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Laboratorio de Quimica Inorgánica, Facultad de Ciencias, Universidad de Córdoba, Avenida San Alberto Magno, s/n, E-14004 Córdoba, Spain
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Nanocomposites of poly(ethylene oxide) (PEO) and (PbS)1.18

(TiS2)2, a composite misfit layer sulfide were prepared by treat-
ing a lithium derivative in aqueous solutions of PEO. Under these
conditions, the alkali metal intercalate readily exfoliates and
rapidly reflocculates, thus trapping polymer molecules between
sulfide layers. In this exfoliation and restacking process, Li1 ions
are partially removed. Powder X-ray, electron diffraction, and
IR results are consistent with one layer of helical PEO located at
all TiS2-TiS2 interfaces and with empty PbS-TiS2 interfaces.
Thermal deintercalation of the new phase is a complex process
that occurs at an unusually high temperature; this sugggests
strong interactions between the polymer and the host, probably
involving the alkali ions and PEO chains. Hydrogen sulfide
traces were also detected. Although the XRD pattern for the
decomposition product exhibits the main diffraction peaks for the
host, the peaks are broad and asymmetric, which suggests that
the lattice undergoes significant changes that partially collapse
the structure in poorly crystalline phases. ( 1998 Academic Press

Key Words: misfit layer chalcogenides; exfoliation; polymer
intercalation; nanostructures.

INTRODUCTION

The insertion of organic polymers between layers of an
inorganic matrix has promoted intense research activity for
two main reasons (1, 2). First, it is an attractive method for
preparing new organic/inorganic nanocomposites. Second,
these novel materials can improve specific properties (e.g.,
mechanical, electrical, optical) of the parent components,
thus extending the number of potential applications of the
individual components. The most familiar polymer interca-
lated into layered systems is PEO, a water-soluble polymer
with a simple structure. The layered inorganic hosts studied,
so far include montmorillonite (3), MoS

2
(4a), TiS

2
(4b, 5),

MoO
3

(6), MnPS
3

(7), CuFeS
2

(8), and V
2
O

5
(9). The usual

preparation strategy, particularly with layered chalcogen-
ides, involves exfoliation of the inorganic matrix, (usually by
reacting the lithium-intercalated chalcogenide with
water(10)), followed by restacking of the layers in the pres-
ence of the organic polymer.
323
Over this decade, a new family of composite layered
chalcogenides of (MX)

1`y
(¹X

2
)
2

(M"Sn, Pb, Bi, Ln;
¹"Ti, V, Cr, Mn, Nb; X"S, Se) stoichiometry has been
synthesized and characterized (11). Their structures, well
documented for (PbS)

1.14
(NbS

2
)
2
, (PbS)

1.18
(TiS

2
)
2
, and

(PbSe)
1.12

(NbSe
2
)
2
from X-ray single crystal measurements,

consist of a double layer MX and two ¹X
2

sandwiches
stacked along the c-axis. The ¹X

2
sandwich has an atomic

arrangement similar to that found in binary ¹X
2

layer
compounds, but its lattice symmetry is different from that of
the MX slab. This divergence in periodicity makes these
materials incommesurate in one direction (the a axis).

A relevant structural property of this family of com-
pounds concerning the intercalation reactions is the forma-
tion of an interlayer region defined at the interface of two
consecutive close packed chalcogen layers. This gives rises
to vacant sites that can be occupied by atomic or molecular
intercalants. In this context, lithium, sodium, n-alkylamines,
alkyldiamines, and cobaltocene can be easily and success-
fully intercalated (12).

In this paper, we examine the ability of these complex
structures to generate nanocomposites with organic poly-
mers, using the methodology for preparation of nanocom-
posites of binary layered chalcogenides. In fact, chemical
exfolation of (PbS)

1.12
(NbS

2
)
2

was previously achieved (13)
by first intercalating the sulfide with sodium and then expo-
sing the intercalated compound to excess 0.1 N HCl. For
this study, we chose (PbS)

1.18
(TiS

2
)
2

as the host, which
proved the best candidate for intercalation reactions (12).

EXPERIMENTAL

Polycrystalline samples of (PbS)
1.18

(TiS
2
)
2

were prepared
by heating mixtures of the constituent elements (supplied by
Strem Chem.) at an appropriate ratio in evacuated silica
tubes. The mixtures were first heated at 300°C for 1 day and
then at 900°C for 1 week. The material thus obtained was in
the form of high-purity platelike microcrystals, as checked
from electron and X-ray diffractions. Moreover, it exhibited
a metallic luster, consistent with its metal-like behaviour
0022-4596/98 $25.00
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FIG. 1. X-ray diffraction pattern of (a) Li
2.14

(PbS)
1.18

(TiS
2
)
2
, (b)

Li
0.23

(PbS)
1.18

(TiS
2
)
2
, (c) Li

0.15
(PEO)

1.14
(PbS)

1.18
(TiS

2
)
2
)0.56H

2
O, and

(d) Li
0.25

(PEO)
1.79

(PbS)
1.18

(TiS
2
)
2
) 0.88H

2
O heated at 450°C. (*) Hy-

drated phase.
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(11). A similar procedure was applied for the synthesis of
TiS

2
but heating the mixture of the elements at 500°C for

1 day and then at 900°C for a week. The product identity
was determined by X-ray diffraction.

Lithium insertion was performed in an argon-filled glove-
box, using n-butyllithium under the following conditions:
600 mg of (PbS)

1.18
(TiS

2
)
2

was treated with 4 ml of 1.6
M n-butyllithium in n-hexane at ambient temperature for
3 days. Under these conditions, the lithium content, as
determined by back-titration of residual intercalant, sugges-
ted a stoichiometry of Li

2.14
(PbS)

1.18
(TiS

2
)
2
. Polyethylene-

oxide (PEO, Aldrich mw"100000Da) was used as received.
Two nanocomposites of different composition were pre-
pared from PEO aqueous solutions of different concentra-
tions, 0.15 M (sample A) and 0.30 M (sample B). A volume of
50 ml of each was added to 300 mg of Li

2.14
(PbS)

1.18
(TiS

2
)
2

and the mixture immediately ultrasonicated for 30
min, followed by magnetic stirring for 18 h. Then, the sam-
ples, that preserved their black colour but lost their metallic
luster, were filtered, washed with distilled water several
times to remove LiOH and other soluble solids, and air
dried.

Powder X-ray diffraction (XRD) patterns were recorded
on a Siemens D5000 diffractometer equipped with a graph-
ite monochromator, using CuKa radiation. For identifica-
tion purposes, intensities were collected in steps of 0.04°(h),
at 0.12 s per step. For broadening analysis of the reflection
lines, intensities were recorded in the same scan step using
3.6 s per step.

Electron micrographs were obtained on a JEOL 200CX
microscope. Samples were dispersed in acetone with the aid
of ultrasound and placed on carbon-covered copper grids
for examination. IR spectra were recorded on a Bomen
MB-100 FTIR system, using KBr pellets containing about
1% of the product. Elemental analyses were conducted on
a Fisons CHNS analyzer, and thermogravimetric analyses
(TG) were carried out on a Cahn Thermobalance, under
argon, using a heating rate of 7°C )min~1 and a flow rate of
50 ml )min~1. Temperature-programmed deintercalation
(TPD) measurements were carried out on a quartz reactor
coupled to a quadrupole mass spectrometer (Sensorlab VG
model), using argon at 50 ml )min~1 as the carrier gas.

RESULTS AND DISCUSSION

Organic lithium derivatives such as n-butyllithium read-
ily react with misfit layer sulfides, particularly (PbS)

1.18
(TiS

2
)
2
, to yield lithium intercalates characterized by an

expansion of about 0.5 As per PbS-TiS
2
-TiS

2
repeat unit

normal to the slabs of the host structure (12a). Indirect
methods (e.g., cointercalation solvent phenomena (14)) have
revealed that Li` ions occupy interstitial sites defined at the
TiS

2
-TiS

2
interface (one octahedral site and two tetrahedral

ones per formula unit). Under the above described experi-
mental conditions, the lithium content per formula unit is
slightly greater than 2. This means that both octahedral and
tetrahedral positions are occupied, thus resulting in strong
repulsion between Li` ions that leads to a quasi-amorphous
phase as revealed by XRD (see Fig. 1a). Inmersion of this
phase in water produces a violent reaction that releases
hydrogen and causes a dramatic decrease in the lithium
content (to 0.2 ions per formula). This reaction readily
exfoliates the lithium intercalate and probably gives rise to
single layer suspensions. We failed to detect any such mono-
layers because they rapidly restack to form aggregates such
as those found in other misfit layer sulfides (13). The XRD
pattern for this restacked material is shown in Fig. 1b. Most
lines basically coincide with those for the unlithiated com-
pound; those marked with an asterisk belong to hydrated
phases (14). The electron diffraction pattern for this sample
is typical of a misfit layer compound (15) (Fig. 2a) and is
characterized by two sets of spots corresponding to the two
sublattices associated with PbS and TiS

2
slabs, which are

incommensurate in the a direction.
A significant structural change is observed when floccula-

tion takes place in the presence of the polymer. Figure 1c



FIG. 2. Electron diffraction pattern of (a) Li
0.23

(PbS)
1.18

(TiS
2
)
2

and (b) Li
0.25

(PEO)
1.79

(PbS)
1.18

(TiS
2
)
2
) 0.88H

2
O.
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shows the XRD pattern for the restacked material (sample
B). The most salient feature is the presence of a prominent
peak at 3.47° (2h), together with several harmonics of low
intensity that are commonly found for other PEO nano-
composites (4). The average basal spacing was 25.70 As
(about 8.4 As greater than that of the pristine compound).
The XRD pattern for sample A is similar to that for sample
B; however, the peaks in the former are somewhat less
intense. The expansion calculated coincides with that re-
ported for a PEO/TiS

2
nanocomposite prepared either by

using N-methylformamide as solvent (5) or a solution of
PEO with lithium perclorate in acetonitrile (4b). We failed
to obtain any PEO/TiS

2
nanocomposites under the same

experimental conditions used for the ternary sulfide. We
have no clear explanation for the smaller tendency of TiS

2
to intercalate PEO in comparison with the ternary sulfide.
Particle size as a factor for this differential behavior can be
discarded since particle size of TiS

2
, as revealed by SEM, is

smaller than that of (PbS)
1.18

(TiS
2
)
2
. The smaller ability of

TiS
2
to yield nanocomposites with PEO could be due to the

difficulty in preparing highly stoichimetric TiS
2
. In our case,

the real composition of the sample used, as determined from
thermogravimetric measurements, was Ti

1.028
S
2
. This

means that the Ti excess should probably occupy the inter-
stitial positions located at the van der Waals gaps, thus
affecting the same positions available for the guest species.
On the contrary, the ternary sulfide seems to have com-
pletely empty the van der Waals positions defined at
the TiS

2
-TiS

2
interface. Direct evidence is deduced

from accurate X-ray single crystal structure determinations
of Ti-based bilayer compounds, e.g. (PbS)

1.18
(TiS

2
)
2

(16) and (SbS) (TiS ) (17). These studies have

1.15 2 2



TABLE 1
Chemical Composition of Original Misfit and the PEO

Nanocomposites

Formula %Lia %C %H %S

Li
0.23

(PbS)
1.18

(TiS
2
)
2

0.32(0.32) — — 30.3(32.8)
Li

0.15
(PEO)

1.14
(PbS)

1.18
(TiS

2
)
2
) 0.56H

2
O 0.19(0.18) 4.82(4.82) 1.00(1.00) 26.5(29.2)

Li
0.25

(PEO)
1.79

(PbS)
1.18

(TiS
2
)
2
) 0.88H

2
O 0.29(0.29) 7.12(7.13) 1.48(1.48) 25.9(27.5)

aCalculated values are shown in brackets.

FIG. 3. FT-IR spectra: (a) bulk PEO and (b) Li
0.25

(PEO)
1.79

(PbS)
1.18

(TiS
2
)
2
) 0.88H

2
O.
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demonstrated the absence of Ti self intercalated at the
TiS

2
-TiS

2
interface.

The chemical compositions of exfoliated and restacked
samples are shown in Table 1. As in the case of the lithium
intercalate treated with water, most Li` ions are extracted
on flocculation in the presence of PEO. As the PEO concen-
tration increases, so does the polymer content in the host,
with little effect on interlayer expansion, however. These
composition values can be matched with the corresponding
PEO-Li/TiS

2
compounds (4b,5). The nanocomposites were

obtained as hydrated phases and the sulfur content tended
to decrease slightly in the different process,undergone by the
host. Changes in surface composition were detected in the
course of in situ XPS experiments of alkyldiamine depos-
ition from the gas phase (18). We have no direct evidence of
the location of water molecules. Although, as shown below,
thermogravimetric data, suggest that part of this water is
strongly adsorbed in the lattice, the expanded interlayer
remains unchanged if the water is removed by heating. The
basal space increase found is thus promoted by the polymer
intercalation and resembles to that reported in clays (3),
MPS

3
(M"Mn, Ni, Fe, Cd) (7) and MS

2
(M"Mo, Ti)

(4,5). The interlayer expansion can be interpreted according
to two intercalation models: by preserving the polymer
helical conformation or by assuming bilayers of PEO be-
tween successive TiS

2
sheets in a zigzag conformation. Un-

fortunately, we could not apply the model recently used by
Liu et al. (9b), based on the evaluation of one-dimensional
electron-density projections on the c-axis, owing to the
limited number of (001) reflexions and the small value of the
peak intensity to background ratio for most peaks. How-
ever, complementary information was supplied by IR spec-
troscopy, despite the poor resolution of the absorption
peaks resulting from the high absorbance of the sample.
Figure 3 shows the IR spectra for pure and intercalated
PEO. The broad, strong band centered at 2890 cm~1 in
bulk PEO, associated with CH

2
stretching modes, appears

in the intercalate form as two well-defined bands at 2855
band 2924 cm~1 . This behaviour is commonly found in
other PEO nanocomposites and has been ascribed to inter-
actions between oxygen atoms in PEO and interlayer ca-
tions (6). The multiple peaks observed in the 1500—800 cm~1

region for pure PEO are ill-defined in intercalated PEO
(only the strong peak centered at 1100 cm~1, which corres-
ponds to C-O stretching, is clearly observed). Its position
remains virtually unchanged relative to bulk PEO. A signifi-
cant feature is the absence of an intense band located about
1300 cm~1 which is characteristic of vibrations of O-
(CH

2
)
2
-O groups in type I PEO-HgCl

2
complexes (19) but

is absent in the helical conformation of PEO. The presence
of water was confirmed by a broad band centered at
3450 cm~1. A schematic model by assuming a helical con-
formation of PEO is depicted in Fig. 4. Although to confirm
its validity one needs further structural investigations, an
alternative model with monolayers of PEO between both
TiS

2
-TiS

2
and TiS

2
-PbS interfaces is unlikely. In fact, the

compound (PbS)
1.18

TiS
2
, which possesses a PbS-TiS

2
-PbS-

TiS
2

stacking sequence and contains PbS-TiS
2

interfaces
only, intercalates very little lithium (11a). For this reason,
chemical delamination, as with (PbS)

1.18
(TiS

2
)
2
, is unfavor-

able.
In addition to the position changes in the diffraction

peaks observed upon intercalation, the rather sharp original
lines for the pristine compound broaden, thus suggesting the
formation of smaller crystallites and/or an increase in elastic
strains in the host. In order to quantify the microstructural
changes induced by polymer intercalation, (001) profiles
were analysed using the integral breadth method (20) for
separating size and strain broadening. The analysis was
based on

(d2h) cos2(h)"16Se2Tsin2(h)#K2j2/¸2, [1]

where (d2h) is the integral breadth after correction for the
instrumental broadening obtained from highly crystalline
sillicon powder, Se2T denotes local strains (defined as



FIG. 4. Schematic projection along [100] for the nanocomposite
Li

0.25
(PEO)

1.79
(PbS)

1.18
(TiS

2
)
2
) 0.88H

2
O.

FIG. 5. Plot of Eq. [1] for different [001] reflections: d, Li
0.23

(PbS)
1.18

(TiS
2
)
2
; j, Li

0.15
(PEO)

1.14
(PbS)

1.18
(TiS

2
)
2
) 0.56H

2
O; m, Li

0.25
(PEO)

1.79
(PbS)

1.18
(TiS

2
)
2
) 0.88H

2
O.

TABLE 2
Basal Spacing, Crystallite Size, and Microstrains of PEO

Nanocomposites

Sample/Formula c(As ) ¸ (As ) Se2T ) 10~3

(PbS)
1.18

(TiS
2
)
2

17.40 1363 0.036
Li

0.23
(PbS)

1.18
(TiS

2
)
2

17.35(23.01)a 516 8.1
A/Li

0.15
(PEO)

1.14
(PbS)

1.18
(TiS

2
)
2
) 0.56H

2
O 25.86 112 534

B/Li
0.25

(PEO)
1.79

(PbS)
1.18

(TiS
2
)
2
) 0.88H

2
O 25.81 284 486

Note. The values for (PbS)
1.18

(TiS
2
)
2

and Li
0.23

(PbS)
1.18

(TiS
2
)
2

are included for
comparison.

aHydrated phase.
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*d/d, d being the interplanar spacing), ¸ is crystallite size,
and K is a near-unity constant related to crystallite size. The
slope, 16Se2T, and intercept, K2j2/¸2, were used to deter-
mine the distortion and size parameters. Figure 5 shows
plots for different reflections of water-treated and polymer-
intercalated samples. The crystallite sizes and strains cal-
culated from these plots are collected in Table 2. The results
suggest that the stacking coherence length is reduced in the
exfolation/adsorption process and that the microstrain con-
tent increases significantly by effect of the expansion re-
quired to accommodate the polymer into the galleries.

Transmission electron micrographs provided additional
evidence of these microstructural changes. They revealed
aggregates more densely populated than the polymer-un-
treated material. This precluded the possibility of obtaining
electron diffraction patterns for single microcrystals such
as that of Fig. 2a. One common feature was the presence
of Debye—Scherrer rings, consistent with the reduced
crystallite size and suggestive of random restacking in the
monolayers (13). Occasionally, it is possible to differentiate
in densely spotted micrographs resulting from microcrystal
agglomeration, distinct spots due to different orientational
variants both of PbS and TiS

2
sublattices (see Fig. 2b). This

feature has been associated with the degree of deformation
of the sublattices and orientation changes in MX

2
and/or

MX layers have been reported in distorted regions of misfit
layer compounds (14) and in their lithiated phases (21).

The stability of the intercalates was examined from both
thermogravimetric and the mass spectrometric results for
desorbed molecules. The temperature range studied was
30—450°C and the following fragments were recorded
to detect the polymer release in the mass spectrum:
CH

2~CH
2
O` (44), CH

2~CH`
2

(28), O` (16), CH`
2

(14). The
mass of first two fragments are coincident with those of
CO`

2
and CO`, respectively. Moreover, the release of H

2
S

is frequently observed in thermal deintercalation studies of
layer chalcogenides intercalated with organic molecules
(12c, 22). For this reason, the base peak for H

2
S was also

recorded. Unfortunately, the H
2
O spectrum could not be

recorded, owing to the water background in the experi-
mental system. Figure 6 shows selected TPD curves for
sample B. All the above fragments were clearly detected and
the formation of CH`

2
and CH

2
O` fragments provides

direct evidence of polymer volatilization rather than pyro-
lisis (otherwise unfavourable under these conditions).



FIG. 6. Thermal analysis of Li
0.25

(PEO)
1.79

(PbS)
1.18

(TiS
2
)
2
)0.88H

2
O:

(a, b, c) temperature-programmed deintercalation spectra of different frag-
ments; (d) TG curve (TG curve of bulk PEO (e) is included for comparison).
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TPD profiles exhibited a rather symmetric single peak
centered at 370°C suggestive of the presence of one type of
polymer species within the layers. The deintercalation tem-
perature was more than 100°C higher than that observed for
the release of intercalated amine molecules in the same host
(12c). One factor that might account for this unusual ther-
mal stability is polymer/Li` interactions. In fact, in the
(PEO)

0.40
[Na(H

2
O)

/
] MoO

3
nanocomposite, this type of

interaction has been demonstrated in23Na MAS NRM
studies (6); also, the thermal decomposition reaches tempe-
ratures as high as 400°C.

Although we lack direct evidence for the proton source
for the formation of H

2
S, H

2
O is probably the best candi-

date. In order to further investigate the origin of this
compound, a TG curve was obtained under the same experi-
mental conditions as the TPD curves. Figure 6 shows the
results of TG experiments carried out from room temper-
ature to 450°C. Two main features distinguish the TG
curves of bulk and intercalated PEO. First, the volatiliz-
ation temperature for the polymer decreases slightly when
the molecules are captured within the galleries of the host
matrix. The total weight loss observed for the intercalate
was 15.4%, in acceptable agreement with the PEO and
water content (15.7%) determined by elemental analysis.
This means that the amount of H

2
S released is hardly

perceptible by weight loss measurements, so one only needs
water traces to account for its formation. The second differ-
ence is the continuous weight loss undergone by the interca-
late from rather low temperatures up to 290°C, which,
judging by the wide temperature range observed, presum-
ably corresponds largely to different types of water bound to
the lattice. The fact that the formation of H

2
S is anticipated

about 50°C to the polymer deintercalation temperature
favors a direct attack of water molecules on the lattice to
release of H

2
S:

H
2
O#S2~

(-!55*#%)
PH

2
S#O2~

(-!55*#%)
. [2]

This reaction is favored by the polymer release, probably
because of the lattice rearrangement induced by the deinter-
calation process. The XRD pattern of the product obtained
after the TG experiments showed that the lattice was indeed
heavily distorted (Fig. 1d). The diffraction peaks were broad
and rather asymmetric, thus indicating that removal of the
polymer may also result in partial decomposition of the
host.

In conclusion, lithium derivatives of (PbS)
1.18

(TiS
2
)
2
,

which are complex layer sulfides, readily intercalate PEO by
treatment of the polymer in an aqueous solution. This is the
first reported evidence of the usefulness of exfoliation and
flocculation methodology for preparing organic/inorganic
nanocomposites of composite layer structure such as misfit
layer chalcogenides. This new class of nanocomposite is
quite stable; the study of its electronic properties may help
answer some questions about this incommensurate struc-
ture (particularly the nature of the chemical bonds between
MX and ¹X

2
slabs, which is at the origin of its stability).
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