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Europium-ammonia intercalation compounds of titanium disulfide have been synthesized by reaction 
of Eu-NH3 solutions with TiSr, characterized by thermogravimetric analysis and powder X-ray dif- 
fraction, and investigated by electron paramagnetic resonance, magnetization, and magnetic suscepti- 
bility measurements. These materials crystallize in a 3R-type structure in which every layer is occu- 
pied by intercalated species. The intercalation of NH, is accompanied by the formation of NH: until a 
critical electron concentration of 0.22 mole cl/mole TiSz have been transferred to the T& conduction 
band. Although Eu3+ is the predominant Eu species for x > 0.001, EuZ+ is also formed, possibly from 
the reduction of Eu3$ in the van der Waals gap. These mixed-valence compounds are best described by 
the formulas (Eu3+),~(Eu2+),~(NH~)~~(NH,),-TiS~3~”’2”~”~ for 3x + 2x” + y’ < 0.22 and (Eu’+),(Eu’+).+ 
(NH&TiS2 ‘3r’+k”k for 3X’ + u’ 2 0.22. 0 1987 Academic Press. Inc. 

Introduction 

The lamellar transition metal disulfides 
(TS2) have been one of the most popular 
hosts for practicing intercalation chemistry 
due to the intriguing properties and practi- 
cal applications of these low-dimensional 
materials (Z-8). Basically, intercalation of 
TS2 involves the vertical separation of the 
[S-T-S] layers along the c axis accompa- 
nied by insertion of guest species into unoc- 
cupied interstitial sites in the van der Waals 
gap. In this process, host-host interactions 
are replaced by energetically more favor- 
able guest-host and guest-guest interac- 
tions. A wide variety of chemical species 
can be intercalated into TS;! hosts, including 
organic and inorganic Lewis bases, organo- 
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metallic complexes, electropositive metals, 
and transition metals (1-3). 

Ammonia is the simplest Lewis base that 
can be intercalated into TS2 and has been 
the subject of numerous investigations (9- 
23). The most recent work on ammoniated 
TiS2 has revealed that NH3 is oxidized’to 
form NH:, which is intercalated into TiS2 
in addition to neutral NH; (20, 22, 23). The 
formula for these materials can be written 
(NH:),,(NH3>,,,TiSp’-, and they consist of 
planar arrays of NH: sandwiched between 
polyanionic [TiS$‘- ’ sheets. NH: is 
formed up to the limiting composition y’ = 
0.22 * 0.02, and one electron is donated to 
the host TiS2 conduction band per NH: ion, 
which renders these compounds metallic. 
Apparently, at this critical electron concen- 
tration the chemical potentials of the inter- 
calant and TiS2 are equal, so that no further 
NH3 oxidation occurs. It is also possible to 
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cointercalate Li and NH3 into T& by im- 
mersing the host in Li-NH3 solutions, and 
the resulting intercalation compounds can 
be formulated as Liz (NH:) ,,# (NH3) Yj, 
Ti$+Y’)- for 0 I x I 0.20 (22, 24). In these 
materials, NH: and Li+ are analogous in 
terms of charge transfer, which is accom- 
plished by initial ionization of Li to Li+ fol- 
lowed by oxidation of sufficient NH3 to 
NH: to achieve the critical electron con- 
centration of 0.22 mole of electrons per 
mole of TiS2, i.e., x + y’ = 0.22. 

Since Li-NH3 solutions intercalate rap- 
idly into Ti&, it is reasonable to expect Eu- 
NH3 solutions to intercalate in a similar 
fashion to form the intercalation com- 
pounds Eu,(NH3),TiS2, where x and y de- 
note the overall europium and ammonia 
compositions, respectively. Indeed, a few 
Eu-NH3 intercalation compounds of NbS2 
and MO& have been reported in the litera- 
ture (25, 26). Such Eu-NH3 intercalation 
compounds would presumably have the ad- 
vantage of using the natural paramagnetic 
probe Eu*+ to investigate the site symmetry 
and magnetic interactions in these mate- 
rials, since Eu2+ is the only cation present 
in Eu-NH3 solutions (27, 28). In agreement 
with this expectation, previous magnetic 
studies of Eu-NH3 intercalation com- 
pounds of NbS2 and MoS2 have indicated 
the presence of Eu2+ (25, 26). The magnetic 
properties of the former compounds are 
complex and exhibit paramagnetism, ferro- 
magnetism, and possibly superparamag- 
netism (25). 

In this work, we have elucidated the na- 
ture of the intercalated species in Eu-NH3 
intercalation compounds of TiS2 by care- 
fully synthesizing these materials at low 
temperatures, characterizing them by ther- 
mogravimetric analysis (TGA) and powder 
X-ray diffraction, and investigating their 
magnetic properties using electron para- 
magnetic resonance (EPR) an SQUID mag- 
netometry. We have found that NH3, NH:, 
Eu2+, and Eu3+ are present in the van der 

Waals gap, with Eu3+ being the predomi- 
nant valence state of Eu. 

Experimental 

All Eu-NH3 intercalation compounds 
were prepared using highly stoichiometric 
TiS2 having the formula Ti1.0021+0.0010S2(22). 
All glassware was cleaned using a HF 
cleaning solution consisting of 90 ml of 48% 
hydrofluoric acid, 330 ml of 70% nitric acid, 
400 ml of distilled water, and 20 g of Al- 
conox. Glassware was exposed to this solu- 
tion for about 3 min, rinsed several (~25) 
times with distilled water, and finally rinsed 
a few (-5) times with deionized, doubly 
distilled water. High-purity Eu was ob- 
tained from Ames Laboratory at Iowa State 
University. The preparation of Eu-NH3 so- 
lutions has been described elsewhere (28). 
The intercalation reaction was carried out 
by reacting polycrystalline TiS2 (-80 mesh) 
with liquid Eu-NH3 solutions in an h-cell 
maintained below 240 K to minimize solu- 
tion decomposition reactions. The Eu-NH3 
solutions originally had the characteristic 
blue color due to solvated electrons (28), 
which gradually disappeared as the Eu in- 
tercalated into TiS2. The intercalation reac- 
tion was considered complete when the 
Eu-NH3 solution became colorless. The re- 
action times increased with Eu concentra- 
tion, and at the low temperature necessary 
to minimize decomposition, ranged from 
several days to several weeks. After the re- 
action was complete, the excess NH3 was 
poured into the opposite leg of the h-cell, 
and the leg containing the sample was 
sealed off. The samples were very sensitive 
to air and moisture and were handled when- 
ever possible in a helium-filled Vacuum At- 
mospheres Model MO-40-1H Dry Train 
glovebox containing less than 1 ppm water 
and oxygen and only removed from the 
glovebox in sealed containers. 

The NH: and NH3 compositions were 
determined by TGA using a modified 
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Perkin-Elmer TGS-2 system having an ulti- 
mate 0.1 pg sensitivity and 0.01% weight 
resolution using the procedure described 
previously (20). The temperature was in- 
creased from 25 to 230°C at rates of l-2”C/ 
min. For a typical sample mass of 5 mg, 
mass changes of 4 pg can be resolved rou- 
tinely. The overall NH: and NH3 composi- 
tions could be measured reliably to kO.01 
by TGA. 

Phase and structural information were 
obtained by powder X-ray diffraction. Pat- 
terns were recorded at ambient tempera- 
ture using Ni-filtered Ct.&a radiation. Sam- 
ples were loaded into 0.3-mm Pyrex capil- 
laries in the glovebox and sealed before 
loading them into a calibrated Debye- 
Scherrer camera. The exposure time for all 
intercalation compounds was about 24 hr. 

Paramagnetic species were investigated 
by EPR and SQUID magnetometry. EPR 
spectra were recorded in the range 4.2-300 
K using a Bruker-IBM ER 200D spectrome- 
ter operating at X band. EPR samples were 
loaded into high-purity, 3-mm-i.d. quartz 
tubes in the glovebox and then sealed on a 
high-vacuum line to prevent contamination. 
Magnetic measurements were performed in 
the ranges O-50 kG and 5-300 K using a 
SHE Model VTS-905 SQUID magnetome- 
ter. The procedure has been given else- 
where (20). 

Results and Discussion 

1. Synthesis 

There are several factors that are impor- 
tant in the preparation of these intercalation 
compounds. First, high-purity Eu should be 
used because impurities, especially the 
transition metals, will catalyze the decom- 
position of Eu-NH3 solutions according to 
the reaction Eu2+ + 2e; + 2NH3 + 
Eu(NH2)2 + Hz, where e[ represents the 
solvated electron (23). Moreover, the 
Eu(NH~)~ decomposition product itself fur- 

ther catalyzes the decomposition reaction, 
so that this reaction is autocatalytic. Sec- 
ond, the glassware to which the Eu-NH3 
solutions are exposed should be thoroughly 
cleaned with a HF-based cleaning solution 
to prevent decomposition catalyzed by the 
surface of the glassware. Third, the interca- 
lation reaction should be conducted at low 
temperatures to minimize decomposition of 
the Eu-NH3 solutions induced by the host 
TiS2. The decomposition reaction is proba- 
bly catalyzed by coordinately unsaturated 
Ti at the edges of the TiS2 particles. The 
occurrence of this reaction is evidenced by 
the appearance of yellow-orange Eu(NH~)~ 
at the surface of the TiS2 particles. Solution 
decomposition is noticeable above about 
240 K, which is the boiling point of liquid 
NH+ Reaction temperatures in the range 
220-240 K are effective in minimizing de- 
composition, with the lower temperatures 
requiring long reaction times (weeks to 
months). Fourth, TiS2 should be as stoi- 
chiometric as possible to minimize the time 
required for the intercalation reaction, 
since excess Ti in the van der Waals gap 
reduces dramatically the intercalation rate. 
The time required for complete NH3 inter- 
calation of TiS2 at 20°C was slightly less 
than 2 hr, which is the fastest intercalation 
time reported to date (22, 29) and attests to 
the near stoichiometry of the host. Finally, 
the Eu-NH3 intercalation compounds 
should be stored at low temperatures (5240 
K) and handled in an inert-atmosphere 
glovebox to minimize decomposition and 
contamination by air and moisture, respec- 
tively. If the above precautions are taken, 
then it is possible to prepare high-quality 
Eu-NH3 intercalation compounds of TiS2 
suitable for detailed physical measure- 
ments . 

2. Characterization 

Typical deintercalation curves for Eu,- 
(NH3XTiS2 intercalation compounds are 
displayed in Figs. 1 and 2. From the mea- 
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FIG. 1. Typical TGA deintercalation curve for 
Eu0.014(NH3)yTiSZ. The heating rate is 2Wmin. 

sured mass loss, the NH3 and NH; compo- 
sitions could be determined with high preci- 
sion. The low- and high-temperature steps 
observed in Fig. 1 are due to the thermal 
deintercalation of NH3 and NH:, respec- 

Time (min) 

0.001 0.23 0.33 
0.007 0.20 0.38 
0.014 0.19 0.40 
0.066 0.08 0.26 
0.077 0 0.19 
0.107 0 0.29 
0.170 0 0.18 
0.274 0 0.47 

FIG. 2. Typical TGA deintercalation curve for 0 The Eu composition is nominal. The precision of the 

tively. The deintercalation of the latter spe- 
cies occurs at higher temperatures due to 
the stronger ionic attractive interactions be- 
tween NH: and the negatively charged TiS* 
layers and, furthermore, is accompanied by 
the chemical reaction NH: + NH3 + fH2 
(20, 22). Such two-step deintercalation 
curves were found for relatively low Eu 
contents (X 5 0.07). In contrast, for higher 
Eu composition (x z 0.07), only one step is 
resolved in the thermal deintercalation 
curve, as shown in Fig. 2. This step is due 
to the deintercalation of NH3, which occurs 
over approximately the same temperature 
range as found in samples having low Eu 
contents (see Fig. 1). 

The NH: and NH3 compositions of 
Eu,(NH&(NH& TiS2 intercalation com- 
pounds determined by TGA are given in 
Table I. For the two lowest values of X, the 
NH: composition is equal within experi- 
mental error to that required in ammoniated 
and lithium-ammoniated T& (20, 22, 24) 
to satisfy the electronic requirements of the 
host TiS2 (y’ = 0.22 + 0.02). However, for 
x = 0.066 there is a sharp reduction in the 
NH: content, and for x 2 0.077 no NH: 
could be observed, even at the highest sen- 
sitivities of the TGA system. As found for 

TABLE I 

NH: ANDNH~COMPOSITIONSFOR 
Eu,(NH:),,(NH~)~“TiS2 INTERCALATION COMPOUNDS 

DETERMINEDBY TGA 

P Y’ Y” 

Eu,,&NH&TiS2. The heating rate is 2”C/min. NH;, NH3 compositions is 20.02. 
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the Li-NH3 intercalates of TiS2, (22, 24), 
the reason for this behavior is that the inter- 
calation of Eu is relatively rapid compared 
to NH3 and is accompanied by electronic 
charge transfer to the TiS2 conduction 
band, which reduces the amount of NH: 
that must be formed to provide the TiS2 
conduction band with the requisite 0.22 ‘- 
0.02 mole cl/mole TiS2. Beyond this elec- 
tronic concentration, no further oxidation 
of NH, to NH: is necessary, and any addi- 
tional electrons transferred to TiS2 origi- 
nate from the ionization of Eu. Therefore, 
in principle it should be possible to derive 
the oxidation state of Eu from the lowest 
Eu concentration at which no NH: is 
formed, since at this Eu concentation wI ^- 
0.22, where z is the charge of the Eu cation. 
Taking XI = 0.077 from Table 1, we find z = 
2.9, which suggests that Eu is in the triva- 
lent, rather than in the divalent, state found 
in the starting Eu-NH3 solutions (27, 28). 
Therefore, it appears that these intercala- 
tion compounds can be described approxi- 
mately by the formulas (Eu3+),.(NH&. 
(NH&,fTiS$3X’fy’)- for 3x’ + y’ < 0.22. This 
result indicates that the redox potential of 
the Eu”/Eu3+ couple is more negative than 
the redox potentials of the couples NH3/ 
NH:, EuO/Eu+, EuO/Eu*+, Eu+/Eu*+, and 
Eu2+/Eu3+. The existence and concentra- 
tion of Eu3+ can be determined more quan- 
titatively from magnetic measuremnts, as 
demonstrated in the next section. 

The X-ray diffraction patterns of all Eu- 
NH3 intercalation compounds could be in- 
dexed using hexagonal cells arranged in a 
three-layer, 3R-type structure in which 
every layer is occupied by intercalated spe- 
cies. Least-squares refinements were per- 
formed on the d values to derive precise 
cell constants. An example of the agree- 
ment obtained between the observed and 
calculated d values is given in Table II for 
Eu~.~~(NH~)o.~~ Ti&. Many of the X-ray re- 
flections were relatively weak, which ne- 
cessitated relatively long exposure times. 

TABLE II 

POWDER DIFFRACTION DATA FOR Eu0,1,(NHJ0.1sTiS2 

hkl &s (A) 4aJ (‘Q Intensity 

0 0 3 8.336 8.304 m 
1 0 1 2.944 2.916 W 

0 1 2 2.885 2.888 m 
0 1 5 2.590 2.595 S 

0 1 8 2.145 2.147 W 

1 1 0 1.710 1.712 S 

1 1 3 1.670 1.677 W 

2 0 2 1.472 1.472 W 

0 2 4 1.444 1.442 W 

2 0 5 1.423 1.421 W 

2 0 8 1.338 1.338 W 

0 0 21 1.185 1.186 W 

1 2 5 1.093 1.093 VW 
1 2 8 1.054 1.055 VW 
3 0 0 0.987 0.988 VW 

a The cell constants are a = 3.424 A and c = 24.91 d;. 
The uncertainties in a and c are kO.005 and kO.01 A, 
respectively. 

The diffuse nature of some of the lines is 
probably due to the disorder inherent in 
these nonstoichometric intercalation com- 
pounds. Also, for Euo.mr(NH&sTiSz and 
Euo.i07(NH&9TiSz a very weak diffuse line 
having d = 7.4 A was observed. This line 
could be indexed to a stage II phase in 
which every other van der Waals gap is oc- 
cupied and has been observed previously in 
both ammoniated and lithium-ammoniated 
TiS2 (20, 22). 

The cell parameters for Eu,(NH3),TiS2 
intercalation compounds are summarized in 
Table III. The expansion of the c axis upon 
intercalation by 3.0-3.2 A for all com- 
pounds except Euo.17(NH3)0.isTiS2 indicates 
that the larger NH: and NH3 are the spe- 
cies responsible for the expansion, since 
the radii of Eu2+, Eu3+, NH:, and NH3 are 
1.10, 0.95, 1.43 (30), and 1.67 (31), respec- 
tively. The smaller expansion for Euo.i7 
(NH&i8TiS2 probably reflects its lower 
NH3 and higher Eu contents as well as 
stronger ionic bonding between Eu3+ and 
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TABLE III 

CELL PARAMETERS FOR Eu,(NH9),TiS2 
INTERCALATION COMPOUNDS DETERMINED BY 

POWDER X-RAY DIFFRACTION 

x a' Cb AC’ 

0.001 3.415 26.71 
0.007 3.416 26.72 
0.014 3.413 26.16 
0.066 3.419 26.56 
0.077 3.416 26.10 
0.170 3.424 24.91 

0 The uncertainty in a is 20.005 A. 
b The uncertainty in c is kO.01 A. 

3.2 
3.2 
3.0 
3.2 
3.0 
2.6 

c The c axis expansion is calculated from the differ- 
ence between the interlayer spacing for the intercala- 
tion compound (c/3) and that for TiS2 (5.7 d) 

the more highly negatively charged TiS2 
layers. 

The a parameter is sensitive to the degree 
of charge transfer to the host TiS2 (32). The 
constant a parameter of 3.416 + 0.002 for 
x I 0.077 in Table III indicates that the 
electron density in the TiS2 layers is also 
constant, in agreement with the TGA 
results. However, the appreciably larger 
value for Eu,,i7(NH&t8TiS2 is probably 
due to the higher electron density and en- 
hanced electron-electron repulsions in the 
TiS2 layers. 

3. Magnetic Properties 

EPR, magnetization, and magnetic sus- 
ceptibility measurements have been per- 
formed to further elucidate the nature of Eu 
in these intercalation compounds. Surpris- 
ingly, no EPR signals could be observed in 
the range 4-300 K, even at the highest 
spectrometer sensitivities. This negative 
result is consistent with the absence of any 
Eu(NH& decomposition product in these 
compounds, because it has a characteristic 
EPR signal having a peak-to-peak linewidth 
of about 1 kG at ambient temperature (33). 
The inability to detect the EPR spectrum of 
Eu3+ is probably due to rapid magnetic re- 

laxation, since this ion is in an orbital F 
state. Since static magnetic properties are 
not influenced by dynamical relaxation ef- 
fects, such measurements should reveal the 
magnetic species present in these materials. 

The temperature dependence of the mag- 
netic susceptibility per mole of Eu for 
EuX(NH3),TiS2 intercalation is displayed in 
Figs. 3 and 4. At 5 K, the magnetization 
(M) did not vary linearly with the magnetic 
field (H), but began to saturate above about 
10 kG. The absence of ferromagnetic impu- 
rities was demonstrated by the reversibility 
of the M vs H curve at all temperatures in 
the range 5-300 K. The Eu contribution to 
the susceptibility for x 5 0.014 has been 
extracted by subtracting the susceptibility 
of (NH&20TiSq.20- (20, 22) from the mea- 
sured values. This procedure effectively 
corrects for the diamagnetism of NH:, the 
Pauli paramagnetism of the conduction 
electrons, and the intrinsic as well as impu- 
rity paramagnetism of the host TiS2 (29). 
Corrections for the residual diamagnetism 
of NH3 (- 15.8 x IO-l6 emu/mole NH3) (34) 
and Eu3+ (-20 x 10e6 emu/mole Eu) (39, 
which have not been made, only amounts 
to about 3% of the measured value for x = 
0.001 at 30 K. For higher Eu concentrations 
(x 2 0.066), it is sufficient to substract the 
susceptibility of TiS2 from the experimental 
values, which removes the intrinsic and im- 
purity paramagnetism of TiS2. The ne- 
glected diamagnetism of NH:, NH3, and 
Eu3+ and the Pauli paramagnetism of the 
conduction electrons (- 40 X lop6 emu/ 
mole el) (20) are less than 3% of the mea- 
sured susceptibility at 300 K, and these 
temperature-independent corrections make 
even a smaller contribution at lower tem- 
peratures . 

It is evident in Figs. 3 and 4 that all of the 
Eu-NH3 intercalation compounds exhibit 
Curie-type paramagnetic behavior below 
about 100 K, with the exception of 
Euo.r7(NH3)0.i8TiS2. The latter compound 
has the smallest susceptibility of any of 



INTERCALATION COMPOUNDS OF TiS2 115 

0.30 

3 

a 

e O.*O 

5 
4 

I 
x 

0.10 

0.00 

. 
. 

0 
. 

0 

d O 
x =O.OOl lOI 
x=0.007 1-I 
x=0.014 loI 

. 0 x= 0.066 +I 

160 *A0 

T(K) 

FIG. 3. Magnetic susceptibility per mole of Eu vs 
temperature for lower Eu concentrations in Eu,(NH$? 
TiS2. The susceptibilities for x % 0.014 and x > 0.014 
have been corrected for the paramagnetism of 
(NH:)0.22TiS~ZZ- and TiSz, respectively. 
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FIG. 4. Magnetic susceptibility per mole of Eu vs 
temperature for higher Eu concentrations in Eu,(NH& 
TiS2. The susceptibility has been corrected for the 
paramagnetism of TiS2. 

these compounds over the entire tempera- 
ture range and displays relatively weak 
paramagnetic behavior. The observation of 
such pronounced paramagnetism in almost 
all of these materials is unexpected if they 
indeed contain only Eu3+. Eu3+ has the 
electronic configuration 4 f 64s25p6, and the 
total spin angular momentum of the six un- 
paired electrons (S = 3) is exactly canceled 
by the total orbital angular momentum (L = 
3), so that the ground state is nonmagnetic 
(J = 0) and the susceptibility should be in- 
dependent of temperature within the Rus- 
sel-Saunders coupling scheme, which 
should be applicable here. However, the 
energy difference between the ground state 
(.I = 0) and first excited state (J = 1) is 
normally comparable to thermal energy at 
ambient temperature (- 200 cm-l), so that 
thermal population of this excited state 
produces a paramagnetic susceptibility 
(36). Therefore, the susceptibility should be 
independent of temperature at low temper- 
atures and become paramagnetic at ele- 
vated temperatures. This expected behav- 
ior is verified by the temperature 
dependence of the susceptibility for Eu3+ in 
Et&u04 depicted in Fig. 5 (36). 

FIG. 5. Temperature dependence of the magnetic 
susceptibility of Eu&uO, per mole of Eu3+. From Ref. 
(36). 
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If Eu3+ in Eu,(NH3),TiS2 exhibits the 
characteristic type of magnetic behavior il- 
lustrated in Fig. 5, then what is the origin of 
the strong paramagnetism at lower temper- 
atures shown in Figs. 3 and 4? The most 
obvious secondary paramagnetic species is 
Eu2+, which has an electronic configuration 
4f ‘5s25p6 and ionic state *S7,2. Since to a 
good approximation Eu2+ is a spin-only S- 
state ion with long relaxation times, it 
should be paramagnetic over a wide tem- 
perature range, as required. Moreover, the 
absence of the expected EPR signal for 
Eu2+ (27, 28) could originate from rapid 
electronic exchange between Eu2+ and 
Eu3+ via the TiS2 conduction band, which 
may result in sufficiently rapid Eu2+ spin 
relaxation to broaden its EPR spectrum be- 
yond observation. 

One possible source of Eu2+ is that the 
intercalation compounds are contaminated 
with Eu(NH~)~ from decomposition of the 
Eu-NH3 solutions, even though the charac- 
teristic yellow-orange color of this amide 
was not observable in the products of our 
preparations. To investigate the influence 
of the Eu(NH~)~ decomposition product on 
the magnetic properties of these com- 
pounds, a sample of E&.27(NH3)0.47TiS2 
contaminated with a small amount of 
Eu(NH~)~ from decomposition of the Eu- 
NH3 solution was prepared and examined. 
The temperature dependence of the recip- 
rocal susceptibility per mole of Eu for this 
compound is displayed in Fig. 6. The sus- 
ceptibility obeys the Curie-Weiss law, and 
the magnetic moment and Weiss constant, 
or paramagnetic Curie temperature, are 7.0 
p and 5 K, respectively. The Eu(NH& was 
observed to order ferromagnetically below 
about 8 K, which is in reasonable agree- 
ment with a Curie temperature of 5.4 K 
found in previous work (37). In addition, 
for this sample, the EPR spectrum was eas- 
ily detected and characteristic of Eu(NH& 
(33h and weak X-ray reflections for 
Eu(NH~)~ were observed. Since there was 
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FIG. 6. Reciprocal magnetic susceptibility per mole 
of Eu vs temperature for Eu~~,~(NH~),T~S~ contami- 
nated with a small amount of Eu(NH&. 

no evidence of any Eu(NH~)~ in any of the 
other intercalation compounds studied, it 
appears that the Eu2+, if it is indeed 
present, is not in this form. 

Detailed analysis of the magnetic proper- 
ties of these intercalation compounds pro- 
vides strong evidence that the secondary 
paramagnetic species is indeed Eu2+. First, 
we consider the field dependence of the 
magnetization. The M vs H curves cannot 
be fitted to a single Brillouin function hav- 
ing J values characteristic either Eu2+ (J 
= 5) or Eu3+ (J = 0 with thermal population 
of J = 1) over the entire temperature range. 
However, quite good agreement can be ob- 
tained for an appropriate mixture of Eu2+ 
and Eu3+, as illustrated in Fig. 7, where the 
M vs H/T curve for EQ.066(NH3)yTiS2 can 
be fitted quite well to a Brillouin function 
for a mixture of 30 mol% Eu2+ and 70 mol% 
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FIG. 7. Comparison of the magnetization vs ratio of 
magnetic field to temperature for Eu~~(NH,),T~S~ 
(solid curve) to that calculated for 30 mol% Eu2+ and 
70 mol% Eu3+ (dashed curve). 

Eu3+. It is also possible to determine the 
relative amounts of Eu*+ and Eu3+ by fitting 
the susceptibility calculated for a mixture 
of Eu2+ and Eu3+, x = &(Eu2+) + (1 - 
&(Eu3+), where f is the mole fraction of 
Et?+, to the experimental susceptibility, 
with f being derived from the best least- 
squares fit. The degree of agreement be- 
tween the measured and calculated suscep- 
tibility for Eu0,006(NH3)yTiS2 is shown in 
Fig, 8. The best fit was obtained for 33 
mol% Eu2+ and 67 mol% Eu3+, which is in 
good agreement with the above analysis for 
the M vs HIT saturation curve. With the 
exception of Euo.r7(NH&TiS2, magnetic 
analyses for the other intercalation com- 
pounds yielded similar good agreement be- 
tween measured susceptibilities and those 
calculated for a certain relative concentra- 
tion of EuZ+ and Eu3+. Although there is 
qualitative agreement between experiment 

FIG. 8. Comparison of the magnetic susceptibility 
per mole of Eu vs temperature for Eh.066(NH3)yTiS2 
(dots) to that calculated for 33 mol% Eu2+ and 67 
mol% EuZ+ (dashed curve). 

and theory for Eu0.017(NH3)yTiS2, the mea- 
sured susceptibility is consistently smaller 
than the best-fit calculated values, as 
shown in Fig. 9. 

The Eu2+ and Eu3+ compositions for 
Eu,(NH&TiS2 intercalation compounds 
derived from magnetic susceptibility mea- 
surements are summarized in Table IV. Ex- 

TABLE IV 
DIVALENT AND TRIVALENT EUROPWM 
COMPOSITIONS FOR Eur,, ,7(NHJ0.,sTiS2 

INTERCALATION COMPOUNDS DERIVED FROM 
MAGNETIC SUSCEPTIBILITY MEASUREMENTS 

X Eu*+ (mol%) Eu3+ (mol%) 

0.001 =lOO -0 
0.007 22 78 
0.014 26 74 
0.066 33 67 
0.077 18 82 
0.107 20 80 
0.170 .2 98 
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FIG. 9. Comparison of the magnetic susceptibility 
per mole of Eu vs temperature for Eu0.17(NH3)YTiSZ 
(dots) to that calculated for 2 mol% Eu2+ and 98 mol% 
Eu3+ (dashed curve). 

cept for Euo.,&NH3),,TiSz, Eu3+ is the pre- 
dominant paramagnetic species in these 
compounds, with an average of 80 mol% 
Eu3+ and 20 mol% Eu2+. The Eu2+ concen- 
tration varies from essentially 100 mol% for 
Eu0.m(NH&TiS2 to only about 2 mol% for 
Eu,-,i7(NH3),TiS2 and is relatively constant 
for intermediate Eu compositions. This 
trend is consistent with the known ten- 
dency of Eu-NH3 solutions to decompose 
very rapidly in the dilute range and to be 
progressively more stable at higher metallic 
concentrations (25, 28). However, as dis- 
cussed previously, the decomposition prod- 
uct is not the usual Eu(NH&. Moreover, 
the appreciable Eu2+ concentrations indi- 
cates that this cation is intercalated in addi- 
tion to Eu3+, NH:, and NH3. An important 
clue to this enigma is suggested by the 
results of magnetic analyses of compounds 
after all the NH: and NH3 has been ther- 
mally deintercalated at 270°C as indicated 
by TGA. The results of a typical experi- 
ment of this type are shown in Fig. 10, 

where the temperature dependence of 
the susceptibility for Eu~.&NH&.~ 
(NH3)0.26TiS2 and Eu0.M6TiS2 are compared. 
The characterization of the latter com- 
pound is described elsewhere. It is evident 
that the susceptibility of the latter com- 
pound has diminished after thermal deinter- 
calation, and detailed magnetic analysis of 
the data reveals that the Eu2+ content has 
increased from 33 to 52 mol% and the Eu3+ 
concentration has decreased from 67 to 47 
mol%, so that 20% of the Eu3+ has been 
reduced to Eu2+. Again, there was no vi- 
sual, X-ray EPR, or magnetic evidence of 
any Eu(NH&. Furthermore, we do not an- 
ticipate that the high-charge-density Eu3+ 
cation could diffuse rapidly enough at 
270°C to the particle edges where its reduc- 
tion to Eu2+ would be effectively catalyzed 
by exposed Ti, which would require the re- 
duction of roughly ten Eu3+ cations to Eu2+ 
per Ti atom if every Ti atom were available 
at the edges of micrometer-sized parti- 
cles. These considerations lead us to the 

7------ 
k 
I 
I 
I 

FIG. 10. Comparison of the magnetic susceptibility 
per mole of Eu vs temperature for Eq.&NH&.06 
(NH3)o.26TiSZ (dashed curve) and Eb.066TiS2 (dots). 
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conclusion that the reduction of Eu3+ to 
Eu2+ occurs not at the particle edges, but 
rather in the van der Waals gap. An effec- 
tive catalyst for this intragap reaction could 
be the excess intralayer Ti in the host TiS2, 
which initially pins the TiS2 layers together 
and impedes intercalation (22). Indeed, we 
estimate that the number of intralayer Ti 
atoms in the starting TiS2 (-0.2 mol%) for a 
l-pm particle is comparable to the maxi- 
mum possible number of exposed Ti atoms 
at the particle edges. The intragap reduc- 
tion of Eu3+ to Eu2+ is presumably accom- 
panied by the removal of an equivalent 
number of electrons for the TiS2 conduction 
band. Although the formation of other 
chemical species, such as amide ions, is 
conceivable, we have no evidence for their 
presence. Moreover, electron exchange be- 
tween Eu2+ and Eu3+ via the conducting 
TiS2 layers cannot explain the reduction of 
Eu3+ to Eu2+, since to a first approximation 
(i.e., using the rigid-band model and ne- 
glecting the change in electron concentra- 
tion due to deintercalation of NH:), there 
should be no set change Eu2+ and Eu3+ con- 
centration after thermal deintercalation of 
Eu2+ and Eu3+. Even if the decrease in con- 
duction-electron density in the TiS2 layers 
due to deintercalation of NH: is considered 
within the rigid-band model, then one ex- 
pects some conversion of Eu2+ to Eu3+, 
rather than the reverse, to occur due to the 
higher electron affinity of the host TiS2. It 
should be noted that this same reduction 
mechanism may well be operative in the 
formation of the Eu2+ originally present in 
the Eu-NH3 intercalation compounds, 
which would explain the absence of 
Eu(NH&. Since Eu2+ can be formed either 
during or after the intercalation reaction, 
these compounds are thermodynamically 
unstable and should be kept at low tempera- 
ture whenever possible. 

Finally, the magnetic effects of the varia- 
tion in Eu2+ and Eu3+ compositions in these 
materials are summarized in Fig. 11, where 

. . . . . . . . . . . . . 
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FIG. 11. Comparison of the magnetic susceptibility 
per mole of Eu at 275 K vs Eu composition for Eu in 
Eu, (NH3),TiS2 (dots), Eu3+ in Eu,(NH3),TiS2 (open 
circles), Eu3+ in EuzCu04 (dashed line), and Eu*+ as a 
free ion (dotted line). 

the Eu composition dependence of the sus- 
ceptibility per mole of Eu at 275 K is shown 
for Eu in Eu,(NH3),TiS2, Eu3+ in 
Eu,(NH3),TiS2 derived from magnetic anal- 
yses, Eu3+ in Eu2Cu04, and Eu2+ as a free 
ion. It is evident that the Eu2+-Eu3+ ratio 
determined from the magnetic analyses 
used in this study provides a good overall 
description of the magnetic properties of 
these complex compounds. The greatest 
discrepancy occurs for Eu0.i7(NH3),,TiS2 
(see Fig. 9), which is also the most magneti- 
cally concentrated compound. The reduced 
susceptibility compared to that expected 
for Eu3+ suggests that the Eu3+ moments 
may be interacting antiferromagnetically 
between the layers of this low-dimensional 
material. Such interactions are plausible be- 
cause the shortest intraplanar Eu-Eu dis- 
tances (-3.4 A) are considerably shorter 
than those between layers (-8.3 A) and are 
comparable to those for other Eu com- 
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pounds that order magnetically (39-41). 
The other more magnetically dilute Eu- 
NH3 intercalation compounds show no evi- 
dence of magnetic exchange interactions, 
and their magnetic properties can be under- 
stood in terms of noninteracting Eu*+ and 
Eu3+ cations. 

Conclusions 

The results of this study have indicated 
that the Eu-NH3 intercalation compounds 
of TiS2 are mixed-valence compounds and 
can be best described by the formulas 
(Eu3+)X(Eu2+),~(NH~),,(NH3),,~~TiS2(3X’+~’y’~~ 
for 3x’ + 2x” + y’ < 0.22 and 
(Eu3+)x(Eu2+)X,(NH3y,,TiS2 (3x’+2r”)p for 3x’ + 

2x” 2 0.22. The intercalation process is 
complex in the sense that it involves (1) re- 
dox reactions producing NH: until 0.22 ? 
0.02 moles el/mol TiS2 have been trans- 
ferred to the TiS2 conduction band, (2) the 
intercalation of neutral NH3 after this criti- 
cal electronic requirement has been satis- 
fied, (3) redox reactions yielding Eu3+, and 
(4) the formation of Eu*+ probably originat- 
ing from the reduction of Eu3+ in the van 
der Waals gap. The observation of only 
Eu*+ in previous work on the Eu-NH3 in- 
tercalation compounds of NbS2 and MO& 
(25, 26), if indeed correct, suggests that the 
electronic structure of the host plays a key 
role in determining the oxidation state of 
Eu. 

The synthetic, compositional, and struc- 
tural work reported in this paper has laid 
the foundation for further investigations of 
the structure and properties of these inter- 
calation compounds. Future search will be 
focused on comparable studies of magneti- 
cally more concentrated compounds as well 
as Mossbauer spectroscopy to further elu- 
cidate the nature of the magnetic interac- 
tions and the Eu site symmetry in these ma- 
terials . 
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