the fine structure of the Sn(IV)
peak in SnS, is mainly due to tin atoms in a slightly
different environment generating small chemical shift
differences [possibility (iii)]. Slight changes in the
environment of the tin nuclei may be caused by regions
in the crystallites of different polytypic structure.
Polytypism arises from different ways of stacking
compatible units. The layer transposition—disorder
theory provides an explanation for the formation and
coexistence of polytypes. In SnS,, two possible glide

processes exist: S/S glide of low energy between the
weakly bonded neighbouring planes of sulfur atoms,
and Sn/S glide of higher energy occurring within the
multiple layers themselves.!! In a geometrical model of
polytypism, the individual layers preserve their struc-
ture in all stacking sequences.!® Several SnS, polytypes
exist with hexagonal (H type) and rhombohedral (R
type) symmetry. The basic polytypes in SnS, are 2H, 4H
and 18R, respectively, and the most common stacking
sequences are 2H and 18R.2° Numerous combinations
of stacking sequences of the three basic polytypes exist.
Large period polytypes occur in all small regions of the
crystals.'® Powder x-ray diffraction of our SnS, sample
only revealed the reflections typical of the 2H polytype.
It has been shown, however, that the powder x-ray dif-
fraction pattern of crushed single crystals of different
polytypic structure gave rise only to the reflections
characteristic of the 2H structure.!! Therefore, x-ray
powder diffractometry is evidently not sensitive to the
detection of coexisting polytypes in SnS, .

NMR, however, a technique sensitive to local struc-
tural changes, enabled us to detect the coexistence of
different polytypes in SnS, . Different stacking period-
icities give rise to different internuclear distances
between the layers and the atoms therein, thus creating
the small changes in the chemical environment of the
tin nuclei as evidenced in different chemical shifts by
1198n high-resolution solid-state NMR.

CONCLUSIONS

The 11°Sn NMR isotropic chemical shifts and chemical
shift anisotropies agree well with the x-ray structure
results. For SnS,, however, a fine structure of the
Sn(IV) peak has been assigned to regions in the crys-
tallites which are defined by different stacking period-
icities in the layers. Although the powder x-ray
diffraction pattern presents only the typical reflections
of an SnS, 2H structure, the sensitivity of high-
resolution solid-state NMR allows the detection of local
deviations from the long-range order.
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