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Oxidative extraction of copper from the normal thiospinel Cu[Ti& followed by chemical lithiation of 
the resulting defect thiospinel enabled the metallic, lithiated defect thiospinels Li,Cu,&Ti,]S, (0 < x < 
2) to be prepared with high purity and chemical homogeneity. X-ray and neutron powder-diffraction 
studies of Li$&,JTi2JS1 (0 < x < 2) showed that lithium insertion into Cu&Ti2]S, is topotactic and 
that the inserted lithium occupies only the 16coctahedral sites of the thiospinel framework at all 
lithium compositions. Static and MAS ‘Li NMR spectra of LirCu&Ti2JS1 (0 < x < 2) exhibited a 
single lithium resonance with a small chemical shift relative to lithium acetate dihydmte at all lithium 
compositions; the chemical shift increased linearly with increasing lithium content, x. The ‘Li NMR 
spectra showed the onset of quadrupolar line broadening and a Knight-shift anisotropy for x 2 0.9; 
these effects are probably due to interactions between lithium ions on neighboring edge-sharing 16c 
sites. 0 1984 Academic Press. Inc 

Introduction 

Two recent papers by Schollhorn and 
Payer (I) and by Sinha and Murphy (2) re- 
ported that copper can be extracted topo- 
tactically from the normal spine1 Cu[Ti$& 
with mild oxidizing agents at room temper- 
ature to give defect thiospinels of approxi- 
mate composition Cuo.,[Ti2JS4. If the initial 
thiospinel was titanium-rich (Cu0.~Ti~.osS4), 
then all of the copper could be extracted to 
give the novel, cubic titanium sulfide c- 
Ti2.&. It was further reported that up to 
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two equivalents of lithium could be inserted 

356 

reversibly into CU~.~[T~&S~ or c-TiZ.&$, that 
the open-circuit voltages versus lithium 
metal of the lithiated defect thiospinels 
were comparable to that of layered Li,TiSz 
over the whole lithium-composition range, 
and that the lithium-ion mobility in the 
lithiated defect thiospinels appeared to be 
high. The defect thiospinels are, therefore, 
of technical interest as possible cathode 
materials for lithium secondary batteries; 
for this purpose they would offer the fol- 
lowing important advantages over layered 
Ti&: three-dimensional electronic and 
ionic conductivity, an isotropic lattice ex- 

0022-4596/88 $3.00 
Copyright Q 1988 by Academic Press. Inc. 
All rights of reproduction in any fan reserved. 



LITHIATED THIOSPINELS LixCu0.m[Ti2]S4 (0 < x cc 2) 357 

FXG. 1. The normal A[&& spine1 structure. 

pansion on lithium insertion, no tendency 
to intercalate water or solvent molecules 
from the electrolyte, and easy control of 
titanium stoichiometry. 

The cubic, normal spine1 structure 
A[B& is illustrated in Fig. 1. The unit cell 
contains 32 anions in a cubic-close-packed 
array (32e positions of the Fd3m space 
group). The A cations occupy the 8a tetra- 
hedral interstices of the anion array and the 
B cations occupy the 16d octahedral inter- 
stices; in addition, there are empty 16c oc- 
tahedral and 8b and 48f tetrahedral inter- 
stices. The 16~ sites each share two faces 
with 8a sites to provide a continuously in- 
terconnected three-dimensional interstitial 
space within the [&lx, framework through 
which small ions such as lithium can dif- 
fuse; for example, the defect chlorospinel 
Li0.8[Li0.sMg~,~]C1~ is a lithium solid electro- 
lyte with partial lithium-ion conductivity, 
CLi = 5 X 10s5 a-* cm-’ (3). However, the 
presence of A cations other than lithium im- 
pedes lithium-ion transport through the in- 
terstitial space; the alternative diffusion 
pathway via 48f sites requires a higher acti- 
vation energy because these sites share two 
faces with occupied 16d sites. The 8b tetra- 

hedral interstices share all four faces with 
16d sites occupied by the B cations, so they 
are inaccessible to inserted lithium. Oxida- 
tive extraction of copper from Cu[Ti& 
creates a nearly ideal [Ti& defect spine1 
framework; the bottleneck size for ionic 
diffusion via 8a and 16c sites in such a 
framework is comparable to that in the 
chlorospinel, so fast lithium-ion diffusion in 
the defect thiospinel can be predicted. 

The smooth variation in the open-circuit 
voltage versus lithium metal of Li,Ti&& 
with no discontinuity at the normal spine1 
composition Lil.0Ti2.05S4 led Sinha and Mur- 
phy (2) to propose that the inserted lithium 
occupies only the 16c-octahedral sites of 
the defect thiospinel framework at all lith- 
ium compositions, despite the fact that lith- 
ium occupancy of the 8a sites of the [Ti&$ 
framework (the normal spine1 A cation 
sites) is electrostatically favored on a point- 
charge model for x i 1.0. Furthermore, it 
has been shown by neutron-diffraction ex- 
periments that the lithium in the oxospinel 
frameworks Li,[it42]04 (A4 = Ti, V, and Mn) 
(4-6) occupies only the 8a sites for x 5 1; 
lithiation of the oxospinel frameworks be- 
yond x = 1 gives rise to a gradual displace- 
ment of lithium ions from 8a to 16c sites 
because of electrostatic repulsion between 
ions on adjacent, face-sharing 8a and 16c 
sites with the result that Li2[Ti2]04, for ex- 
ample, has an ordered rocksalt structure 
with all of the lithium on the 16c sites (4). 

The objectives of this study were to pre- 
pare samples of the lithiated defect thiospi- 
nels LixCu0.&Ti21S4 with high purity and 
chemical homogeneity, to locate the in- 
serted lithium in these materials, and to 
study the effect of lithium insertion on the 
structure and bonding of the [Ti2]S4 frame- 
work by X-ray and neutron powder diffrac- 
tion and ‘Li solid-state NMR. 

1. Chemical Synthesis 

The dark-green, metallic thiospinel Cu 
ITidS was prepared by direct synthesis. 
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Copper powder (Johnson-Matthey, 150 
mesh, 99.9%), titanium powder (Johnson- 
Matthey, 100 mesh, 99.9%), and sulfur 
granules (Aldrich, 99.999%) were mixed in 
stoichiometric proportion in an argon-filled 
glove box and sealed into a silica ampoule 
under high vacuum (P < 1O-4 Tot-r). The 
ampoule was heated at 350-450°C for 10 
days to achieve complete reaction of the 
elemental sulfur and then at 750°C for 7 
days, The product was recovered in an ar- 
gon-filled glove box, ground, and sintered 
under high vacuum for a further 7 days at 
750-800°C. The grinding and sintering was 
repeated once more in order to obtain 
highly pure and crystalline Cu[Ti2)S4. 

Oxidative extraction of copper from Cu 
[Ti&& was achieved by vigorous stirring 
with a large excess of a 0.2 M solution of 
iodine in acetonitrile at 45°C for 21 days 
under a reduced pressure of dry nitrogen. 
The iodine solution was decanted and 
replaced every 7 days; the final product 
(Cb.07[Ti2]S4, a dark-brown powder) was 
recovered with standard Schlenk tech- 
niques: 

Cu[Ti& + 0.465 I2 + Cu0.n[Ti2]S4 
+ 0.93 GUI. 

The copper iodide was readily removed 
since it is soluble in acetonitrile to the ex- 
tent of 35 g 1-i at 35°C. Iodine/acetonitrile 
was preferable as an oxidizing agent to the 
FeClj/H20 or bromine/acetonitrile used 
previously (I, 2) because it is specific for 
the copper extraction reaction and shows 
no tendency to oxidize sulfide ions to sul- 
fur. Cu,&Ti2]S4 is the limiting composition 
for oxidative extraction of copper from 
Cu,&Ti&S~; the reason for this and a de- 
tailed account of the structure and bonding 
of the CuI&Ti2]S4 (0 < x < 0.93) defect 
thiospinels are contained in a separate pa- 
per (7). Cu[Ti& and Cu,&Ti& are not 
appreciably air-sensitive, but all manip- 
ulations of these materials were carried 
out with the total exclusion of air and mois- 

ture as a precaution against surface hydro- 
lysis. 

Chemical lithiation of the defect thiospi- 
nel Cu0.&Ti&& was carried out by vigor- 
ous stirring with controlled excess amounts 
of 0.1 M solutions of n-butyllithium in hex- 
ane at room temperature for 7 days under a 
reduced pressure of dry nitrogen: 

Cu,&Ti2]S4 + x n-BuLi --, 
LixCur&Ti2]S4 (0 < x < 2). 

The lithiation and product isolation were 
carried out with standard Schlenk tech- 
niques. The resulting material was pressed 
into pellets in an argon-filled glove box, 
sealed into Pyrex ampoules under high vac- 
uum (P < lob4 Tort-), and annealed at 250°C 
for 24 hr to give Li,Cu0.07[Tiz]S4 (0 < x < 2) 
with excellent purity and chemical homoge- 
neity. The lithiated defect thiospinels are 
black, metallic powders that decompose 
slowly in air. 

2. Powder-D$Fraction Studies 

X-ray powder-diffraction measurements 
were carried out on a Philips APD 3520 au- 
tomated diffractometer; this instrument in- 
corporates a Gaussian peak-fitting program 
for accurate location of diffraction peaks. 
Lattice parameters were refined with an it- 
erative least-squares optimization program. 

The neutron-diffraction profiles of 10-g 
samples of Li,Cu0.~7[Ti& (x = 0.93 and 
1.93) were obtained with the time-of-flight 
diffractometer GPPD at IPNS, Argonne. 
Structural parameters were refined from 
the diffraction profile with the Argonne 
Rietveld suite (8). 

3. 7Li Solid-State NMR 

Static and MAS 7Li NMR spectra of Li, 
Cuo.07[Ti2]S4 with x = 0.35, 0.73, 0.90, 1.73, 
and 1.93 were measured at 77.73 MHz on a 
Bruker MSL 200 spectrometer; the refer- 
ence material was lithium acetate dihy- 
drate. MASNMR was carried out by encas- 
ing approximately 100 mg of the sample in 
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an alumina cylindrical rotor with a double- 
bearing probe and spinning it at up to 4.0 
kHz. The 90” pulse length was 4 psec and 
the preacquisition delay time in the MAS 
experiments was varied until it lay just on 
top of a rotational echo. The recycle delay 
time was 5 sec. Static 7Li NMR spectra 
were obtained from larger samples (l-2 g); 
the quadruple-echo pulse sequence (9) was 
used in order to avoid phase distortions 
arising from the receiver dead time. 

Results and Discussion 

1. X-Ray and Neutron Powder Diffraction 

Lithiation of the defect thiospinel Cu,,.07 
[Ti2]S4 results in an isotropic lattice expan- 
sion; it does not otherwise alter the X-ray 
diffraction pattern. Figure 2 shows the cu- 
bic lattice parameter plotted against lithium 
composition, x. It can be seen that the 
lithiated defect thiospinel obeys Vegard’s 
law within the limits of experimental error; 
this result is consistent with previously 
published data (2). The maximum isotropic 
expansion of the lattice is 3.1% (11 .O% by 
volume); the corresponding layered tita- 
nium sulfide Li,Ti& shows a similar vol- 
ume expansion on lithiation, but this expan- 
sion is highly anisotropic and nonlinear 
(10). It should be noted that the expansion 
of the [TiZ]S4 framework on lithiation does 
not arise primarily from the size of the lith- 
ium ions, but from the simultaneous injec- 
tion of electrons into the conduction band, 
which is antibonding with respect to tita- 
nium-sulfur interactions. 

Samples of LiJZ~.n[Ti& (x = 0.93 and 
1.93) were submitted for neutron powder 
diffraction; their observed, calculated, and 
difference diffraction profiles are shown in 
Figs. 3 and 4, respectively. All of the peaks 
in the diffraction pattern could be indexed 
to the spine1 structure; there were no addi- 
tional peaks due to impurities or to super- 
structure ordering of the inserted lithium in 
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x in Li,Cu,,,,[Ti,]S, 

FIG. 2. The cubic lattice parameter of the lithiated 
defect thiospinels Li,CuO &Tiz]S4 as a function of lith- 
ium composition, x. 

either of the samples. Despite some “tail- 
ing” of the diffraction peaks, which might 
be due to chemical inhomogeneity or to 
quasi-elastic scattering from the mobile 
lithium ions, Rietveld refinements of the 
structures converged rapidly to the parame- 
ters given in Table 1. Since the lithium and 
the residual copper occupy the same inter- 
stitial space in the structure, it was neces- 
sary to constrain the refinement of copper/ 
lithium occupancies according to the 
stoichiometry of the compounds. 

The outstanding feature of the refined 
structures is that the lithium occupies only 
the 16c-octahedral sites at both composi- 
tions. On an electrostatic point-charge 
model the lithium in Li0.93Cu0.07[Ti2]S4 is ex- 
pected to occupy the 8a-tetrahedral sites 
(the normal spine1 A cation sites); this elec- 
trostatic site preference is evidently out- 
weighed by stronger Li-S covalent bonding 
on the 16c-octahedral sites. The reason 
why Li-S covalent bonding favors octahe- 
dral coordination is unclear. The corre- 
sponding oxospinel, Li[Ti2]04, has been 
shown by neutron powder diffraction to 
have lithium on the 8a sites only (4); the 
difference between the oxo- and thiospinels 



360 JAMES, GOODENOUGH, AND CLAYDEN 

I , 1 I 1 I I I I 
0.40 0.60 0.60 1 .oo 1.20 1.40 1.60 1.60 2.00 2.20 2.40 2.60 2.60 3.00 

D-SPACING (ANGSTROM) 

FIG. 3. Neutron powder-diffraction pattern of Li0.&u,&Ti2]S4. Observed data are shown by 
crosses; calculated and difference profiles are shown by solid lines. 
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FIG. 4. Neutron powder-diffraction pattern of Li1~93Cu0.~[Tiz]S4. Observed data are shown by 
crosses; calculated and difference profiles are shown by solid lines. 
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TABLE I 

STRUCTURAL PARAMETERS OF THE LITHIATED 
DEFECT THIOSPINELS REFINED FROM NEUTRON 

POWDER-DIFFRACTION DATA 

Atom Positmn x/u y/b z/c &3 occupancy 

Space group Fd3m; a = b = c = 9.9286 (0.0003) A 
s 32e 0.2538 0.2538 0.2538 0.38 (0.02) 32.0 (0.0) 
Ti l6d 0.5000 0.5wJ 0.5Oca 0.51 (0.02) 16.0 (0.0) 
Cu(l) 8a 0.8750 0.8750 0.8750 I.4 (0.1) 0.3 (0.1) 
Cu(2) 16c o.oooo o.oMlo o.Lnm 0.0 (0.0) 
Li(l) 8a 0.8750 0.8750 0.8750 0.0 (0.0) 
Li(2) l6c o.oom o.ooLm o.omJ 0.88 (0.02) 7.4 (0.1) 

R, = 4.1%, R, = 6.0%, R,(expected) = 2.7% 

(b) f&&u0 dTblS4 
Space group F&n; u = b = c = 10.0554 (0.0002) A 

S 32e 0.2544 0.2544 0.2544 0.24 (0.02) 32.0 (0.0) 
Ti 16d 0.5000 0.5000 0.5Ooa 0.60 (0.02) 16.0 (0.0) 
&(I) 8a 0.8750 0.8750 0.8750 0.0 (0.0) 
Cu(2) l6c o.oocm o.cKao o.Mw 0.57 (0.02) 0.3 (0.1) 
Li(l) 8a 0.8750 0.8750 0.8750 0.0 (0.0) 
Li(2) 16c o.oooo o.olxM o.ocm 0.57 (0.02) 15.5 (0.1) 

R, = 3.8%. R, = 5.3%, R,,(expected) = 2.8% 

Nole. The standard deviations of refinable parameters are given in 
parentheses. The standard deviation of the sulfide x, y, z parameter in 
bath (a) and (b) was 0.0002. The R factors are defined as R, = 

lCO[~IV=,~Y,(obs) - Yj(calc)/iZ;N=, Yi(obs)l, R,, = lC@:,w,lY,(obs) - 
Y,(calc)12/Cr!,w;YF(obs)l In, R&expected) = IOO[(N - P + C)/c:,w, 
Yi(obs)lt,2, where Y; = number of counts at the ith dava point, w, = 
weighting factor for the ith data point, N = number of statistically inde- 
pendent observations. P = number of least-squares parameters in the 
refinement, C = number of constraint functions in the refinement. 

is accounted for by the higher Madelung 
energies in the oxide, which increases the 
electrostatic 8a-site preference in the oxide, 
combined with the fact that Li-0 covalent 
bonding is weaker than Li-S covalent 
bonding, which reduces the covalent 16c- 
site preference. 

The octahedral-site preference of lithium 
in the thiospinel framework explains why 
the hypothetical lithium thiospinel Li[Tiz]S4 
cannot be prepared at high temperature; it 
is thermodynamically unstable with respect 
to the layered phases TiS2 and LiTi&. 
(Interestingly, it has been reported that 
Lio.sZrS prepared by chemical lithiation of 
layered ZrS;! spontaneously transforms into 
the thiospinel Li[Zr$$ on heating to 600°C; 
the lithium ions have not yet been located 
in this material (II, 12).) 

The high quality of the diffraction data 
enabled the residual copper to be located in 
both of the lithiated phases. It occupies the 
tetrahedral 8a sites (the normal spine1 A 
cation sites) in Li0.93C~.07[Ti2]S4, but is dis- 
placed to the 16c-octahedral sites in Li,.93 
Cuo.07[Tiz]S4; this displacement is due to 
electrostatic repulsion between copper at- 
oms on 8a sites and inserted lithium ions on 
neighboring face-sharing 16c sites. Similar 
displacements of A cations have been ob- 
served as a result of lithium insertion into 
normal spinels such as Cu[Zr& (13), 
Fe304 (24), and Mn304 (IS). 

Finally, we note that the sulfide anion 
position parameter is 0.253-0.254 for the 
lithiated defect thiospinels Lio.&uo.07 
[ThlS and Li~.&wXWS4; the cor- 
responding parameter in Cb.07[Ti2]S4 is 
0.251. This result implies that lithiation 
results in a small expansion of the 16c sites 
(the LiS6 octahedra) relative to the 16d sites 
(the Ti& octahedra). 

2. 7Li NMR ofLixCuo.~~[Ti&& (0 < x < 2) 

The principal features of the 7Li NMR 
spectra can be summarized as follows: 

-All of the lithiated defect thiospinels 
exhibited a single 7Li resonance with a 
small chemical shift relative to lithium ace- 
tate dihydrate. The chemical shift increased 
linearly with lithium content, X, from -4.45 
ppm at x = 0.35 to + 12 ppm at x = 1.93 
(Fig. 5). 

-The full width at half height (FWHH) 
of the lithium resonance in static NMR in- 
creases in a nonlinear fashion with increas- 
ing lithium content from 600 Hz at x = 0.35 
to 7.6 kHz at x = 1.93 (Fig. 6). 

-Strong and asymmetric spinning side- 
bands appear in the 7Li MASNMR spectra 
for x 2 0.90; representative spectra are 
shown in Fig. 7. 

-The FWHH of the central lithium reso- 
nance in MASNMR also increases with in- 
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FIG. 5. ‘Li NMR chemical shift in LixCu,,.07[Ti2]S4 as 
a function of lithium composition, x. 

creasing lithium content from 200 Hz at x = 
0.35 to 1 kHz at x = 1.93. 

In the interpretation of the NMR spectra 
it is necessary to take into account the three 
major interactions that characterize the be- 
havior of these spin systems. These are the 
chemical shift or Knight shift for a metal, 
the quadrupole interaction, and the dipole- 
dipole coupling. For lithium the chemical 
shift range is rather small, less than 4 ppm. 
Larger paramagnetic changes in the reso- 
nant frequency can be identified as a Knight 
shift caused by conduction-band electron 
density at the lithium nuclei; for example, 
the Knight shift in metallic lithium is +250 
ppm. No clear-cut method exists for differ- 
entiating between the chemical shift and the 
Knight shift. Dipole-dipole coupling can be 
an important source of line broadening, but 
for these phases the contribution to the line 
width is relatively small; most importantly, 
we can neglect the contributions from di- 
pole-dipole coupling to both sulfur and the 
titanium as the overwhelmingly abundant 
spin for S is Z = 0 and Ti has only a small 
gyromagnetic ratio. The dipole-dipole cou- 
pling between lithium ions should also be 
comparatively small, since lithium ions in 

adjacent 16c sites of the spine1 framework 
are 3.6 A apart; it can be calculated that the 
dipole-dipole interaction between two lith- 
ium ions 3.6 A apart amounts to only 220 
Hz. In a large range of systems-including 
lithium glasses, lithium in zeolites, and lith- 
ium-ion conductors such as L&N-the 
dominant interaction is the lithium quadru- 
polar interaction. Typical lithium quadru- 
pole coupling constants are less than 100 
kHz and, even in sites grossly distorted 
from cubic symmetry, do not exceed 500 
kHz. This is extremely useful since it 
means that first-order perturbation theory 
is sufficient to describe the quadrupolar 
term in the Hamiltonian interaction. In this 
work we can only offer a qualitative inter- 
pretation of the data; additional experi- 
ments involving the determination of the 
lithium-ion mobility are necessary to be 
quantitative. 

The static 7Li NMR spectrum of Lio.35 
CQ,07[Ti2JS4 is characterized by a sharp 
resonance with a Lorentzian lineshape and 
a FWHH of less than 500 Hz. There was 
no indication of a quadrupole interaction 
either by the presence of resolved sat- 
ellite transitions or a broad Gaussian com- 
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x in Li,CuO,o,[Ti,lS, 

FIG. 6. Static ‘Li NMR linewidth in LixCuo,07[Ti&& 
as a function of lithium composition. 
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FIG. 7. 7MASNMR spectra of Li,C&.o,[TizJS4; (a) x = 0.35, (b) x = 0.90, (c) x = 1.93 

ponent to the lineshape. The narrow line- averaging the dipole-dipole coupling. The 
width of the observed resonance rules out chemical shift is -4.45 ppm with respect to 
the possibility of a very large quadrupolar lithium acetate dihydrate at 0.0 ppm; such a 
coupling as this would give rise to second- chemical shift is typical of nonmetallic sys- 
order broadening of the central l/2 -+ - l/2 tems and indicates that the conduction- 
transition. We can conclude that the very electron density at the lithium nuclei in 
small trigonal distortion from ideal octahe- Lio.&u,,&Ti2]S4 is effectively zero. It 
dral symmetry of the 16c sites (site symme- provides direct evidence of electron trans- 
try 3m) is not sufficient to cause signifi- fer from the lithium to the [Ti2]S4 host ma- 
cant quadrupolar line broadening. An trix. As the lithium-ion concentration in the 
accurate determination of the resonant fre- defect thiospinel is increased, the lithium 
quency is possible by MASNMR, which chemical shift becomes more paramag- 
narrows the linewidth to only 200 Hz by netic. At the maximum lithium composi- 
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tion, x = 1.93, the chemical shift of +12 
ppm is no longer typical of a nonmetallic 
phase, though it should be noted that the 
conduction-electron density at the lithium 
nuclei is still small. 

Increasing the lithium-ion concentration 
in Li,Cuo,o7[Ti&$ also increases the static 
NMR linewidth of the 7Li resonance. A 
Knight-shift dispersion, second-order quad- 
rupolar, and the dipolar effects can all be 
ruled out as the principal cause of the line- 
width because the broad resonance at x = 
1.93 breaks up into a series of sidebands at 
a spinning speed far less than the resonance 
linewidth, implying that the interaction 
causing the linewidth is anisotropic. From 
this we can infer that the increase in the 
resonance linewidth is caused primarily by 
a Knight-shift anisotropy with the charac- 
teristic lineshape being disguised by broad- 
ening from quadrupolar and dipolar cou- 
pling; even after MAS, the isotropic 
resonance at x = 1.93 has a FWHH of 
about 1 kHz. Support for this model is pro- 
vided by a detailed examination of the 
static quadruple-echo NMR spectrum at x 
= 0.90, which indicates that the reduction 
in symmetry also gives a quadrupolar inter- 
action; curve fitting of the lineshape indi- 
cates a narrow component, FWHH = 2.0 
kHz, and a broad, underlying component, 
FWHH = 12.2 kHz, in the intensity ratio 
5 : 3. This ratio is close to the required ratio 
of 3 : 2 if the broad component represents 
satellite transitions of a quadrupolar inter- 
action. The presence of the broad, under- 
lying component is highlighted in the 
MASNMR spectra and in particular at the 
high spinning speeds where the dipolar cou- 
pling has been averaged to zero, leaving 
only the quadrupolar term. A more com- 
plete analysis of the quadrupolar contribu- 
tion is greatly hampered by the broad na- 
ture of the static spectrum, but the spinning 
sideband distribution suggests a value of 
about 20 kHz with an asymmetry of 1.0. It 
is difficult to say whether the quadrupolar 
coupling is changing with composition; be- 

low x = 0.73 there is no evidence whatso- 
ever, while at the higher x = 1.73 com- 
position it appears that the Knight-shift an- 
isotropy has increased to the extent that the 
broad, underlying peak is not obvious. 

The onset of a weak quadrupolar interac- 
tion (-20 kHz) and a Knight-shift anisot- 
ropy of the 7Li resonance in Li,Cu,-,~7[Ti&S4 
for x 2 0.90 is to be expected due to a re- 
duction in the symmetry of the electronic 
environment of the lithium ions arising 
from occupation of the neighboring edge- 
sharing 16c sites by other lithium ions. An 
interesting feature of the spectra is that sig- 
nificant effects due to Li-Li interactions do 
not appear at lower lithium contents; based 
on an analysis of the distribution of the 16c 
sites in three dimensions and assuming 
avoidance of lithium nearest-neighbors, 
Li-Li pairs should be present for all x > 
0.5. A likely explanation is that rapid lith- 
ium-ion hopping results in an averaging out 
of Li-Li interactions at lower lithium con- 
tents. Electrochemical measurements have 
shown that the lithium-ion self-diffusion co- 
efficient (DLJ in LixCu0.07[Ti2]S4 (0.5 I x I 
1.5) is approximately 1 X lo-i0 cm* s-i at 
room temperature (16); on a simple, three- 
dimensional random-walk model this corre- 
sponds to a lithium-ion hopping frequency 
of approximately 1 MHz. The lithium-ion 
hopping frequency in layered Li,Ti& de- 
termined by temperature-dependent NMR, 
is approximately 4 MHz at room tempera- 
ture (18). Such hopping frequencies would 
be sufficient to effectively average out any 
anisotropic Knight shift or quadrupole in- 
teraction at low lithium contents. The an- 
isotropic interactions that are clearly evi- 
dent for samples of LixC$.07[Ti&$ with x 2 
0.90 are observable because the lithium 
ions in these materials are hopping between 
sites with identical anisotropy. 

The 7Li static NMR spectra of the Li, 
Cu0.07[Ti2]S4 lithiated defect thiospinels 
have many features in common with the 
previously measured spectra of the lithiated 
layered sulfides Li,Ti& (0 < x < 1). 
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Silbemagel and Whittingham (17) reported 
that the 7Li chemical shift in Li,TiSz in- 
creases linearly from +3 ppm (x = 0.1) to 
+ 12 ppm (x = l.O), relative to a LiI solution 
at 0.0 ppm. They were also able to obtain 
quadrupole coupling constants by measur- 
ing the splitting between the principal and 
quadrupole satellite transitions (these are 
not resolved for the defect thiospinels); the 
coupling constants also increased linearly 
with x, from 7 kHz at x = 0.2 to -30 kHz at 
x = 1. Since the variation in the c/a lattice- 
parameter ratio of Li,Ti& is highly nonlin- 
ear in x, the linear increase in the quadru- 
pole coupling constant implies that the 
quadrupolar broadening of the lithium reso- 
nance is not due primarily to distortion of 
the Li sites from ideal octahedral symmetry 
due to c-axis dilation, but instead is caused 
by Li-Li interactions. This conclusion is 
supported by the observation of Silbernagel 
that the magnitude of the 7Li quadrupolar 
line broadening is very similar in a wide 
range of L&f& and LiMSe;! phases (A4 = 
Ti, Zr, Hf, Ta, Nb) (18), and by the obser- 
vation of Eguchi et al. (19) that the quadru- 
polar coupling constant of L&.wTiSz is inde- 
pendent of pressure up to 5 kbar. Since the 
trigonal distortion of the lithium sites in the 
lithiated defect thiospinels LixCu0.&Ti2& 
is even less than that in the layered sulfides, 
we can conclude that the quadrupolar 
broadening and Knight-shift anisotropy of 
the 7Li resonance in the lithiated defect 
thiospinels are also due primarily to Li-Li 
interactions. 

The ‘Li NMR spectra of L&.~Cuo.o7 
[Ti2]S4 appeared unaffected by raising the 
temperature from 293 to 360 K. However, a 
variable-temperature study of the ‘Li relax- 
ation times would provide valuable infor- 
mation on the mechanism of the observed 
line broadening and the activation energy 
for lithium-ion hopping. 
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