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Recently, the general class of nanocomposite organic/ 
inorganic materials, mixed at  the molecular level, has 
been receiving considerable research interest. Signifi- 
cant effort is focused on the ability to  obtain control of 
the nanoscale structures via innovative synthetic ap- 
proaches. The organic polymers can be saturated or 
conjugated, while the inorganic components can be 
three-dimensional framework systems such as zeolites,' 
two-dimensional layered materials such as  clay^^,^ 
and metal oxides4p5 and even one-dimensional materials 
such as (MosSes-), chains.6 In principle, nanocomposite 
organidinorganic materials may exhibit a variety of 
unique properties arising from the combination of the 
organic and inorganic ~ o m p o n e n t . ~ , ~  Recently, we have 
shown that single-layer MoS2 can encapsulate a variety 
of polymers to produce novel electrically conductive 
polymer/MoS2 nanocomposite~.~J~ The methodology we 
have described is general and suitable for intercalation 
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of very large MW polymers provided these polymers are 
soluble. Intractable materials, however, present a 
limitation to this approach. For example, the interest- 
ing but intractable conjugated polymers polypyrrole and 
polythiophene are not suitable in this case. Although 
insertion of these two polymers into several layered 
hosts has been demonstrated by in situ intercalative 
redox polymerization, it proceeds only if the hosts are 
good oxidants as is the case for FeOC1" and V205 
xerogel.12 We report here a new modification in the in 
situ intercalative polymerization reaction which, for the 
first time, allows the intercalation of polypyrrole into 
MoS2. 

The (ppy)o,24MoS2 (ppy = polypyrrole) was prepared 
by oxidizing an aqueous solution of single MoS2 layers 
and pyrrole with FeC13.13 The latter was added drop- 
wise to the solution of the mixture and caused two 
important events to occur a t  the same time, polymeri- 
zation of the pyrrole followed by coprecipitation of the 
MoS2 layers. This results in a new lamellar nanocom- 
posite material that is made of metal dichalcogenide 
layers and chains of polypyrrole. What is surprising 
about this process is the deposition of a single-phase 
material as  opposed to a phase-separated material 
composed of a mixture of bulk polypyrrole and restacked 
MoS2. The following evidence supports this conclusion. 
First, the X-ray powder diffraction patterns show an 
interlayer expansion of -4.5 A which is consistent with 
a monolayer of polypyrrole in the gallery space; see 
Figure 1. A similar expansion was found for the 
polyaniline intercalated mate~-ial .~J~ Second, elemental 
analysis is consistent with computer models that predict 
a maximum possible stoichiometry of (ppy)o.30MoS2.~~ 
Third, the infrared spectra of the (ppy)o.24MoS2 show 
the polymer stretching vibrations at  energies higher 
than those found in bulk polypyrrole, prepared under 
the same experimental conditions minus the MoS2 
layers. The average blue-shift for most peaks is -10 
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Figure 2. (A) Pressed pellet electrical conductivity data for 
(ppy)0.~4MoS~ and pristine MoS2. The dramatic change in 
direction at high temperatures is due to a metal-to-insulator 
transition associated with a structural transformation from 
octahedral to trigonal prismatic Mo centers. This transition 
is irreversible and is not observed upon cooling down from 
200 "C. (B) Pressed pellet thermoelectric power data for 
(ppy)o.z&foSz. 
cm-l. This reflects the low molecular weight (MW) of 
the intercalated polymer and is consistent with previous 
work where the M W  of in situ intercalated polymers is 
always found to be considerably smaller than that of 
corresponding bulk materials.11J2 This is a consequence 
of polymer growth under kinetically restricted condi- 
tions. Since the polymer forms in the doped form, an 
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Figure 3. Differential scanning calorimetry trace of 
(ppy)0.~&IoS2 showing the irreversible exothermic transforma- 
tion from octahedral to trigonal prismatic Mo centers. The 
exothermic transition is clearly absent in the second heating 
cycle. Heating rate was 5 "C/min. 

important issue to be addressed here is what is the 
dopant anion in polypyrrole. This has not been simple 
to resolve. There are several possible candidates for 
counter ions in (ppy),,MoS2. These include FeC14-, C1-, 
MoS2"-, and OH-. Elemental analysis has shown that 
only trace levels of iron and chlorine exist in the 
material. It is possible that negatively charged MoS2"- 
acts as the dopant, as is the case with FeOCl and V205, 
but this seems unlikely since these layers are known 
to completely oxidize to the neutral state upon exfolia- 
tion in air.16 Such oxidation is even more likely in the 
present system because of the presence of Fe3+ ions in 
solution. A solvated hydroxide ion seems to be the most 
likely candidate but direct detection of these species in 
(ppy)o.24MoS2 is d i f f~u1 t . l~  

Variable-temperature electrical conductivity mea- 
surements for (ppy)"MoS2 indicate a considerably higher 
conductivity with respect to pristine MoS2, as shown in 
Figure 2A. In the temperature range 50-300 K, the 
material exhibits weak, thermally activated behavior. 
The conductivity is similar in magnitude with that of 
the (PANI)MoS2 consistent with the similar nature of 
the materials. The corresponding thermoelectric power 
measurements, however, show relatively large and 
positive Seebeck coefficient values which indicate a 
p-type conductor; see Figure 2B. The downward sloping 
thermoelectric power is consistent with a metallike 
charge transport, but the relatively large values suggest 
a deviation from an ideal metallic behavior. 

As we explained earlier, the electronic structure of 
MoS2, after it has been exfoliated and restacked, is 
changed because of a structural transition from a 
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trigonal prismatic to an octahedrally coordinated metal.l0 
In the latter the layers are similar to the 1T-MoS2 which 
is metastable.18 The MoS2 layers in (ppy)0.24MoS2 are, 
therefore, prone to conversion to the 2H-MoSz-like 
modification upon standing or with application of tem- 
perature or even pressure. Differential scanning calo- 
rimetry (DSC) studies on (ppy)0.24MoS2 show a well- 
defined strong exothermic transition at  185 "C (21 kJf 
mol, see Figure 31, which is associated with conversion 
from the 1T to the 2H structural type. This is the 
highest conversion temperature of all (po1ymer)MoSz 
compounds reported thus far.1° The structural conver- 
sion to the trigonal prismatic layers (i.e., 2H-MoSz-type) 
is followed by a metal-to-insulator transition and a 
return to the low conductivity values of 2H-MoS2; see 
Figure 2A. 

The most important achievement described here is the 
encapsulation of an intractable, infusible polymer in a 
nonoxidizing host such as MoS2. This is an advance 
from prior work where (a) an oxidizing host was 
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required to produce polymer intercalation, (b) a soluble 
polymer was necessary for insertion into a nonoxidizing 
host, or (c) a monomer intercalation was required 
followed by a second step of polymerization. These 
approaches are not applicable to the MoSz/polypyrrole, 
and by extension to the MoSz/polythiophene systems. 
We have shown that with a suitable external oxidant it 
is now possible to in situ prepare and encapsulate 
conjugated polymers in nonoxidizing hosts. This devel- 
opment broadens further the field organicfinorganic 
nanocomposite materials as it accesses interesting new 
polymerfinorganic combinations for study and develop- 
ment. 
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