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Molybdenum cations containing the MoClg cluster core have been intercalated in montmorillonite.
Cluster ions of the type [MosClg(H,0)_,(OH),]-* were formed by argentometric titration of (Mos
Clg]Cl, - 2H,0 to remove the four terminally bonded chlorines. At pH = 1.5 the clusters occupy the
gallery region between the silicate layers of montmorillonite by displacement of Na*. The relationship
between Na* released and cluster bound indicates the cluster intercalates mainly as monopositive
cations (n = 3), along with some dipositive cations (n = 2). As the cluster loading approaches the
cation exchange capacity of the clay, the gallery acidity decreases and additional cluster binds as
neutral molecules with n = 4. Thus the maximum cluster loading (80 mmoles/100 g) exceeds the value
expected on the basis of ion exchange alone (60 mmoles/100 g). The gallery height of 7.3 A for the new
intercalate is compatible with the C, axis of the Mo¢Cl; core being oriented perpendicular to the silicate
layers. Thermolysis of the intercalated clusters at 240°C results in the oxidation of the intercalated
clusters to molybdenum oxide. Cluster decomposition is accompanied by the collapse of some gal-
leries, while others remain propped open by 3.9 A. The latter value corresponds to two layers of
oxygen in the galleries. Thus the oxide is nonuniformly distributed on both the internal and external

surfaces of the clay. Complete gallery collapse is observed at 300°C.

Introduction

We have recently demonstrated that cat-
ionic metal cluster complexes of the type
MCl (M = Nb, Ta; n = 2,3) can be in-
tercalated in montmorillonite and related
smectite clays by ion exchange for inter-
layer sodium (/). Moreover, the interca-
lated clusters could be oxidized by water to
small metal oxide aggregates which func-
tion as 10-A pillars within the clay galleries.
The results suggested that metal cluster
complexes might provide a versatile route
to new families of pillared clays (2).
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In the present work we have extended
the concept of utilizing halogenated metal
ciuster complexes as pillar precursors. The
complexes of interest here are [Mog
Clg(H,0)6-,(OH),]4"* species derived
from (MogClg)Cl, - 2H,0 as the source of
the metal cluster core. Our main objectives
were to elucidate the mode of binding of the
cluster cations to montmorillonite and to
examine their in situ oxidation to small mo-
lybdena aggregates.

Experimental

Materials. Na*-montmorillonite was ob-
tained in a spray-dried form from the
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FiG. 1. Conductometric titration of 6.9 X 1075 M
AgBF, in 93 : 7 (v/v) methanol-water solution with 6.0
X 1074 M (MocClg)CL, - 2H,0 in absolute methanol.

Source Clay Repository, University of Mis-
souri. A 1.0 wt% suspension of the clay in
water was allowed to sediment 24 hr to re-
move carbonate and other dense impuri-
ties. The suspended clay fraction was col-
lected by centrifugation and resuspended in
1.0 N NaCl to ensure complete exchange to
the sodium form. The clay was then washed
free of excess salt and lyophilized. The av-
erage of five independent chemical analyses
for Na*, AP+, Fe**, Mg?* and Si** corre-
sponded to the anhydrous unit cell compo-
sition  Nag so[ Al 11 Mgo s0F€0.40](Si7.91Alp.09)
O,0(OH),. Analysis of the Ni?* exchange
form indicated the cation exchange capa-
city to be 60.2 meq/100 g of air-dried clay.
(MoeClg)Cly - 2H,O was prepared by the
reduction of MoCls with Mo according
to the procedure described by Nanelli
and Block (3).

Hydrolysis of (MogCl)Cly - 2H,0. The
four terminal chloride atoms in (Mo
Cly)Cl, - 2H,0 were removed by the reac-
tion with Ag* using a modification of the
method of Cotton and Curtis (4). As shown
in Fig. 1, the conductometric titration of
AgBF, with Mo¢Clg)Cl4 - 2H,0 in metha-
nol/water indicated the reaction to be stoi-
chiometric. In a typical preparative reac-
tion 1.00 g (9.64 X 10~* mole) of (Mog
Clp)Cl, - 2H,0 was dissolved in 940 ml of
boiling reagent grade absolute methanol.
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The clear yellow solution was cooled and
added dropwise to a stirred solution con-
taining 0.800 g (3.86 x 1073) of AgClO, dis-
solved in 795 ml of 93 voi% methanol. The
presence of some water was necessary to
avoid precipitation of the cluster. The reac-
tion mixture was protected from the light
and stirred 30 min. The white AgCl precipi-
tate was removed by centrifugation and the
clear yellow supernatant was diluted with 5
liters of distilled water. The volume of solu-
tion was then reduced to about 1.0 literon a
rotary evaporator to decrease the concen-
tration of methanol. The stock solution was
stored for extended periods by adjusting
the solution pH to 10.5 with NaOH to form
the MosClg(OH)Z~ anion and refrigerating at
4°C.
[MogCls(H,0)¢_,(OH), )4~ -montmoril-
lonite. Binding of the hydrolyzed molybde-
num cluster to Na*-montmorillonite was
accomplished in acidic solution. In a typical
preparative experiment, 150.0 mg (9.03 x
10~2 meq) of Na™-montmorillonite was sus-
pended with stirring in 200 ml of distilled
water. To this suspension was added 10.5
x 1072 mmole of cluster cation from the
stock solution described above. Distilled
water was added to adjust the cluster solu-
tion concentration to 5 X 10~> M and the
pH was adjusted to 1.5 by the dropwise ad-
dition of 0.1 N HCIOy4. The bright yellow
flocculated clay was agitated ultrasonically
for 3 min, separated from the clear super-
natant solution by centrifugation, washed
with distilled water until the wash super-
natant was at pH 7.0, and lyophilized.
Molybdena pillared montmorillonite.
The molybdenum oxide interlayed mont-
morillonite was prepared from a metal clus-
ter intercalate containing 53.6 mmoles of
cluster/100 g of clay. Preliminary thermal
treatment at 130 and 200°C for 24 hr at each
temperature under vacuum was carried out
to limit the amount of water present in the
sample. This is an essential step in the reac-
tion sequence. Further thermal treatment
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of the intercalate at 280°C in vacuo pro-
duced the molybdenum oxide interlayered
montmorillonite. Chemical analysis of the
product indicates that no detectable
amount of chloride was present.

Physical methods. X-Ray diffraction pat-
terns were recorded on a Siemens X-ray
diffractometer by wusing nickel-filtered
CuKa radiation. Samples were prepared as
thin oriented films supported on glass
slides. UV-VIS spectra were obtained on
a Cary 17D spectrophotometer. Samples
were prepared either as solutions or as Nu-
jol mulis supported on quartz glass plates.
The spectra of mulled clay samples were
recorded with a similarly prepared Na*-
montmorillonite in the reference beam. IR
spectra were measured on samples pre-
pared in the form of KBr pellets by using a
Perkin—Elmer 457 spectrophotometer.

Conductometric titration. The conducto-
metric titration of AgBF, with (MosClg)Cl,
- 2H,0 was carried out by using a Beckman
Model RC 16BZ conductivity bridge with a
cell containing 1-cm? bright platinum elec-
trodes held approximately 1 cm apart. The
solution conductivity was multiplied by the
total solution volume in milliliters to com-
pensate for volume changes during titra-
tion. An equilibration time of 20 min was
allowed prior to each conductivity mea-
surement.

Elemental analyses. Inductively coupled
plasma emission analyses were performed
using a Jarrell-Ash Model 955 Autocomp
spectrophotometer. Clay samples were
fused in lithium metaborate at 1000°C and
the melt was dissolved in 0.1 N nitric acid.
A National Bureau of Standards clay sam-
ple (98a) was used as a calibration standard.
Analyses for Mo and Cl were performed by
Galbraith Laboratories, Inc., Knoxville,
Tenn.

Results

The molybdenum cluster in [MogClg]Cly
- 2H,0 consists of an octahedral Mog core
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with eight face-bridging chlorine atoms and
four chlorines and two water molecules
bonded to one metal atom in the cluster.
(MosClg)Cl, - 2H,0O exhibits insufficient
solubility in aqueous solutions to allow for
the efficient ion exchange reaction with
montmorillonite. Although the stability is
greater in absolute methanol, the cluster
shows little ability to bind to Na*-mont-
morillonite in this solvent. Presumably, the
degree of ionization of the terminal chlo-
rines on the cluster is low in methanol.

The removal of the four terminal halide
ligands in (MogClg)Cls - 2H,0 to produce a
cation cluster core is readily accomplished
by reaction with Ag*. This reaction is best
carried out by adding a solution of (Mo,
Cl3)Cl, - 2H,0 in absolute methanol to the
BF; or CiO; sait of Ag® dissolved in a
methanol solution containing 7 vol% dis-
tilled water (cf. Fig. 1). The presence of the
H,0 improves the stability of the cluster
by avoiding the precipitation of Ag,[Mog
CL]Cl, - nMeOH during the reaction (4,
5). Upon the removal of the four terminal
chlorides the cluster is sparingly soluble in
water. Therefore, the cluster solution was
diluted with water, and the methanol con-
centration was lowered by use of a rotary
evaporator.

The binding of the cluster cations to Na*-
montmorillonite is strongly pH dependent,
the degree of binding increasing with de-
creasing pH. Quantitative studies of cluster
binding were performed at a pH of 1.5
(HCI10,) and at cluster solution concentra-
tions below 1.5 x 10~3 M. The low concen-
tration of the cluster was necessary to
avoid cluster precipitation upon acidifica-
tion. Ultrasonification of the reaction mix-
ture helped to produce intercalated prod-
ucts that were more uniform in appearance
and possessed better layer stacking order
as shown by X-ray diffraction.

The binding of the molybdenum cluster
cation to montmorillonite was examined by
measuring the equivalents of sodium liber-
ated vs the number of moles of cluster
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FiG. 2. Release of Na* upon binding of [Mog
Cl(H,0)-,(OH),]*"* to montmorillonite at pH =
1.5.

added to solution at a pH of 1.5. This rela-
tionship is shown in Fig. 2. The uptake of
the cluster by the clay is essentially quanti-
tative over the range 0—80 mmoles of clus-
ter. The sodium release plot shows an ini-
tial linear portion with a slope of 1.1 + 0.2
of Na*/mole cluster. This result is indica-
tive of the initial uptake of mainly mono-
positive and some dipositive clusters of
the type [MogCls(H,0)s-,(OH),J4""* with
n = 2,3. At cluster loadings beyond ap-
proximately 80% of the cation exchange
capacity of the clay (i.e., 60 mg Na*/100 g),
the slope of the Na* release plot begins to
decrease. The binding of the cluster up to
the limit of 80 mmoles/100 g of clay is then
observed.

Although the uptake of the cluster is es-
sentially quantitative at pH 1.5, some of the
molybdenum can be washed free at pH 7.0.
Chemical analysis indicates that mont-
morillonite that had quantitatively taken up
70 mmole cluster/100 g of clay retains only
54 mmoles of cluster/100 g after repeated
washes at pH 7.0. This product was used
for all further experiments. The chemical
analysis also indicates that greater than
99% of the gallery sodium ions are dis-
placed by the reaction with the cluster and
that 0.39 mole of cluster are bound per unit
cell. This loading corresponds to an aver-
age charge of +1.3 per cluster cation.

The X-ray diffraction pattern of mont-
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morillonite containing 54 mmoles of cluster
per 100 g of clay is shown in Fig. 3. The
pattern exhibits 001 and 003 diffraction
peaks which indicate a basal spacing of
about 16.6 A. A weak 002 peak, somewhat
obscured by the 001 reflection, is skewed
toward lower spacings. This asymmetry in-
dicates that not all galleries are uniformly
occupied by the cluster, although sufficient
interlayer ordering exists to allow three or-
ders of 00! reflection.

The IR spectrum of the intercalate is
shown in Fig. 4, along with the spectra for
Nat-montmorillonite, and the intercalate
after thermal treatment. The absorption
due to the Mo—Cl stretching vibrations (6,
7) is visible for the intercalate near 320
cm™!, indicating that the intact cluster is
present in the intercalate. No bands associ-
ated with ClO; are observed, indicating the
absence of cationic cluster perchlorate pre-
cipitated onto the clay surfaces.

The UV-VIS spectrum of (MogClg)Cl, -
2H,0 in methanolic solution, together with
the spectrum for a Nujol mull sample of the
clay-intercalated cluster, are shown in Fig.
5. The cluster absorption shows a batho-
chromic shift upon displacement of the ter-
minal chlorides. The intercalated cluster
has a maximum absorbance at approxi-
mately 410 nm, which correlates with the
hexahydroxo cluster as shown by Sheldon

&).
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FiG. 3. X-Ray diffraction pattern (00/ reflection) for
an oriented film sample of [MogCly(H,0)_,(OH), 4~
montmorillonite. The loading is 54 mmoles of cluster
per 100 g of clay.
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Fi1G. 4. Infrared spectra (1000-250 cm™! for (A)
Na*-montmorillonite, (B) [MosClg(H,0)s-,(OH), 4"+
montmorillonite, and (C) the clay-intercalated cluster
after thermolysis at 280°C.

In an attempt to convert the cluster cat-
ion to polyoxometal aggregates, the in situ
thermolysis of the intercalated molybde-
num cluster was performed in a manner
analogous to that developed for the thermo-
lysis of related niobium and tantalum clus-
ter intercalates (/). A thermal sequence of
130°C (24 hr) and 200°C (24 hr) was used to
limit the amount of intercalated water, and a
final step at 280° (24 hr) was used to pro-
mote the decomposition of the cluster. A
color change from bright yellow to tan is
normally observed at the latter tempera-
ture. However, some samples showed a
color change to blue (Ayax = 730 nm) indi-
cating the formation of molybdenum blue.
In the latter case the galleries are collapsed
with doo; = 10 A. The formation of the blue
products appeared to be related to inade-
quate predrying steps. Only the tan prod-
ucts were studied further.

The IR spectrum of the thermolysis prod-
uct shown in Fig. 4C clearly indicates the
appearance of a band near 900 cm™! attrib-
utable to Mo=0 stretching (9). Also the
Mo—Cl stretching band (6, 7) near 320
cm~! characteristic of the halogenated clus-
ter (Fig. 4B) is lost on thermolysis. The X-
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FiG. 5. UV-VIS spectra for (A) (MosClg)Cl, - 2H,0O
in absolute methanol and (B) [MoClg
(H,0)¢_.(OH),]*-"*-montmorillonite as a Nujol mull
suspended between quartz glass plates.

ray diffraction of the thermolysis product is
shown in Fig. 6. The presence of two
phases with basal spacings of 9.8 and 13.2
A is indicated. The former phase is indica-
tive of the nearly complete breakdown of
the cluster and the collapse of the host lay-
ers to within van der Waals contact. Calci-
nation of the thermally treated intercalate
at 300°C (5 hr) results in the formation of a
single, collapsed phase with a basal spacing
of 9.8 A.

Discussion

The terminal chlorines in [MogClglCly -
2H,0 are not easily displaced by water or
methanol, but they can be removed by stoi-
chiometric argentometric titration accord-
ing to

98 |3r.22l
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F1G. 6. X-Ray diffraction pattern (CuKa) of an ori-
ented [Mo¢Cls(H;0)s.- ,(OH),)4-"*-montmorillonite
film after thermolysis at 280°C.
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4Ag* + [MogClgCl, - 2H,0 220,
4AgCI(s) + [MogClg(H,0)-,(OH),J¢-m+
(1

For instance, Cotton and Curtis have pre-
pared shock sensitive [MogClsLg][Cl1O4]4
salts and [MogClsL¢][CH1SO5]4 salts by re-
moving terminal chlorides through precipi-
tation with Ag*. Also, MosClsBr, - 2H,O
has been prepared via a similar route (5).
The addition of a methanolic solution of
[{MosCL]Cl, - 2H,0 to Ag* saits of ClO; or
BF; typically result in the formation of
yellow precipitates of Ag[MosCls]Clg -

nMeOH. Our results indicate that the ad-
dition of 7% H,0 (v/v) to the methanolic
silver solution eliminates this precipitation
problem. Presumably, the H,;O occupies
the terminal sites and partly dissociates to
H* and bound hydroxide.

The removal of the terminal chlorine at-
oms leads to measurable acid/base chemis-
try for the cluster cation. Sheldon (10) stud-
ied the acid titration of the alkaline species
[MocClIg(OH)s]>~ and determined a pH
curve in the presence of Cl- which finally
ended with the formation of a [Mo¢Clg)
(OH), - nH,0 precipitate near neutral pH.
It is our experience that the metal cluster
is sufficiently soluble in water at acid pH to
utilize the acid/base reaction of the termi-
nally bound water molecules and promote
the formation of a soluble cationic molyb-
denum cluster which can ion exchange for
Na* in montmorillonite.

The initial slope of the Nat release vs
cluster bound curve shown in Fig. 2 is con-
sistent with the interaction of mainly mono-
positive (n = 3) and some dipositive (n =
2) cluster ions in the galleries of mont-
morillonite. The reaction is described in-
Eq. (2), where the horizontal lines iden-
tify the intercalated species:

[MoeClg(H20)6_,(OH),]¢-"* + Na* —
[MoCls(H;0)_,(OH),J4-m* + Na*

)
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At low cluster concentrations the predomi-
nant binding reaction between the clay and
the cluster is through ion exchange. At
higher ratios of cluster to clay equivalents,
the cluster continues to bind to a limit of
approximately 80 meq/100 g, even though
all Na* ions have been displaced from the
galleries. This behavior is apparently the
result of binding of the neutral cluster as the
tetrahydroxo MogsCls(OH)4(H,0), species.
Binding of the neutral cluster could occur
through hydrogen bonding to the clay
sheets or through physical adsorption. We
have previously attributed similar bonding
behavior at high loadings in the case of
[NbsCl2(H,0)6]2+3+ to a decrease in gallery
acidity (increased complex hydrolysis) with
increasing loading.

At apH of 1.5 and a loading of 70 mmoles
of cluster/100 g of clay, essentially all of the
Na™ initially present in the galleries has
been displaced. However, the cluster load-
ing can be reduced from 70 to 54 mmoles/
100 g by washing with water. This further
suggests that the cluster bound in excess
of the cation exchange capacity (approxi-
mately 50 meq/100 g), most likely is present
as neutral MoCls(OH),(H,0), aggregates.
This explanation is favored over the alter-
native possibility of cluster-perchlorate ion
pairing in the galleries, because the infrared
data do not support the presence of per-
chlorate.

The X-ray results for the cluster-interca-
lated phase are indicative of a dy; spacing
of 16.6 A or a gallery height of 7.3 A. This
latter value is compatible with the presence
of two layers of chlorine, the C, axis of the
MoClg core being oriented perpendicular
to the silicate layers. The terminal OH or
H>O groups colinear with C; are smaller
than the space-filling chlorine atoms and
are presumably partially keyed into the
hexagonal cavities of the layers. A sche-
matic illustration of the intercalated com-
plex is shown in Fig. 7.

The thermolysis results show that the in-
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Fi1G. 7. Schematic illustration of the orientation of
[MoClg(H;0)s-.(OH),]4~»* cations in the galleries of
montmorillonite. The terminal H,O and OH ligands on
the molybdenum atcms are omitted for clarity.

tercalated clusters undergo reaction at
240°C with the loss of chloride and the de-
struction of the Mog cluster core. The cluster
decomposition is accompanied by the col-
lapse of some clay galleries (dyy; = 9.8 A),
but others remain propped open by approx-
imately 3.9 A (cf. Fig. 6). The 3.9-A gallery
height for the intercalated phase is consis-
tent with the presence of two layers of oxy-
gen. The loss of chloride and the appear-
ance of the 900-cm™! band in the IR
spectrum of the decomposition product at-
tributable to a Mo=0 stretching vibration
(cf. Fig. 4) are strongly suggestive of the
formation of a molybdenum oxide. How-
ever, this oxide is most likely distributed
both within the galleries of the pillared
phase and on the external surface of the
collapsed phase. Previous solution studies
by Sheldon (/0) have shown that the bromo
and chloro molybdenum clusters undergo
stepwise substitution of face-bridging ha-
lides during the initial stages of alkaline
hydrolysis. Continued substitution beyond
four face-bridging halides resulted in the
decomposition of the cluster by redox reac-
tion with water to produce a molyb-
denum(V) oxide, water, and H; gas. We
presume that an analogous redox reaction
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operates in converting the intercalated
chlorocluster to molybdenum oxide.

Heating the molybdena pillared phase to
300°c results in the collapse of all galleries.
In contrast, niobia and tantala pillared clays
prepared by an analogous metal cluster
route (1) are stable to 400°C. The thermal
instability of the molybdenum analog may
limit the catalytic utility of this pillared
phase. However, it may be possible to sta-
bilize the pillared products by utilizing clay
hosts which are capable of coupling to the
gallery oxide aggregates by reaction with
aluminum or silicon centers in the tetrahe-
dral sheet. For instance, recent MAS-NMR
studies (I/4, 15) of alumina pillared clays
indicate that the layers of montmorillonite
retain their constitution at elevated temper-
ature (350°C). That is, the interaction be-
tween the oxide aggregates and the layers
involve either van der Waals interactions
or, more likely, dative bond formation be-
tween the siloxane oxygens of the layers
and coordinatively unsaturated metal ion
sites on the oxide aggregate. On the other
hand, related 2:1 layered silicate clays
such as beidellite or fluorohectorite react
with the gallery oxide by structure rear-
rangement of the silicate layers. The latter
crosslinked pillared clays tend to be more
stable than those formed with montmoril-
lonite. Future studies will address the pos-
sibility of chemically crosslinking the clay
layers with molybdena, niobia, and tantala
aggregates.

Acknowledgment

The partial support of this research by the National
Science Foundation through Grant CHE-8306583 is
gratefully acknowledged.

References

1. S. P. CHRISTIANO AND T. J. PINNAVAIA, [norg.
Chem. 24, 1222 (1985).
2. T. J. PINNAVAIA, Science 220, 365 (1983).



Mo INTERCALATION IN MONTMORILLONITE 239

. P. NANNELLI AND P. B. BLocCk, Inorg. Synth. 8, 9. P. C. H. MiTcHELL AND F. TRIFIRO, J. Chem.

170 (1976). Soc. (A), 3183 (1970).

. F. A. CorToN aND N. F. CuRrTIs, Inorg. Chem.4, [0. J. C. SHELDON, J. Chem. Soc., 1007 (1960).
241 (1965). 11. J. C. SHELDON, J. Chem. Soc., 3106 (1960).

. J. E. FErGusson, B. H. RoBinsoN, anD C. J. /2. J. C. SHELDON, J. Chem. Soc., 1287 (1964).
WILKINS, J. Chem. Soc. (A), 486 (1967). 13. 1. C. SHELDON, Chem. Ind., 323 (1961).

. F. A. CorToNn, R. M. WING, AND R. A. ZIMMER- /4. D. PLEE, F. BorG, L. GATINEAU, aND J. J. Fri-
MAN, Inorg. Chem. 6, 11 (1967). PIAT, J. Amer. Chem. Soc. 107, 2362 (1985).

. D. HARTLEY AND M. J. WARE, J. Chem. Soc. 15. T.J. PINNAvaIA, S. D. LaNDAU, M. S. Tzou, I.
Chem. Commun., 912 (1967). D. JoHNsON AND M. Lipsicas, J. Amer. Chem.

. J. C. SHELDON, Nature (London) 184, 1210 (1959). Soc., in press.



