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Polycrystalline (CeS)1.15(TaS;), and (SmS)1.19(TaS,),, two composite misfit-layered sulfides,
react directly with cobaltocene (CoCp,) in acetonitrile solutions to form novel intercalation
compounds of composition (CeS)1.15(TaS2)2(CoCp2)os1 and (SMS)1.19(TaS2)2(CoCp2)o.s0, Fespec-
tively. Their powder X-ray diffraction data reveal a significant expansion (ca.5.5 A) along
the c-axis and preservation of the a—b-axis dimensions. One-dimensional electron density
calculations are consistent with a model where the guest molecule is located at all TaS,-TaS,
interfaces, whereas MS—TaS,; (M = Ce, Sm) interfaces remain empty. The Ce and Sm 3d
core-level spectra reveal that these elements are present mainly as tervalent ions. The
magnetic properties of the Ce compound are consistent with this valence state. Although
the intercalation of cobaltocene does not shift the binding energies of the host constituent
elements appreciably, the organometallic molecule is intercalated as CoCp,* ions, as is
usually the case with layered chalcogenide hosts. In the case of the Ce system, this model
is also supported by the magnetic data and suggests that the electron donated by the guest
molecule is transferred to the conduction band of the TaS; layers, whereas the lanthanide
element remains as a trivalent ion. The formal electron transfer apparently taking place
from the MS bilayer (M = Ce, Sm) to TaS; sheets does not prevent ionization of cobaltocene.

Introduction

Recently, we demonstrated the high potential of
misfit-layered sulfides of formula (PbS)14x(TS2), (T =
Ti, Ta) as host lattices for atomic and molecular
electron-donor guest species.! This outstanding property
is believed to rely on two salient facts, namely, (a) the
presence in their structures of an interlayer region at
the interface between two consecutive close-packed
sulfur atom layers, available to accommodate the guest
species? and (b) the very limited electron transfer from
the PbS sublattice to the TS, sheet, which allows the
TS, part to accept charge transferred from the guest.
It is also well documented from spectroscopic tech-
niques, electrical transport, and magnetic properties?
that the electron donation from the MS part to the TS,
one significantly increases when M is a lanthanide. In
fact, this phenomenon has been considered the main
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reason for the lack of intercalation in SmNb,Ss treated
with lithium or sodium derivatives,® although the
monolayer misfit compound (SmS);.xTaS; can be for-
mally considered an intercalation compound of the
bilayer misfit compound (SmS);4x(TaS,), and SmS
whereby charge transfer occurs from SmS toward TaS;
layers. In any case, the bilayer compound cannot be
obtained by direct synthesis from the monolayer one and
SmS. By contrast, the bilayer misfit compound PbNb,Ss
easily intercalates Li or Na when exposed to n-butyl-
lithium or sodium naphthalide, respectively.3* Although
recent reports on the preparation of Cuy(MS)1+x(NbS>),
(M = Ce, Sm)® and E,(MS)14«(TiSz) (E = Fe, Ni; M =
La, Ce)® intercalates question the adequacy of lan-
thanide-based misfit-layered sulfides as host lattices for
intercalation compounds, the above-mentioned interca-
lates have been obtained by direct synthesis from the
elements at high temperatures, an unusual method for
preparing intercalation compounds taking into account
that most of them are metastable phases. Some dis-
crepancies exist among reported interlayer expansions
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that are critical with a view to assessing the formation
of an intercalate. Thus, while the interlayer distance
increases by 0.62 A with Cu intercalation, the expansion
is negligible in Fe and Ni intercalates. In this article,
we demonstrate for the first time that, like lead-based
misfit-layered sulfides,” lanthanide-based misfit-layered
sulfides can intercalate large electron donor molecules
such as cobaltocene under mild experimental conditions
(“chimie douce” methods). The new complexes thus
prepared contradict the belief that it is virtually impos-
sible for electron donor species in (MS)14x (TS2)2 to give
intercalation reactions when M is a lanthanide® and
suggest that electronic factors such as electron transfer
from the MS part to the TS, slab play a more modest
role than one would have expected.

Experimental Section

Two misfit-layered sulfides, (MS)1«(TaS;). (M = Ce, Sm),
were tested as host lattices. The Ce compound was prepared
by direct synthesis from the elements as described elsewhere.?
The Sm compound was obtained by heating a mixture of
Sm,Ss, Ta, and S (supplied by Strem Chem.) in a mole
proportion of 1.19:2:5.19 in an evacuated silica tube. The
mixture was heated at 450 °C for 1 day and then at 950 °C for
7 days. The pellet was ground and heated at 950 °C for another
7 days. The tubes were opened in a drybox (Mbraun 250), and
the crystals were manually ground in an agata mortar.

Inside the glovebox, the crystalline hosts were added to a
solution of CoCpy, in dry acetonitrile, supplied by Strem Chem.
About 400 mg of the host was mixed with 4 mL of 0.1 M CoCp.
solution. The reaction was carried out in evacuated and sealed
Pyrex tubes at 90 °C, previously frozen under liquid nitrogen
and evacuated to P < 1073 mbar. A period of 4 days was found
to be long enough to obtain 100% conversion. The absence of
(o0l) reflections from the host was taken as evidence of
thorough intercalation. The tubes were opened in the drybox
and the intercalates washed with acetonitrile and stored under
Ar in sealed glass tubes until their characterization. The
amount of intercalant was determined by combining the
results of the elemental analysis carried out on a Fisons CHNS
analyzer with those of atomic absorption spectroscopy for
calculation of the cobalt content.

Powder X-ray diffraction (XRD) patterns were recorded on
a Siemens D5000 powder diffractometer using Cu Ka radiation
and operating at 40 kV and 30 mA; the diffracted beam was
made monochromatic by using a graphite monochromator. For
identification purposes, intensities were collected at 0.02° (26)
intervals, using 0.06 s/step. For evaluation of lattice param-
eters and one-dimensional Patterson function calculations,®
intensities were recorded in the same scan step, at 3.6 s/step.
To avoid contact of the intercalated products with moisture,
XRD patterns were obtained by covering the sample holder
with a plastic film under an argon atmosphere. Unit cell
dimensions were obtained by the least-squares procedures,
using between 15 and 20 reflections to determine each subcell.
One-dimensional electron-density maps were obtained by
using 15 (00I) reflections for pristine compounds and 13 (00l)
reflections for intercalates that were selected in such a way
as to avoid overlap with other (hkl) reflections. Intensities (I)
were obtained from integrated peak areas. The structure
factors, F, of these reflections were obtained from their
intensities by using the following equation:

IF()I = (I/Lp)? (1)
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where Lp is the Lorentz—polarization factor as calculated from
the equation Lp = (1 + cos?26)/sin? 6 cos 6. Structure factors
were phased by calculating a value for each Foo from the
atomic factors and assumed position of each atom. The
positions used were those of metal and sulfur coordinates
obtained for orthorhombic (PbS)1.14(NbSz), from single-crystal
X-ray datal® as no X-ray single-crystal structures for lan-
thanide-based bilayer compounds have so far been reported.
1-D electron densities were obtained from the following
equation:

p(z) = 1/LZF,, cos(27lz) 2)

where L is the lattice periodicity.

XPS spectra were obtained by using a Physical Electronics
PHI 700 spectrometer with nonmonochromatic Mg Ka as
excitation source (300 W, 15 kV, 1253.6 eV). Samples, made
into pellets by compressing the powdered compounds at about
3 tonnes under an argon atmosphere, were rapidly mounted
on a sample holder without adhesive tape and immediately
transferred to the spectrometer’s preparation chamber, where
they were kept overnight at high vacuum before they were
transferred to the spectrometer analysis chamber. The PHI
ACCESS ESCA-V6.0 software package was used for data
acquisition and analysis. Recorded spectra were always fitted
using Gauss—Lorentz curves in order to more accurately
determine the binding energy of the different element core
levels. The S 2p signal at 161.7 eV was used as reference’ !
since this element is shared by the studied compounds.
Magnetic susceptibility was measured by using a commercially
available SQUID magnetometer over the temperature range
1.7—-300 K under an applied magnetic field ranging from 0.5
to 5 kOe.

Results and Discussion

The X-ray diffraction patterns for the Ce and Sm
sulfides are shown in Figure 1a,b. One common feature
of both compounds is the presence of a set of narrow
multiple-order reflections (00l) of high intensity with
additional broad, weak lines, all of which suggests a
coherent structure with a long range (at least along the
c-axis) and in-plane defects and inhomogeneities owing
to the incommensurability along a-axis direction. Like
those for the monolayer compounds (CeS);.15TaS,'2 and
(SmS)1.19TaS,,!2 the spectra were indexed in the orthor-
hombic system. The unit cell dimensions of both sub-
lattices are given in Table 1. The values for the c-axis
confirm that these compounds belong to the bilayer
family and that the repeat unit consists of two consecu-
tives TaS; slabs and one MS slab stacked along the
c-axis. From the 2araso/ams ratio, the stoichiometries
(CeS)1.15(TaS,), and (SmS)1.19(TaS,), were derived. The
subindices of the MS sublattices coincide with those of
the monolayer compounds; those for the Ce compound,
however, differ slightly from the ones reported by
Suzuki et al.® (1.12). These authors only calculated the
interlayer spacing, which was somewhat larger (17.45
A) than the c-axis dimension given in Table 1.
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Figure 1. XRD patterns for (a) (CeS)1.15(TasS,)z, (b) (CeS)1.15-
(TaSZ)z(COsz)olgl, (C) (SmS)l_lg(TaSZ)z, and (d) (SmS)l,lg(T352)2-
(CoCp2)oso. Key: (a) TaS; subsystem; (b) CeS subsystem; (c)
SmS subsystem.

Table 1. Lattice Constants for Misfit-Layered Sulfides
and Their Cobaltocene Intercalates

compd subcell a(A) b (A) c(A)

(CeS)1.15(TaS,)2 CeS  5.717(8) 5.745(7) 17.31(4)
TaS, 3.288(2) 5.747(8) 17.35(2)
(CeS)1.15(TaS:)2(CoCpa)oas CeS  5.741(8) 5.745(7) 22.84(2)
TaS, 3.289(5) 5.744(4) 22.82 (4)
(SMS)1.10(TaS2)2 SmS  5.566(7) 5.680(8) 17.98(2)
TaS, 3.285(4) 5.671(9) 17.99(4)
(SMS)1.16(TaS2)2(CoCp2)ozo SMS  5.549(3) 5.683(7) 23.51(1)
TaS, 3.293(8) 5.677(3) 23.53(4)

The cobaltocene contents of the intercalates are shown
in Table 2, together with their nitrogen and sulfur
contents. The negligible N contents obtained provide
direct evidence for the absence of solvent (CH3;CN)
inclusion during intercalation; on the other hand, the
sulfur contents changed very little (differences between
experimental and calculated percentages were within
the experimental error of the analytical technique). It
is worth noting that these intercalates have cobaltocene
contents similar to those found in lead-based misfit
bilayer sulfides,” which suggests that geometric factors
play a crucial role in the intercalation reaction. The XRD
patterns for the intercalates, Figure 1b,d, maintain
some of the characteristic features of those for the
pristine compounds, namely the presence of prominent
peaks with several armonics, all belonging to (00I)
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specular reflections and smaller peaks that account for
(hkl) reflections. However, the former set of reflections
exhibits two salient differences: (i) a change in the
intensities of (00l) reflections relative to other (hkl)
reflections due to the preferred orientation of particles,
which is indicative of the nature of the layered struc-
ture; (ii) shifts in the 26 angle to lower values. Like
those for the parent compounds, the patterns were
indexed in the orthorhombic system. The unit cell
parameters for both sublattices are shown in Table 1.
Note that the 2artasy/ams ratio and the a and b axes
hardly change upon intercalation, which indicates that
the host stoichiometry is preserved and that layers in
the ab plane are scarcely distorted. However, significant
expansion (about 5.5 A/IMS—TaS,-TaS, unit packing)
was observed in both intercalates. Such an expansion
is typical of simple unsubstituted metallocenes in
binary# and ternary chalcogenides’ and suggests that
the cobaltocene molecule is located at all TaS,_-TaS,
interlayers and leaves MS—TasS,; interlayers empty.

Additional evidence in support of this model is
provided by the one-dimensional electron density func-
tions calculated from (00Il) reflections. The one-dimen-
sional electron density functions of the original and
intercalated compounds, referred to the Sm system, are
shown in Figure 2. As expected, the projection of the
structure of the original compound on the c-axis gives
strong peaks that can be assigned to the layers involving
the heaviest atoms (viz. the Ta layers and SmS slices);
on the other hand, the smaller peaks correspond to the
layers of sulfur atoms. As can also be seen from Figure
2a, there is no electron density between the two
consecutive sulfur layers (between 8.1 and 9.7 A), which
correspond to the van der Waals gap in (SmS)1.19(TaS>).
The one-dimensional electron density map for (SmS);.10-
(TaS2)2(CoCp2)o.30, Figure 2b, was obtained by incorpo-
rating the guest molecule into the model with the cobalt
atom at z/c = 0.5 and their molecular axis parallel to
the host lattice layers, as commonly found in most
binary chalcogenides intercalated with cobaltocene.®
The cobaltocene intercalate preserves the original peaks
associated with the host framework and exhibits a new,
broad peak centered at 11.73 A that can be assigned to
the cobaltocene molecule. The appearance of this peak
reveals that the internal structure of the misfit-layered
compound remains virtually intact and that the CoCp,
molecule is located at interlayer TaS,-TaS, regions
rather than at SmS—TaS, interfaces.

Preliminary XPS results revealed good consistency of
the Ce, Sm, and S photoemission peaks with those
reported for the misfit-layered compounds CeNbS3 and
(SmS)1.19TaS,.1” The Ce 3d spectrum, analyzed by fitting
the curve to two peaks and assuming a Gaussian—
Lorenztian profile, is shown in Figure 3a. The main
peaks, located at 885.7 and 903.8 eV, correspond to 3ds),
and 3ds, spin—orbit splitting, respectively, and can be
assigned to the poorly screened 3d%4flv™ final state,
where v denotes the electron valence. The shoulders
observed on the low binding energy side of the main

(14) Dines, M. B. Science 1975, 188, 1210.

(15) Wong, H. V.; Evans, J. S. O.; Barlow, S.; Mason, S. J.; O'Hare,
D. Inorg. Chem. 1995, 33, 5515. Evans, J. S. O.; O'Hare, D. Chem.
Mater. 1995, 7, 1668.

(16) Ohno, Y. Phys. Rev. B 1993, 48, 5515.

(17) Suzuki, K.; Enoki, T. Phys. Rev. B 1993, 48, 11077.
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Table 2. Analytical Data (%) for Pristine and Intercalated Compounds?

compd Co C H S
(CeS)1.15(Tasz)2 23.24 (24.03)
(Ces)l‘ls(TaSﬂz(COCpz)o,glb 241 (2.44) 5.03 (5.05) 0.45 (042) 22.12 (2212)
(SMS)1.19(TaSyz)2 21.72 (23.52)
(SMS)1.19(TaS,)2(CoCp2)o.30° 2.32 (2.29) 4.55 (4.59) 0.44 (0.38) 20.34 (20.62)

a Calculated values are given in parentheses. ? Negligible N content.
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Figure 2. Electron density projection along the c-axis: (a)
(SmS)ng(TaSz)z; (b) (SmS)1,19(Ta82)2(C0Cp2)o,30.

peaks must correspond to the well-screened 3d°4f2ym—1
final states.16 All these features are highly consistent
with the presence of Ce3" as the main species. The 3d
core-level Sm profile also exhibits two sets of peaks (see
Figure 3b), namely, two peaks at 1083.3 and 1110.7 eV
that are consistent with Sm3* 3ds, and 3ds,, respec-
tively. The other two peaks are centered at 1075 and
1102.5 eV, and their position coincides with that of the
Auger peaks of Ta (Tannn) and S (Sumn), respectively.®
The Sm 3d spectrum for the precursor, Sm,Ss (Figure
3c), exhibits the same features except for a decreased
intensity in the peak at 1102.5 eV due to a lower S/Sm
ratio. Two sets of peaks at 1083, 1110 and 1073, 1100
eV have also been found in (SmS)1.19TaS," using an Al
radiation source. Under these conditions, the intensity
of the peak at about 1100 eV is considerably reduced.
The stronger peaks observed at 1083 and 1110 eV are
assigned to Sm3*; on the other hand, the peaks at 1073
and 1110 eV are considerably weaker and assigned to
Sm?* impurities. Our results question the mixed-
valence state of Sm2* and Sm3* for our Sm compound
and are better interpreted by assuming an unique
oxidation state for Sm located in an electronic environ-
ment similar to that of Sm,Ss.

The main peak in the Ta 4d core-level spectra (4ds),)
appears as a broad, asymmetric band at 226.7 eV for
both compounds owing to overlap with the S 2s photo-
emission peak (BE = 226.1 eV). However, the Ta 4d3;
doublet is rather symmetric with a BE of 239.7 eV,

Figure 3. Ce 3d, Sm 3d, Ta 4d, and S 2p core-level spectra
for (a) (CeS)115(TaSz). (upper curve) and (CeS)115(TaSz)q-
(CoCp2)o.a1 (lower curve), (b) (SMS)1.19(TaS,). (upper curve) and
(SmS)1.10(TaS;)2(CoCp2)o.30 (lower curve), and (c) Sm;Ss. (d) Co
2p core-level spectra for (SmS)1.19(TaS2)2(CoCp2)o.30-

which is similar to the value for lead- and tin- based
misfit-layered sulfides!® and consistent with the pres-
ence of a single type of Ta in the structure. Moreover,
spin—orbit coupling for the S 2p photoemission peak is
barely detected and appears as broad band, which might
be indicative of a different chemical environment for
sulfur atoms in the two sublattices, TaS, and SmS
layers, forming the framework. By contrast, in Sm,Ss,
where S atoms are in identical chemical environments,
s—o splitting is about 1.2 eV (see Figure 3c).

The Co 2p spectrum for the intercalates can be
described as a main component at approximately 781.6
eV (Co 2 psp emission peak, Figure 3d). Although BE
for Co is somewhat smaller than the values for lead-
based misfit-layered sulfide intercalates,’ it is shifted
to higher binding energies by more than 2 eV with
respect to neutral solid cobaltocene.’® In other words,
cobaltocene is essentially intercalated as an ionized
guest species between layers, as in many other layered
chalcogenide hosts.2%21 Although the emission peaks of
the host matrix elements become somewhat weaker

(18) Ettema, A. R. H.; Haas, C. J. Phys. C: Condens. Matter 1993,
5, 3817.

(19) Barber, M.; Connors, J. A.; Derrik, L. M. R.; Hall, M. B.; Hillier,
I. H. J. Chem. Soc., Chem. Commun. 1971, 71.

(20) Gamble, F. R.; Thompson, A. H. Solid State Commun. 1978,
27, 379.

(21) O'Hare, D. Chem. Soc. Rev. 1992, 121, and references therein.
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Figure 4. (a) Temperature dependence of the magnetic
susceptibility of the Ce misfit-layered sulfide and its interca-
late. (b) ! vs T plot. The inset shows the inverse susceptibility
of the intercalate after subtraction of the temperature-
independent term. Key: (O) (CeS)115(TaSy)2; (O) (CeS)iis-
(TaSZ)z(COsz)olgl.

upon cobaltocene intercalation, the shifts in their bind-
ing energies are negligible (see Figure 3a,b). This
behavior is consistent with previous findings for lead-
based misfit-layered compounds treated with cobal-
tocene’ and has been ascribed to the high density of
states near the Fermi level that can accommodate a
significant number of electrons while maintaining es-
sentially the same electronic structure.??2 Nevertheless,
our results contradict those for the NiPS;_CoCp,23 and
SnS,-CoCp,?* systems, where the electron density of the
host lattice shifts the 2p levels of Ni, P, and S and the
3d level of Sn toward lower energies. However, this
finding cannot be generalized, as shown by the deposi-
tion and subsequent intercalation of Na in SnS; crystals
under ultrahigh-vacuum conditions. In this case, shifts
in the photoelectron binding energies of the substrate
are negligible.?®

The magnetic susceptibility, y, for the Ce system was
measured from 2 to 300 K, using a magnetic field of
1000 Oe. Figure 4a includes the temperature depen-
dence of magnetic susceptibility of the pristine and
intercalated compounds. The two phases show a Pauli
paramagnetism owing to the conducting electrons—the
compound of related composition (CeS)psTasS; reported
by Suzuki et al.® possesses metallic conductivity—and
exhibit a significant contribution of a Van Vleck type
paramagnetism from the CeS layers. The former con-

(22) Ettema, A. Ph.D. Thesis, University of Groningen, Groningen,
The Netherlands, 1993.

(23) Manova, E.; Leaustic, A.; Mitov, I.; Gombeau, D.; Clement, R.
Mol. Cryst. Lig. Cryst. 1998, 311, 155.

(24) O'Hare, D.; Jaegermann, W.; Williamson, D. L.; Ohuchi, F. S;
Parkinson, B. A. Inorg. Chem. 1988, 27, 1537.

(25) Espinds, J. P.; Gonzalez-Elipe, A. R.; Hernan, L.; Morales, J.;
Sanchez, L.; Santos, J. Surf. Sci. 1999, 426, 259.
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tribution notably increases upon intercalation. The
variation of the reciprocal magnetic susceptibility of
(CeS)1.15(TaSy), and its intercalate as a function of
temperature is shown in Figure 4b. The reciprocal
susceptibilities do not obey the Curie—Weiss law through-
out the temperature range; rather, they exhibit a convex
curvature. Above 100 K, the susceptibility of the parent
compound conforms fairly well to the Curie—Weiss law.
The magnetic moment per cerium atom derived from
the Curie constant, 2.63 ug, is similar to that estimated
by Wiegers et al.?6 for (CeS)1.16 NbS; single crystals, with
the magnetic field parallel to the layers, and to that
calculated by Suzuki et al.8 for the compound of nominal
composition (CeS)psTaS; (uesf = 2.59 ug/Ce) but slightly
larger than the predicted value for the Ce3* free ion
(2.54 ug). The discrepancy may be due to the presence
of a small amount of Ce 2* ions and/or to the contribu-
tion of weak, temperature-independent paramagnetism
associated with metallic electrons. Extrapolation of the
reciprocal susceptibility yields a negative value (about
—129 K) for the Weiss constant. At lower temperatures,
a decreased magnetic moment is obtained, as is usually
the case with Ce misfit-layered compounds such as
(CGS)lles[\lez.27

Although the temperature dependence of the mag-
netic susceptibility of the (CeS)1.15(TaS2)2(CoCp2)os1
intercalate is similar to that of the host, the tempera-
ture-independent component term is significantly larger.
The plots, Figure 4a,b, also exhibit a subtle slope change
at about 270 K that is more outstanding in the inverse
susceptibility plot (Figure 4 b) and can be ascribed to
at least two effects, namely, the presence of small
amounts of some ferromagnetic impurity (e.g. Co par-
ticles) otherwise undetected by XRD or XPS techniques
or an experimental artifact (at high temperatures,
SQUID measurements occasionally result in shoulders
such as that exhibited by the intercalate above 270 K,
the origin of which has been related to expansion of the
sample holder). In fact, we used different magnetic fields
for magnetic susceptibility measurements and observed
a linear relationship between M and H over a range of
10 kOe and 5 K; we can thus conclude that any
ferromagnetic impurity is below the detection level of
the SQUID magnetometer. The final magnetic suscep-
tibility data were recorded at 1 kOe. The slope change
in the ¥y vs T plot therefore appears to result from
intrinsic experimental factors, so the discussion of
magnetic data is restricted to temperatures below 270
K.

The magnetic moment of the intercalate at high
temperatures is significantly larger than that obtained
for the host (which is quite coincident with the theoreti-
cal value for Ce®*"). Better consistency between the
magnetic moments of both compounds is obtained by
taking into account the increase in Pauli paramagnet-
ism upon intercalation. This temperature-independent
term was estimated to be 4.94 x 1076 emu/g from a 4T
vs T plot above 200 K. The corrected values are also
shown in Figure 4b; an effective moment of 2.60 ug was
obtained over the 100—200 K range which is similar to

(26) Wiegers, G. A.; Meetsma, A.; Haange, R. J.; de Boer, J. L. J.
Solid State Chem. 1990, 89, 328.

(27) Pefia, O.; Meerschaut, A.; Rabu, P. J. Magn. Magn. Mater.
1992, 104—107, 1249.
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Figure 5. Schematic density of state vs energy diagram of
rare earth misfit layer compound, taken from ref 29, interca-
lated with cobaltocene.

that calculated for the pristine compound. These results
also provide direct evidence that the cobaltocene mol-
ecule is intercalated mainly as cobaltocenium ion, a
diamagnetic species, the loss of moment being consistent
with the transfer of one electron from the guest molecule
to the TaS; part of the host. In fact, this intercalation
model is adhered to in the TaS,(CoCp2)o.2s and (PbS);.14-
(TaS,)2(CoCp»)o.2g intercalates.20:28

The more complex magnetic behavior shown by the
Sm system precludes a clear-cut description of the way
it is influenced by the intercalation of cobaltocene. In
fact, the magnetic properties of this ion are not dictated
solely by its ground-state configuration; rather, the
thermal energy is high enough to promote some elec-
trons and to partially populate the higher state. Differ-
ent magnetic maesurements are in progress to obtain
insight into the problem of admixtures of energy states
and the fluctuation population caused by the intercal-
ant.

The electron transfer can be discussed in terms of the
band structure proposed to account for the electronic
properties of these composites. Figure 5 shows the
variation of the density of states, taken from ref 29, as
a function of energy. This model accounts fairly well for
the photoelectron spectra and electrical transport prop-
erties of monolayer Ln-based misfit layer sulfides. The
figure has been adapted to account for the composition
(CeS)os7TaS, where formally an electron transfer of
about 0.5 e/Ta atom takes place, on the assumption that
the lanthanides are tervalent, and where it is trans-
ferred to the TaS; layers. This donation should result
in a d,;2 band of the TaS,; more than half filled. Wiegers
et al.?% also suggested the presence of a conduction band
of mainly 5d of Ln, partly filled, because a small fraction
of electron is not transferred from the LnS double layer
to the TaS;, sandwiches. The presence of virtually a
single oxidation state of cobaltocene (CoCp,") interca-
lated in the chalcogenide indicates that the reduction
potential of cobaltocene is above to the Fermi level of
the host and that the electron transfer would take place

(28) Morales, J.; Santos, J.; Baas, J.; Wiegers, G. A.; Martinez, J.
L. Chem. Mater. 1999, 11, 2737.

(29) Zhou, W. Y.; Meetsma, A.; de Boer, J. L.; Wiegers, G. A. J.
Alloys Compd. 1996, 233, 80.

Chem. Mater., Vol. 12, No. 12, 2000 3797

through overlap of the lowest unoccupied d-band levels
with the highest occupied orbitals of cobaltocene (anti-
bonding e;" orbitals). The overall driving force of the
intercalation reaction must thus be a redox process
defined by the difference in the electrochemical poten-
tials of the electrons in the solid defined by the Fermi
level and the guest. From such a simple scheme, one
can expects the electron donation to lead to a decrease
in the total density of states, N(Eg), thus decreasing the
magnetic susceptibility of the intercalate. However, the
observed values are slightly greater than that of the
pristine host, which may have resulted from contamina-
tion of CoCp, probably adsorbed at level surface. In fact,
the presence of tails at the low binding energy side of
the Co 2p photoemission peaks may account for that of
a cobalt species as a neutral molecule. In any case, the
intercalation of molecular guest species is a complex
process and the overall free energy of the system may
be governed by other factors. Thus, an ionic model has
been used to explain the unusual arrangement of the
NH3 molecule in the TaS,-NHj3; system3° (with the C3
axis parallel to the sulfur layers). In the composition
suggested, (NH4)x(NH3)1-x[TaS,]*~, solvation of NH4*™
by neutral molecules plays a relevant role. In our case,
the amount of cointercalated solvent is negligible and
solvation effects must contribute little to stabilizing the
intercalate. Bearing in mind the difficulty in having an
accurate model explain bonding between the guest and
the host lattice, from the foregoing it seems quite clear
that the intercalation of cobaltocene into lanthanide-
based misfit layer sulfides can be described in terms of
a redox reaction that leads to the formation of a cationic
guest species, the lanthanide element remaining as a
trivalent cation.

Conclusions

The above results show that electron-rich organome-
tallic guests such as cobaltocene can be intercalated into
lanthanide-based misfit-layered sulfides under mild-
temperature conditions. This reaction is accompanied
by electron transfer from the intercalant to the TS,
layered sublattice, which is compatible with electron
donation from the MS part to the TS; one. In fact, in
formal terms, misfit-layered chalcogenides themselves
can be considered to be intercalated phases of transition
metal dichalcogenides and concepts such as charge
transfer from one subsystem to the other (as in TX;
intercalates) apply here. On the other hand, these
results reveal that the ability of this family of composite
materials to undergo intercalation reactions can be
explained in simple terms, a redox reaction and ion
formation, similarly to binary layered sulfides.
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