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The lithium-ammonia intercalates of Ti&, Li:(NH:),,(NH3,,,TiS:“Y”-, where 0.00 5 x 5 0.20, have 
been investigated by thermogravimetric analysis (TGA), vapor pressure measurements, X-ray powder 
diffraction, and SQUID magnetometry. TGA and vapor-pressure measurements indicate that ammo- 
nia deintercalation occurs by a distinct two-step process consistent with the ionic nature of these 
compounds. These materials are monophasic and crystallize in a 3R-type structure. The c lattice 
parameter increases linearly with increasing ammonia content, which may be associated with the 
diminution of the ion-dipole interaction of the cation(s) with the lone pair of ammonia. Compositional 
analysis by TGA shows that charge compensation occurs such that the total cationic concentration (x 
+ y’) is constant at 0.22 2 0.02. The Pauli paramagnetism of the conduction electrons corresponds to 
complete ionization of both lithium and ammonium, so that the driving force for the charge-transfer 
phenomenon is the transfer of 0.22 2 0.02 electrons to the conduction band of TiS2. The degree of NH3 
oxidation depends upon the relative intercalation rate of metal and NH,. D 1986 Academic POW, 1”~. 

Introduction nating structures and properties. The struc- 
ture of the TS2 host consists of two-dimen- 

Intercalation compounds are formed by sional [S-T-S] layers stacked one upon the 
the reversible inclusion of guest species (or other. The intralayer bonding is strong and 
intercalants) into a host structure (1). The covalent, whereas the interlayer forces are 
intercalation compounds of the lamellar weak and of the van der Waals (VDW) 
transition metal disulfides, T&, where T is type. The intercalation process is driven by 
a group IV, V, or VI B transition metal, are a sufficiently strong guest-host interaction 
of particular importance due to their fasci- to overcome the relatively weak VDW 

forces between the host layers as well as 
* This research was supported by NSF Grant DMR any guest-guest interactions. Apparently, a 

82-15315 and NSF-CNRS Grant C-CHE-0394. transfer of electron density from the guest 
I’ To whom correspondence should be addressed. to the TS2 host must occur during the inter- 

79 0022-4596/86 $3.00 
Copyright 0 1986 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



80 MC KELVY ET AL. 

calation process, which can be qualitatively 
understood from the energy-band structure 
of the host (2, 3). 

A broad spectrum of Lewis bases can be 
intercalated into TS2 hosts (4). In this re- 
gard, ammonia is the simplest Lewis base 
that can be intercalated into TS2, and the 
resulting intercalates have been studied 
rather extensively. Intuitively, one might 
expect the NH3 molecule to be oriented 
such that its C3 axis is perpendicular to the 
layers, thus maximizing the degree of elec- 
tron transfer from the NH3 lone pair to the 
host. However, NMR studies have indi- 
cated that the C3 axis of NH3 is actually 
parallel to the host layers for nominally 
NH3TaSz (5). In subsequent work, it has 
been demonstrated that redox reactions ac- 
company the ammoniation of Ta& to form 
(NH&(NH&,TaS$-, where x = 0.1 (6). 
Given a significant concentration of NH:, 
its presence could orient the C3 axis of 
neighboring NH3 molecules such that the 
NH3 lone pair is directed at NH: midway 
between the host layers. Recently, the au- 
thors have shown that NH3 oxidation also 
occurs in ammoniated Ti& to yield (NH:), I 
(NH+TiS{‘-, where y’ = 0.20, with the 
primary electron transfer to the host com- 
ing from NH: rather than the NH3 lone pair 
(7). Recently, we have found that NH: is 
also present in ammoniated NbS2 (8), which 
strongly suggests that NH3 oxidation is a 
general phenomenon. Hence, from the 
viewpoint of electron transfer, the NH: 
ions play the same role as alkali-metal cat- 
ions M+ in the intercalation compounds 
M,T&. 

Li,TiS;?, where 0 < x 5 1, is the most 
extensively investigated of the M,TiSz in- 
tercalation compounds due to its structural 
simplicity and utility as a battery cathode 
material (9). Li,TiSz adopts the Cd12 struc- 
ture, with Li atoms apparently occupying 
interlayer octahedral sites forming a two- 
dimensional hexagonal network (9). These 
intercalation compounds are metallic due to 

the donation of Li valence-electron density 
to the conduction band of the host Ti&. A 
7Li NMR investig ation of Li,Ti& (0 < x 5 
1) has suggested that the transfer of the Li 
2s electron to the host is essentially com- 
plete for small x, whereas for Lii.OTiSZ only 
about 85% of the Li 2s electron density is 
transferred to the host (10). Recent mag- 
netic susceptibility measurements confirm 
this finding (II). In addition to being a good 
electronic conductor, Li,Ti& is also a good 
ionic conductor (12). Intriguing structural 
features in Li,TiSz are observed as anoma- 
lies in voltage-composition curves, which 
have been attributed by different workers 
to intralayer and/or interlayer ordering of 
the Li+ ions (13-18). 

Relatively few M-NH3 intercalation 
complexes, M,(NH3),TS;!, have been in- 
vestigated (Z9-21), even though these ma- 
terials are well-known intermediates in the 
synthesis of M,TSz by the liquid-ammonia 
technique. The paucity of information on 
such mixed-guest intercalation compounds, 
as well as the highly unusual structures and 
properties of M-NH3 compounds (22), has 
motivated us to undertake a comprehensive 
program to investigate these materials. Be- 
low we report and discuss our results for Li 
and NH3 intercalated into TiS2 by the liq- 
uid-ammonia technique. 

Experimental 

TiS2 was obtained by direct reaction of 
the elements (23). The titanium wire (Mate- 
rials Research Corporation) had a stated 
purity of 99.93%, with 0 (500 ppm), Fe (50 
ppm), Ni (30 ppm), and C (30 ppm) being 
the major impurities. The stated purity of 
the sulfur (Aldrich Chemical Company) 
was 99.999%, and Fe (0.1-0.5 ppm) and Si 
(0.1-0.5 ppm) were the major impurities. 
TiS2 was synthesized in sealed, evacuated 
( lop4 Torr) quartz ampoules at 640°C. The 
product was ground in a Vacuum Atmo- 
spheres Model MO-40-1H Dri-Train glove- 
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box (~1 ppm HZ0 and 02) using He as the 
inert gas. The Ti& was then reheated to 
640°C in a similar quartz ampoule with 40 
mg/cm3 excess sulfur to attain stoichiome- 
try. The ampoule was subsequently water 
quenched to avoid TiS3 formation (24), and 
excess sulfur was removed by vapor trans- 
port. The Ti& stoichiometry was deter- 
mined by measuring the ammonia intercala- 
tion time, magnetic susceptibility, and total 
mass loss upon oxidation of TiS2 to TiOz in 
oxygen at 900°C using a computer-con- 
trolled Perkin-Elmer TGS-2 thermogravi- 
metric analysis (TGA) system. 

Lithium (99.9% ROURIC) was loaded 
into one leg of a Pyrex “h” tube with TiSz 
in the opposite leg. Ammonia (99.9% 
Matheson Gas Products), was dried over 
sodium and then cryopumped slowly into 
the lithium-containing leg of the “h” tube, 
with the “h” tube then sealed to form a 
“n” tube. The NH3 was in large excess of 
its maximum 1 : 1 stoichiometry with Ti&. 
The Li-NH3 solution was then poured onto 
the TiS:! at 20°C and the solution turned 
colorless in a minute or less, which signaled 
that the intercalation of Li was complete. 
The reaction tubes were still allowed to sit 
overnight to further ensure complete reac- 
tion. Most of the exess NH3 was poured 
into the opposite leg of the “n” tube, with 
the remainder being cryopumped, and this 
leg was sealed off. The leg containing the 
product was broken in the glovebox, and 
the samples were stored in weighing bottles 
placed in sealed Ball jars. This procedure 
greatly retarded the problematic NH3 vola- 
tilization from these compounds (7), since 
an equilibrium NH3 pressure is established 
within the jar and NH3 is lost only when the 
jar is opened briefly to remove a sample. 
Ammoniated TiS2 was prepared using the 
same procedure, and about 2 hr was re- 
quired for complete intercalation (7). Both 
TiS2 and the intercalates were always han- 
dled in the glovebox and only transferred 
from the glovebox in sealed containers. 

These containers were tested with P205, 
LiO.sTiSz, and sodium metal to ensure ad- 
quate seals. Although TiS2 is only mildly air 
sensitive (25), its Li-NH3 intercalates are 
extremely air sensitive, so that the above 
precautions were essential for reliable ex- 
periments. 

The NH3 and NH: stoichiometry was de- 
termined by TGA for all samples and by 
vapor-pressure measurements (7) for se- 
lected samples. For the TGA experiments, 
temperatures were calibrated to ?2”C using 
magnetic transition standards located in a 
magnetic field, and NBS standard weights 
were used to calibrate the mass measure- 
ments (sensitivity = 0.1 pg). Samples were 
hermetically sealed in aluminum sample 
pans using a Perkin-Elmer volatile-sample- 
pan sealing press in the glovebox and trans- 
ferred to a glovebox surrounding the TGS- 
2, which was then flushed with argon 
(99.995%) in the presence of dry PZOs. A 
very small pinhole was made in the pan just 
prior to loading samples into the TGA setup 
to facilitate NH3 and H2 escape during anal- 
ysis. Argon (99.999% Matheson Gas Prod- 
ucts) was further purified by passage 
through a R. D. Mathis GP-100 inert-gas 
purifier and subsequently used as the TGA 
carrier gas at a flow rate of 40 cm3/min. The 
optimum heating rate was 2”C/min. After 
analysis, selected pans were opened and 
examined microscopically to verify that no 
reaction between the compound and pan 
had occurred. In all cases, the aluminum 
surface remained smooth and silvery. 

Vapor-pressure measurements were 
made using a glass vacuum line equipped 
with a Baratron gauge. The line was evacu- 
ated to 1O-5 Tot-r, and samples were heated 
slowly. Both NH3 and NH: could be com- 
pletely deintercalated by heating to about 
250°C. 

X-ray samples were loaded into 0.3-mm 
Pyrex capillaries in the glovebox, sealed 
with an ultratorr fitting (Cajon Company), 
removed from the glovebox, and then 
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FIG. 1. Typical TGA curves of Liz(NH:),,(NH& 
TiSI”+Y”- forx = 0.00 (a), x = 0.04 (b), x = 0.08 (c),x = 
0.11 (d), and x = 0.20 (e). The low- and high-tempera- 
ture steps originate from the deintercalation of NH3 
and NH:, respectively, according to reactions (3) and 
(4). 

sealed with a torch under an atmosphere of 
helium. Again, this procedure was neces- 
sary to preserve the integrity of the sam- 
ples. X-ray powder diffraction patterns 
were recorded at ambient temperature us- 
ing Ni-filtered CuKor radiation and a Debye 
Scherrer camera previously calibrated with 
NBS SBM 640 silicon. X-ray samples were 
rerun several days to weeks later to coniirm 
that the capillaries were adequately sealed. 
CL&~, and CuKa:! reflections were ob- 
served for d 5 1.00 A, in which case the 
observed d spacing was calculated from the 
CuKar reflections. 

The magnetic susceptibility (x) was mea- 
sured using a SHE Model VTS -905 SQUID 
Magnetometer having a maximum field of 
25 kG and sensitivity of lo-l2 emu/g. The 
NBS standards Pt and Pd were used to cali- 

brate x, and sample temperatures were cali- 
brated using germanium and platinum resis- 
tance thermometers and the magnetic alloy 
PdTb,. Large samples (100-150 mg) were 
sealed in Deb-in buckets in the glovebox. 
Each bucket had a threaded top that was 
sealed with a thin layer of silicone grease 
prior to its removal from the glovebox and 
subsequent loading into the magnetometer. 

Results and Discussion 

Ti& Characterization 

The stoichiometry of the host was found 
to be Til.~3~.,& by TGA. Both x (9 x 10F6 
emu/mole) and ammonia intercalation time 
(intercalation is complete in -2.2 hr at 
20°C) indicate that TiS2 is essentially “stoi- 
chiometric” (26). The ammonia intercala- 
tion time is very sensitive to excess Ti, 
since it resides in the VDW gap and serves 
to pin the [S-T-S] layers together, which 
causes a dramatic increase in intercalation 
time (26). 

Thermal Analysis 

Five lithium compositions were investi- 
gated for the LiJ(NH4+),(NH&TiS~+Y’)- 
complexes: x = 0.00, 0.04, 0.08, 0.11, and 
0.20. A typical TGA curve for each compo- 
sition and the corresponding compositional 
data are shown in Fig. 1 and Table I, re- 
spectively. Both y’ and y” can be deter- 
mined to kO.01 from the mass loss. Two 

TABLE I 

COMPWITION OF Li=(NH*+),,(NH3)~~TiSI”+Y”- 
INTERCALATION COMPOUNDS DERIVED FROM THE 

TGA CURVES IN FIG. I 

Compound x + y’ y’ +yv 

(NH:)o.2J(NHJ)o.ssTiS~z3- 0.23 0.62 
Lio+.u(NH:)o.~~(NH31~.~,TiS8.**- 0.22 0.61 
L~o8(NH4+)o.,4(NH3)0.48TiS~*‘- 0.22 0.62 
Lio:~~(NH:)~.,~(NH3)~.~TiS~**- 0.22 0.61 
L~so(NH4’)o.m(NH3)o.~~TiS~~- 0.22 0.58 



METAL AMMONIA INTERCALATES 83 

distinct steps are resolved for each of the 
curves in Fig. 1. The authors have shown 
previously by TGA, vapor-pressure mea- 
surements, and chemical analysis that for x 
= 0.00 the reactions that correspond to 
steps I and II are as follows (7): 

Step (I): (NH&(NH&TiS$- --, 
(NH&TiS$‘- + y”NH3 (1) 

Step (II): (NH&TiS$‘- + 

TiS2 + y’NH3 + $ HZ. (2) 

To determine the nature of the evolved 
gases for the Li-NH3 intercalates, the va- 
por pressure was measured as a function of 
the temperature for selected Liz (NH& 
(NH&TiS~fy’)- samples. Two steps were 
displayed in the resulting pressure vs tem- 
perature curves which coincided with the 
TGA curves in Fig. 1 within experimental 
error. The gas evolved in the first step was 
completely condensable at liquid-nitrogen 
temperature, whereas only two-thirds of 
the gas evolved in the second step could be 
condensed under the same conditions. The 
condensable gas was identified as NH3, and 
the authors have shown previously that the 
noncondensable gas is HZ (7). Furthermore, 
the Li~(NII&(NH~)y~TiS~~y’~~ stoichiom- 
etry determined by vapor-pressure mea- 
surements was in good agreement with that 
determined by TGA provided the HZ pres- 
sure in reaction (2) is taken into account. 
Hence, reactions (1) and (2) can be general- 
ized to the Li-NH3 intercalates (0.00 I n 5 
0.20) as well: 

Step (I): LiJ(NH:)y(NH,)yWTiS~+Y”- + 
Lil(NH&,TiS$-+Y”- + y”NH, (3) 

Step (II): Li~(NH:)y,TiS~+Y”- ---, 

Li;TiS$- + y’NH3 + $ HZ. (4) 

From Table I it follows that the ammo- 
nium mole fraction y’ decreases as the lith- 
ium mole fraction x increases such that 

TABLE II 

CELL CONSTANTS OF Li:(NH&.f(NHJ,-TiSf+Y’)- 
FOR0.00 5 X 5 0.20“ 

Compound 

(NH:)o.U(NH3(1.9*TiSq.t(- 
L~or(NH:)o.18(NH~)~.,,TiS~*2- 
Lio+.~(NH:)o.(4(NH3(1.4,TiSq.22- 

. 022- ~,l(NH:)o.,l(NH,)oJoTIS2. 

. 022- 

a (4 c (‘4 

3.420 26.12 
3.424 26.35 
3.421 26.46 
3.423 26.48 

L~2o(NHd)o.oz(NH,)o.aTlS*. 3.424 26.71 

0 The experimental uncertainties in a and c are 
+0.003 and kO.02 di, respectively. 

their sum is constant, i.e., x + y’ = 0.22 + 
0.01. This result is in excellent agreement 
with several different (NH&(NH& 
TiSt;‘- preparations, which yielded y’ = 
0.22 + 0.02 by TGA. In a subsequent sec- 
tion, we demonstrate that both the lithium 
and ammonium are essentially completely 
ionized, so that charge compensation oc- 
curs during the formation of Liz(NH:)yC 
(NHJY~TiS$?+Y’)- in the compositional range 
0 < x 5 0.20. 

X-ray Analysis and Structure 

TiS2 possesses the single-layer trigonal 
structure (1T) with Ti octahedrally coordi- 
nated to sulfur. During intercalation it is not 
uncommon for the stacking sequence of the 
[S-T-S] layers to rearrange. The data 
shown in Table II are in good agreement 
with a three-layer, 3R-type structure in 
which such a rearrangement has occurred. 
The hexagonal lattice constants were deter- 
mined by a least-squares refinement of the 
data. 

Previously, the authors were unable to 
obtain monophasic-3R stage I-ammoniated 
TiS2, but rather only mixtures of stage I and 
II (7). However, by tightly sealing these 
materials, thereby greatly reducing the NH3 
loss with time, a single-phase stage I struc- 
ture was found, in agreement with previous 
work on nominally NH3TiS2 (27). The 
mixed-stage structures probably originated 
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TABLE III 

POWDER X-RAY DATA FOR Li~.08(NH:)o.,4(NH~)o.47TiS~*z-B 

(hki) dx,, &i, d,bs (A) I (hkl) &I, 6) dabs (A) 1 

003 8.82 8.84 vs 2,0, I1 1.261 
4.410 4.407 1,0,19 1.260 

1.262 vvw 
006 w 
009 2.940 2.939 VW 1,1,15 1.228 1.228 VW 
012 2.891 2.889 w 0,2,13 1.198 1.198 VW 
104 2.704 2.703 VW 122 1.116 
015 2.585 2.585 s 1,1,18 1.115 1.115 VW 
107 2.332 2.327 VW I ,0,22 1.114 
018 2.207 2.206 w 125 1.096 1.096 w 
l,O,lO 1.974 1.975 w 128 1.061 1.061 VW 
O,l,ll 1.867 1.864 VW 2,1,10 1.031 1.031 VW 
0,0,15 1.764 1.766 VW 300 0.9877 0.9880 VW 
110 1.711 1.710 mw 2,1,13 0.9812 0.9810 VW 
113 1.679 

1.677 
220 0.8554 0.8551 VW 

1,0,13 1.678 mw 1,0,31 0.8201 
202 1.472 1.472 VW 3,0,18 0.8198 0.8198 vvw 
205 1.427 1.426 w 2,1,22 0.8196 
208 1.352 1.353 VW 315 0.8121 0.8118 VW 
0,2,10 I .293 1.293 VW 318 0.7975 0.7975 vvw 

1,3,10 0.7848 0.7852 vvw 

a The X-ray data for the other compounds in Table II are available in 
M. McKelvy, Ph.D. thesis, Arizona State University, 1985. 

from the relatively rapid loss of NH3 from 
these compounds with time, since exposure 
of nominally NH3TiS2 to a vacuum at ambi- 
ent temperature has been reported to pro- 
duce rapidly the stage II compound (28). 

All of the observed diffraction lines could 
be indexed to the unit cells in Table II, 
with the exception of a very weak, diffuse 
line at -7.4 A for Lio+..04(NH:)0.18(NH3)0.41 
TiSi,‘*-. This line can be identified as a 
stage II reflection, in good agreement with 
work on ammoniated TiS2 (4, 7). Since this 
line was ~3% of the intensity of the stron- 
gest reflection, which was (003), we esti- 
mate this intercalate to be almost entirely 
single phase (3R), while the remaining 
compounds are single phase (3R) within 
the resolution of the X-ray data. The 
X-ray data for Lio+.o8(NH;)o.14(NH310.47 
TiSq.22- is shown in Table III and is 
typical of these compounds. Not only do 

all five intercalates index to 3R structures, 
but the relative intensities of their individ- 
ual reflections are also very similar. There- 
fore, these materials lie within a single- 
phase region of the tenary phase diagram 
for 0.00 9 x 5 0.20 and y’ + y” = 0.60. 

Within this single-phase region there is a 
lattice expansion in the c direction with in- 
creasing lithium content. Since the radii for 
Li+, Li, NH:, and NH3 are 0.7, 1.4, -1.43 
(29), and 1.67 A,l respectively, and the ex- 
pansions measured experimentally range 
from 3.01 to 3.21 A on intercalation, it ap- 
pears that NH3 is the primary species re- 
sponsible for the expansion. A plot of the 
NH3 mole fraction (y”) versus the c lattice 

i This value is derived by taking one-half the near- 
est-neighbor NHs distance in solid NH,. The NH3 ra- 
dius estimated from the VDW radii of N and H is - 1.6 
A. 
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FIG. 2. Variation of c parameter with ammonia con- 
tent (y”) in Li~(NH.&8(NH3)y,~TiS~‘)-, where x + y’ 
= 0.22 + 0.02. The data points correspond to Liz 
(NH:),,(NHS)y”TiSr+Y’)~ in Table II and (NH& 
(NHJ)o.36TiS:.24-. 

parameter in Fig. 2 reveals a linear increase 
in c with increasing NH3 mole fraction 
within experimental error. Previous NMR 
studies have shown that the C, axis of am- 
monia lies parallel to the host layers in am- 
moniated TaS2 and TiS2 (5, 28). Using this 
model for Li-NH3 inter&ants, the ob- 
served lattice expansion may be due to de- 
creased ion-dipole interactions. Since the 
cation concentration between the layers is 
constant (x + y’ = 0.22 k .02), as more 
ammonia is introduced between the layers 
less electron density per NH3 is trans- 
ferred to the cation(s) via ion-dipole inter- 
actions resulting in an increase in the effec- 
tive size of NH3. 

Although the c parameter increases by 
more than 2% for increasing x, the a param- 
eter is constant within experimental error. 
The a parameter expansion on intercalation 
of TiS2 increases with increasing electron 
density in the TiS2 layer (30). For example, 
a = 3.407 A for TiS*, whereas a = 3.454 A 
for LiTi&, where ~0.85 el/Li atom are do- 
nated to the TiS2 host (20, II, 30). There- 
fore, the constant a parameter for these in- 
tercalates suggests that they have the same 
electron density in the TiS2 layers within 
experimental error. This result is in agree- 

ment with the thermal analysis studies and 
is verified quantitatively by the magnetic 
measurements discussed below. 

Magnetic Measurements 

Due to the small susceptibility of TiS2 as 
well as the intercalation compounds studied 
here, paramagnetic impurities normally 
make an important contribution to x at low 
temperatures, as evidenced by the pro- 
nounced Curie tail shown in Fig. 3. At 4.2 
K, the magnetization (M) is not a linear 
function of the magnetic field (H) at higher 
fields, and the Curie contribution to x 
agrees quite well with a Brillouin function 
for J = 5. Since Fe is the major magnetic 
impurity in the titanium wire used in the 
TiS2 synthesis, the primary impurity is 
probably Fe’+. The absence of ferromag- 
netic impurities was demonstrated by the 
reversibility of the M vs H curves at all 
temperatures. 

Variable-temperature magnetic studies 
were carried out at 25 kG. Above about 25 
K, all of the M vs H plots were linear up to 
25 kG within experimental error, so that x 
= MIH. However, below 25 K the M vs H 
plots were not linear, and the low-field sus- 
ceptibility was determined using a Brillouin 
function for J = 5. 

The intrinsic susceptibility for Liz 
(NH:),(NH3)Y,,TiS~+Y”- per mole of Ti was 
obtained after correction for the paramag- 

z 40. 3LI\\ 
‘; 4 ~-,__ /-- nsz l 148 Dam J.%? 

z 

s 0 100 200 300 
TEMPERATURE (K) 

FIG. 3. The temperature dependence of the magnetic 
susceptibility of TiS2 and LiO+.II(NH:)0.11(NH3)0.50 
TiSf2’-. The low-temperature Curie tail can be fit to a 
paramagnetic species having J = B (not shown). 
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FIG. 4. The intrinsic magnetic susceptibility of TiSz 
and L~,,(NH:)0.11(NH3)0.50TiS~22- as a function of 
temperature. 

netic impurity contribution, as illustrated in 
Fig. 4. TiSz displays a small temperature- 
independent susceptibility of 9 x 10m6 emu/ 
mole, which does not change after interca- 
lation and deintercalation of NH3 (7, 26). 
Below about 100 K, Li~(NH&(NH3),,~, 
TiS$f [+Y ‘)- exhibits a considerably higher 
temperature-independent paramagnetism 
than Ti&. This observation is in accord 
with the expected metallic behavior arising 
from the transfer of electrons from the in- 
tercalant to the titanium tzg conduction 
band, as found previously for K,T& (31), 
LiTi& (32), and ammoniated TiS2 (7). The 
effect of electron transfer from guest to 
host is depicted in Fig. 5, where we have 
assumed that the band structure of the host 
TiS2 is not perturbed by the intercalant, so 
that the rigid-band model is valid. The in- 
crease in the intrinsic susceptibility with 
temperature above 100 K may be due to an 
increased conduction electron concentra- 
tion resulting from thermal excitation (11). 

Within the rigid-band model, the intrin- 
sic susceptibility of Li:(NH&(NH& 
TiC$+Y ‘)- can be written as follows: 

X = XTiS2 + Xd + Xp, (5) 

where XT&2 is the host TiS:! susceptibil- 
ity (9 X 10s6 emu/mole) (7), Xd iS the 
diamagnetic correction for ammonia (- 15.8 
x 10e6 emu/mole) (33) and Li+ (-0.6 X 
1O-6 emu/mole), and xp is the Pauli para- 

magnetism of the conduction electrons, 
which is proportional to the density of elec- 
tronic states in the conduction band. Below 
about 100 K, xp was found to be constant 
within experimental error for all of the com- 
pounds. The low-temperature xp values for 
the intercalates are compared to that for 
Li0,2TiS2 in Table IV. In Li0.2TiS2, the trans- 
fer of the Li 2s electron to the host is essen- 
tially complete (10). Since xp of Li:(NH:),t 
(NHj)yj,TiSp+Y’)- for 0.00 s x 5 0.20 is the 
same as for Li0.2TiS2 within experimental 
error, we conclude that for each compound 
NH3 is oxidized to the extent necessary to 
transfer a total of 0.22 + 0.02 mole of elec- 
trons per mole of TiS2 to the host conduc- 
tion band. Apparently, at this critical elec- 
tron concentration the chemical potential of 
NH3 is equal to that of the reduced host, so 
that no further NH3 oxidation occurs. Also 
listed in Table IV is xp per mole of cation, 
& = xJ<x + y’), which accounts for the 
small cationic concentration differences. In 
this case there is even better agreement 
among the data for different compounds. 
The essentially identical magnetic behavior 
among these materials is further demon- 
strated by comparing their x;l vs tempera- 
ture relationships, as shown in Fig. 6. The 
invariance of xb shows that the guest-to- 
host electronic transfer is the same for each 
of these compounds (X + y’ = 0.22 2 0.02), 
which demonstrates the quantitative nature 
of the charge-compensation process. 

E E 

D(E)--* D(E)+ 

FIG. 5. Schematic energy-band diagrams of TiS2 and 
MxTiS2 assuming the rigid-band model. 
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TABLE IV 

LOW-TEMPERATURE MAGNETIC SUSCEPTIBILITIES OF Li=(NH:),.(NH3,“TiS:““” 
AND Li&TiSf”- 

Compound0 x + y’ xp X IO-” emulmoleb x6 X 10m6 emu/molec 

WOO 20WM0.Z~TiS~ *‘- 0.20 43 215 
L~~(NH;)o.I~(NH3)o.~3TiS~2Z- 0.22 46 209 
L~~(NH;)o.I~(NH3)o.~~TiS:.Z2~ 0.22 49 223 
L~,,(NH:)o.l,(NH30.50TiS~22- 0.22 49 223 
Gh(NH~h.oDJH3)o 57TiS? 0.22 47 214 
Li&TiSz. ozc- 0.20 41 205 

rl y” has an experimental error of kO.04. 
b x0 has an experimental error of +4 x 10m6 emu/mole. 
c i; = x&x + y '). 

The observation that x;l is independent of 
the nature of the intercalant supports the 
validity of the rigid-band model for these 
materials. The independence of XL as the 
NH3 content is varied indicates that charge 
transfer from NH3 to the TiS2 host is negli- 
gible, which invalidates previous molecu- 
lar-orbital (5) and Mulliken charge-transfer 
(34) treatments of the charge transfer pro- 
cess. Instead, charge transfer is accom- 
plished by ionization of Li to Li+ as well as 
oxidation of NH3 to NH: if x 5 0.22. 

Conclusions 

In this work we have demonstrated that 
the Li-NH3 intercalates of TiS;! are best de- 

150- 
100 200 300 

TEMPERATURE (K) 

FIG. 6. A comparison of the susceptibility per mole 
of cation, xi = xJ(x + Y’), for (NH~h&Whx 
TiS’$“-, Lio+,,(NH:)o.,,(NH3)u.50TiS2. 

. '022- 
’ “-, L&dNH&.02 

W-b)o.57T&. a and Li&oTiS~20-. The experimental 
uncertainty in xP is k4 X 10e6 emu/mole. 

scribed by the ionic formulation Liz 
(NH&(NH&Ti!$ (x+y’)- for 0 5 x 5 0.20. 
Although we cannot rule out the possibility 
that decomposition products such as hy- 
dride and NH2 may also intercalate into 
TiS2, we have not been able to detect them. 
Furthermore, cationic charge compensa- 
tion occurs such that 0.22 + 0.02 mole of 
electrons per mole of TiS2 are always trans- 
ferred to the TiS2 conduction band to sat- 
isfy the electronic requirements of the host. 
We believe that the observed charge com- 
pensation is related to the kinetics of the 
intercalation process. Since Li intercalates 
rapidly (5 1 min) compared to NH3 (= 2 hr), 
it follows that Li+ enters the VDW gap well 
ahead of NH: or NH3. Hence, the host has 
already received the valence electron of Li 
prior to capturing the electron associated 
with the formation of NH:. This intercala- 
tion mechanism provides a simple explana- 
tion of the charge-compensation phenome- 
non in these compounds, since according to 
this mechanism NH: formation should oc- 
cur only to an extent sufficient to transfer a 
total of 0.22 mole of electrons per mole of 
TiSz to the conduction band. If the situation 
were reversed, i.e., NH3 intercalated much 
faster than Li, then 0.22 mole of NH: per 
mole of TiS2 would be found consistently. 
Reversing this argument, it follows that the 
observation of charge compensation rein- 
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