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The organometallic sandwich complexes M(q-C5H5)2 (M = Co, Cr), Ti(q-C5H5)(q-CsHs), and 
M ( ~ - C ~ H ~ M ~ ) ( ~ - C ~ H T >  (M = Mo, W) have been intercalated into the lamellar host lattices 
ZrS2, ZrSSe, and ZrSe2. Variable-temperature electrical resistivity measurements have been 
performed on single-crystal samples of Z~SZ{CO(~-C~H~)Z}O.~~,Z~S~{T~(~-C~H~)(~-CBH~))~.~, and 
ZrSz{ Cr(q-C5H5)2}0.2. The electrical resistivity measurements for ZrS2((~-CsH&}0.25 and ZrS2- 
{ T ~ ( ~ - C ~ H ~ ) ( ~ - C ~ H S ) ) O . Z  indicate that they are metallic down to low temperature, exhibiting 
limiting resistivities of 8.5 x lop3 and 5.4 x low3 SZ cm, respectively, a t  4 K. In contrast, 
ZrS2{ Cr(q-C5H5)2}0.2 undergoes a metal-semiconductor transition below 25 K. Solid-state 
magnetic susceptibility measurements have been performed on microcrystalline samples of 
Z ~ S , S ~ Z - , { M ( ~ - C ~ H ~ ) ~ } ~  (M = Co and Cr, x = 0, 1, and 2; y = 0.20-0.221, ZrS2{Ti(q-C5H5)- 
(?pCSH8)}0.2 and ZrSz{M(r-CsH4Me)(q-C7H7)}0.~ (M = Mo and W). The magnetic data for the 
metallic samples can be fitted to a function comprising a temperature dependent component 
(XCurie-Weiss) and a temperature-independent component (%pad) due to contributions to the 
molar magnetic susceptibility from the guest ions and conduction electrons respectively. 
The magnetic susceptibility data suggest that  incomplete ionization of the organometallic 
guests occurs; there appears to be almost no correlation between the electrochemical reduction 
potential (Eld and the percentage of guests molecules which are ionized on intercalation. 

Introduction 

The intercalation of ions and molecules into the 
layered transition-metal dichalcogenides is a now well- 
known phen0menon.l In almost all cases the reaction 
is accompanied by electron transfer from the intercal- 
ants to the layered host material, where the electron 
occupies the lowest lying d conduction band. Thus, in 
the case of the group IV dichalcogenides MX2 (M = Ti, 
Zr, Hf; X = S, Se) the host lattices are transformed from 
semiconductors to d-band metals upon intercalation. 
Furthermore, since the conduction bands formed from 
d orbitals on the metal atoms reside in the center of 
the three-layered MX2 sandwich, changes in the local 
bonding are small. 

There exists a considerable body of experimental 
information on the electronic properties of the alkali 
metal and amine intercalates of transition-metal dichal- 
cogenides; they are found to show the metallic properties 
expected from the filling of the transition metal d band 
due to electron transfer from the guest to the host.2 
However, relatively little is known about the electronic 
properties of intercalation compounds formed by inser- 
tion of electron-rich organometallic guests such as 
M(Cp)2 {M = Cr or Co; Cp = 77-C5H5}, Ti(Cp)(COT) 
{COT = ?,77-C8H8), and M(Cp')(CHT) {M = MO or W; Cp' 
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= ~pC5H4Me; CHT = q-C7H7} into the layered metal 
dichalcogenides. In addition, while there is little con- 
troversy that metallic behavior is often conferred upon 
metal dichalcogenides upon intercalation of molecular 
guests, little is known about the degree of charge 
transfer or the mechanism of the electron scattering in 
these materials. For example, the electron-pairing 
mechanism in the 8.3K type I1 superconductor SnSe2- 
{Co(Cp)2}0.s is still unknown.3 

In this paper we describe a systematic study of the 
electrical and magnetic properties of the intercalation 
compounds formed by insertion of a range of electron- 
rich organometallic guests into the semiconducting host 
lattice ZrS2. 

Experimental Section 

Synthesis of Host Lattices. Microcrystalline ZrSz was 
formed by heating stoichiometric quantities of elemental Zr 
and S, with a 1% molar excess of S, at 900 "C for 1 week in 
evacuated, sealed silica  ampule^.^ Typically 3.864 g of finely 
divided Zr wire (99.9%, Aldrich) and 2.774 g of S (99.9%, 
Aldrich) were loaded into a 10 cm (length) x 1.5 cm (internal 
diameter) ampule. The purple ZrSz so formed had a reddish 
tinge (ZrS3) and was therefore ground under a nitrogen 
atmosphere and reannealed at  900 "C for another week to give 
a free-flowing, purple-black powder. The purity of the ZrSz 
was checked by powder X-ray diffraction. Small quantities of 
ZrS3 impurities, if present, were removed by sublimation at 
900 "C in an evacuated silica ampule. Single crystals of ZrSz 
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were grown by iodine vapor transport; typically ca. 1 g of 
microcrystalline ZrSz was sealed with iodine (4 mg/cm3 of 
ampule volume) in an evacuated silica ampule (25 cm x 1.5 
cm internal diameter, Torr) and heated in a three-zone 
furnace. A linear temperature gradient between 900 and 800 
"C was established in the furnace with the ZrSz charge sitting 
in the hot end. The sample was left to transport for a week, 
after which the ampule was cracked open to yield large 
platelike crystals of ZrSz (ca. 4 mm x 3 mm x 0.2 mm). The 
crystals, which hydrolyze slowly in moist air, were handled 
and stored under dry nitrogen. The powder X-ray diffraction 
patterns of the products corresponded closely with those 
available from the JCPDS-ICDD database (International 
Centre for Diffraction Data, Swarthmore, PA 19081). 

Synthesis of Organometallic Guests. All solvents used 
were predried over anhydrous 4 A zeolite molecular sieves, 
before distillation under an atmosphere of dinitrogen from Na, 
K, or NalK alloy. The solvents were stored under Nz in 
Young's ampules containing activated zeolite molecular sieves 
and were thoroughly degassed before use. The guest molecules 
c o ( C p ) ~ , ~  c r ( C p ) ~ , ~  Ti(Cp)(COT),7 Mo(Cp')(CHT)> and W(Cp')- 
(CHTY were prepared by established literature methods. 

Synthesis of Large Crystal Intercalates. Large single 
crystals of host were trimmed using a sharp scalpel to ca. 2 
mm x 2 mm x 0.2 mm pieces and added to a toluene solution 
of the desired organometallic species under a nitrogen atmo- 
sphere. The reactants were heated to 120 "C, without stirring, 
for 1 week before washing with several aliquots of toluene and 
drylng in vacuo. The intercalates all showed significant visible 
expansion along the c axis of the crystals. The intercalates 
were oxygen sensitive and all physical measurements and 
crystals mounting was carried out under a nitrogen atmo- 
sphere. Full intercalation of these crystals was confirmed by 
elemental microanalysis and by X-ray powder diffraction which 
showed the absence of any host reflections. 

Resistivity Measurements. For electrical resistivity mea- 
surements all air-sensitive crystal samples were mounted onto 
eight-pin dual-in-line (DIL) headers in a glovebox fitted with 
a stereo zoom optical microscope. Four strips of conducting 
silver paint (duPont) were applied in bands all around the 
crystal to enable standard four-point resistivity measurements. 
This paint configuration ensured that microcracks or interlayer 
cleavage in the crystals due to mechanical stress did not 
produce ohmic contacts. The purpose-built apparatus for 
resistivity measurements was based on modules so that 
existing commercially available electronics components could 
be easily interfaced into the system. The rig consists of three 
modules; the temperature control, the data measurement, and 
the acquisition systems. Resistance measurements were 
recorded in either ac or dc mode. All electrical leads were 
grounded to reduce electrical noise. Typically, for ac measure- 
ments, currents of 25 or 100 mA and frequencies of 10 or 33 
Hz were passed through the sample, across which the potential 
drop was measured by a Princeton Lock-In Amplifier Model 
5210 interfaced to  a Viglen microcomputer running Microsoft 
Windows compatible software developed in Oxford. Tempera- 
ture changes of &1 Wmin were employed between 4 and 300 
K for both warming and cooling cycles to allow complete 
temperature equilibration of the sample within the cryostat. 
For dc measurements, a Hewlett-Packard HP 3478 multim- 
eter, operating in the manual entry mode and IEEE-interfaced 
to  a Viglen microcomputer, was used to  obtain four-probe 
resistance measurements directly. All the resistance data 
obtained were converted to resistivity units ( S Z  cm) by measur- 
ing the crystal dimensions immediately after the experiment. 

Magnetic Susceptibility Measurements. Magnetic sus- 
ceptibility measurements were obtained between 6 and 300 
K on a Cryogenics Consultants SCU 500 SQUID magnetom- 
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Figure 1. Schematic diagram of the orientational preferences 
of sandwich complexes intercalated into ZrSz. 

eter in conjunction with a Lakeshore DRC-91C temperature 
controller. Microcrystalline samples were loaded under ni- 
trogen into either silica or gelatin holders and stoppered with 
a rubber seal before transferring to the cryostat. All magne- 
tization data were corrected for intrinsic diamagnetic suscep- 
tibility of the sample holders and the electronic cores of the 
constituent atoms. 

The diamagnetic susceptibilities of the intercalates were 
obtained by summation of the contributions from the host, 
obtained form Pascal's  constant^,^ and the guests, obtained 
from Pascal's constantsg or from the values reported by Konig 
et al.1° 

Results and Discussion 
Synthesis. The organometallic guest complexes Co- 

(Cp)2 (M = co, Cr) Ti(Cp)(COT), and M(Cp')(CHT) (M 
= Mo and W) can be readily intercalated into the host 
lattices ZrS2, ZrSSe, and ZrSe2 by refluxing a toluene 
solution of the appropriate guest with a suspension of 
the metal dichalcogenide for 2-3 days at  120 "C. Large 
crystals (ca. 2.0 x 2.0 x 0.2 mm) of the intercalate 
phases may be obtained by prolonged reflux (1-2 weeks) 
in toluene at 120 "C without mechanical stirring. 
Chemical microanalysis and X-ray powder diffraction 
experiments show that these crystals are first-stage 
intercalation compounds with lattice expansions (Ac) in 
the range 5.3-7.6 A.11 We have recently determined 
the orientational preferences of these organometallic 
sandwich complexes intercalated in these lamellar ZrX2 
(X = S, Se) 1attices.ll The results indicate that all these 
organometallic sandwich complexes adopt a well- 
ordered arrangement in which their preferred orienta- 
tion is with the metal-to-ring centroid axes lying parallel 
to the host layer planes (Figure 1). The stoichiometries 
of the intercalates can be determined by elemental 
microanalysis. The highest guest occupancies obtained 
are consistent with two-dimensional close-packing of the 
guest molecules in the interlamellar region.ll 

Electrical Conductivity Experiments. Figure 2 
shows a plot of the temperature dependence of the 
electrical resistivity of single crystals of the host lattice 
ZrS2 grown by the iodine vapor-phase transport tech- 
nique. The resistivity of the host ZrS2 rises dramatically 
at low temperatures, as expected for a semiconductor 
with a bandgap of 1.7 eV.12 However, a nonlinear plot 
of In(@) vs 1 IT was obtained, indicating that the use of 
iodine during the vapor phase growth of these crystals 
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Figure 2. Temperature dependence of the resistivity of single 
crystals of ZrSz in the range 4.2-300 K. 
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Figure 3. Resistivity of single crystals of the intercalates: (A) 
ZrSz{Co(rl-C5Hs)z}o.~5, (0) Z~SZ{~(~~-C~H~)(~~-CEHE)}O.~, and (0) 
ZrSz{Cr(r]-C5H&}o.z in the temperature range 4.2-300 K. 
Inset: Expansion of the low-temperature region for (A) ZrSz- 
{ C O ( ~ ~ - C ~ H ~ M O . Z ~  and (0) ZrSz{Ti(rl-CsHs)(?l-C~H~)}o.z. 

had introduced impurities into the band. A plot of 
In(@) vs (I /T)lI3 for data below 200 K yielded a straight 
line characteristic of conduction by two-dimensional 
variable range hopping.13J4 

The temperature dependence of the resistivity of the 
intercalates ZrS2( Co(Cp)2}0,25,ZrSz( !t’i(Cp)(COT)}o.z, and 
ZrS2{ Cr(Cp)2}0.2 in the temperature range 4.2-300 K 
is shown in Figure 3. For all the samples metallic 
behavior was observed down to 30 K. For both ZrS2- 
{Co(Cp)2}0.25 and ZrS2(Ti(Cp)(COT))o.a the resistivity 
data behave in accordance with Matthiesen’s rule and 
approach limiting residual resistivities at 4.3 K, Qi, of 
8.5 x and 5.4 x Q cm for ZrS~{Co(Cp)2}0.25 
and ZrSz(Ti(Cp)(COT)}o.2, respectively (Figure 3). 

For ZrS2{ Cr(Cp)2}0.2, on the other hand, localization 
of electrons occurs below 30 K, and we observe an 
upturn in the resistivity, suggesting a metal to nonmetal 
transition. The temperature dependence of In(@) below 
30 K can be fitted to either a T-lI3 or T-lJ4 dependence. 
Both plots give reasonably good fits to a straight line, 
but the fit is marginally better for the latter. The 
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Figure 4. In(@) vs ln(T) for single crystals of the interca- 
lates: (A) ZrS~{Co(rl-CsH~)zlo 25, (0) ZrSz{Ti(rl-C&)(rl-C&)lo 2, 
and (0) ZrSz{Cr(?l-C5H&}o 2 in the temperature range 4.2- 
300 K. 

correspondence of resistivity to a Tiln law (3 < n < 4) 
is good evidence for variable range hopping in this 
intercalate. Based on the slightly better agreement 
with the T 1 I 4  law, the hopping is tentatively assigned 
as a three-dimensional process. The dimensionality of 
the hopping observed here contrasts with that reported 
by Sarma15 for the hydrazine intercalates of 1T-TaS2 
(where In(@) DC T-’I3) but is consistent with that in 
organometallic intercalates such as SnSgS2-z(Co(Cp)z}o.3 
(0 5 x I 2} where three-dimensional variable range 
hopping was observed.I6 

The temperature dependence of the resistivity of the 
intercalates above 30 K is extremely complex. Although 
the overall trend is that of a metallic character, we have 
been unable to fit the data to the classical models such 
as electron-phonon scattering (e 0: 27, Landau-Baber 
electron-electron scattering, or combinations of longi- 
tudinal acoustic phonons and optical phonons (e = T2). 
In fact a plot of In(@) versus ln(27 (Figure 4) for the three 
intercalates is nonlinear above 30 K, and no regions 
show either a T2 or T1 dependence. 

Magnetic Susceptibility Measurements. In ad- 
dition to affecting the resistivity of the host, the electron 
transfer that occurs from the electron-rich guests to the 
host upon intercalation also manifests itself in signifi- 
cant changes in the temperature dependence of the 
magnetic susceptibility of the intercalated phase. Mag- 
netic susceptibility experiments can yield important 
insights into the electronic structure of the host on 
reduction and, for metallic samples, the magnitude of 
the weakly temperature-independent Pauli susceptibil- 
ity (xp) can be related to  the density of states a t  the 
Fermi energy {A%?&)} {where xp = pB2N(Ef)}. 

The molar magnetic susceptibility (xtotal) has been 
measured for microcrystalline samples of Zr&Sez,{M(~p 
C5&)2}y (M = Co and Cr, x = 0, 1, and 2; y = 0.20- 
0.22),ZrS~{Ti(r-C5H5)(17-C8Hs))o.2, and ZrS2{M(v-C5&- 
Me)(ll-C7H7)}02 (M = Mo and W) in the temperature 
range 6-300 K. After correction for the intrinsic 
diamagnetism of the core electrons of the constituent 
atoms, Xd, we have fitted the magnetic susceptibility 
data to eq 1 and Tables 1 and 2 summarize the Xd, xp, 

(1) 

p e ~ ,  and 6 values obtained for all the intercalate 

- 
XTotal - XPauli + %Curie-Weiss 
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Table 1. Magnetic Susceptibilities, Diamagnetic and 
Pauli, for Zrs=Sez-,{M(~pCaH&}~ {M = Co, Cr; x = 0, 1, or 

2; y = 0.2-0.22l,ZrSa{Ti(i-CaHa)(g-CsHe)l0.2, 
Z~S~{MO(~I-C~I~M~)(;-C~HT)}O.~, and 

ZrSa{W(g-CaI4Me)(tl-C7H7))01 
compound Xd (10-6 emu mol-') xp (10P emu mol-1) 

ZrSz{Co(Cp)zlo 26 -123 195 
ZrSSe{Co(Cp)zlo zz -133 83 
ZrSez{Co(Cp)zlo zz - 144 180 
ZrSz{Cr(Cp)zh 2 -91 370 

ZrSe2{Cr(Cp)zlo z -110 150 
ZrSSe{Cr(Cp)zlo 2 - 100 200 

ZrSz{Ti(Cp)(COT)}o 2 -94 20 
ZrSz{Mo(Cp')(CHT)lo z -97 75 
ZrSz{W(Cp')(CHT)lo 2 -99 175 

E 3 1 0 4  

I 0 2  

10.2 

1 02 

102 

10-3 

0 100 
0 50 100 150 200 250 300 350 
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Figure 5. Temperature dependence on the molar magnetic 
susceptibility (XM) for (W ZrSZ{Co(rl-C6Hs)Z}O.26, (0) ZrSz{Mo(q- 
Cs~e)(rl-C7H7)lo.z, (+I Z~S~{W(~I-C~H~M~)(~I-C~H~)}O.Z, and 
(0) ZrSz(Cr(~-CsH6)z}o.z in the range 4.2-300 K. The solid 
lines are lest squares fits to eq 1. 

samples. In eq 1 x p a ~  is the weak temperature inde- 
pendent paramagnetism associated with metallic elec- 
trons and XChe-Weisa is the temperature-dependent 
paramagnetism due to localized electrons. 

All the intercalate phases show some degree of Curie- 
Weiss Paramagnetism. Figure 5 shows a plot of %total 
versus T for several of the intercalates. Since, magnetic 
susceptibility measurements by Ahmad on LiZrSz have 
shown that it exhibits temperature-independent Pauli 
paramagnetism, and no Curie paramagnetism from 
localized electrons in ZrS2 we have assumed a similar 
behavior for the electron donated to the ZrS2 lattice by 
the organometallic complexes. Thus the effective mag- 
netic moment of the intercalates we2(intercalate)} is 
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Figure 6. Plot of the degree of guest ionization vs guest 
electrochemical redox potential ( E I ~ z )  for the organometallic 
intercalates of ZrSz. 

given by eq 2, where z is the total chemical occupancy 

of the guest molecules and x is the occupancy of ionized 
guest molecules Therefore, we can estimate the degree 
of electron transfer from the guest molecules to the ZrS2 
host lattice (x/z x 1001% knowing the total chemical 
occupancy ( z )  and the effective magnetic moment @ e ~  

(intercalate)}. The measured magnetic moment data 
are tabulated in Table 2 and compared with two 
conventional measures of the ease of ionization of these 
organometallics; the gas-phase ionization potential (IP) 
and the electrochemical reduction potential (E+/E"). 

The results indicate the calculated percentage of 
ionized guest molecules is critically dependent on the 
accuracy of the molecular stoichiometry obtained from 
the elemental microanalytical data. For example, if we 
assume that intercalate stoichiometries are ZrSz- 
{G}o.z*o.o2 then we have an uncertanity of f10% in the 
percentages of guest ionized. Nevertheless, the mag- 
netic susceptibility data suggest that in many cases 
incomplete ionization of the organometallic guests oc- 
curs. However, there appears to be no obvious correla- 
tion between the extent of ionization and the electro- 
chemical oxidation potential of the guest (Figure 6). 

For metallic intercalation compounds large tempera- 
ture-independent Pauli susceptibilities have been mea- 

Table 2. Measured Effective Magnetic Moments (pen) and Weiss Constants (0) for the Organometallic Intercalates of 
Zirconium Dichalcogenides 

obsd 

0.32(3) 
0.38(4) 
0.25(2) 
1.58(15) 
1.52(15) 
1.43(14) 
0.65(6) 
0.59(6) 
0.09(1) 
0.24(2) 
0.36(4) 

-8.5(8) 
-14.8(14) 
-1.6(1) 
-1.7(1) 
-1.5(1) 
-1.6(1) 
-6.5(6) 
-2.8(3) 

2.6(2) 
-1.5(1) 

-13.7(13) 

0.87 
0.93 
0.93 
1.35 
1.35 
1.35 
0 
0 
0.77 
0.94 
0.94 

0 
0 
0 
1.73 
1.73 
1.73 
0.77 
0.77 
0 
0 
0 

86 
84 
93 
57 
42 
19 
71 
59 
98 
94 
86 

5.5619 
5.56 
5.56 
5.7019 
5.70 
5.70 
5.5OZ2 
5.7OZae 
5.6724 
5.56 
5.56 

-0.9lZ0 
-0.91 
-0.91 
-0.5521 
-0.55 
-0.55 
-0.79' 
-0.63' 
-O.6Oz6 
-0.91 
-0.91 

a Percentage of fully ionized organometallic guest is calculated by (xlz x 1001% using eq 2. Half-wave potentials ( E u D  vs SCE) for 
the guest+/guesto reduction. Effective moment assuming all the intercalated guest molecules remain un-ionized. Effective moment 
assuming all the intercalated guest molecules are singly ionized. Calculated effective moments based on peff(Co(Cp)z} = 1.74 p~.10 
peff(Cr(CP)z} = 3.02 pB;"peff(Cr(Cp)z+} = 3.87 p ~ . ' ~  peff(M(Cp')(CHT)+} = 1.73 p~ (M = Mo, W). peff(Ti(Cp)(COT)} = 1.71 p ~ . ' ~  e Data for 
Mo(Cp)(CHT). 
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sured previously. For example, Murphy et al.17 have 
shown that in various lithium intercalates of metal 
dichalcogenides temperature independent susceptibili- 
ties ranging from to emu mol-' are observed. 
Similar measurements by Guy et al. for TiSe2(N2H4)0.6 
yielded a Pauli susceptibility of 74 x mol-l, while 
Ahmad15 found an increase of 78 x emu mol-' for 
the lithium intercalate of ZrS2 relative to the pristine 
host. 

Both ZrS2(Co(Cp)2}0.25 and ZrS2( Cr(Cp)z}0,2 show 
significant Pauli susceptibilities of 1.95 x and 3.70 
x emu mol-l, respectively. These values are 
similar to  those reported by Murphy16 for LiTiSez and 
LiTiS2 (1.77 x and 2.46 x emu mol-', 
respectively). In the absence of detailed information 
relating to the band structure of these materials and 

Wong et al. 

due to the difficulty in assigning formal oxidations to 
the metal atoms, it is impossible to infer the extent, if 
any, of Pauli enhancement in these organometallic 
intercalates. 

Conclusions 
The electrical resistivities and magnetic susceptibili- 

ties of a range of organometallic intercalates of zirco- 
nium dichalcogenides have been measured between 4.2 
and 300 K. The donation of electrons from the organo- 
metallic species to the host material causes these 
compounds to  exhibit metallic behavior down to very 
low temperatures. The magnetic susceptibility data 
suggest that in all cases incomplete ionization of the 
organometallic guests occurs. However, there appears 
to be no obvious correlation between the percentage 
ionization for a given lattice and the electrochemical 
potential of the guest. Both the resistivity and magnetic 
data indicate that ZrS2(Cr(Cp)2}0,2 is electronically quite 
different from ZrS2{Co(Cp)~}0,25 and Z~S~{T~(C~XCOT)}O,Z. 
At low temperatures, localization of electrons occurs 
within the former but not the latter two compounds. 
Moreover, the Pauli susceptibility in the chromocene 
intercalate is also significantly higher than that for the 
cobaltocene and Ti(Cp)(COT) intercalates. The resistiv- 
ity and magnetic data are therefore consistent with a 
narrower band width for ZrS2(Cr(Cp)2}0.2 than the 
analogous Co(Cp)z and Ti(Cp)(COT) intercalates. 
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