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Mossbauer Spectra of FePS3-Cobaltocene 
Intercalation Compound 

HIROSHI SAKAIa, TAKASHI YAMAZAKIa, NOBUYA MACHIDAa, 
TOSHIHIKO SHIGEMATSUa and SABURO NASUb 

aDepartment of Chemistq Faculty of Science, Konan University, Okamoto 8-9-1, 
Higashinada, Kobe 658-8501, Japan and bDepartment of Material Physics, 
Faculty of Engineering Science, Osaka University, Machikaneyama 1-3, 

Toyonaka 560-8531, Japan 

Mossbauer spectra of the FePS3-cobaltocene intercalation compound were measured in the 
temperature range of 300K to 10K. The spectra, distinct from those of pure FePS3, suggest 
the charge transfer from cobaltocene to Fe-S antibonding orbitals of the FePS3 host lattice. 

Keywords: Mossbauer spectra; intercalation; layered compound FePS3; charge transfer 

LNTRODUCTION 

The transition metal phosphorus trisulfides (MPS3; M=transition metal) form a 
class of layered materials with crystal structures of the CdClz type.“l The layers 
arc composed of arrays of [P&Jc units coordinated to the M2’ cations through 
M-S bonds, so that the M2+ cations are in a trigonally distorted octahedral 
environment. The transition metal layers are separated by two planes of sulfur 
atoms, bound together by relatively weak VM der Waals interactions. Because 
of the weak interaction, various chemical species may be intercalated into the VM 

der Waals gap between the adjacent sulfur layers. 
Intercalations of neutral metallocmes like [Co(q’C5H&] and [Cr(q5CsHshl 

into MPS3 (M=Mn, Zn, Fe, and Ni) were carried out by Clement and Green.12’ 
They found the increase of the b d  spacings of cu 5.3 A and the stoichiometries 
of cu x=1/3 in MPS~[CO(~’C~H~)~],, suggesting the formation of “first-stage’’ 
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compounds. The IR spectra of these intercalation compounds clearly indicated 
that the intercalated guest metallocenes were essentially cationic. The resuits 
suggest that the driving force for the intercalation is a charge transfer Erom guest 
molecules to the host matrices. However, the reduction sites or the acceptor 
levels of the host are not established yet in the intercalation compounds. 
Whangbo et al.'31 calculated the band electronic structure of an FePS3 slab by 
employing the tight-binding band scheme based on the extended Hilckel method. 
They concluded that the metal 3d-block bands, which are partially filled with 
high-spin d6 electrons, must be responsible for the acceptor capability. 

MBssbauer spectroscopy gives much information on the electronic states of 
uon atoms in the matrices. Fatseas ct ~d.''~ measured MBssbauer spectra of Li- 
intercalated FePS3, which showed a new quadrupole doublet in addition to 
the host FePS,. The new doublet, increases with lithium intercalation, was 
identified as an iron site reduced with intercalation. Recmtly we have reported 
on the M6ssbauer spectra of FePS3 intercalated with pyridine and allylamine.'" 
The spectra were completely different fiom those of FePS3 intercalated with Li. 
The spectra, consist of low spin Fe2' and high spin Fez' states, suggest the charge 
transfer from the guest molecules to [p&Ic units of the host matrix. It is 
necessary to have more detailed information on the reduction sites of the host and 
the mechanism of the charge transfer. In this paper we have reported on the 
MBssbauer spectra and the mechanism of charge transfer in the FePSa- 
cobaltocene intercalation compound. 

E X P E W N T A L  

FePS3 was prepared by reacting stoichiometric amounts of the high purity 
elements (99.9% or better) in an evacuated quartz tube at 700°C for 1 month. 
The intercalation of cobaltocene was Carried out by dispersing the fine powder of 
FePS, and cobaltocene (in the molar ratio of FePS3:cobaltocene=l:1) into 
toluene in an ampoule sealed under vacuum and keeping at 105°C for 1 week, 
which was the same as the method of Clement and Green.'21 The content of 
the intercalated cobaltocene was not detumined clearly because an excess of 
cobaltocene was not removed completely fiom the intercalation compound. 
The stoichiometry was roughly estimated to be x 4 . 3  - 0.4 in 
F~PS,[CO($C~H~)~]~ using thmogravimetric and X-ray fluorescence analyses. 
The intercalation compound, which is stable in air, was characterized by the 
X-ray powder d-on (XRD) using graphite monochromated Cu-K a 
radiation. '7Fe Mtrssbauer spectra of the intercalation compound were 
measured in the temperature range of 300K to lOK, using a constant- 
acceleration type spectrometer with a 5 7 c ~ m  matrix source. 
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MOSSBAUER SPECTRA OF FePS,-COBALTOCENE [911]/107 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of pure FePS3 and cobatmeintercalated 
FePS3, indicating sharp di5action peaks of (OOL) lines. The dilhction peaks 
corresponding to pure FePS3 were completely missing in the pattern of 
intercalated FePS3, suggesting that the intercalation are performed completely 
with cobaltoccne. The shiff to lower angle in the intercalation compound 
implies an increase in the interlayer spacing. The basal spacing is estimated to 
be 11.77q which is close to 11.74A of the previous work.f21 The interlayer 
expansion of 5.35q in agreement with the values of cobaltocene-intercalated 
ZrSz and SnS2,'61 suggests that the cobaltocene molecule is oriented with the CJ 
axis parallel to the van der Weals layers, as shown in Fig. 2. Wong et al." have 
established from X-ray and neutron diffraction studies on single crystals of ZrSz 
and SnSe intercalated with cobaltocene that the C5 axis of cabaltocene lies 
parallel to the layers. The area of a neutral cobaltocene molecule is estimated 
to be cu. 47 A * (6.96 A in length and 6.76 A in widthm) which compares with 
an interlayer area of c4. 16.3 A per iron atom in FePS3. Such a geometric 
limitation suggests that the maximum uptake of cobaltocene is approximately 
0.35 per iron atom. The intercalation compound obtained in this work, 
therdore, may be taken as FePS3[Co(qJC~B)&.35 with maximum occupancy 
of the interlayer spacing. 

I 1 I 

0 10 20 30 40 50 60 

2 6 / dogroo 

FIGURE 1 X-ray diffraction patterns of pure FePS3 and 
FePS3[Co(qJC~Bhlo3~. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
9:

03
 1

6 
A

ug
us

t 2
01

2 



108119 121 HIROSHI SAKAl er al. 

FIGURE 2 Model of the arrangement of cobaltocene in the 
van der Waals regions of FePS3. 

Figure 3 shows the Mossbauer spectra o f  FePS3 intercalated with 
cobaltocene at various temperatures. The spectra are distinct from those of 
pure FePS3, suggesting a charge transfer from cobaltocene to FePS3. The 
paramagnetic spectra at 300K and 80K in the intercalation compound consist of 
three sets of  quadrupole doublets. Table I gives the Mossbauer parameters such 
as isomer shift (IS), quadrupole splitting(QS), and line width (r ), obtained by 
the least-squares fitting of the paramagnetic spectra. The outer two doublets 
(designated as A and B) and the inner doublet (C) are identified to be two kinds 
of high spin Fez' states and a low spin Fe2& state. respectively, from the values 
of isomer shiA and quadrupole splitting. The iron site corresponding to the 
doublet B is not so much influenced by the intercalation of cobaltocene, because 
the values of isomer shift and quadrupole splitting are close to those of pure 
FePS; The iron site is also observed in the pyridine-intercalated FePS3, but not 
observed in the allylamine-intercalated FePS?, depending on the content of  
intercalant~.'~' As the content of cobaltocene (ca.0.35 per iron atom) is less 
than that of the pyridine (ca.0.66) intercalated in FePS3, the intensity of the 
doublet B is fairly large compared with that of the pyridine-intercalated FePS,. 

The high spin Fez' species corresponding to the quadrupole doublet A, larger 
values of isomer shift and quadrupole splitting than the doublet B or pure FePS3, 
is more ionic than the Fe2' ion in pure FePS3. The Fez+ species, observed in 
FePS3 intercalated with pyridine and allylamine, may result when the interaction 
between the iron and sulfiir atoms becomes weak. The results suggest that 
the charge transfer arises partially from cobaltocene to the antibonding orbitals 
of the Fe-S bonds. 
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FIGURE 3 M6ssbauer spectra of FePS3[Co(q5C~~)2]~.3~ 
at various temperatures. 

FcPS~ 290 0.864 1.527 0.285 ref@] 

FePS3[Co(q5Cdb)2]~.35 300 A 0.893 2.293 0.342 
B 0.871 1.718 0.301 
C 0.410 0.601 0.418 

FePSa(Py)m 290 A 0.931 2.336 0.547 ref.[5] 
B 0.846 1.747 0.321 
C 0.437 0.616 0.470 
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According to the extended Hiickel tight-binding calculations of FePSn 13*r1, 

the 3d band of Fe is divided into three sublevels in the density of state 0 s )  
diagram: a strong peak centered at -11.9 eV and two smaller peaks at -13.8 and 
-10.2 eV. Whereas the 3p lone-pairs orbitals of S are predominantly located at 
-13.8 and -10.2 eV. This results immediately suggest that the highest peak at 
-10.2 eV in the total DOS contains the Fe-S e,* antibonding orbitals, the peak at 
-1 1.9 eV contains the Fe to nonbonding orbitals, and the lowest peak at -13.8 eV 
contains the Fe-S e, bonding orbitals. This is confinned by the Fe-S crystal 
orbital overlap population curves.181 Therefore, it is quite reasonable that the 
antibonding orbitals of the Fe-S bonds may be responsible for the acceptor 
capability of the charge transfer. 

On the contrary, the low spin Fe2' species corresponding to the doublet C, 
which is also observed in FePS3 intercalated with pyridine and dylamine, is more 
covalent than the Fe2' ion in pure FePS3. The origin of the low spin Fez+ 
species is not clear. We note that the quantity of the low spin Fez* species is 
close to that of the high spin Fe2+ species in the Mdssbauer spectra. By the 
charge transfer from cobaltocene to a part of the antibonding orbitals of Fe-S 
bonds (e.g., the Fe-S bonds become weak), the adjacent Fe-S bonds seem to 
become strong, that is, the adjacent Fe2' ions undergo stronger ligand field of 
sulfur atoms than the Fez' ion in pure FePS,. The presumption may lead to the 
formation of the low spin Fe2' species. The Mbssbauer paramagnetic spectra 
of the cobaltocenaintercalated FeP& are quite similar to those of FePSp 
intercalated with pyridine. The experimental results suggest that the intercalation 
mechanism of cobaltocene is the m e  89 that of pyridine. Mdssbauer data of 
the pyridine-interdated FePS3 are also given in Table 1 for comparison. 
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