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We report the intercalation of ferrocene into Cd2P&(CoCp,),,,. The CdzPzS6 was first intercalated 
with cobaltocene, and then this intercalated material was reacted with ferrocene. Mass spectroscopy 
provides direct evidence for the presence of ferrocene in the Cd2P& host lattice. ESR measurements 
suggest that after the insertion of ferrocene into CdzP&(CoCp,),,, the concentration of neutral co- 
baltocene within Cd,P& is significantly reduced. X-ray diffraction and chemical analysis provide ad- 
ditional characterization. 0 1990 Academic press, IX. 

Introduction 

The intercalation of metallocenes into the 
layered M,P,X, lattices, where M is a transi- 
tion metal and X is sulfur or selenium, has 
been the subject of numerous investigations 
(2-22). Two mechanisms are invoked to de- 
scribe the intercalation process: (i) charge 
transfer from the metallocene to the M2P2X6 
lattice or (ii) ion exchange, where for every 
2 M’Cp: ions that enter the M2P2X6 lattice, 
one M+= ion leaves to maintain electrical 
neutrality. (Cp is the cyclopentadienyl 
anion, C5H; i .) Our recent investigations of 
cobaltocene intercalation into C$P,S, have 
shown that while some charge transfer oc- 
curs from the cobaltocene to Cd2P2S6, there 
remains a significant amount of neutral co- 
baltocene intercalated in the Cd,P,S, host 
lattice (I). The cobaltocene, therefore, 
adopts a mixed valence configuration upon 
intercalation into Cd,P,S,. The evidence for 
this is the existence of a strong ESR signal 
from the intercalated neutral cobaltocenes. 

(Oxidized cobaltocene is diamagnetic and 
therefore does not have an ESR spec- 
trum.) 

Given that both neutral and oxidized 
cobaltocene molecules were present in 
Cd,P,S,, we sought to exchange the neutral 
cobaltocene molecules with neutral ferro- 
cene molecules. There were several reasons 
for attempting this exchange reaction: (i) 
neutral ferrocene will not intercalate di- 
rectly into large single crystals of Cd,P,S,; 
(ii) to assess the strength of the bonding 
between the neutral cobaltocene and the 
host Cd,P,S,; (iii) to provide an independent 
determination of the amount of neutral co- 
baltocene present in Cd,P,S,(CoCp,),,,. 

Until very recently, the intercalation of 
ferrocene has been limited to strongly oxi- 
dizing lattices, such as FeOCl (12-17). 
Mossbauer spectroscopy has been used to 
show that the ferrocene is present as the 
ferricinium cation, FeCp:. In the host lat- 
tice, ferric ions are reduced to ferrous 
ions: 

77 0022-4596190 $3 .OO 
Copyright 8 1990 by Academic Press. Inc. 

All rights of reproduction in any form reserved. 



78 LONG AND CLEARY 

FeCp, + FeCp:’ + e- 

Fe+3 + e- + Fe+2 [II 

A recent report by Divigalpitiya, Frindt , and 
Morrison demonstrated a clever method for 
intercalating ferrocene into MoS, (18). The 
oxidation state of the ferrocene in this com- 
pound was not reported. 

In the work reported here, crystals of 
Cd,P,S, were first intercalated with cobal- 
tocene, and subsequently intercalated with 
ferrocene. Chemical analysis was used to 
show that the new material contained iron. 
Mass spectrometry was used to verify the 
presence of ferrocene. ESR and X-ray dif- 
fraction provided further characterization of 
the ferrocene-intercalated crystals. 

Experimental 

Synthesis. Cd,P,S, crystals were grown 
from the constituent elements via chemical 
vapor transport with iodine as previously 
reported (19, 20). The intercalated material 
was prepared by sealing off several crystals 
of Cd,P& in a toluene solution of cobal- 
tocene (0.1 M). The sealed tube was placed 
in an oven (180 + YC) for 3 days. The co- 
baltocene-intercalated crystals were rinsed 
with ethanol several times and allowed to 
air dry. After drying, the intercalation pro- 
cedure was repeated using the cobaltocene- 
intercalated crystals and a solution of ferro- 
cene in toluene (0.1 M). Again, the final 
product was rinsed several times with etha- 
nol to remove surface-adsorbed metal- 
locene . 

Characterization. Mass spectroscopy 
was performed on a high resolution VG 7070 
EHF mass spectrometer. The sample crys- 
tals were heated at the ionization source of 
the mass spectrometer. No ion current was 
detected before the sample was heated. 

ESR spectra were recorded on a Varian 
E-9 spectrometer. The temperature of the 
sample (6-300 K) was controlled with an Air 

Products Helitran using helium gas as the 
coolant. 

X-ray diffraction data was collected on a 
Siemens automatic powder diffractometer. 
Only (001) reflections were collected. All 
spectra were recorded at room temperature. 

Chemical analysis (for elements Z > 8) 
was done on an Camex electron micro- 
probe. The elements cobalt, iron, cadmium, 
phosphorus, and sulfur were determined si- 
multaneously for a single sample. Carbon 
and hydrogen cannot be analyzed because 
the X-ray emission from these elements is 
too weak. The weight percentage of the 
elements determined has a precision of 
20.05%. A 20 ,um beam diameter at 15 kV 
was used. Several analyses were run on the 
intercalated crystals. 

Results 

The mass spectrum of the ferrocene-inter- 
calated material is shown in Fig. 1. The 
m/e peaks at 186 and 189 are the molecular 
ion peaks for ferrocene and cobaltocene, 
respectively (21, 22). This spectrum pro- 
vides clear evidence for the intercalation of 
ferrocene into the Cd,P,S, crystal. The rela- 
tive amplitudes of the two peaks, however, 
cannot be used to determine the relative 
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FIG. 1. Mass spectrum of the thermally deinter- 
calated products from W,&‘z.o%o(CoCpt ’ lo.86 
(FeCp2)o.077(toluene)o,,~. Temperature of the sample is 
=lOO”C. 
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amounts of cobaltocene and ferrocene inter- 
calated into the Cd,P& In the cobaltocene- 
intercalated crystal, before the reaction with 
ferrocene, only the m/e peak at 189 is ob- 
served. The mass spectrum of ferrocene 
and cobaltocene has been reported, and the 
fragmentation peaks are assigned as fol- 
lows: 

189,186 = M(C,H,); 

124,121 = M(C,H,)+ 

59,56 = M+, 

where M = Co or Fe. All of these peaks are 
present in the spectrum shown in Fig. 1. The 
sample temperature in Fig. 1 is =lOo”C. The 
m/e peaks at 91 and 92 are due to cointerca- 
lated toluene (23). It should be noted that 
the toluene : metallocene peak height ratio 
in Fig. 1 is not indicative of the relative 
amounts of toluene and metallocene present 
in the Cd,P,S, lattice. This ratio changes 
with temperature. At low temperatures, the 
toluene peak dominates and at high temper- 
ature, the ferrocene peak dominates. This is 
to be expected given that toluene has a 
higher vapor pressure than ferrocene at a 
given temperature. 

Cd,P,S,(CoCp,),,,, has an intense ESR 
spectrum due to the presence of neutral co- 
baltocene, CoCp, (I, 2). Quantitative ESR 
measurements, along with chemical analy- 
sis, have established the stoichiometry of 
the cobaltocene-intercalated material to be 

Cd,P,WoWo. &oCp : ’ )O.W 

It should be noted, however, that the total 
amount of cobalt varies from crystal to crys- 
tal. A more meaningful way to express the 
stoichiometry would be 

CG’,%(CoWo.~ i 0.1. 

The ESR spectrum of the ferrocene-inter- 
calated material shows a dramatic decrease 
in the ESR signal strength (at least 2 orders 
of magnitude) due to the cobaltocene. No 
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FIG. 2. The first three (001) X-ray diffraction lines 
from Cdl.gPz.oS,.,(CoCp~‘)e.ss(FeCP~)o,~,,(to~~~~~~~,~~. 
Sample is at room temperature. 

additional ESR resonances are observed 
from 6 to 300 K, specifically, no ferricinium 
(FeCpi’) ESR signal (24-26). 

The first three (001) lines from the X-ray 
diffractogram are shown in Fig. 2. This spec- 
trum was recorded at room temperature. 
The average value of d calculated from the 
three diffraction peaks is 11.73 ? 0.03 A. 
This correspondsOto an increase in the basal 
spacing of 5.21 A necessary to accommo- 
date the cobaltocene and ferrocene mole- 
cules. 

The results from the electron microbeam 
chemical analysis are as follows (average of 
four determinations): 

Element Percentage weight Uncertainty 

Cd 32.20 0.32 
P 9.33 0.12 
S 29.55 0.61 
co 7.19 0.31 
Fe 0.66 0.08 

As mentioned previously, carbon and hy- 
drogen cannot be analyzed for using this 
technique. The percentage weight from 
above totals 79.53%. By assigning 2 (C,H,) 
units to each Co and Fe and the remaining 
unaccounted weight (1.72%) to toluene, we 
arrive at a stoichiometry of 
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Cd,.,P,.o%,o(CoQ: ’ )o.s6 

(FeCp~)o.o~~(toluene)o.12, PI 

where now the percentage weight totals 
100%. Note that the cobalt concentration in 
this crystal is higher than the average value 
of 0.8. (The intercalation reaction with fer- 
rocene cannot add any cobalt to the sample.) 
All of the cobaltocene is assumed to be cat- 
ionic because of the negligible ESR signal. 
The lack of any ESR signal also means that 
the ferrocene is neutral as opposed to cat- 
ionic. It should be noted that the stoichiome- 
try as written above is not charge balanced. 
This continues to be a problem in the metal- 
locene intercalation of some MzPzx6 lat- 
tices. The fate of the electrons being re- 
leased by cobaltocene is unknown in this 
case. 

Discussion 

Bal et al. have reported the direct interca- 
lation of ferrocene into Cd2P,S6 (27, 28). It 
is unclear from their description whether the 
Cd,P& was in the form of a powder or sin- 
gle crystals. Our results indicate that ferro- 
cene cannot be directly intercalated into sin- 
gle crystals of Cd2P&. Attempts to do so 
have consisted of soaking single crystals 
(1 x 1 x -0.05 mm) of Cd,P& in a 0.1 M 
solution of ferrocene in toluene at 185°C for 
up to 1 week. The Cd,P,S, crystals remain 
clear and colorless. The 001 X-ray diffrac- 
tion lines match those of the pure Cd,P,S, 
with no additional lines. Cobaltocene, how- 
ever, can be intercalated into Cd2P,S,, and 
upon intercalation, it adopts a mixed va- 
lence configuration. Our evidence for this 
consists of the quantitative ESR analysis of 
the intercalated neutral cobaltocene (I). The 
ESR spectrum (at 6 K) of Cd,P,S, inter- 
calated with cobaltocene consists of an 
eight-line spectrum consistent with that pre- 
viously reported for cobaltocene (29). The 
double integration of the spectrum, how- 
ever, only accounts for -20% of the inter- 
calated cobalt. The remainder is assumed to 

be in the form of diamagnetic cobaltocen- 
ium. The room temperature infrared spec- 
trum of the same material has absorption 
bands corresponding to cobaltocenium 
only. The presence of both neutral cobalt- 
ocene and cationic cobalticinium within the 
van der Waals gap of the Cd2P,S6 host lattice 
is intriguing and remains a subject of investi- 
gation. The goal of the present experiments, 
however, is to determine whether the neu- 
tral cobaltocene can be replaced with neu- 
tral ferrocene. Because both molecules have 
the same charge (0) and essentially the same 
dimensions, it should be straightforward to 
replace one with the other. 

If exchange were as simple as shown in 
Eq. [31, 

Cd,P,%(CoCP,h ,T(CoCP ; ’ )0.63 
+ O.l7FeCp, + Cd,P,S,(FeCp,),,, 

(cocP:’ IO.63 + O.l7CoCp, [3] 

then the chemical analysis for iron in the 
exchanged material would indicate how 
much neutral cobaltocene was present in the 
initially- intercalated material. The chemical 
analysis of the ferrocene-intercalated mate- 
rial shows much less iron than is indicated 
in Eq. [3]. From the proposed stoichiometry 
given in Eq. [2], it is clear that a complete 
exchange of neutral cobaltocene for neutral 
ferrocene has not occurred. Instead, it ap- 
pears that the ferrocene has simply added 
to the cobaltocene intercalation compound 
with a negligible loss of cobalt species, and 
that, in the process, the neutral cobaltocene 
has converted to cobalticinium. Thus we 
were unable to independently determine the 
amount of neutral cobaltocene in Cd2P,S6/ 
CoCp, using this technique of exchange. 

The negligible loss of cobalt during the 
ferrocene intercalation suggests that the 
bonding between the cobaltocene (both neu- 
tral and cationic) and the Cd,P,S, host lat- 
tice is fairly strong. Essentially none of the 
cobaltocene left the lattice and went into 
solution despite the reaction temperature 
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(18X) and the concentration gradient of 
cobaltocene. If the cobaltocene enters the 
lattice originally due only to the concentra- 
tion difference (high in solution and zero in 
Cd,P,S,), then one would expect a signifi- 
cant amount of cobaltocene to leave when 
the concentration of cobaltocene in solution 
is zero (as is the case for a ferrocene so- 
lution) . 

The mass spectrum shown in Fig. 1 has 
peaks at both 186 and 189 indicating that 
neutral cobaltocene is still present in the 
ferrocene-intercalated material. The con- 
centration of neutral cobaltocene, if pres- 
ent, must be very low based on the lack of 
an ESR signal. Another possibility is that as 
the sample is heated, the cationic cobalticin- 
ium is reduced to neutral cobaltocene, and 
this neutral cobaltocene is thermally dein- 
tercalated: 

CoCp: + e- + heat -+ CoCpZ(vaporj. [4] 

Equation [4] is essentially the reverse of the 
intercalation reaction, except that the 
CoCp, is intercalated from a toluene solu- 
tion instead of the gas phase. Work by Rand- 
zio and Boerio-Goates, using pyridine to in- 
tercalate Cd,P,S,, has shown that the 
intercalation reaction is exothermic (30). 

We are continuing to investigate the loss 
of the ESR signal due to neutral cobaltocene 
subsequent to ferrocene intercalation. One 
possibility is that the amount of neutral co- 
baltocene has not changed, but rather the 
relaxation time has decreased to the point 
where the linewidths are broadened beyond 
detection. Alternatively, if the cobaltocene 
has oxidized, then the challenge is to deter- 
mine what has been reduced. The reduced 
species presumably is contained within the 
lattice because cadmium ions have not been 
discharged enough to compensate the posi- 
tive charge of all the cobalticinium. 

It is impossible to prove that the ferrocene 
in these materials is actually located in the 
van der Waals gap of the Cd,P& host lat- 
tice. A rough calculation using the size of a 

typical sample crystal indicates that if the 
ferrocene were simply coating the surface 
of the crystal, then the weight percentage of 
iron would be -0.001% as compared to the 
measured value of 0.66%. As already men- 
tioned, the crystals are rinsed with ethanol 
in order to reduced this possibility. (Ferro- 
cene is soluble in ethanol.) 

Conclusion 

Ferrocene has been intercalated into crys- 
tals of Cd,P,S,(CoCp,),,, by first intercalat- 
ing the Cd,P,S, with cobaltocene, and then 
further intercalating the lattice with ferro- 
cene. Mass spectroscopic and chemical 
analysis data provide strong evidence for 
the existence of intercalated ferrocene 
within the Cd,P,S, host lattice. The strong 
ESR signal present after intercalation with 
cobaltocene is lost after intercalation with 
ferrocene. Apparently the ratio of neutral to 
oxidized cobaltocene decreases upon ferro- 
cene intercalation. The intercalated ferro- 
cene appears to be neutral based on the lack 
of aferricinium ESR signal. The intercalated 
ferrocene does not replace neutral cobal- 
tocene. One possibility is that the bonding 
between cobaltocene and Cd,P,S, is too 
strong to be disrupted by the presence of the 
ferrocene . 
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