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Intercalation of SnS, with CoCp, (Cp = &H,) under mild conditions leads to the formation of S ~ S , [ C O C ~ , } ~ , ~ , .  Its physical 
properties have been investigated with a variety of techniques. X-ray photoelectron spectroscopy reveals the presence of Co3+, 
Co2+, Sn4+, and probably Sn2+. Electron paramagnetic resonance spectra showed the presence of radicals with g values close to 
those observed for cobaltocene intercalated into CdPS3. Magnetic measurements showed that the sample obeyed the Curie-Weiss 
expression between 4 and 300 K with 8 = -9.17 K, and peff = 0.12 pB. Il9Sn Mossbauer spectroscopy revealed the presence of 
a resonance assignable to a reduced tin site that could be formulated as Sn2+ and an integrated Sn2+:Sn4+ ratio of 0.1 1. Diffuse 
reflectance spectroscopy showed the onset of a broad absorption in the near-IR region at 0.6 eV, in addition to the band gap of 
SnS, at 2.1 eV. Electrical conductivity showed that the intercalated material is 200 times more conductive than the unreacted 
host but still showed semiconducting behavior with an activation energy E,  = 0.1 1 eV, similar to that of unintercalated SnS,. The 
stoichiometry of the intercalated material can best be described as (Sn4+o &*+, I)S2{[Co3+Cp2]+o 2[Co2+Cp2]o I} which is remarkable 
due to the multiple mixed valency of the material. 

Introduction 
Many of the transition-metal dichalcogenides ( MX2) crystallize 

in a layered structure in which planes of nearly octahedral or 
trigonal prismatic coordinated metal atoms (M)  are bound by 
parallel planes of hexagonally packed chalcogen atoms (X).I The 
macroscopic structure is built from lamellar stacks of XMX repeat 
units with a characteristic interstitial space or van der Waals gap 
between adjacent chalcogen atom planes. 

The layered structure of MX2 lattices permits a variety of atoms 
or molecules t o  be intercalated into the  van der Waals 
Considerable research on the intercalation reactions of these 
lattices indicates that in many cases a process involving transfer 
of electrons from the intercalate to  the host lattice OCCUTS.~ In 
some cases donor-acceptor interactions between the d orbitals of 
the host and lone-pair orbitals on the intercalate are i m p l i ~ a t e d . ~  

Dines has previously reported the intercalation of cobaltocene 
into SnS2 but reported no details of the physical properties of the 
obtained materiaL6 Recently cobaltocene has also been inter- 
calated into SnSe2, but again no detailed studies of the physical 
properties were reported.' Cleary and Francis* studied the EPR 
behavior of oriented single crystals of cobaltocene intercalated 
CdPS3 and found anisotropic behavior. An EXAFS study of the 
cobaltocene intercalation compound of Mno s3PS3 has also been 
reported as well as its magnetic proper tie^.^ 

Photoemission spectroscopy can yield interesting insights into 
the electronic structure of intercalated materials allowing inference 
of the extent of charge transfer from guest to host from core-level 
binding energy shifts and from the analysis of the  electronic 
structure of the valence band.I0 However, up  until now very few 
papers have been published where X-ray or UV photoemission 
spectroscopy (XPS or ESCA and UPS, re~pectively)~'- '~ have been 
used for the characterization of intercalated layered metal di- 
chalcogenides. 

In light of the interesting physical properties of many guest-host 
systems and the lack of a complete characterization of any such 
compounds, we report XPS, optical, Mossbauer, EPR, magnetic, 
and electrical conductivity studies of the SnS2(CoCp2Jo 31 (Cp = 
C,H,-) intercalation compound. 
Experimental Section 

General Information. All manipulations were carried out under an 
atmosphere of dinitrogen in  a Vacuum Atmospheres Dri-Box. All sol- 
vents were predried over molecular sieves and then distilled from sodium 
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(dimethoxyethane) or CaH, (acetonitrile). 
The X-ray photoelectron spectroscopy measurements were performed 

in an UHV multitechnique chamber with monochromatized X-rays (A1 
Ka). The XPS system was constructed by Surface Science Lab, Inc., 
and was equipped with a computer system (HP 9836) for data aquisition 
and manipulation. One special advantage of this system is the capability 
to probe small areas (300 pm). Further details of the system configu- 
ration are given else~here. '~  The spectrometer was calibrated with clean 
evaporated Au and Cu samples. The resolution achieved was about 0.9 
eV. The measurements of CoCp, and [CoCp,]+[PFJ were performed 
in a Kratos XPS system with specimen cooling equipment. Mg Ka 
radiation was used as an excitation source leading to a resolution of 0.9 
eV. 

The '19Sn Mossbauer measurements were made in the constant ac- 
celeration mode with a Ca"9mSn03 5 mCi source. Measurements were 
made with both the source and the absorber at liquid-nitrogen temper- 
ature. Absorbers were made from 10 mg quantities of S ~ S , ( C O C ~ , ) ~ ~ ,  
crystals by grinding them into a fine powder and dispersing the powder 
into an inert binder (powdered sucrose). One sample was ground under 
liquid nitrogen, and a second was ground in air. A pure sample of SnS, 
was also measured for comparison. Precision isomer shifts (6) and line 
widths (I') (full width at half-maximum) were obtained by least-squares 
fitting of sums of Lorentzian lines to the 256 data points of each spectrum 
and by performing periodic velocity calibrations. The zero of velocity 
was established with a CaSn03 absorber (same compound as the source), 
and all isomer shifts are reported relative to this standard at room tem- 
perature. 

ESR spectra were recorded on an IBM/Bruker ER 200 D-SRC 
spectrometer. Magnetic susceptibility data were recorded by using the 
Faraday technique from 3 to 300 K. Single-crystal electrical conductivity 
measurements were recorded from 180 to 300 K with a computer-con- 
trolled liquid-N2-cooled cryostat and the four-point probe method. 
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Table I. Typical Stoichiometries and Lattice Expansions for CoCp, 
Intercalation into Lavered Materials 

reacn conditions 
host temp, OC time, days stoichiometry Ac, 8, ref 

Tis2 23 19 0.20 5 .55  3 
ZrS2 100 4 0.27 5 .35  3 
TaS, 23 24 0.25 5.47 3 
SnSe, 125 14 0.33 5 . 3 7  7 
SnS2 23 1 0.31 5.35 this work 

Diffuse reflectance measurements were recorded on an Cary 2300 
spectrometer. 

Experimental Details. Synthesis of SnS,. SnS2 was prepared by 
reaction of high purity elements (>99.999%) in evacuated sealed quartz 
ampules at 750 OC via the reported procedure.I6 Single crystals were 
grown in quartz ampules loaded with SnS, and 5 mglcm' of I2 as a 
transport agent. The ampules were placed in a two-zone tube furnace 
with a temperature of 780 OC at the hot zone and 740 "C at the cool zone 
for periods of several days. Typical crystals were hexagonal platelets of 
dimension 4 X 4 X 0.01 mm. 

Synthesis of SRs2(CoCp2)o.31. Crystalline SnS2 (1.4 g; 7.8 mmol) was 
added to a solution of CoCp, (1.85 g, 10.2 mmol) in glyme (50 cm'); the 
bright yellow color the SnS, quickly disappeared, yielding a bluish 
metallic luster. The suspension was stirred at room temperature (higher 
temperatures accelerate the reaction but the magnetic measurements 
indicate higher decomposition levels) for 4 days to ensure that the largest 
crystals had completely reacted. After 4 days the suspension was filtered 
and the solid washed with glyme (4 X 20 cm3) until the washings were 
colorless and dried in vacuo. The homogeneity of the sample was con- 
firmed by powder X-ray diffraction, which showed the disappearance of 
some lines associated with SnS, and the characteristic increase in the 
interlayer spacing of 5.35 The stoichiometry was confirmed by 
elemental analysis. Found (calcd) for SnS2Coo3,C3 loH3 C, 15.46 
(15.42); H, 1.42 (1.29). 

Sample Preparation for XPES Studies. Single crystals of n-type SnS, 
(phosphorus doped) and intercalated SnS, were attached with one van 
der Waals face to an A1 sample holder via conductive Ag epoxy and 
allowed to dry for 12 h under a nitrogen atmosphere. Clean van der 
Waals surfaces were produced by cleaving the crystals under ultrahigh 
vacuum (UHV) via application of sticky tape to the exposed surface and 
peeling off a layer from the crystal. 

CoCp, was sublimed via a leak valve from a heated glass furnace onto 
an indium sample holder kept at 77 K. No contaminants were present 
as indicated by the XP spectrum, and only negligible charging effects 
occurred. [CoCpz]+[PF6]- powder was handled under a nitrogen atmo- 
sphere in a glovebag connected to the spectrometer entrance port. The 
sample was pressed into a very thin layer onto indium and immediately 
transferred into the UHV system. Charging and contamination effects 
were also absent in this material. Therefore in all cases the binding 
energy reference point ( E B  = 0 eV) was the Fermi edge of metallic 
samples, and no additional corrections with respect to C(ls)  were per- 
formed. 

Results and Discussion 
CoCp, can be intercalated under mild conditions into single 

crystals of n-type SnS, with a resultant stoichiometry of SnS2- 
( C O C ~ ~ ) ~ , , , .  This stoichiometry is consistent with the value of 0.29 
found previously6 and is close to the value of 0.33 measured for 
the intercalation of cobaltocene into SnSez (Table I).7 The rate 
of reaction seems to be strongly dependent on the choice of solvent; 
with dimethoxyethane, the bright yellow color of SnS2 is quickly 
transformed into a metallic luster on contact with the CoCp, 
solution while with CH3CN, complete reaction required tem- 
peratures of ca. 70 "C for 3 days. Complete intercalation of 
relatively large single crystals (4 X 4 X 0.01 mm) is complete after 
3-4 days a t  room temperature with dimethoxyethane. 

The  size of the CoCp, molecule and the magnitude of the 
interplanar expansion suggest that the intercalate is oriented with 
the Cs axis parallel to the van der Waals layers (Figure 1). 
Wide-line NMR studies by Silbernagel on the intercalation of 
CoCp2 into TaS, also indicate this equilibrium 0rientati0n.l~ For 
example, the layer spacing of TaS2 was seen to increase as larger 

(16) Rimmington, H. P. B.; Baldwin, A. A,; Tanner, B. K. J .  Cryst. Growth 
1972, 15, 5 1 .  
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Figure 1. Schematic representation of the intercalation of CoCp, into 
SnS2. 
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Figure 2. Co binding energy region of the XPS spectra of (A) SnS2- 
lCoCp,lo.31, (B) COCP,, and (C) [CoCp,ICPF6-. 

substituents were added to the cyclopentadienyl ring. Surprisingly, 
we have been unable to intercalate Co(C,Me,), into SnS, by direct 
reaction. Since this is a more thermodynamically favored reaction, 
the increased steric bulk of the C5Me5 rings must be kinetically 
limiting the reaction. 

X-ray Photoelectron Spectra. The XPS-results obtained for 
the core levels of SnS2 and SnSz(CoCp,},,,, are summarized in 
Figure 2 and Table 11. The main Sn and S emission peaks show 
no change in their binding energies due to intercalation. Only 
slight increases in peak widths are obtained. 

A weak additional Sn emission (ca. 4% of the main emission 
peak) appears a t  lower binding energy (A& = 1 eV) and can be 
assigned to a reduced tin species.I8 Similar values have been 
obtained for the intercalation of C u  into SnS,.'9 This assignment 
is based on the measured binding energy value and must be treated 
with caution, since the binding energy shift may be due to 
movement of EF within the band gap of the semiconductor. 

(18) Muilenberg, G. E. Handbook of X-Ray Photoelectron Spectroscopy; 
Perkin Elmer: Eden Praine, NY, 1979. 

(19) Jaegermann, W.; Ohuchi, F. S.; Parkinson, E. A., submitted for pub- 
lication in Surf. Sci. submitted. 
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Table 11. Summary of the Important XPS Binding Energy Values (eV) 
sample Sn(4ds/2) Sn(3dsp) S(2P3/2) cO(ZP3/2) C( 1 s) 

SnS2" 26.1 (3.4) 487.0 (27.5) 
SnS;{CoCp2h 31' 26 (3.1) 486.9 (24.6) 

SnS2ICoCPdo ) I b  26.0 (2.5) 487.0 (22.2) 
25 (0.1) 485.8 (1) 

26.7 (1.4) 487.8 (5) 
cocp2c 
[CoCp21+[PF61-d 

'UHV cleaved. *Air oxidized. cSublimed onto indium at -196 "C 

The intercalated material shows two different C0(2p,,~) 
emission peaks separated by 1.8 eV and two C(  1s) peaks separated 
by 1 eV. The intensity ratios of the low-binding-energy peaks 
to the high-binding-energy peaks are  usually found to be 1:2.8 
and 1:2, respectively. The intensity ratios for different crystals 
tend to be scattered, reaching in extreme cases a value of about 
1:l .  The Co/Sn ratio of 0.45 is calculated without considering 
the exponential decay of emission intensity with escape depth and 
is in reasonable agreement with the chemical analysis. The Co:C 
peak intensity ratio is 1:lO for the high-energy peaks and a little 
larger for the low-energy peaks. This suggests that small quantities 
of the solvent are also intercalated since the cleavage was per- 
formed in UHV and surface contamination can be excluded. A 
small O(1s) peak is obtained in all spectra of intercalated SnS,, 
supporting the hypothesis that a small quantity of glyme may be 
present. 

The existence of two different Co and C peaks suggests that 
upon intercalation two different organocobalt species are present. 
The difference in binding energies for the Co(2p3/,) bands clearly 
suggests that the cobalt species are Co2+ and Co3+. Therefore 
the XP spectra of CoCp, and [COCp,]+[PF6]- were measured for 
comparison (Figure 2 and Table 11). The binding energies ob- 
tained are in good agreement to the values measured for SnS2- 
( C O C ~ , ] ~ ~ ,  and point clearly to the fact that both Co2+Cp2 and 
[Co3+Cp,]+ are intercalated (Table 11). 

It is generally accepted that the metallocenium ion is formed 
on intercalation into these layered  host^;^,^ our conclusion that 
we have also intercalated neutral molecules is unexpected. Al- 
though we cannot eliminate accidental degenercies of binding 
energy shifts between CoCp, and some other undefined decom- 
position product, we can eliminate other likely products such as 
COS. The XPS data and the other physical measurements (vide 
infra) make for a convincing argument that the additional species 
is CoCp,. 

The valence band spectra of SnS, and SnS2(CoCp2Jo 31 and their 
difference spectrum are shown in Figure 3. The valence band 
spectra of c o c p ,  and [COCp,]+[PF6]- are also given for com- 
parison. The difference spectrum shows characteristic features 
a t  3.5 (sh), 4.5,6.0, 8.9 (v br), 13.1, and 17.6 eV. The difference 
spectrum of SnS2 and SnS,(CoCp2Jo 31 resembles the summation 
of the valence band spectra due to CoCp, and [CoCp,]+[PF,]- 
with the correct weighting factors. The first peaks between 3 and 
7 eV are assigned to Co 3d electron states and the emissions ca. 
9 and 13 eV are related to 7-Cp a-bonding states in agreement 
with the literature dataz0 from gas-phase photoemission mea- 
surements. 

I t  is interesting to note that the valence band spectrum of 
SnS2(CoCp,)o,31 shows emission intensity tailing off to the Fermi 
level (binding energy reference energy = 0.0 eV). This indicates 
filled electron states close to the conduction band that can be 
assigned to the partially occupied Co a*-antibonding level in 
CoCp, and to occupied Sn 5s conduction band derived states. 
Whereas pure SnS, shows a distance of 1.7 eV between the valence 
band maximum and the Fermi level as expected for the n-type 
semiconductor with a band gap of 2.2 eV. 

The unintercalated SnS, (0001) surface is inert to oxidation 
by air" whereas the intercalated material is air sensitive. Oxi- 

(20) Cauletti, C.; Green, J. C.; Kelly, M. R.; Powell, P.; Van Tilborg, J.; 
Robbins, J.; Smart, J. J .  Elecrron Spectrosc. Relut. Phenom. 1980, 19, 
327. 
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Figure 3. Valence band region of the XPS spectrum of (A) SnS2(Co(v- 
C P ) ~ } ~ ~ ~ ,  (B) the XPS spectrum of SnS2, (C) the difference spectrum (A 
- B), (D) the XPS spectrum of CoCp,, and (E) the XPS spectrum of 
[c0cp21+[pF61-. 

dation of the sample can clearly be seen by the shift of the core 
levels of the substrate as well as Co peaks after a 12 h exposure 
to air (Table 11). The substrate emissions show additional 
high-energy peaks that clearly indicate the formation of SnOz and 
S0,2-.18 Correspondingly the O(1s) peak of oxides (EB = 531.5 
eV) is strongly increased and the S:Sn atomic ratio is decreased. 
The higher binding energy Co peak gains in intensity relative to 
the lower binding energy peak, indicating oxidation of the re- 
maining CoCp,. As a consequence, the valence band spectrum 
shows mostly the features of [CoCp,]+ and the extra emission 
intensity due to the transferred conduction band electrons is 
strongly diminished. 

Diffuse Reflectance Measurements. The diffuse reflectance 
spectra of crystalline samples of SnS2 and SnSz(CoCp,]o,,l were 
measured between 200 and 1950 nm (Figure 4). Both samples 
show an absorbance associated with the 2.1-eV (590-nm) band 
gap of the semiconductor. In addition, the spectrum of SnS2- 
( C O C ~ , ] , ~ ~  shows a broad absorbance tailing off at  1950 nm (0.66 
eV). This broad feature arises from the creation of many new 
electron states close to the Fermi level, which was also observed 
in the valence band region of the XPS spectra. 

Magnetic Susceptibility Measurements. The molar magnetic 
susceptibility (xw) of TaS2(CoCp,),,5 was found to be +88 X IO" 
emu mol-', somewhat less than that of pure 2H-TaS2,,l and was 
independent of temperature down to 2 K. The loss of the local 
moment is consistent with the complete oxidation of the guest by 

(21) Gamble, F. R.; Thompson, A. H. Solid State Commun. 1978, 27, 279. 
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Figure 4. Diffuse reflectance spectra of (A) n-doped SnS, and (B) 
SnS2lCoCP*l,,3,. 
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Figure 5. Plot of x vs T for SnS,{CoCp2Jo 31 at various magnetic fields: 
(0) 19.5 kG; (e )  18.5 kG; (+) 15.8 kG. 

the TaS,. Since CoCp, is paramagnetic with Meff = 1.8 1 hg and 
[CoCpz]+ is diamagnetic, the ultimate fate of the electron within 
the band structure is unknown. 

The magnetic susceptibility of SnS2(CoCp2]o.3, was measured 
between 4 and 300 K, a t  magnetic field strengths of 15.8, 18.5, 
and 19.5 kG (Figure 5). The magnetic field dependence of the 
magnetic susceptibility can be clearly seen in the room-temperature 
data and is indicative of trace amounts of a ferromagnetic im- 
purity. The amount of impurity, presumably cobalt metal (arising 
from some decomposition of CoCp,) was found to vary from 
sample to sample. The lowest temperatures syntheses gave the 
smallest amounts of this impurity. 

A plot of x vs 1 / H  ( H  = field) for the room temperature data 
was found to be linear (Honda analysis). The slope of this plot 
gives a value for the contribution to the total susceptibility due 
to the ferromagnetic impurity. This analysis indicated that the 
total ferromagnetic impurity (Mco = 0.95 emu G mol-]) was 24 

00 I I 

0 t o o  200 300 4 0 0  

Temp (K) 
Figure 6. Plot of x-’ vs T for SnS2(CoCp2),,,,. 

Table 111. Selected g Tensors for CoCp, Diluted in Different Host 
Systems 

host sample gll g1 ref 
FeCp, powder 1.69 1.81 22 
Mg(C,H,Me), frozen sol 1.69 1.85 22 
Cr(C,H,)(CO), powder 1.724 1.93 22 
CdPS3 single cryst 2.00 1.96 8 
SnS, powder 2.09 1.99 this work 

ppm. This correction was applied to the measured susceptibility 
a t  each field strength and a t  all temperatures. The corrected 
magnetic susceptibility was field independent within experimental 
error over all temperatures measured. 

A subsequent plot of l/xcor vs T (Figure 6 )  showed that the 
sample obeyed the Curie-Weiss expression between 4 and 300 
K with a values of 8 = -9.17 K, and Meff = 0.12 f ie .  

Although the effective magnetic moment is small it corresponds 
to ca. 22% of the intercalated organometallic material being CoCp, 
(S = which is close to the value of ca. 35% found from the 
XPS experiments. The negative value of 8 indicates that there 
may be significant intermolecular antiferromagnetic coupling. 

Electron Paramagnetic Resonance Experiments. Crystalline 
samples of SnS2(CoCp2)o,31 exhibit an EPR spectrum a t  tem- 
peratures between 4 and 300 K (Figure 7) .  The spectra are 
sample dependent, and there seems to be a strong dependence on 
the orientation of the crystals in the EPR cavity. However, the 
spectrum of a finely powdered sample a t  4.7 K can be analyzed 
in terms of an axially symmetric powder spectrum with g, = 2.092 
and gl, = 1.994. The g tensors are not in agreement with the 
published values for CoCpz diluted in diamagnetic hosts (Table 
111); however, the g tensors of ,E ground-state radicals are very 
host dependentsz2 Single-crystal EPR studies on CdPS3(C~Cp2)0,35 
showed signals due to unoxidized CoCp, with g, = 2.00 and g,, 
= 1 .96.8 The authors8 note that the spectrum is very dependent 
on orientation. 

We can conclude that the intercalate contains metal-based 
radicals, the line shape of the powder spectrum at 4 K is most 
consistent with axial symmetry, and the g tensors are close to those 
reported for CoCpz in CdPS3. 

Electrical Conductivity Measurements. Electrical conductivity 
(u )  on single crystals of SnS, and SnS2(CoCp2)o,31 were measured 
between 180 and 300 K by using the four-point probe method 
(Figure 8). Both samples show classical semiconductor behavior 
over the complete temperature range. No hysteresis effects were 
observed upon sample cooling or heating. Plots of In ( u )  vs 1 / T  
were found to be linear, yielding activation energies (E,)  of 0.14 

(22) Ammeter, J.  H. J .  Magn. Reson. 1978, 30, 299. 
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Figure 7. Variable-temperature EPR spectra of powdered SnS2- 
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Figure 8. Plot of In (conductivity) vs TI: (A) SnS,, E, = 0.14 eV; (B) 
SnS2(CoCp2Jo,31, E, = 0.1 1 eV. 

eV for SnS, and 0.11 eV for SnSz(CoCp2J0,,,. However, the 
room-temperature conductivity increases dramatically on inter- 
calation from 6.0 X ( Q  cm)-' 

Mossbauer Spectroscopy. The Il9Sn Mossbauer spectra and 
computer fits are shown in Figure 9. Two resonances are observed 
in the sample that was ground under liquid nitrogen, and an 
additional resonance is discernible from the air-ground sample. 
The spectral parameters from the fits are listed in Table IV. Also 
given are parameters from unintercalated SnSz. 

The Sn4+ site has a slightly positive isomer shift and a slightly 
broader linewidth in the intercalated material relative to pure SnS2. 
This may be the result of a slight change in the average Sn-S bond 

( Q  cm)-' for SnS, to 1.2 X 
for SnSzP3CPzJ0.3,. 

1.00 

0.911 
-3 0 3 

Velocity (mm/s) 
Figure 9. Mossbauer spectra of SnS2{CoCp2),,,,: (a) sample ground 
under liquid nitrogen; (b) sample ground in air. The solid line passing 
through the data points is a least-squares fit of the superposition of 
Lorentzian-shaped lines indicated. 

Table IV. Mossbauer Spectral Parameters for SnS2{CoCp,},,,, at 
Liquid-Nitrogen Temperature with Uncertainties in the Last 
Significant Figure Given in Parentheses 

chem shift line width 
sample site ( 6 ) ,  mm/s (r), mm/s F," 5% 

1.09 (1) 1.05 (2) 90 (1 )  

SnS21CoCp21031c Sn4+ 1.14 (1) 1.35 (1) 91 (1) 
Sn2+ 4.0 (1) 1.0 (1) 5 (1) 
Sn4+d -0.1 (1) 0.9 (1) 4 (1) 

SnS,' Sn4+ 1.05 (1) 0.92 (1) 100 
SnS2/ Sn4+ 1.06 0.96 100 

(I Fractional resonance area (integrated intensity). *Ground under 
liquid nitrogen. CGround in air. dSn4+ in Sn0,. CThis work. 
(Reference 24a; at 93 K relative to BaSnO,. 

length and the creation of a distribution in bond lengths, induced 
by the intercalation. The Sn2+ site is readily identified by the large 
isomer shift characteristic of highly ionic divalent tin compounds 
such as SnClZ and SnBrZ.,, The observed Sn2+ site has a larger 
isomer shift that those of Sn2+ in SnS or Sn2S3 and does not exhibit 
the large quadrupole splitting of Sn2+ in SnS or Sn2S3.24 If one 
assumes that one electron has been transfered per cobaltocenium 
intercalated (67-74% of cobalt from XPS and 78% from mag- 
netism), then about 9-1 1% of the Sn4+ sites would be reduced 
to divalent Sn sites. This is in good agreement with the 10% 
fractional resonance of Sn2+ in the liquid-nitrogen-ground spec- 
imen. 

The air-sensitive nature of S ~ S $ C O C ~ ~ J ~ ~ ~  indicated by the XPS 
data is confirmed by the Mossbauer results from the sample 
ground in air: the Sn2+ is partially converted to an oxidized state 
with parameters similar to those of Sn4+ in SIIO,.~~ The air-ground 
sample also exhibited a more positive isomer shift and a much 
increased line width for the Sn4+ site. This indicates a grind- 
ing-induced Sn site disordering. If the broadened line is fitted 
with a quadrupole pair, then a splitting of 0.49 mm/s with a line 
width of 1.05 mm/s is obtained. 
Conclusion 

Changes in the electronic structure of both the host and guest 
upon intercalation is of interest in order to better understand 
intercalation reactions. For the layered metal dichalcogenides 
a transfer of electrons from intercalate electron states of low 
ionization potential to empty electron states of the guest material 

(23) Flinn, P. A. In Mossbauer Isomer Shvts;  Shenoy, G .  K., Wagner, F. 
E., Eds.; North-Holland: New York, 1978; p 593. 

(24) (a) Ichiba, S.; Kataba, M.; Negita, H. Chem. Lett. 1974, 979. (b) Fano, 
V. J .  Chem. Phys. 1975.61, 5017. 

(25) Diamagnetic correction equal to -124.5 X lod emu mol-'. 
(26) Reference 3; p 260. 
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Figure 10. Proposed energy level diagram for cobaltocene and metal 
intercalation into SnS2 (see text for explanation). 

is usually postulated.’ A semiconducting host material would 
become metallic if the conduction band is highly populated with 
electrons. Alkali-metal atoms, for example, have ionization po- 
tentials or reduction potentials far above the electron affinity of 
the solid, and complete electron transfer of the valence electron 
occurs and an intercalated Mf species is formed (Figure lOA,B). 
The empty electron states of the alkali-metal s electrons are above 
the Fermi level of the solid and do not influence the electronic 
properties of the solid. However, for the case of less reducing 
metallocenes, intercalation is only possible if the ionization po- 
tential is above a certain threshold,’ resulting in a smaller driving 
force for the redox process. For example we were unable to 
intercalate ferrocene or decamethylferrocene into SnS,. 

The overall driving force of a redox process is defined by the 
difference in the electrochemical potentials of the involved half-cell 
reactions. For the reducing guest species the electrochemical 
standard potential must be corrected for interactions with the solid, 
which in most cases is an unknown quantity. The electrochemical 
potential of the electrons in the solid is equivalent to the position 
of the Fermi level, which for semiconductors is very sensitive to 
the number of charge carriers a t  the band edges, e.g. electrons 
in the conduction band for n-type materials. 

The presence of two different oxidation states of cobaltocene 
intercalated in SnS, suggests that the reduction potential is very 
close to the Fermi level of the semiconductor and the relative 
amount of reduced and oxidized species is determined by an 
electronic equilibrium with the Fermi level of the solid. From 

the electron affinity of SnS,, determined from UV-photoemission 
spectroscopy as 4.2 eV,,’ and the activation energy of 0.15 eV 
from the temperature dependence of the conductivity of the n- 
doped SnS,, the Fermi level is determined to be at  an absolute 
potential of ca. 4.4 eV. This value corresponds to an electro- 
chemical potential of -0.1 V vs the normal hydrogen electrode 
(NHE),28 which is consistent with flatband measurements on the 
material in solutions of neutral pH.29 The standard oxidation 
potential of CoCp, has been determined in organic solutions to 
be between -1.2 and -1.5 V vs NHE.30 

The difference in the electrochemical potential within the lattice 
and in solution is related to the driving force for the reaction or 
the maximum open-circuit voltage obtainable from an intercalation 
battery constructed with these materials. The influence of the 
solid host on the redox potentials of the intercalate may result 
in substantial potential shifts. We  propose an energy scheme as 
given in Figure 10C,D to describe the intercalation process. 

In the literature there are two models for the bonding of in- 
tercalates and host lattices, which can be generally described as 
the weak c o ~ a l e n t ~ ~ . ~ ~  and i o n i ~ ~ ’ , ’ ~  models. In the ionic model 
the stabilization of the charged species, which result from pro- 
tonation and ionization with donation of an electron to the lattice, 
comes from solvation of the charged species by neutral guest 
molecules as is postulated for TaS2(NH4+)o ,(NH3), 9 . 3 4  The 
source of protons is from molecular decomposition or from im- 
purities such as water. In our case the number of intercalated 
charged species outnumbers the neutral species (since the amount 
of intercalated solvent is minimal), so solvation effects would not 
seem to be operative. 

If our generalized energy level picture for intercalation is correct 
then the equilibrium constant for the guest/ [guest]’ reaction would 
be a function of both the redox potential of the guest molecule 
and the position of the Fermi level in the host. We have attempted 
to test this hypothesis in this context by reacting SnS, with CrCp, 
(more reducing than CoCp,) and FeCp, (less reducing than 
CoCp,). Unfortunately FeCp, does not intercalate by direct 
reaction with SnS2, and CrCp, reacts chemically with SnS,. 

In conclusion, from the combination of different measurements, 
we can formulate the SnS, cobaltocene intercalation compound 
as a remarkable mixed-valent compound in both tin and cobalt 
with an approximate formula (Sn4+o $n2+, l)S2([Co3+Cp,]+o ,- 
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