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Solid-state NMR has been used to study the local coordination environments of the protons
and alkali metal cations in hydrated alkali metal intercalation compounds of MoS;, A(H20),-
MoS; (A = Li, Na, K, Cs). The dynamic behavior of the water molecules, which are coordinated
to the intercalated A" cations, is consistent with an ordered quasi two-dimensional
translational motion at room temperature. In Liy(H-0),MoS,, the hydrated Li* cations occupy
two distinct sites in the van der Waals gap that are connected by dynamic processes. Partially
random motions of the H,O molecules are activated at room temperature.

Introduction

Intercalation compounds of the groups 4—6 transition
metal dichalcogenides (MX;) have attracted much at-
tention in recent years. These compounds are highly
anisotropic and are often referred to as two-dimensional
solids. The presence of a nonstoichiometric number of
molecules and ionic species between the layers of MX;
has a profound influence on the structure and on the
electronic properties of the host lattice, on order—
disorder phenomena, on the magnetic properties, and
on superconductivity.? Intercalation of alkali metal
cations between the layers of molybdenum disulfide
(MoS;) provides a relatively easy way to tune the
electron occupation of the d-bands. These compounds
provide useful solid-state models for alkali metal-
promoted MoS,-type phases, recently recognized to be
alternative catalysts in the water gas shift reaction (CO
+ H,O — CO, + Hj). Whereas A;MoS; intercalation
compounds (A = Li, Na, K, Cs; z < 1) are very useful
for learning more about the electronic structure of the
alkali metal-promoted MoS,-type phases, the activation
mechanism of H,O molecules during water gas shift
catalysis can be studied by using hydrated alkali metal
intercalates of MoS; (Ax(H2O)yMoS;) as model com-
pounds.

Hydrated alkali metal intercalation compounds of
MoS; consist of MoS; slabs with the hydrated A" cations
in the space between the slabs (i.e., in the van der Waals
gap). Depending on the hydration enthalpy of the
respective alkali cation, single layers or bilayers of water
molecules form around the A™ cation.®~8 The hydrated
intercalates are usually obtained from the unhydrated
compounds (A;Mo0S;) by reaction with water.9~13
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Upon intercalation, the local coordination geometry
of the Mo centers of the host lattice changes from
trigonal prismatic (as in the thermodynamically favored
2H-MoS,) to distorted octahedral (as in the metastable
1T-MoSy). This 2H — 1T phase transition is accompa-
nied by considerable changes in the band structure, an
increased electron density on the sulfur atoms of the
MoS; lattice, and the formation of different types of
superstructures.1*15 In contrast to 2H-MoS,, the elec-
tronic properties of the host lattices of 2H-NbS, and 1T-
TiS; are preserved during intercalation. The only change
is an increased d-band filling and a reduction in the
density of states at the Fermi level.16

The static structure and dynamic behavior of inter-
calation compounds of groups 4 and 5 transition metal
sulfides, MS, (M =Ti, Zr, V, Nb, Ta), have been studied
in detail.>~816 The structural properties and the ob-
served dynamic behavior of the intercalated species
were explained in terms of a quasi two-dimensional
motion of water molecules. Depending on the extent of
hydration, the water molecules can be found in two
different orientations. While the H—H vectors of the
H,O molecules are parallel to the crystallographic c-axis
of the host lattice in the monolayered compounds

(3) Roder, U.; Mualler-Warmuth, W.; Schéllhorn, R. 3. Chem. Phys.
1979, 70, 2864.

(4) Roder, U.; Muller-Warmuth, W.; Schollhorn, R. 3. Chem. Phys.
1981, 75, 412.

(5) Roder, U.; Muller-warmuth, W.; Spiess, H. W.; Schollhorn, R.
J. Chem. Phys. 1982, 77, 4627.

(6) Kanzaki, Y.; Watanabe, N.; Maeda, K.; Matsumoto, O. J. J. Phys.
Chem. 1987, 91, 2727.

(7) Halsted, T.; Schmidt, C.; Spiess, H. W.; Schéllhorn, R.; Miller-
Warmuth, W.; Mdller, H. J. Phys. Chem. 1988, 92, 7167.

(8) Lobert, M.; Muller-Warmuth, W.; Paulus, W.; Schéllhorn, R.
Colloids Surf., A 1993, 72, 345.

(9) Schdllhorn, R.; Meyer, H. Mater. Res. Bull. 1974, 9, 1237.

(10) Lerf, A.; Schéllhorn, R. Inorg. Chem. 1977, 16, 2950.

(11) Schéllhorn, R.; Kumpers, M.; Plorin, D. J. Less-Common Met.
1978, 58, 55.

(12) Py, M. A,; Haering, R. R. Can. J. Phys. 1983, 61, 79.

(13) Mulhern, P. J. Can. J. Phys. 1989, 67, 1049.

(14) Wypych, F.; Weber, Th.; Prins, R. Surf. Sci. 1997, 32, L474.

(15) Wypych, F.; Weber, Th.; Prins, R. Chem. Mater. 1998, 10, 723.

(16) Lobert, M.; Mualler-Warmuth; W.; Schollhorn, R. Ber. Bunsen-
Ges. Phys. Chem. 1992, 96, 1564.

© 1999 American Chemical Society

Published on Web 06/09/1999



Hydrated Intercalation Compounds of MoS;

(Figure 1a), the H—H vectors are distributed in cones
that form an angle of approximately 45° with the
crystallographic c-axis in the bilayered phases (Figure
1b). Below a certain temperature T*, in the 140—350 K
temperature range, wide-line NMR spectra, character-
istic of rigid water molecules, and both intra- and
intermolecular dipole—dipole couplings are observed.3—>
At temperatures above T*, wide-line 'H NMR spectra
with typical Pake shapes are well resolved, indicating
that dipolar coupling arises only from intramolecular
interaction within the water molecule. An ordered,
sufficiently rapid translational motion of the H,O
molecules is postulated which averages intermolecular
dipole—dipole interactions and changes the relative
positions of the water molecules. The electrostatic
anion—dipole interaction of the delocalized negative
charges of the sulfur layers with the positively polarized
hydrogen atoms of H,O hinders rotation around the C;
axes in the range of ordered mobility, while the trans-
lational motion retains the orientation of the protons
relative to the layers. At elevated temperatures (>300
K), the Pake spectrum broadens and a narrow compo-
nent appears in the center, typical of rapid proton
exchange and a partially random motion of the water
molecules. In the bilayered hydrates, the barrier for the
C, axis spinning is lower, and this rotation is observed
along with the translational motion.

The present paper reports an investigation of the Ay-
(H20)yMoS; (A = Li, Na, K, Cs; x = 0.3) compounds by
means of H, 27Na, “Li, and 133Cs NMR, powder X-ray
diffraction (XRD), and magnetic susceptibility measure-
ments at room temperature. The data presented yield
information about the structures of these compounds
and the dynamic behavior of the guest species.

Experimental Section

Powder XRD patterns were measured on a TUR M62
diffractometer (0.178 nm Co Ka radiation) equipped with a
computer-controlled HZG-4 goniometer. Magnetic susceptibil-
ity measurements were performed on a Faraday-type balance
at room temperature (293 K).

KxMoS; and NaxMoS; were prepared from A,MoO, (A = Na,
K) by sulfidation (A2M004 + 4H,S — A;Mo0S; + 4H20),
subsequent reduction (2A2MoS4 +3H, — 2A;Mo0S, + 2yA° +
AS + 3H.S,y < 1,z=1 —y), and hydration (A;M0S; + (n +
y)H.0 — Ay (H20)yMoS; + (n/2)H; + nAOH, x = z — n). Liy-
MoS, was prepared by treating 2H-MoS; (Fluka) with n-
buthyllithium for several days, followed by exfoliation in H,O
and restacking. A detailed description of the preparation of
Ax(H20)yMoS; (A = Li, Na, K) can be found in the litera-
ture. 1417719 Cs,(H,0),MoS, was obtained from the correspond-
ing sodium compound by ion exchange with CsCI.

All NMR measurements were performed at room temper-
ature on a Bruker AMX400 instrument (Bo = 9.4 T, wide-bore
magnet) using a double-tuned magic-angle-spinning (MAS)
probe. The samples were poured into zirconia rotors (outer
diameter, 4 mm) and sealed with Kel-F caps. *H solid-echo
spectra of the static samples were obtained using a (77/2)x—71—
(7/2)y—7 pulse sequence with a radio frequency field strength
of ~50 kHz. For all other experiments, single-pulse excitation
followed by data acquisition was used. 'H spectra were
referenced externally to tetramethylsilane (TMS), while the
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Figure 1. Schematic presentation of the arrangement of

water molecules in the monolayered (a) and bilayered (b) A«
(H20)yMoS; intercalation compounds.

Li, Na, and 33Cs spectra were referenced to 1 M aqueous
solutions of LiNOs, NaCl, and CsCl, respectively. Short excita-
tion pulses, i.e., tip angles < x/12, were used to obtain the
spectra of the quadrupolar nuclei “Li, 2Na, and *33Cs in order
to ensure quantitative reliability of the data. MAS spinning
speeds were in the range of 8—12 kHz and are indicated in
the figure captions. In contrast to previous studies,>816 no
magnetic field-induced preferred orientation of crystallites was
observed for the samples studied.

The static *H NMR spectra were analyzed with respect to
chemical shift anisotropy and proton—proton dipolar interac-
tions using the program SOLIDS.?° The conventions for the
elements of the chemical shift tensor, the dipolar coupling
tensor, and the angles describing their relative orientation
follow ref 20. Appropriate line broadenings were used to get
optimum fits.

Results

Figure 2 shows the XRD patterns of the A,(H20)yMoS,
intercalation compounds. The positions and intensities
of the reflections are in agreement with previously
reported data.®11-13 |In contrast to that of the Na, K,
and Cs derivatives, the crystallinity of the Li compound
is poor. This property can be correlated directly with
the preparation procedure. Lix(H.O0),MoS, was not
obtained from high-temperature synthesis but by the
reaction of 2H-MoS; with n-buthyllithium at room
temperature, followed by hydration with water. During
this treatment, the crystalline 2H-MoS; becomes nearly
amorphous. Analysis of the XRD patterns (Figure 2)
shows that the interlayer height is 310—320 pm in Csy-
(H20)yMoS; and Ky(H20)yMoS; and 560—590 pm in Lix-
(H20),MoS, and Nay(H,0),M0S,.%** These findings are
consistent with the different degree of hydration in these
materials. Whereas a single layer of H,O molecules
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Figure 2. X-ray powder diffraction patterns of the A,(H>O),-
MoS; intercalation compounds.

surrounds the intercalated Cs*™ and K* cations, the fully
hydrated Li and Na phases contain bilayers of H;O.

IH NMR Spectra. The static *H NMR spectra of Csy-
(H20)yMoS, and Ky(H20)yMoS, display a Pake line
shape superimposed by a Gaussian peak at the center
(Figure 3a,b). The 'H MAS spectra of both compounds
(Figure 3e,f) show only two differences: the values of
the chemical shift of HoO molecules coordinated to the
AT cations (Cs, 4.5 ppm; K, 3.7 ppm; see Table 1) and
the intensity of the peak due to adsorbed water observed
as a shoulder at 2.7 ppm. As can be seen in the static
NMR spectra, only intramolecular dipole interactions
between the two protons in a water molecule are
operative, and the effective proton dipole splitting of the
Cs intercalation compound is smaller than that observed
for Ky(H20)y,M0S;. The chemical shift anisotropy Ao is
—2.7 ppm with axial symmetry in the case of Csy(H20)y-
MoS;, while no anisotropy was found for Ky(H>O)yMoS,.
Table 1 summarizes all the values measured from the
IH MAS NMR experiments and the parameters used
in the simulations of the static spectra. As a representa-
tive example, the simulation of the static powder
spectrum for Ky(H>O),Mo0S; is shown in Figure 4.

In contrast, the double-layered intercalates Nay-
(H20)yMoS; and Liyx(H20)yMoS, display more compli-
cated 'H NMR spectra (Figure 3c,d). The wide-line H
NMR spectrum of Nayx(H20)yMoS, (Figure 3c) consists
of a fairly weak Pake doublet and an intense central
peak with a smaller shoulder. Evacuation of the sample
for 1 h at a pressure of 1 x 1073 Pa reduced the intensity
of the central line (at 6.9 ppm) by 20% relative to the
Pake doublet and resulted in an increased resolution

Alexiev et al.
static MAS
(a) Cs l (e
N
——— ——

' 0

(©) Na Jk (8)
t )

(d) Li ‘L (h)

T T T T T T

TT T T T T T T T

Figure 3. Solid-state 'H NMR spectra (left column, static;
right column, MAS) of the A(H.0),MoS, intercalation com-
pounds. The MAS spectra were obtained at the following
spinning speeds: 10 (Cs), 8 (K), 12 (Na), and 10 kHz (Li).

Table 1. Measured and Simulated 'H NMR Parameters
and Magnetic Properties for Ax(H20)yMoS>

00? 011° 022° 033 A®  Rer®  per®
Lix(H20)yMoS, 4.3(*), 1.01
~0.2(sh)
Nay(H20)yMoSz 7(sh), 9 7 —2.0 —10.0 24 200 0.56
6.9(%),
7.2
Ky(H20)M0S,  3.7(), 39 39 39 0.0 20490 0.62
2.7(sh)
Cs x(H20)yMoS2 4.5(*), 83 83 56 -—2.7 17750 0.59

2.7(vw, sh)

2 MAS isotropic values in ppm. *, main peak; sh, shoulder; vw,
very weak. P Values of the chemical shift tensor o« and the
anisotropy of the chemical shift Ao in ppm, obtained by simulating
the Pake pattern part of the spectra. ¢ Effective dipolar couplings
in hertz, obtained by simulating the Pake pattern part of the
spectra.?’ 9 e in Bohr magnetons.

of the shoulder (—7 ppm). Two narrow peaks and a
broad feature were identified in the corresponding 'H
MAS spectrum of this compound (Figure 3g). Their
positions relative to TMS are given in Table 1, together
with the parameters that produce the best simulation
of the Pake part of the static spectrum. The essential
result of the simulation is the greater chemical shift
anisotropy and the larger effective dipolar coupling
constant of this compound compared to the K and Cs
intercalates. However, the narrow peak in the center
represents a large portion of the protons that do not
exhibit strong dipolar interactions.

The statictH NMR spectrum of Liy(H.0)y,MoS; (Figure
3d) is different from the spectra described thus far. It
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Figure 4. Experimental (—) and simulated (O) 'H static
spectra of a polycrystalline sample of Ky(H20)y,MoS,.
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Figure 5. 133Cs static (a), *Na MAS (b), and “Li static (c)
NMR spectra of Cs,(H>0),Mo0S,, Nax(H>0)yMoS,, and Li.(H20),~
MOSz.

consists of only one intense peak at 4.3 ppm with weak,
unresolved wings of low intensity. A single peak with a
shoulder is observed in the H MAS spectrum of this
sample (Figure 3h). Since the static spectrum is feature-
less, no simulation of the NMR static powder spectrum
was attempted for this sample.

7Li, #Na, and 133Cs NMR Spectra. To gain more
information about the residence site of the alkali cation
in the van der Waals gap, “Li, 2Na, and 133Cs NMR
measurements of Lix(H20)yMoS,, Nay(H.O)yMoS,, and
Csx(H20)yMoS, were performed. Figure 5 displays the
7Li and 133Cs static spectra as well as the 22Na MAS
spectrum of the corresponding hydrated intercalates.
The parameters obtained from the NMR experiments
are listed in Table 2. The intrinsic anisotropy of the host
lattice is clearly manifested in the 133Cs NMR spectra
and shows up as a nonaxially symmetric CSA tensor
(the singularities of the pattern are found at 131, 175,
and 213 ppm). The distorted baseline of the static
spectrum clearly points toward the presence of a first-
order quadrupole interaction. The 133Cs MAS NMR
spectrum of Csy(H2>0)yMoS; consists of several sidebands
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Table 2. Measured NMR Parameters for Ay(H20),MoS;
Lix(H20)yMoS,  Nay(H20)yMoS,  Cs,(H20)yMoS,

nucleus 7Li 2Na 133Cs
5(MAS) -1.3 —3.4p 176.3
Aw (Hz)2 586 2442 244

2 Line width as obtained from the MAS NMR experiment.
b Peak maximum.

with a central peak shifted 176 ppm relative toa 1 M
aqueous solution of CsClI.

The site anisotropy is also present in the 22Na MAS
spectrum of Nayx(H20),M0S,. The central line in the
spectrum (only second-order quadrupole effects can be
observed here) has an asymmetric shape, indicating the
asymmetry of the Na™ position.

The static "Li NMR spectra measured at room tem-
perature show satellites arising from first-order quad-
rupole perturbation. The intercalated Li* cations are
obviously present in two different environments. The
total width determined for one of the species is ap-
proximately 17.5 kHz. The shape broadening at the base
might reflect a dynamic process or the inherent inho-
mogeneity of the material. The nature of a possible
cation motion is difficult to characterize in the absence
of variable-temperature measurements. Magic angle
spinning of the same sample produced a narrow peak
at —1.3 ppm. The chemical shift values observed in the
cation NMR spectra of all the compounds confirm
complete charge transfer from the intercalated species
to the host lattice.

Discussion

The broad central peak which dominates the 1H static
spectra of the Li and Na intercalation compounds and
which is also observed with lower amplitude in the static
spectra of the Cs and K intercalates may be attributed
to adsorbed water on the surface of the particles. Its
intensity accounts for about 35% of the water content
in the Li and Na samples. This signal, which is
characteristic of unrestricted random motion of water
molecules, is most probably the origin of the broad,
intense peak in the 'H MAS spectra of the Li, Na, and
K intercalates. This suggests that these compounds
contain two types of H,O ligands, namely those which
are directly coordinated to the intercalated A* cations
and others which are adsorbed on the surface of the
particles. This assumption is supported further by the
change in the relative amplitudes of the central lines
and the Pake doublet in the 'H static spectra of Nay-
(H20)yMo0S; upon evacuation. When the sample is
exposed to moist air for a longer period of time, the
original spectrum is restored.

A model was introduced previously to explain NMR
data observed in the intermediate range of temperatures
for hydrated groups 4 and 5 transition metal dichalco-
genides of the type A\(H20);MS,.37816 |t assumes an
ordered anisotropic mobility of the water molecules in
the intercalated phase. Since the measurements pre-
sented here were performed at ambient temperature,
it is reasonable to expect that the results obtained for
the chemical shifts and dipolar coupling constants can
be interpreted in terms of this model. Comparison with
the reported chemical shifts and dipolar interactions
shows a reduction in the Pake doublet separation in the
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sequence Na, K, Cs which can be explained neither in
terms of the structures of these phases nor on the basis
of an increase in the H—H distance due to changes of
the H—O—H bonding angle.®11-13

An alternative explanation of this phenomenon is
increased mobility of the water molecules in the sphere
of the A™ cations, leading to additional tilting motions
around the C; axis. This may result in a reduced, direct
dipolar interaction. A higher degree of freedom of water
molecules in the A,(H>O)yMoS, compounds (compared
to the intercalation compounds of the elements in groups
4 and 5) may be due to structural distortions in the
MoS; phases. Upon intercalation, the local coordination
geometry of the Mo centers changes from trigonal
prismatic to distorted octahedral, accompanied by the
formation of different types of superstructures.'*1° This
affects the local structure of the A* cations as well as
the mobility of diffusing water molecules.® The chemical
shift anisotropy observed in the 133Cs static NMR
spectrum of Csy(H20)yMoS, (Figure 5c) and the en-
hanced water mobility may be explained by such
structural changes. The reduced dipolar splitting in the
1H static NMR spectrum of the Cs intercalate (Figure
3a) indicates an arrangement of the H,O molecules
around the Cs* cation that differs from that shown in
Figure la. Similar properties might be considered for
the K intercalate.

The values found for the *H chemical shift anisotro-
pies of Nay(H>0)yMoS,, Ky(H20)yM0S,, and Csy(H.0)y-
MoS, differ notably, despite the compounds having the
same host lattice and degree of reduction. Ditchfield?!
calculated a value of —18.3 ppm for the chemical shift
anisotropy of an isolated water molecule with axial
symmetry around the O—H bonds. This corresponds to
—9.5 ppm when the H—H vector is parallel to the
hexagonal axis in the studied system. Only the chemical
shift anisotropy of Nay(H>O)yMoS; is close to the pre-
dicted value, while for the other two systems there is a
small contribution with the opposite sign and axial
symmetry around the hexagonal axis in the case of Csy-
(H20)yMoSs,.

All studied compounds exhibit a weak and similar
effective paramagnetic susceptibility at room tempera-
ture, consistent with the 2H — 1T phase transition (note
that 2H-MoS; is diamagnetic, while 1T-MoS, shows
Fermi paramagnetism). In agreement with magnetic
susceptibility measurements, the isotropic chemical
shifts in the 2Na, ’Li, and 133Cs NMR spectra cor-
respond to a complete charge transfer from the alkali
metal to the host lattice.

Lix(H20)yMoS, is an exception from the observed
trends in the static NMR experiments. This bilayered
hydrated compound exhibits a proton spectrum char-
acteristic of activated random motion, although the
weak and unresolved wings can be tentatively at-
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tributed to intramolecular proton—proton dipole inter-
actions. The corresponding “Li static spectrum shows
the existence of two nonequivalent sites occupied by Li*
cations. For Lix(H20)yNbS,, quadrupole splitting in the
wide-line NMR spectra was observed and interpreted
as a change in the local coordination geometry of the
Li™ cations from octahedral to tetrahedral ([Li(H20)e]"
— [Li(H20)4]"). However, coexistence of the octahedral
and tetrahedral environments of the Li* cations was not
detected; i.e., the Li" cations occupy different interstices
in the van der Waals gap, depending on the tempera-
ture.3=8 Although the dynamic behavior of Liy(H20)y-
MoS, was expected to be similar to that of Lix(H20)y-
NbS,, there are certain differences. These can be
attributed to the poor crystallinity and the distorted
structure of this compound. Upon intercalation with Li*
and subsequent hydration, the a x a structure of the
host lattice changes to an a x 2a superstructure.?223 A
similar superstructure was observed for the correspond-
ing K compound. Whereas fully hydrated K,(H.O),MoS,
has an a x av/3 superstructure, an a x 2a superstruc-
ture can be observed at an early stage of the hydration
reaction.141524 These structural changes are reflected
by the water ligands of the intercalated Li* cations,
which rearrange and may form two different environ-
ments. Both environments are connected by dynamic
processes.

Conclusions

The dynamic behavior of the H,O ligands in Ay(H20)y-
MoS; (A = Li, Na, K, and Cs) intercalation compounds
generally follow the trends observed for transition metal
sulfide intercalates in groups 4 and 5 and is consistent
with an ordered quasi two-dimensional mobility at room
temperature. The reduced intramolecular dipole inter-
action observed in the present NMR experiments can
be attributed to tilting motions of the H,O molecules
around their C, axes. This property is a consequence of
the structural deviations and distortions of the A(H>O0),~
MoS, compounds with respect to 2H-MoS,. The local
environment of the alkali metal cations deviates con-
siderably from a perfect octahedral arrangement, pro-
ducing an effective field gradient at the cation site in
the case of Lix(H20)yMo0S,, Nay(H20)yMo0S;, and Cs,-
(H20)yMoS,. There seem to be two nonequivalent cation
sites in the case of the Li intercalate. Both sites are
occupied at room temperature.
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