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The synthesis of [Al13O4(OH)24(H2O)12]xMS2 (x 5 0.02–0.05,
M 5 Mo; x 5 0.02–0.055, M 5 W) was accomplished by a pre-
cipitative encapsulation technique using single layers of MS2.
The products were characterized by powder X-ray diffraction,
energy dispersive spectroscopy (EDS), thermal gravimetric anal-
ysis (TGA), 27Al MAS-NMR, room temperature electrical
conductivity measurements, and surface area measurements.
Powder X-ray diffraction patterns show an expansion of approx-
imately 9.9 As . 27Al MAS-NMR indicates that the cluster is intact
between the MS2 layers. One-dimensional electron density map-
ping and Rietveld refinement performed on the powder diffrac-
tion data show that the cluster is oriented with its C3 symmetry
axis perpendicular to the layers. The samples exhibit conductiv-
ity values from 3 to 14 S/cm. TGA shows that the cluster is
completely stable to 100°C, and largely stable to 330°C. Surface
area measurements suggest that the space between the clusters is
not accessible. ( 1998 Academic Press

Since Barrer and MacLeod reported the first pillared
species in 1955 (1), much effort has gone into the develop-
ment of microporous materials for use as size-selective mo-
lecular sieves and catalysts. Zeolites and pillared clays have
been studied extensively for these applications (2, 3); how-
ever, these materials are insulators. Because WS

2
and MoS

2
have interesting electronic and optical properties, pillared
WS

2
and MoS

2
may be useful for unique applications

similar to but distinct from the applications for zeolites and
pillared clays. The availability and relatively low cost of
MoS

2
make it an especially desirable chalcogenide host.

The practical applications of MoS
2
itself are quite diverse.

These include use as a solid lubricant (4), a catalyst (5), and
a host material for solid state batteries (6). MoS

2
has been

intercalated with a variety of compounds, including poly-
mers (7, 8), small organic molecules (9), and inorganic com-
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plexes such as ferrocene (10) and the cobalt clusters Co
6
Q

8
(PR

3
)
6

(Q"S, Se, Te; R"alkyl) (11). WS
2

is isostructural
to MoS

2
, with similar intercalation chemistry, although less

well explored (12).
Despite the considerable intercalation history of layered

dichalcogenides, microporous pillared chalcogenides have
not been reported to date. The intercalation of TaS

2
with

Al
13

O
4
(OH)

24
(H

2
O)7`

12
and the iron cluster Fe

6
S
8
(PEt

3
)2`
6

has been achieved, but no information about the porosity of
these materials is reported (13). Intercalation of the
Co

6
Q

8
(PR

3
)
6

clusters into MoS
2

increase the surface area
three- or fourfold, but TEM studies show that the lamellar
expansion due to the clusters is localized (14). We have
chosen to explore Al

13
O

4
(OH)

24
(H

2
O)7`

12
as a pillaring

agent for MoS
2

because of its successful history as a pillar-
ing agent for clays (3, 15), and because alumina-supported
MoS

2
is used as a catalyst for hydrodesulfurization (5).

The preparation of the samples was conducted as follows:
LiMS

2
(M"Mo, W) (16) was exfoliated (17) in deionized,

deoxygenated H
2
O via a redox reaction, generating single

layers, lithium hydroxide, and hydrogen gas:

LiMS
2

(s)#H
2
O (l)PMS

2(4*/'-% -!:%34)
#LiOH(aq)

#0.5H
2

(g) [1]

Eq. [1] has been proposed for the exfoliation of MS
2

by
Divigalpitiya et al. (9). The exfoliated suspension was centri-
fuged and rinsed three times in order to reduce the pH of the
solution to about 7, then resuspended in H

2
O. This suspen-

sion was added to various amounts of an (approximately)
0.03 M solution of [Al

13
O

4
(OH)

24
(H

2
O)

12
]Cl

7
in H

2
O

(18). After stirring for several hours the product was isolated
via centrifuge, rinsed, and dried on a glass slide (19). The
product was a shiny film which could be scraped off the
glass and ground to a fine black powder.

The predominance of the 00l reflections in the X-ray
powder diffraction pattern indicates that the layers are well
oriented, with a typical expansion of about 9.9 As (see Fig. 1).



FIG. 1. X-ray diffraction patterns of (a) [Al
13

O
4
(OH)

24
(H

2
O)

12
]
0.05

MoS
2

and (b) [Al
13

O
4
(OH)

24
(H

2
O)

12
]
0.055

WS
2

used for electron density
maps and Rietveld refinements. Strong preferential orientation of the
samples leads to the observation of only the 00l reflections.

ENCAPSULATIONS OF CLUSTERS INTO MoS
2

AND WS
2

23
This value is consistent with the dimensions of the cluster,
which are about 10.2 As along the C

3
symmetry axis, 11.5 As

along one C
2

symmetry axis, and 12.8 As along the other
C

2
axis (average diameter 11.5 As ) (see orientations A, B, and

C, respectively, in Fig. 2). Our observed expansion suggests
that the cluster is oriented with its C

3
axis perpendicular to

the layers.
After conversion to the oxide (31), loadings of the cluster

were calculated using energy dispersive spectroscopy (EDS)
to quantitate an Al :Mo ratio. The observed values ranged
from [Al

13
O

4
(OH)

24
(H

2
O)7`

12
]
0.02

MoS
2

to [Al
13

O
4
(OH)

24
(H

2
O)7`

12
]
0.05

MoS
2
. The theoretical maximum loading of

the cluster (if one assumes hcp packing of the spheres) is
[Al

13
O

4
(OH)

24
(H

2
O)7`

12
]
0.06

MoS
2
. Conversion to oxide

was not necessary for samples containing WS
2
, and compa-

rable stoichiometries (up to [Al
13

O
4
(OH)

24
(H

2
O)7`

12
]
0.055

WS ) were observed by EDS.

2

Lithiated and exfoliated MoS
2

was presumed to be neu-
tral because it is possible to intercalate neutral molecules (9).
One surprising discovery was that no chloride is detected in
the samples by EDS. It appears that this cation intercalates
without its chloride anion. The strong intensity of reflec-
tions, the relatively high degree of order, and the ease of
encapsulation of the cation seem to indicate that the MoS

2
and WS

2
have some negative charge. This would explain the

driving force for the intercalation. We have observed inter-
calation of other cations without anions, consistent with
a negative charge on the layers (21). The observed loadings
of the cluster, presuming no change in its charge, suggest
that the negative charge on the layers is between 0.1 and 0.4.
This wide range of possible negative charge suggests that the
charge on the aluminum cluster may vary, depending on the
loading. Studies to probe the ionicity of the layers in detail
are in progress.

In order to probe the structure and orientation of the
encapsulated cluster, one-dimensional electron density
mapping calculations were carried out on samples of the
cluster in MoS

2
and WS

2
, prepared using excess cluster to

generate particularly well-ordered materials (22). The elec-
tron density maps were obtained using the equation [2]

o(z)"(1/c)[2+F
l
cos(2nlz)], [2]

where c is the c-axis, F is the structure factor, and z"
!0.2—1.2 in increments of 0.01. Sixteen 00l reflections were
used in the calculations for the sample containing MoS

2
and

eighteen 00l reflections for the sample containing WS
2
.

Comparison of the observed data to theoretical data for the
intercalated cluster in three possible orientations (depicted
in Fig. 2) for both samples supported the initial supposition
that the cluster is oriented with its C

3
axis oriented perpen-

dicular to the layers in both hosts (see Fig. 3). This orienta-
tion has been observed in clays with an expansion of 9.6 As
(23). In this orientation, qualitatively one would expect to
see four peaks for the four planes containing oxygen atoms
interspersed with three, somewhat weaker peaks corre-
sponding to the less densely occupied aluminum-containing
planes. The electron density map calculated from the dif-
fraction data for MoS

2
(Fig. 3a, pattern O) matches the

calculated pattern for orientation A in Fig. 2 (Fig. 3a, pat-
tern A) in shape and location of peaks, although two peaks
from the aluminum planes seem enhanced and two of the
oxygen planes seem weak in the experimental pattern. Both
the locations and intensities of the peaks for orientations
B and C do not match the pattern calculated from the
diffraction data. The data from the cluster in WS

2
also

matches orientation A, but in this case both the patterns
from the diffraction data (O) and for the theoretical pattern
(A) have somewhat asymmetric peaks for two of the oxygen
planes (Fig. 3b). The peaks for the sulfur atoms are split due
to a combination of a dynamic range problem between the



FIG. 2. Three possible orientations of the cluster between the layers.
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heavy tungsten and lighter sulfur (i.e., the very strong atomic
scattering factor of W), and a Fourier truncation caused by
the use of a finite number of reflections.

In order to confirm the cluster orientation found from the
analysis of the electron density maps, a Rietveld refinement
of the three structural models was carried out using the
program FULLPROF (24) on the powder X-ray diffraction
data from intercalated WS

2
. The cautious application of the

Rietveld method, which uses the raw experimental diffracto-
FIG. 3. One-dimensional electron density maps of (a) [Al
13

O
4
(OH)

24
(H

labeled (O) were generated from the diffraction data. The remaining pattern
Fig. 2. Orientation (A) matches best with the experimental data for both sam
gram and does not require extensive and error-prone data
treatment, seems to be a straightforward and efficient way to
discriminate among various models of cluster orientation. It
is not subject to some of the problems of electron density
mapping, such as series termination errors and lack of
resolution due to an insufficient number diffraction peaks.
Furthermore, it is possible to exclude the first diffraction
peaks, which are most affected by systematic errors in the
geometrical factor because of the high degree of preferred
2
O)

12
]
0.05

MoS
2

and (b) [Al
13

O
4
(OH)

24
(H

2
O)

12
]
0.055

WS
2
. The patterns

s were calculated from three possible orientations of the cluster depicted in
ples.
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orientation. In electron density calculations, the absence of
those peaks could preclude the interpretation of the result-
ing map (25). The experimental data were fit with the Pear-
son VII peak profile function, and a model for the
asymmetry of the peaks was included (26). Sixteen 00l reflec-
tions were used, falling within the range 13.5°42h4125°,
with a step size of 0.16°. Owing to the small number of
Bragg peaks in the diffraction pattern, the number of free
structural parameters was kept to a minimum (27). The
results of the refinements are summarized in Table 1. The
WS

2
column corresponds to a model without cluster. Ori-

entation B, giving worse results than the WS
2

host alone, is
clearly to be rejected. Orientation A, which was favored by
the electron density maps, gives better results than orienta-
tion C. There is almost certainly water between the layers as
well; however, while including ordered water in the models
improves the correlation between the theoretical and experi-
mental patterns, it does not change the relative ranking of
the models. A larger d spacing (11 As ) and electron density
mapping calculations indicate that the cluster has a different
orientation (B in Fig. 2) in MoO

3
(30).

Thermal gravimetric analysis under nitrogen shows con-
tinuous gradual weight loss with an inflection point around
300°C. Powder X-ray diffraction indicates that the cluster is
intact after heating to 120°C. After heating to 280°C and
330°C the cluster is still present in the sample, but the
material does not diffract as well and a ‘‘restacked’’ peak at
6.1 As begins to appear. On heating the sample to 650°C the
cluster degrades and the layers collapse, resulting in a
material with a d-spacing only slightly larger than the
restacked, unintercalated material. For [Al

13
O

4
(OH)

24
(H

2
O)

12
]
0.04

MoS
2
, there are about 0.72 water molecules

per molybdenum (about 20 per aluminum cluster) (32).
TABLE 1
Summary of the Rietveld Powder Refinement on

[Al13O4(OH)24(H2O)12]0.055WS2

WS
2

Orientation A Orientation B Orientation C

R
81

12.0% 7.8% 13.6% 9.4%
s2 29.1 12.9 37.6 17.7
R

-
13.6 5.8 16.1 7.3

d
DW

0.170 0.391 0.135 0.271
z
S

0.095(3) 0.096(1) 0.094(3) 0.096(1)
*z

#-645%3
— 0.010(6) 0.005(5) 0.031(7)

Note. R
81

is the weighted agreement factor based on the observations,
s2 is the goodness of fit, R

-
is the agreement indices based on ‘‘observed’’

integrated intensities, and d
DW

is the value of the Durbin-Watson statistic
(28), an indicator of the degree of correlation among the residuals. *z

#-645%3
is the displacement of the center of the cluster from its original position at
z"1/2. The standard deviations given by the refinement program are
typically underestimated and they were multiplied by a scale factor in order
to make them more realistic (29).
Surface area measurements of the samples were conduc-
ted; all exhibited low surface areas (e.g., 9.4 m2/g) relative to
restacked MoS

2
(10 m2/g). Drying in a vacuum overnight

over P
2
O

5
, soaking in ethanol and critical point drying in

CO
2
, and heating to 100°C, 120°C, or 300°C in flowing

nitrogen or vacuum did not improve the surface areas of the
samples. For one sample heated to 120°C, the vacuum in the
outgassing apparatus even reached &10~5 torr, and pow-
der X-ray diffraction after the measurements showed little
change in the d-spacing, but the surface area was no better
than restacked MoS

2
. Given that there is sufficient space

between the clusters to accommodate intercalated water
molecules, even in the most fully loaded samples that have
been observed, it is surprising that the surface area values of
the materials are not better than restacked MoS

2
. This

finding indicates that the volume vacated by the departing
water molecules becomes inaccessible to the nitrogen mol-
ecules (34).

The electrical conductivity of thin films of the materials,
dried on glass microscope slides, was measured. If measured
within 24 h of the exfoliation, the conductivity of the cluster
intercalated MoS

2
ranges from 3—14 S/cm. The metallic

properties of these samples can be attributed to a phase
transition in MoS

2
on lithiation (33).

MAS-NMR 27Al spectra of several samples with various
loadings of cluster exhibited a peak at about 64 ppm corres-
ponding to the tetrahedral aluminum at the center of the
cluster. This peak has been observed by others who have
intercalated the cation into various hosts and is found in the
sulfate salt of the unintercalated cluster (10, 15). The spectra
also exhibit a broad peak centered around 0 ppm which can
be attributed to octahedral aluminum.

In conclusion, we have seen through X-ray diffraction,
MAS-NMR, and EDS that Al

13
O

4
(OH)

24
(H

2
O)7`

12
interca-

lates into MoS
2

and WS
2
. The cation appears to intercalate

without its anion, suggesting a negative charge on the
layers. Electron density mapping and Rietveld powder re-
finement show that the cluster maintains its structural integ-
rity while encapsulated and is oriented with its C

3
symmetry

axis perpendicular to the layers. The materials are conduc-
tive and thermally stable up to 280°C. Applications for this
material will be explored.
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