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7Li solid-state NMR studies have been carried out on the molybdenum cluster chalcogenides
(“Chevrel phases™ LizMogXs, LizsMogXs, and LisMogXs at 16 and 117 MHz and various
temperatures. The low-temperature spectra of LisMogXs, LissMogXs, and LisMosXs can be
interpreted in terms of chemical shift (CS), nuclear quadrupole (Q), and dipole-dipole (D)
interaction, where the principal axes of the CS and @ tensors do not coincide. The spin-lattice
relaxation of these compounds is governed by contributions from the lithium diffusion and from
the interaction with conduction electrons. The latter partis connected with theisotropic (Knight)
shift by a Korringa relation. The formation of lithium triclusters with partial charge transfer
to the host lattice, short Li-Li distances and remaining electron density in the 2s orbitals is
concluded from the various data. InLi;MosXs, by contrast, the intercalated lithium is completely
ionized. Models for structure and motion have been developed in connection with recent neutron
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diffraction studies.

Introduction

Binary and ternary molybdenum cluster chalcogenides
(Chevrel phases) with the composition MogXs and
A, MosXs (A = main group or transition metal; X = S, Se)
have attracted considerable interest due to their unusual
structure and dynamics and their remarkable physical
properties such as superconductivity with high critical
temperature and high critical magnetic fields.»? For the
intercalation compounds, both the chemical and the
physical properties depend largely on the nature of the
metal A and the degree of intercalation x. Compounds
with intercalated lithium were investigated especially well.
Four distinct phases with x =1, 3, 3.8, and 4 were identified
from the isotropic chemical shift of the "Li NMR.34
Detailed studies of Li;MogXs revealed that more or less
isolated Li* ions reside in one of six tetrahedral sites
arranged on a plain inner ring within the cavities around
the unit cell origin, and jumps between such positions
take place.5$

The LisMogXs phase, in contrast, behaves completely
different. The unusually large chemical shift suggested
a partial charge transfer from the intercalated lithium to
the host lattice and a clustering of three lithium atoms in
the cavities.?® The present paper aims at a detailed
understanding of the structure and dynamics of this
peculiar phase in which the intercalated species seem to
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possess many characteristics of ametal. It wasfurthermore
our goal to study the transition to the lithium-rich phases
Lis sMogXs and LizMogXs where the abrupt change to the
latter compound is connected with a metal/semiconductor
transition and the intercalated atoms become again
completely ionized. Parallel to this solid-state NMR
investigation, Ritter carried out high-resolution neutron
diffraction measurements which were separately pub-
lished.6

The compounds LiaMOeSs, LiaMOsSes, Lis,gMOsSs, Li4-
MogSs, and LisMog¢Ses were prepared by topotactic redox
reactions as described previously.? For control purposes
the lithium content was checked by acid/base titration
after the decomposition of the phases in distilled water,
and furthermore samples prepared electrochemically were
found to be identical with those synthesized by reaction
of MogXswith butyllithium. X-ray powder measurements
were made by the Simon—Guinier technique from samples
sealed in glass capillaries.

Experimental NMR Results

The "Li NMR measurements were carried out at 116.64 and
16 MHz using a Bruker CXP 300 FT-spectrometer with an
additional electromagnet for the low field measurements. Solid
state echo sequences 90°,~7ecno~90°,~Techo Were applied to obtain
the spectra, which become rather broad at low temperatures. 90°
pulse lengths were in between 5 and 8 us. Spin-lattice relaxation
times were measured employing 90°,~7-90° ;~Techo—90° y—TEcho—
pulse sequences. The relaxation functions appeared to be
exponential and could be fitted by one single relaxation time T'.
Exceptions are the compounds Li;MogXs, where important
nonexponentialities and rather long relaxation times were
observed. Liquid nitrogen and in some cases liquid-helium
cryostats were used to control the temperature.

Figure 1 shows a typical temperature dependence for two of
the observed spectra. For all materials, above about 120 K line
narrowing occurs and the anisotropic interactions become
averaged. The (downfield) isotropic chemical shifts increase
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Figure 1. Temperature dependence of the experimental "Li
NMR spectra of LisMosSs (left) and LisMogSs (right). The
measurements were carried out at 116.64 MHz; the zero of the
calibrated base-line does not take into account the isotropic
chemical shifts, which are given in Table I.
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Figure 2. Experimental 'Li NMR spectra of the LisMosXs
compounds (116.64 MHz, 100 K) and their simulations (top, X
= S; bottom, X = Se).

about linearly with decreasing temperature from 78 ppm at 300
K to 94 ppm at 100 K (LisMogSy), respectively from 87 ppm to
111 ppm (LisMogSes), and from 22 to 40 ppm (LizsMogSs). All
these values are referred to an aqueous solution of LiCl; they are
less accurate at low temperatures where the spectra are very
broad. Inparticular for Li; sMogSsthe chemical shift value varies
somewhat from sample to sample. LigMogSg and Li;MogSes, by
contrast, display constant isotropic shifts of 0 and 3 ppm,
respectively.

Information on the static structure was obtained from the
dipolar, quadrupolar and anisotropic chemical shift interactions
at low temperatures. Figures 2-4 show the rather complex
experimental spectra at 117 MHz and their simulations (cf. next
paragraph). The’Li NMR spectraat 16 MHz were alsorecorded;
they are less good, but they are important to confirm the
interpretation.

The dynamic behavior of the guest phases was examined by
the line narrowing process of the spectra, but first of all by
measurements of the spin-lattice relaxation rates. 1/7; plotted
versus reciprocal temperature shows the same characteristic
behavior for the phases LisMogXs and Lis sMogXs (Figures 5 and
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- (V-\b)/kHzZ

Figure 4. Same as Figure 2, but for the Li;MoeXs compounds
(top, X = S; bottom, X = Se).

6): a diffusion maximum superimposed on a relaxation term which
increases with temperature. For LisMoeXs (not shown), below
about 200 K T, is very small and constant (X = S, 0.002 s71; X
= Se, 0.0181), it starts then to increase and reaches values between
0.1 and 0.5 57! at 300 K.

Interpretation

Spectral Line Shapes. The broad and asymmetric
spectra of the phases LizsMosXs and Lis sMogXs (Figures
2 and 3) are the result of a simultaneous anisotropic
chemical (or Knight) shift and nuclear quadrupole inter-
action combined with dipolar broadening. A detailed
inspection shows that the principal axes of the chemical
shift and electric field gradient (EFG or quadrupole
interaction) tensors do not coincide. The line-shape
simulations were therefore accomplished using the fol-
lowing expression for the transition frequency from a state
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Figure 5. Spin-lattice relaxation rates versus reciprocal tem-
perature for LizMogSs (top) and LigMogSes (bottom). The solid
curve corresponds to the theoretical description described in the
text.
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The meaning of the symbols is as usual. The absolute
value of 050, the isotropic chemical shift, is negative, but
only relative values referred to LiCl will be given. The
chemical shift (CS) anisotropy Ac = 0, ~ (ax« + dy,)/2 and
quadrupole () coupling constant ¢2gQ, as well as the
asymmetry parameters ycs and #q are in each case defined
in their own principle axis system (PAS). The PAS of the
electric field gradient (EFG, or nuclear quadrupole in-
teraction) is oriented with respect to the laboratory frame
(determined by the direction of the applied magnetic field
By) by the polar angle ¢ and the azimuthal angle ¢. The
powder spectrum is obtained from a weighted integration
over ¥ and ¢ as usual. Calculations were carried out
applying the algorithm published by Alderman et al.”

(7) Alderman,D. W.;Solum, M. S,, Grant, D. M. J. Chem. Phys. 1986,
84, 3717.
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Figure 6. Same as Figure 5, but for Liz sMogSs.

Table I. NMR Parameters Describing the Various
Interactions and the Relative Positions of the PASs of the
Chemical Shift and Quadrupole Coupling As Obtained
from the Spectra Simulations*
parameter LisMogSs LisMogSes LisgsMosSs LisMogSs LidMogSes

Giso/ PPM 945 1115 395 0x5 3+5

Ac/ppm  -113%£7 -90%10 -45%5

Nes 0 0 0

e2qQ/h/kHz 5% 5 95+ 5 81+3 65+3 78+ 3
nQ 0.25+0.15 0.50+0.15 0.4%01 05%01 0501
8/° 5510 5510 55+ 5

¥/° 9010 9010 905

Avp/kHz 82+03 42403 59%02 47£02 47+02

¢ The uncertainties are related to the influence of the respective
quantity on the fit.

The Eulerian angles 8 and v can be determined from
the experimental spectra by simulation using eq 1. 8 is
the angle between the z axes of the EGF and CS tensors.
The projection of the z axis of the EFG tensor on to the
azimuthal plane of the PAS of the CS makes the angle v
with the x axis of the latter. A knowledge of these angles
is quite helpful for explaining the structural arrangement.
In this place we omit to present the derivation of eq 1,
since in the meantime analogous treatments were pub-
lished by other authors.®?

The results of the best fitting computer simulation of
the experimental spectra is indicated by the solid lines of
Figures 2 and 3. The corresponding parameters are listed
inTableI. Another pecularityare the dipolar broadenings
which can be described in high field better by Lorentzians
rather than Gaussians and which grow upon increasing
theresonance frequency. The values givenin Table I refer
to the full dipolar width at half-height (fwhh) of a Gaussian
determined at the low frequency of 16 MHz.

The spectra of LisMo¢Ss and LisMogSes (Figure 4) look
less complex. Chemical shift interactions are negligible
and dipolar broadenings can be taken into account by
folding the powder patterns with frequency independent
Gaussians of appropriate width. The spectraare governed
by nuclear quadrupole interactions of first order. The
simulations with the corresponding parameters are given
in Figure 4 and Table 1.

Although the spectra are governed by various parameters
the simulations cannot be perfect. This depends in part
on experimental influences, and in part on certain details
of the curves which are not sensitive to the parameter

(8) Cheng, J. T.; Edwards, J. C.; Ellis, P. D. J. Phys. Chem. 1990, 94,
553.
(9) France, P. W,, J. Magn. Reson. 1991, 92, 30.
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Table II. Parameters Connected with the Lithium
Diffusion and the Interaction with 2s Conduction
Electrons As Obtained from the Spin-Lattice Relaxation

Data*
LizMoeSs LizMogSes Lis sMogSs
E4/(kd/mol) 13+ 2 19+£3 17+2
Too/ 10713 g 46+ 1.0 29+15 5.0+ 1.0
C1/10% g2 368205 2.3+0.6 59+0.8
C/102s K 1.2+0.3 0.56 £ 0.20 0.65 £0.15
K*Ty/1/T/10¢s K 0.88 = 0.10 2.65 £ 0.50 0.32 £ 0.05

a The uncertainties are connected with the data fits by eq 2.

values. The quantities given in Table I are not equally
gensitive to all details of the curves; some appear to be
rather certain, others are only estimates (cf. the uncer-
taintiesindicated in TableI). The conclusions are decisive,
but a better fit does not depend on the number of
parameters.

Relaxation. The experimental "Li NMR spin-lattice
relaxationrates, Figures 5 and 6, are characteristic of both
diffusional motion with frequency-dependent maximaand
interaction of the lithium nuclei with conduction electrons.
The latter mechanism leads to a relaxation rate which
increases with temperature. A reasonable approachwould
just be to add the contributions of each mechanism:°

1 Te 47,
+=C +
T, 1[ 1+wlrl 1+ 4ot

] +C,T @

as shown by the solid curves through the points. Both
relaxation strengths (C1, Cy), the activation energy E5 and
the preexponential factor 7., for the motion as obtained
from the best fits are given in Table II. The description
of the data by eq 2 looks rather well for LisMogSs and
Lis sMogSs. It is less good for LizMogSes, where the BPP
function is not appropriate as already observed for several
other guest phases in intercalation compounds (cf. e.g.,
ref11). We did not attempt to improve the fit by choosing
another spectral density function, because the separation
of several contributions does not secure the necessary
accuracy for such a procedure. Both animproved spectral
density and the introduction of further correction terms
would of course reduce the uncertainties of the parameters
given in Table II. In any way, the parameters of Table II
give the correct picture and describe the behavior of the
intercalated lithium species. Itisalso clear from the high-
temperature data that the motion does not display
elements of low dimensionality.

The second contribution 1/7"; = C;T appears to be
closely related to the isotropic chemical shift. If the
product 05,271 is plotted versus reciprocal temperatures,
as shown in Figure 7 for one of the compounds, a straight
line can be drawn through the points. This suggests that
the “Korringa relationship” is fulfilled, i.e., the product
K27, Tis constant (K = Knight shift). We may therefore
identify the essential part of o as a Knight shift due to
the interaction with metallic electrons. The values of the
Korringa product calculated from the slope of the lines of
Figure 7 and corresponding representations for the other
compounds are also given in Table II.

They are not far from those of the theoretical relation
for a Fermi gas,’%12 which is known to be very approxi-
mative:

Y EAY
KT = m(ﬁ) @

The magnetogyric ratios v refer either to electronic (S) or
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Figure 7. Korringa product for LizMosSs plotted versus recip-
rocal temperature.

nuclear spins (I). For lithium nuclei and s electrons, eq
3 gives 1.8 X 106 s K.

It has to be emphasized that neither K nor 7T is
independent of temperature as expected in a simple metal.
But the individual dependences cancel if the Korringa
product is formed. We attribute this behavior to the
motional effects. The individual Li; clusters (cf. discussion
of the next section) are permanently broken by the
diffusion of the lithium species.

Discussion

LizMo¢Xs. Both the existence of the relative large
Knight shift and the relaxation behavior show the ex-
ceptional role of the LisMogXs phase within the LiMoeXs
system. The tentative suggestion of a formation of Lig**
clusters (0 <z < 3) with partial charge transfer to the host
lattice? can be confirmed. Someremaining electrondensity
in the 2s orbitals of the intercalated lithium atoms is
responsible for the effects. Further evidence of this are
the specific properties of the chemical (=Knight) shift
anisotropy and the dipolar broadening.

For all the LisMoeXg and LissMosXs compounds the
Knight shift tensor is axially symmetric with Ao being
relative large and negative (cf. Table I). Knowing the
host lattice structure and the framework of potential
lithium sites on the two rings around the unit cell origin
(Figure 8), the 2z axis of this tensor may be identified
therefore with the symmetry axis perpendicular to the
plane spanned by these two rings with three potential
tetrahedral sites each. That part of the 2s electron density
which is not transferred to the host lattice appears to be
distributed symmetrically about the axis. The sign of Ao
indicates more screening (and bonding) electron density
in the plane rather than below and above the lithium nuclei.
A peculiarity of LisMogXs as compared with the other
members of the Li;MogXs system is the enlargement of
the inner ring resulting in a remarkable Lil-Lil next-
neighbor separation of 230 pm and a considerable short-
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Figure8. Top: structurescheme of binary molybdenum cluster
chalcogenides MogXs (@ = Mo, 0 = X, A vacant channel
positions). Bottom: two times six potential lattice sites Lil and
Li2 arranged on two concentric rings around the unit cell origin,
cf. refs 1 and 2.

ening of the Lil-Li2 distance.® A sufficient number of
lithium sites arranged symmetrically is therefore available,
so that triclusters with short Li-Li distances can be formed.
While the principal axis of Knight shift tensor is given
by the 2s electron distribution within the planes of the
lithium sites, the directional dependence of the EFG tensor
is attributed to the symmetry of the host lattice. The
principal axis system of the EFG seems to agree with the
rhombohedral reference system of the structure. Then
the angles 8 and v describing the relative positions of the
noncoincident principal axes systems of the EFG and
Knight shift tensors should become 54.54° and 90°,
respectively, as observed. The quadrupole coupling con-
stant has the same order of magnitude for all the
compounds including LijMoeXs.® The EFG tensor is not
axially symmetric and determined by the host lattice
contribution. The lattice distortions are similar for all
the ternary compounds of the Li,MogXs system.
Within the Li,MogXs system, the magnetic field de-
pendence of the dipolar linewidth is restricted to LisMogXs
and LizsMogXs where the interaction with metallike
electrons plays a role. At 16 MHz in a relative low field
the remaining width is practically only due to dipole-
dipole interactions between the nuclear moments of the
lithium nuclei. This coupling is very small for Li;MogXs
where at most one lithium ion resides in a cavity,; but
sufficiently important for the compounds of the present
study. Rigid lattice values were observed at temperatures
of 100 K and below (cf. Figure 1). Application of the van
Vleck formulal? leads to an estimate of 210 pm (370 pm)
for the Li-Li separation in LisMogSg(LisMosSeg) if two
next neighbors at the same distance and 18 and 36 lithium
nuclei at the distance a of the lattice constant, and

\/2a, respectively, are assumed. These findings agree
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well with the high-resolution neutron diffraction results
of Ritter for LisMogSg® specifying shortest Lil-Lil dis-
tances of 230 pm, Lil~Li2 distances of about 400 pm, but
rather short Lil-Li2 separations. As a conclusion, the
Liz?* cluster may be expected to occupy essentially sites
on the enlarged inner ring.

Figure 5 and Table II, as well as the line narrowing of
Figure 1, show that motions which modulate the various
interactions are easily activated. The motional contri-
bution of the spin-lattice relaxation is essentially created
by the time dependence of the nuclear quadrupole coupling
to the lattice as may be concluded from the numerical
values of C;. The mechanism must be a translational
diffusion from cavity to cavity. The neutron diffraction
data explain why the Li mobility is that high, also as
compared with Li;MogXs and LisM0sXs.6 The enlarge-
ment of the inner ring provides a framework of symmet-
rically arranged potential sites with short and comparable
distances. A symmetric Lis cluster can easily be trans-
formed from inner to outer sites. Nearly equidistant
positions including intracluster and intercluster steps are
available as a possible lithium diffusion pathway.

LissMo0sSs. In contrast to stoichiometries of the
Li;MogXs system with 8 < x < 3.8 where two NMR signals
appear, by the presence of only one narrow NMR line at
room temperature, the Liz sMogXs compounds are clearly
identified as single-phase systems. Both the isotropic and
anisotropic Knight shifts are present, but less important
than in LizMogXs. All the other NMR data are compa-
rable. Apart from the fact that these materials are not
quite so stable they behave very much like the LizMogXs
compounds. Inparticular, theyshare the exceptional role
to show interactions of the lithium nuclei with conduction
electrons, even though the electron density may be less.
The lithium mobility is rather high as well depending on
the availability of similar pathways for the diffusion. From
the linewidths, somewhat larger mean Li-Li distances of
the order of 330 pm were estimated. This agrees with the
neutron diffraction result that the relative occupancy of
sites on the outer ring is obviously larger.®

LisMo¢X;. Thebehavior of the fully intercalated phase
is in every respect different from that of the compounds
discussed so far. There is no longer any Knight shift; the
isotropic chemical shift corresponds to that of Li* ions
and the chemical shift anisotropy is negligible. The low-
temperature "Li NMR spectra are governed by quadrupole
and dipole—dipole interactions. Deviations of the exper-
imental spectra from the simulations (Figure 4) concern
a certain smearing of the satellite transitions indicating
a distribution of surroundings of the intercalated lithium
ions. In agreement with the neutron diffraction data® a
structure model may apply where, on the average, the inner
sites are still occupied by one atom per ring, and the outer
sites by the remaining three guest atoms. The dramatic
transition from LizMogXs (and even LizgMogXs) to Lis-
MoeXs as observed by NMR and manifested itself by the
macroscopic properties can also be realized from the
structure. The inner ring is no longer enlarged, and there
is a large separation between inner Lil and outer Li2 sites
comparable with Li;MogXs.6 From the point of view of
NMR, LisMogSs and LisMogSes are not much different.

The lithium mobility is much less in Li;MogXs as
compared with LigMogXs and Liz sMogXs. This may be
explained in terms of the available sites for the diffusion
pathway which are no longer separated by comparable
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distances. The appearance of motions is indicated by the
line narrowing process (Figure 1), but the diffusion is slow
and more difficult to activate, since the relaxation max-
imum is not accessible.

Conclusions

The "Li solid-state investigations of the Li,MoeXs
system, in connection with recent high-resolution neutron
diffraction studies, lead to a reasonable description of the
four distinct phases whose properties differ so much. In
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Li;MoXeXs and LisMogXs the intercalated lithium is
ionized and the charge transfer to the host lattice is
complete. Apart from the local motion in Li;MogXs, the
lithium mobility is small. In LisMogXs and LizsMogXs,
by contrast, lithium clustering takes place in the guest
phase, and the metallike behavior of the intercalated
lithium is established by several experiments. In these
phases the lithium mobility is high. These findings are
accompanied by adequate changes of the framework of
potential sites on the concentric inner and outer rings
around the unit cell origin.



