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This article reviews the synthesis, characterization and ion-exchange, ion-transport,
sorptive, and catalytic properties of inorganically pillared layered metal(1V) phosphates,
typified by Zr(HPO,),-H,O. Porous nanostructures are generally prepared from metal(l1V)
phosphates either by ion exchange of polynuclear species or by intercalation from solutions
of condensed species obtained by the hydrolysis of organometallic precursors using sol—gel
methods, followed by thermal treatment to eliminate organic moieties, condense hydroxyl
groups, eliminate water, and consolidate the structure by grafting the pillar to the layer.
The different strategies devised to overcome the problem presented by the high layer charge
density of a- and y-structured phosphates in obtaining porous solids, including exfoliation
and local surface growth of pillaring ions, and modification of the zirconium phosphate matrix
to reduce the cation-exchange capacity, are described. Structural and textural characteristics
of Al, Cr, mixed Al-Cr, Fe—Cr, Ga—Al and of Si-pillared phosphates obtained from XAFS,
XPS, and MAS NMR are presented, and the perspectives of nanocomposite pillared layered
solids in general are discussed in the current context of mesoporous solids synthesized using

templating routes.

Introduction

Parallel to the development of new methods for zeolite
synthesis, other routes have been explored appropriate
for the synthesis of porous materials for use as catalysts
in the petrochemical and chemical industries and
separation technologies in particular. One of the most
important concerns the preparation of pillared layered
structures (PLS) derived from layered materials, mainly
clays,1=> but also including other hosts, such as nio-
bates,® silicic acids,” phosphates, and layered double
hydroxides.® A further alternative represented by the
MCMA41S family of mesoporous silicas® has led to an
enormous surge of interest in templating routes to
mesoporous solids in general.10

Pillared layered solids are formed by intercalation of
large polymeric inorganic cations in the interlayer
region of layered solids. After calcination, the precursor
cations are transformed to the respective metal oxide
nanoclusters, which prop the layers permanently apart.
The presence of inorganic species acting as pillars and
interacting strongly with the layers gives rise to ther-
mally stable materials of high surface area and pore
volume accessible for ion exchange, adsorption, and
catalysis. A broad spectrum of pillaring ions (Zr, Cr,
Al, Si, Fe, Ga, etc.)!! and a range of layered hosts
provides the opportunity in pillared layered chemistry
for creating numerous chemical combinations, the full
potential of which in designing active porous solids is
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only now being fully realized. In Europe, university and
industrial groups have been working together over the
past 4 years within the framework of a European Union
funded Concerted Action on Pillared Layered Struc-
tures!? (CEA-PLS) to explore new pillaring methods,
new host structures, new pillaring species, and new
techniques for the characterization of PLS and to
investigate the activity of PLS in catalysis and separa-
tion processes, their electrochemical activity, and their
use as template solids. Within the CEA-PLS, groups
at the Universities of Malaga and Montpellier and at
the CNR in Rome have developed the pillaring of
layered phosphates with inorganic species from the
pioneering work of Clearfield.'®> The use of phospho-
nates to produce organically pillared phosphates has
been largely developed in Europe by Albertil*15 and in
the US by Clearfield'617 and others!® and is not further
treated here in detail.

Metal(l1V) layered phosphates are unable to swell in
water, unlike smectite clays, and it is therefore neces-
sary to preswell them with alkylamines, alcohols, or
amino acids before intercalating large cations.’® The a
structure of zirconium phosphate (a-ZrP) delaminates
in water by addition of n-propylamine at 50% of the
saturation capacity to form stable colloidal suspen-
sions,2® which assists the intercalation of many large
cations capable of acting as pillaring agents.

Of the layered metal(1V) phosphates, o-ZrP has been
the most extensively studied, partly because its struc-
ture has been fully determined.?»?2 Layered metal (1V)
phosphates are good ion exchangers?® and host matrixes
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for the preparation of nanocomposite solids via the
intercalation of organic?* or inorganic species.l’® In
recent years, the modification of the interlayer region
of a-ZrP to give solids composed of alternating inorganic
and organic layers by intercalation/in situ formation of
organic polymers has also received significant atten-
tion.?5 Zirconium phosphate is also active as a cat-
alyst.26-29

A variety of different methods of pillaring have been
conceived according to the polymeric intercalant species
used. The preparation strategies for pillaring phos-
phates are discussed in this review. Characterization
of PLS is a major challenge requiring the use of a
number of complementary techniques. We describe
here approaches to the structural characterization of
some of the pillaring species present in the interlayer
region by using techniques such as X-ray photoelectron
spectroscopy (XPS), MAS-NMR, and X-ray absorption
spectroscopy (XAS), which supply information about the
chemical environment of metallic cations and, some-
times, on their interaction with the layer of the host
matrix. Some of the properties of the resulting pillared
materials, including their acid—base character, ion
exchange characteristics, and use as template solids are
presented in a final section.

Preparation and Characterization of Pillared
Metal(1V) Phosphates

Pillared Phosphates from Inorganic Pillar Pre-
cursors. Aluminum Oxide Pillared Metal(1V) Phos-
phates. Much attention has been paid to the prepara-
tion of pillared compounds using the Keggin-like ion
[A|O4A|12(OH)24(H20)12]7+, “A|13". It is one of the best
characterized oligomeric cationic species, both in the
solid state® and in solution.3! Clearfield and Roberts!3
first reported the pillaring of layered zirconium and
titanium phosphates (ZrP, TiP) with Ali3, which was
intercalated by contacting, at 70 °C, the n-butylamine
intercalates with a solution of basic aluminum chloride
hydroxide (from Reheis), known as chlorhydrol and
empirically formulated as Al;(OH)sCl. Most interca-
lated a-ZrP samples had interlayer distances (calculated
from the first observed 00l diffraction line) ranging
between 13 and 16 A; these were the expected values
considering that the Al ion can be described as a
prolate spheroid of dimensions ~9.5 x 7 A and that the
phosphate layer thickness is close to 6.3 A. However,
in some cases, highly crystalline a-ZrP formed interca-
lation compounds with interlayer distances of 24—30 A,
although after calcination at 400 °C all the o-ZrP phases
had low surface area (30—35 m2 g~1) and no capacity to
intercalate small polar molecules. These first alumina-
cross-linked phosphates were therefore nonporous
solids, in which the available interlayer space was
completely filled by the aluminum oxide pillars (“stuffed”
structures). Conversely, the analogous a- and y-pillared
titanium compounds showed high BET surface areas (up
to 183 m? g~1) as compared to the original phosphate
(~10 m2 g~1) and sorbed relatively large molecules. The
pore size distribution of pillared TiP is characteristic of
a mesoporous structure with a range of pore radii
between 10 and 100 A and an appreciable fraction of
micropores.

Pillaring of a-SnP with Al;3 was studied at room
temperature using aged solutions of AlICl3-6H,0 par-
tially neutralized with NaOH (Al;3 solutions) or solu-
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Figure 1. Evolution of the basal spacing with temperature
for aluminum oligomer intercalates: (A) a-SnP with buffered
acetate solution; (B) o-SnP with chlorhydrol solution; (C) o-ZrP

with fluorinated Al solution; (D) a-SnP with partially hy-
drolyzed solution.
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Figure 2. Pore size distributions of alumina pillared phos-
phates (samples as in Figure 1; r, = pore radius).

tions of chlorhydrol (Chlor).323% The phosphate was first
colloidized with n-propylamine and then n-propylam-
monium ions exchanged by tetramethylammonium ions
before contacting the phosphate with the oligomer
solution, in order to improve ordering in the pillared
materials. Greater retention of aluminum oligomer
occurred from chlorhydrol solutions. At the plateau of
the uptake curves, samples displayed interlayer dis-
tances of 17.7 A for Al;3—SnP precursors and 24.2 A for
Chlor—SnP precursors, compatible with a monolayer of
Alj; oligomers intercalated in Al;3—SnP and a bilayer
in Chlor—SnP, although, as revealed by 2’Al NMR
studies of chlorhydrol solutions,3* other aluminum spe-
cies might be also present in the latter. Nevertheless,
calcination of these two precursors at 400 °C leads to
materials with similar interlayer distances (about 12
A, Figure 1), which suggests that similar pillaring
species are formed. The interaction of alumina pillars
with the phosphate layer is so strong that no segrega-
tion of Al,O3 was observed beyond 400 °C, SnO; and
aluminum phosphate being identified by X-ray diffrac-
tion (XRD) after calcination at 1000 °C.

Alumina pillared o-SnP materials (precursors cal-
cined at 400 °C) have a BET surface area of 190—230
m?2 g1 and are mesoporous with a small fraction of
micropores (0.02 cm3 g=1). Most of the pores (>50%)
had radii in the range 15—40 A (Figure 2). Their
mesoporosity may originate from end-side particle
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interactions, a part of which could be internal pores
formed by cut layers owing to hydrolysis.

From calculations based on the dimensions of the Al
ion and the distance between fixed charges on the
phosphate surface (5.3 A for a-ZrP), it has been sug-
gested!®16 that this oligomer is too large to generate
interlayer porosity in a layered phosphate so resistant
to hydrolysis as a-ZrP and that the existence of porosity
in pillared tin and titanium phosphates is ultimately
due to the loss of phosphate because of their more
hydrolyzable nature. Indeed, the stability to hydrolysis
decreases in the order?!®

ZrP > TiP > SnP > PbP > GeP

However, it should also be taken into account that
pillared phosphates lose about 30% of the sample weight
as water upon calcination at 400 °C and, hence, a
considerable decrease in the lateral dimension of the
pillar would be expected in the process of its transfor-
mation to aluminum oxide. On the other hand, anti-
mony phosphate, HSb(PQO,)2, which has the same layer
structure as ZrP but with only half the exchangeable
hydrogen ions, also gives rise to stuffed products after
insertion of Al;z and thermal treatment.’® Clearly,
other factors, in addition to the loss of phosphate, affect
the porous nature of pillared phosphates.

One way to improve the interlayer porosity consists
of intercalating more extended oligomers than Al3, such
as Alyg, thought to form by condensation of two Al;s
ions,3® in order to reduce the strong interlayer contrac-
tion observed upon calcination. Performing the inter-
calation reaction under reflux and buffering with acetate
leads to more homogeneous o-SnP derivatives with
higher Al contents and d spacings reaching 30.3 A. The
resulting pillared materials showed greater free heights,3®
enhanced microporosity (>20%), and very narrow pore
size distributions, most of the pores being centered
between r, = 8.5-11.3 A (Figure 2).

27Al MAS NMR provided the first evidence that at
least part of the aluminum is intercalated as Al;3 ion
in a-ZrP by showing resonances characteristic of tetra-
hedral and octahedral sites.®” MAS-NMR studies of
alumina pillared o-SnP and a-ZrP have provided infor-
mation about the nature of the interaction of aluminum
species with the host (Figure 3). This interaction
produced a shift of the 31P signal toward higher field
positions. In addition to the resonance lines typical of
octahedral and tetrahedral aluminum, the 2’Al spectra
displayed a third resonance at 30—40 ppm that in-
creases in intensity after calcination at 400 °C, and it
was concluded that aluminum oxide pillars are cross-
linked to the phosphate layer through pentacoordinated
Al. The fact that larger displacements of the chemical
shift were observed for a-ZrP derivatives than for those
of a-SnP indicates that the interaction of aluminum
with the phosphate layer is stronger in a-ZrP. This
strong interaction could be responsible for the formation
of stuffed structures in o-ZrP.

These considerations led us to suppose that the
porosity of aluminum oxide pillared layered phosphates
is not only related to the hydrolytic stability of the
phosphate but also to the strength of the AI-O—-P
linkages formed between the interlayer aluminum oxide
and the layered matrix. Recently, it has been demon-
strated that the incorporation of F~ ions into the
framework of the aluminum oligomers by partially
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Figure 3. 3P and 7Al MAS-NMR spectra of (A) a-SnP; (B)
Al13—SnP; (C) sample B at 400 °C; (D) Alis—SnP, (E) sample
D at 400 °C; (F) a-ZrP; (G) CHL—ZrP; (H) sample G at 400
°C; (I) CHL—ZrP; (J) sample | at 400 °C.

substituting OH~ groups considerably reduces the in-
teraction of the aluminum oxide pillar with the layers
of a-ZrP and avoids rapid spreading of the aluminum
oxide throughout the interlayer upon calcination, since
the formation of AI-O—P linkages is substantially
decreased.

By contacting colloidal a-ZrP with a solution of Alyq4
and following consecutive reflux-hydrothermal treat-
ments in the presence of F~, a single-phase material
with basal spacing of 21.3 A (Figure 1) was obtained.38
Both the thermal stability and porous structure were
undoubtedly improved by this procedure as compared
to pillared compounds prepared by conventional meth-
ods. At 400 °C, the fluorinated alumina pillared o-ZrP
had an interlayer distance of 17.3 A (Figure 1), which
corresponds to a free height of ~11 A, a micropore
volume close to 0.1 cm3 g~1 and a very narrow pore size
distribution, centered at ca. 8 A radius (Figure 2). The
microporosity displayed by this product is of the same
order as that reported for pillared clays.?

It has been shown by XPS studies that the layer
structure is preserved after pillaring with aluminum
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Figure 4. N; adsorption/desorption isotherms and pore size
distributions of a chromia pillared a-ZrP material calcined at
two different temperatures (r, = pore radius).
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Figure 5. (a) Ols XPS spectra: upper, Cr,0z; middle, Cr-
pillared SnP; lower, o-SnP and (b) Zr3d XPS spectra: upper,
o-ZrP; lower, Cr-pillared ZrP.

oxides, since the binding energies of P2p and Zr3d are
coincident with those found for the pristine phos-
phates.®® This technique also allowed the formation of
side products, such as aluminum phosphate, to be ruled
out, at least up to 1000 °C. Measurements of the
modified Auger parameter for Al 40 showed values in
the range 1460.8—1461.1 eV, which are intermediate
between those of octahedral and tetrahedral aluminum
of well-characterized aluminosilicates, as a consequence
of the strong interaction established between aluminum
oxide and the phosphate layer.

Chromium Oxide Pillared Metal(1V) Phosphates. The
use of chromium acetate as a method for insertion of
Cr3* species into a layered phosphate was first demon-
strated by Bibby,*! and it has now been developed into
a general method 4243 of preparation of chromia pillared
materials by in situ polymerization of Cr(OAc); on a
delaminated host surface. Contacting chromium ac-
etate solutions with a-ZrNaH(PQOy)2-5H,0% or hexyl-
amine-o-ZrP16 intercalates gave rise to amorphous or
low d spacing pillared materials with BET surface area
<130 m? g 1. This may be due to the restricted
interlayer space of these moderately expanded exchang-
ers which impedes ordered hydrolysis of chromium
acetate and favors the formation of different interlayer
fragments. However, when chromium acetate was
refluxed with colloidal suspensions of n-propylamine
intercalated a-SnP or o-ZrP, ordered solids with a single
type of intercalated chromium oligomer were obtained.
When using this method to pillar antimony phosphate,
HSb(POQ,),, Clearfield et al.’6 obtained two types of
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Figure 6. (a) Fourier transformed XAFS spectra of chromia
pillared precursor phases with interlayer distances 17 and 34
A. (b) Comparison of the experimental (x) and calculated (—)
Fourier transformed spectra of chromia pillared ZrP calcined
at 400 and (c) 800 °C. (d) Near-edge region of (a, b)17 and 34
A precursor phases, (c, d) chromia pillared ZrP calcined at 400
and 800 °C, (e) Cr,03, and (f) KoCr;05.

chromia pillared materials depending on the chromium-
to-phosphate ratio in the initial reagent mixture, the
highest porosity material having a BET surface area of
132 m2 g~1 and a pore volume of 0.099 cm? g~1, of which
about 48% could be attributed to micropores. The
uptake curves of chromium in a-SnP** and a-ZrP*® hosts
are typical of species association occurring during the
exchange reaction as described by Giles et al.*¢ Depend-
ing on Cr/P ratios and Cr concentrations, a series of
polyhydroxy acetate—Cr3* intercalated precursor ma-
terials was obtained, with interlayer distances ranging
from 13.0 to 39.0 A. Calcination under N, at 400 °C
led to a chromia pillared materials with free heights of
3.5—20.5 A. These nanoscale oxide-pillared compounds
were predominantly mesoporous solids with micropore
contributions of 0.05—0.12 cm3 g~! and BET surface
areas of 200—390 m? g~1. The pore size distributions,
calculated using a cylindrical pore model,*” were very
narrow, and this observation together with the above
free heights is evidence in favor of some of the pores in
the internal surface being true mesopores. Calcination
of a-ZrP derivatives at 800 °C led to amorphous materi-
als, but with virtually the same narrow pore size
distributions and surface areas >200 m2 g~ (Figure 4).
This poses the problem of whether XRD alone is a useful
technique for the assessment of porosity induced by a
pillaring mechanism. The amorphous nature of the
porous chromia pillared phosphate may be rationalized
by assuming that it arises from end-to-end sintered
particles which are so small (<50 A) as to give only ill-
defined (“amorphous”) XRD patterns but yet do not
preclude long-range order. Alternatively, shrinkage of
the pillars at this high temperature may rotate adjacent
layers in opposite directions or otherwise cause mis-
alignment so destroying Bragg reflections.

X-ray photoelectron spectroscopy has been used to
examine the oxidation state and chemical environment
of the elements present on the surface of chromia-
pillared metal(IV) phosphates.?® The results confirm
that all the materials contain Cr(ll1) ions only in an
oxidic environment. Cr2p binding energies and the
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Auger parameter for oxygen shows the insertion of
chromium species into the phosphate network to form
single-phase materials, as previously inferred from XRD
studies; no separate Cr,O3; domains were present (Fig-
ure 5).

An X-ray absorption spectroscopic study provided
detailed information on the nature of the chromium
oligomers in the intercalated precursors and on the
environment of chromium in calcined phases.*® The
Fourier transformed EXAFS spectra of two intercalated
phosphate materials with basal spacings of 17 and 34
A, respectively, are shown in Figure 6a. For the less
expanded o-ZrP prepared at lower Cr/Zr ratios, the
EXAFS result is in agreement with the intercalation of
the cyclic trimer 1, whereas the use of a higher Cr/Zr

ratio in the synthesis leads to an intercalate with an
interlayer distance of 34 A, and for which EXAFS data
(coordination numbers, bond lengths) are consistent
with the presence of the open tetramer 2. After calcina-
tion, the environment of chromium, Figure 6b, is very
similar to that of a-Cr,O3 with, in addition, a phospho-
rus atom shell at a distance (3.25 A) compatible with
coordination of the pillar to the phosphate layer via Cr—
O—P bonds. This covalent bonding or cross-linking can
explain the high thermal stability of chromia-pillared
zirconium phosphate. After amorphization at 800 °C,
the pillar species can be described as an oxide—
phosphate nanoparticle with contributions to the
EXAFS from bidentate PO43~ groups, Figure 6¢. Nei-
ther the near-edge (Figure 6d) nor EXAFS regions
provides any evidence for the presence of CrV!, unlike
the conclusions of a previous XAS study on the insertion
of hydroxyoxychromium(l1l) cations into a bentonite
that the chromia pillars formed after calcination at 250
°C consisted of mixed valence Cr'''CrV! species.*® Here,
oxidation of Cr(I11) is more probably due to the presence
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of traces of manganese oxides in the bentonite host,°
rather than being a consequence of the pillaring proce-
dure.

Mixed-Metal Oxide Pillared Metal(1V) Phosphates.
The possibility of incorporating a large number of metal
cations in the pillaring oxide particle provide the op-
portunity of creating multifunctional catalysts. Few
metal cations form positively charged polymeric species
in solution before precipitation, but the use of such
mixed oligomer solutions has already permitted the
insertion of a wide variety of mixed oxides, mainly into
clays.51-54

Since Cr3* can form solid solutions with many other
cations and since chromium(lll) acetate solutions are
appropriate media for the in situ growth of oligomeric
species on the surface phosphate at controlled pH, three
different mixed M(111)/Cr(111) solutions: Al/Cr,5 Fe/Cr,56
and Ga/Cr5” were assayed as pillaring solutions. The
intercalation reactions of mixed oligomers were carried
out, at reflux temperature, using solutions buffered with
acetate at pH = 4—4.5. In addition to regulating the
pH, acetate forms part of the framework of the mixed
oligomers by acting as a bidentate ligand linked pre-
dominantly to chromium, and is easily eliminated by
thermal treatment to leave interlayer voids. Using XPS,
it was possible to determine the range of composition
in which mixed oligomers are intercalated (Figure 7).
For high M(I1D/Cr(111) ratios (>70/30), the bulk com-
position diverged from the surface composition as a
consequence of the different affinity shown by the
phosphate surface toward metal ions. Materials with
M(I1D/Cr(111) ratios >60/40 usually presented low sur-
face area and porosity, and this was interpreted as due
to the accumulation of one of the metal ions on the
phosphate surface which impeded the access of the
nitrogen molecules to the internal pores. Conversely,
materials with M(111)/Cr(111) ratios <60/40 were highly
porous solids. Binding energy measurements indicated
that the insertion of mixed oxides into the phosphate
matrix was topotactic and that strong interaction be-
tween the mixed oxide pillars and the phosphate surface
occurred, particularly in the case of Al/Cr pillared
compounds.

Calcination of the precursors was carried out under
nitrogen, in order to avoid any formation of Cr,O3 on
the external surface of the pillared materials, which is
produced by a triple oxidation—segregation—reduction
process of Cr(Ill). Only samples with high Fe(l11)/Cr-
(1) ratios presented a shoulder in the XPS spectra at
higher energy characteristic of the presence of Cr(V1).58

Mixed Al/Cr intercalation compounds were crystalline
at room temperature, with high basal spacings between
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25.7 and 42.1 A. After calcination at 400 °C, free
heights up to 25 A were found. In contrast, Fe/Cr and
Ga/Cr intercalates and pillared materials were generally
amorphous, which suggests that mixed oligomeric spe-
cies with different charges and sizes were simulta-
neously intercalated. Nevertheless, neither coprecipi-
tation nor oxide segregation were detected, except for
the case of Ga/Cr samples 80/20 and 90/10.

The mixed oxide pillared materials with M(I11)/Cr-
(111) ratios <60/40 were, in general, mesoporous solids
with a high contribution of micropores (of the order of
0.1 cm® g71) and narrow pore size distributions. In
particular, sample Al/Cr 40/60 was microporous (Vmicrop
~0.3 cm3 g~1) with a unique pore diameter of 18 A and
a BET surface area of 500 m2 g=! (640 m2 g=! upon
calcination in air). Conversely, materials with M(l11)/
Cr(I1) ratios >60/40 presented BET surface areas lower
than 200 m? g~* and low micropore volumes (<0.1 cm?
g™1); those containing the highest concentrations of
either aluminum or gallium were rather nonporous
solids.

Pillared Phosphates from Organometallic Pillar
Precursors. Silica-Pillared Metal(IV) Phosphates. The
pillaring methods described above have all made use of
the hydrolysis of metal salts [AICI;, GaClz, Cr(OAc)s3,
etc.] for the preparation of pillaring solutions containing
polynuclear species where the metal atoms are linked
via oxo or hydroxo bridges. Sol—gel methods using
alkoxide precursors provide an alternative to this ap-
proach, not only by allowing closely controlled hydrolysis
but also because depending on the degree of substitution
on the alkoxide used, species of different dimensionality
and carrying organic functions attached to the metal
center are formed in solution. Thus chemically modified
alkoxides R,Si(OR')s—, after hydrolysis (to give R,Si-
(OH)4—x) and condensation (to give Si—O—Si siloxane
bridges), form predominantly two dimensional networks
for x = 2, and discrete three-dimensional entities for x
= 3.5 Avariable parameter is introduced by the nature
of R, which may be alkyl or aryl but must in all cases
carry a basic function to facilitate intercalation in the
layered phosphate. While the Si—C bond is resistant
to hydrolysis under these mild conditions, more aggres-
sive oxidative treatment will specifically break Si—Csp2
or Si—Csp2 bonds, which opens up the unexplored avenue
of alternative methods to thermal procedures for induc-
ing the pillaring reaction. It may also be seen that the
use of bulky and/or multifunctional (more than one basic
group) long-chain substituents will tend to increase the
lateral spacing of the siloxane species within the inter-
layer region, a factor favorable for the production of
interlayer porosity. Organometallic precursor species
have been far less used than inorganic ions in intercala-
tion chemistry in general and for the pillaring of layered
phosphates in particular.

The intercalation of aminosiloxanes into o-ZrP was
first described by Lewis,® although no surface area data
were given, and the characterization of intercalated and
silica cross-linked phosphates using 2°Si and 3P MAS
NMR by Klinowski,%! who also reported their hexane
adsorption properties. More recently, Clearfield®? has
obtained silica pillared ZrP of high surface area by using
the propylamine-induced colloidal dispersion strategy
described above for the synthesis of chromia pillared
phosphates. In parallel, various new routes leading to
porous o- and y-structured silica pillared phosphates
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Figure 8. 2°Si NMR spectrum of ethanol/water solution (14/
1) of (aminopropyl)triethoxysilane after 24 h aging (ppm from
TMS).

have been developed, including a chemical method of
pillar-to-layer grafting.53

Following the methods for the hydrolytic polyconden-
sation of trifunctional monomers XSiY3 to polyhedral
oligosiloxanes described by Voronkov and Larent'yev,>°
the controlled hydrolysis of aminopropyltriethoxysilane
in ethanol/water mixtures is seen to give the fully
condensed octamer [H2N(CH2)3SiO15]s (3) as the pre-

HO,

OH

5

dominant species, as identified by its 2°Si MAS NMR
signal at —68.5 ppm from TMS,%* Figure 8, and gel
permeation chromatography.®®> The remaining signals
in this spectrum arise from the presence of minor
amounts of two incompletely condensed octamers 4
(—65.8, —66.7, and —68.4 ppm) and 5 (—59.1, —67.8,
—69.7, —70.2, and —70.9 ppm), which decrease in
intensity to the benefit of the resonance at —68.5 ppm
with time. Facile intercalation occurs from such solu-
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o-SnP. (a) Phase diagram: approximate percentage of each
phase (from XRD). (b) Percent phosphate released as a function
of the number of mmol of silicon present in solution/g of SnP.

tions into the layered phosphates. First studies using
o-ZrP showed, however, that only low surface area
materials could be obtained using a direct intercalation
reaction. Detailed consideration®266 of the surface areas
available per —POH site on the phosphate surface and
that occupied by the siloxane octamer, in conjunction
with the minimum uptake required to give a single-
phase intercalation compound, showed that in fact the
uptake was limited only by the covering effect and that
a single layer of octameric units was inserted.®® To-
gether, this state of affairs produced a nonporous cross-
linked structure after calcination. The challenge in this
area was therefore identified as being 2-fold: to space
out the siloxane pillar precursors laterally at the
intercalation stage and/or to find synthetic conditions
conducive to the formation of siloxane double layers. The
success of one or other of these provides a means of
modulating the pore size in directions parallel and
perpendicular to the layers, which is one of the most
important goals in tailored PLS chemistry.

Results obtained using Sn(HPO,),-H,0 provided a key
to the answer.%6 Using a-SnP as host, the phase
diagram plotted as a function of the amount of siloxane
in solution (Figure 9a) shows that the system passes
first through a monophasic region (interlayer distance
19.9 A, siloxane monolayer), before destabilizing and
rearranging to give a second phase of basal spacing 26.9
A. As mentioned above, SnP is more susceptible to
hydrolysis than ZrP and, indeed, phosphate is progres-
sively released into solution as the system moves into
the bilayer region, (Figure 9b). This release of phos-
phate, and the concomitant removal of active —POH
sites by inactive Sh—OH groups, has the effect not only
of increasing lateral spacing between pillars but also,
more surprisingly, of allowing increased basal spacings
by the formation of siloxane bilayers. Importantly, the
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Figure 10. X-ray diffraction pattern of siloxane intercalated
Zr(HPO4)1,4(OH)1,2-nHzO.

increased free height is conserved after calcination and
silica pillared SnP prepared in this way has a surface
area of 230 m2 g=1. The random removal of “active”
—POH sites on SnP in basic solution has the effect of
reducing the layer charge density, which is the stum-
bling block in the preparation of porous cross-linked
phosphates. The high surface area silica pillared ZrP
first reported by Clearfield was obtained using a pro-
pylamine dispersion of ZrP, which probably caused some
elimination of phosphate groups.52

Reduction of the cation-exchange capacity can be
performed in a more controlled fashion making use of
methylamine, which shares with propylamine the par-
ticular property of acting as an exfoliating agent when
in contact with aqueous suspensions of layered phos-
phates.%” Its greater basicity, however, causes a further
effect of hydrolysis of the exposed phosphate layers to
a degree which is a function of the methylamine
concentration, contact time and particle size of the
metal(1V) phosphate. CEC-reduced ZrP, Zr(HPOg4)2—x-
(OH)2x"nH,0, the crystallinity of which is progressively
lowered as x increases, is a novel host matrix for
intercalation chemistry. Intercalation from octakis-
(aminopropyl)siloxane solutions leads to different phases
from those obtained with pristine a-ZrP with expanded
phases being obtained having basal spacings up to 28
A (Figure 10), reminiscent of the results obtained using
SnP. It can be concluded that a phosphate host of high
layer charge density is capable only of including siloxane
monolayers, whereas a lower layer charge density,
combined with flocculation from a colloidally suspended
host, allows double stacks to assemble.6368 This double
layer is stable within a limited range of CEC-reduced
ZrP, with less expanded phases being obtained above x
=1.

In addition, by varying the degree of CEC reduction,
active —POH sites are increasingly further spaced, and
a certain degree of control can be exercized over the pore
size distribution, with the more hydrolyzed ZrP samples
showing more mesoporous character. For example,
whereas a silica pillared solid prepared from a modified
ZrP with x = 0.4 has 80% of the BET surface area in
micropores, the use of Zr(HPO4)(OH),-nH,0 leads to a
solids in which 90% of the surface area results from
mesopores. The highest surface area materials are
those having the highest basal spacing after calcination,
generally obtained with a CEC reduction of 20— 30%.
Here, the surface area after calcination in air at 470 °C
is 300—330 m?2 g (Figure 11) and 190 m2 g~1 at 550
°C, such a decrease in surface area as the temperature
is increased being a generally observed phenomenon in
PLS chemistry.
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The use of bulkier substituents R in the alkoxide RSi-
(OR")3 also has the potential of providing a means of
pore size control, in particular when two or more amino
functions per side chain allow anchoring to two or more
phosphate groups. [N-(2-(aminoethyl)-3-aminopropyl)]-
trimethoxysilane can be hydrolyzed in water—ethanol
mixtures to give a sol in which the predominant species
is the siloxane octamer (see above). The diamino
functions promote interaction of each of the two cube
faces parallel to the layers with eight active sites —POH,
and not four, and the uptake of siloxane is limited
accordingly, with a single-phased intercalation com-
pound being observed by X-ray diffraction at half the
silicon uptake required to give a single-phase material
using octakis(aminopropyl)siloxane. The interlayer dis-
tance at this point indicates a monolayer, but using
higher siloxane to ZrP ratios in solution a biphasic
system with basal spacings of 18 and 24 A is formed
(Figure 12).%° Possibly the hydrolysis of the phosphate
layers at these increased amine:ZrP ratios is sufficient
to enable the partial formation of a bilayer. This
hypothesis would seem to be confirmed by other work
in which the CEC of o-ZrP is reduced in a first stage by
10—15% using methylamine, after which a single-phase
intercalation compounds of interlayer distance 20—24
A are obtained. While this in itself represents another
route to porous silica pillared materials, the particular
advantage of the diaminosiloxane is the use of only some
of its basic functions for intercalation purposes, the
others being used to coordinate transition-metal ions.
Cu'!, Co", Fe!'', and Ni" were added as their nitrate salts
to aged octakis(2-(aminoethyl)-3-aminopropyl)siloxane
solutions and, on intercalation into Zr(HPOg4),—x-
(OH)2x'nH,0 (x = 0.2—0.4), the siloxane carries the
transition metal ion into the interlayer region. After
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Figure 13. Schematic representation of oxidative rupture of
Si—Csp2 bond by Br».

calcination at 440 °C, the materials are, in general,
poorly crystalline, although ill-defined relections at low
angle can still be distinguished. Interlayer spacings of
heteroatomic Si—transition metal calcined phases are
generally greater than those prepared under identical
conditions but in the absence of metal ion: Si, 16.3; Si—
Cu: 17.4; Si—Fe, 17.5; Si—Co, 21 A.7° Adsorption—
desorption isotherms at 77 K are type I, with a hyster-
esis loop of type H4. Surface areas lie in the range 180—
400 m? gL,

All of the examples given above make of a-structured
ZrP. The y-type structure differs quite significantly; the
Zr(PO,4)-H,PO,4 layers are made up across their depth
by H,PO4—Zr—PO4—Zr—H,P0,4,"* and the two surface
dihydrogen phosphate groups are of different acidity,
causing a reduction in ion exchange capacity, generally
half that of a-ZrP. In addition, the inorganic layer is
thicker (9.3 A) and has a greater rigidity. y-ZrP has
been used with much success for the preparation of
y-structured phosphonates by topotactic exchange with
appropriate phosphonic acids. In the area of inorganic
pillared compounds, Clearfield has reported an alumina
pillared y-TiP, prepared classically by ion exchange with
Alg7+.13

The first silica pillared y-ZrP was synthesized by
intercalation from octakis(aminopropyl)siloxane solu-
tions followed by calcination to remove the organic
moiety and enable —POH—HOSi condensation.®* The
first stage in the development of “softer” chemical routes
to PLS made use of intercalation from an (aminophen-
yl)siloxane sol, which enables chemically induced oxida-
tive rupture of the Si—Cgy2 bond, using bromine (Figure
13). 3P MAS NMR indicates from the appearance of a
resonance at —22 ppm from H3zPO4 assigned to P(OZr),-
(OH)(OSi) groups that this low-temperature reaction is
sufficient to initiate the grafting reaction, which is
consolidated by heating to 450 °C, when the band at
—22 ppm increases in intensity and another at —30 ppm
and due to P(OZr),(OSi), groups grows in progressively.
Silica pillared y-ZrP prepared in this fashion is particu-
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larly thermally stable, retaining a surface area of 235
m2 g1 after thermal treatment at 650 °C, when a doo;
diffraction line can still be identified, those samples
calcined at 450—500 °C having higher BET surface
areas of close to 300 m2 g~1.

The phosphate layer charge can be reduced also by
substituting a proportion of the P—OH groups by P—R
(R = organic group),’® as shown by Alberti et al.1* The
organic matter can be eliminated by calcination leaving
empty space in the interlayer region. Layered o-Zr/Ti
phosphate—phosphonates with variable layer charge
have been used for preparing silica pillared structures
from nonaqueous solutions of (aminopropyl)triethoxysi-
lane. Pillared materials with BET surface areas up to
150 m? g~* were obtained by this method.”® To enhance
the acidity of the silica pillars, mixed Al/Si oligomers
have been intercalated into layered o-Zr/Ti phosphate—
phosphonates from mixed hydrolyzed solutions of (ami-
nopropyl)triethoxysilane and Al diisopropylacetylacet-
onate. XPS showed Al to be in a tetrahedral environ-
ment.”

Properties

lon Exchange. As pillared materials possess open
structures, a certain ion-exchange capacity, at least
residual, would be expected. Studies’2 on ion-exchange
properties of pillared clays concluded that zirconia- and
alumina-pillared bentonites show higher exchange ca-
pacities (both anionic and cationic) than the original
clay, although such reactions can be accompanied by
partial pillar dissolution when the pH is low (anion
exchange) or high (cation exchange)”°®.

Cation-exchange capacities of alumina pillared phos-
phates for Co?*, Ni?*, and Cu?* 3 confirm the acces-
sibility of acid sites present in the porous structure,
especially when samples are previously put in contact
with ammonia, because the NH,* formed is a better
leaving group. The uptake order observed (Ni2t > Co?*
> Cu?") suggests that the species exchanging into the
alumina-pillared tin phosphate material are the hy-
drates, M(H,0)s2" (M = Co?", Ni?") and Cu(H»0)42", and
further infers ease of accessibility of ion-exchange sites
after pillaring. Detailed spectroscopic study of the
transition-metal ion-exchanged materials has also shown
that the sites available differ according to the type of
exchanger and that both are different from those
present in the starting a-tin phosphate. Likewise
chromia-pillared tin and zirconium phosphates’® present
cation exchange capacities of 0.5—2.0 mequiv g%, and
silica pillared a-ZrP shows reversible ion exchange for
Cu?t, Zn?*, and Cd?".77 Uptake of cadmium may be
important in the context of scavenging of toxic metals.

Polymerization of Organic Monomers. The cavi-
ties and interlayer pores and voids which characterize
PLS can be considered as “microreaction chambers”, the
use of which is assisted by the acid sites which reside
on the internal surfaces to position and orient incoming
molecules. Whilst PLS are nanocomposite (layer +
pillar components) materials, the solids which result
from their use as a matrix for the confinement of small
particles (metal clusters, metal sulfides, polymers) can
be termed nano/nanocomposites.”®

Both porous and layered materials’®-82 have previ-
ously been used as hosts for the intercalation and
polymerization of N- and S-containing organic mono-
mers as a means of synthesizing encapsulated polymer
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hybrid organic—inorganic materials. The uptake and
polymerization of small molecules such as pyrrole
provide a probe of pore accessibility, geometry, and
acidity in pillared layered phosphates, in view of
potential applications in several fields (including, but
not confined to, catalysis).

Chemical analyses revealed the presence of high
polypyrrole loadings into the cavities of porous pillared
phosphates after only short times.83 SEM micrographs
were compatible with the confinement of polymer in the
porous network. In copper-exchanged alumina pillared
phosphates, optical spectra indicated the simultaneous
presence of polypyrrole in neutral (transition at 1.2 eV)
and bipolaron (0.75 eV) states. However, in chromia-
pillared zirconium phosphate, two features observed at
1.97 and 2.69 eV are typical of bipolaron species.
Conversely, XPS spectra indicate that two (and not
more) types of species are formed, because all materials
exhibit N 1s bands which can be attributed to a neutral
and a charged nitrogen. The absence of conductivity,
already observed in other hosts,”® was attributed to the
limited polymer chain length and the presence of an
insulating matrix.

Encapsulation of Semiconductor Particles. Semi-
conductor aggregates of nanometer size are inherently
unstable, tending to agglomerate in the absence of
stabilizing agents. Pioneering work on the occlusion of
semiconductors in zeolites® was followed by the growth
of ZnSe, PbS, CdS, and CdSe particles 30—50 A in
diameter in zirconium bis(2-carboxyethylphosphonate).182
PLS provide a new family of porous solids for the size
guantization of semiconductor particles, and studies
have been made using alumina®® and silica pillared®®
phosphates. When Zn2*- and Cd?*-exchanged silica
pillared y-ZrP and o-SnP were reacted with H,S under
strictly anhydrous conditions, ZnS and CdS were formed
in situ. Bandgaps obtained from optical absorption
spectra were significantly increased (ZnS, 4.3 eV; CdS,
3.1 eV) compared with those of the bulk (ZnS, 3.4; CdS,
2.4 eV) to values compatible with the presence of
clusters of size 20—25 A, which agrees with the average
pore size distribution of the hosts used. EXAFS spec-
troscopy at the Zn and Cd edges showed both metal ions
to be tetrahedrally coordinated in the exchanged pre-
cursor phases (before sulfidation). The change in the
local environment after reaction with hydrogen sulfide
was particularly clear for the former, where the Fourier
transformed XAFS spectrum showed contributions to
the first coordination shell from oxygen [r(Zn—0) = 1.93
A) and sulfur [r(Zn—S) = 2.30 A), nonbonded interac-
tions with pillar silica and layer phosphorus and two
Zn- - -Zn shells at 3.4 and 4.1 A (Figure 14a). Using
these structural data, a basic tetrahedral structural unit
was suggested, in which sulfur atoms occupy central
positions and which interconnect through windows in
the pillar network to form more extended arrangements
(Figure 14b).86

Electrical Conductivity of Alumina Pillared
a-Tin Phosphate. Als-intercalated layered phos-
phates are protonic conductors, their conductivity sur-
passing 1072 S cm~! at 80 °C/100% relative humidity.3’
A systematic study®”88 of the electrical properties of
several alumina-pillared a-tin phosphates has been
undertaken. These porous materials exhibit electrical
behavior which can be fitted by supposing two contribu-
tions resulting from the existence of two kinds of pores,
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) Zn X=0,5,Se

Figure 14. (a) Fourier transformed XAFS spectrum of ZnS 7
particles formed in situ in silica pillared y-ZrP: (—--)
experimental and (—) calculated spectra. (b) Tetrahedral entity
for occluded ZnS, 7 compatible with the structural parameters
derived from XAFS data.

interlayer micropores and small mesopores induced by
pillaring, and mesopores resulting from edge—face
interaction between layer packets. Lithium-exchanged
alumina-pillared a-tin phosphate has a conductivity
which decreases with temperature up to 260 °C and
then increases gradually up to 500 °C. This behavior
is interpreted by assuming the existence of two types
of charge carrier: protons from zeolitic water, com-
pletely removed at 260 °C, and Li* ions. Theoretical
models based on a coupling mechanism have been
applied to explain the electrical behaviour of lithium-
exchanged pillared phosphates.8°

The electrical conductivity presents a marked depen-
dence upon the lithium content. The activation ener-
gies, attempt frequency, and migration entropy® de-
crease with increasing basal distance, due to a lower
interaction between diffusing ions themselves and with
the pillars in larger pores.

Catalysis. Metal oxide pillared phosphates are solid
acids with moderate or high Brgnsted and Lewis acidity
coming from acid sites located on both the phosphate
surface and the pillar itself. Routine tests using thermal-
programmed desorption of NH3 and pyridine adsorption
have shown that pillaring with metal oxides strongly
enhances the acid properties of the layered phosphates
in the range 100—600 °C, in which most catalytic
reactions take place.

Isopropyl alcohol decomposition has been used as a
probe of the acid properties of the catalytic sites in oxide
pillared phosphates. Chromia pillared phosphates®!
possess active sites, acid and redox. Their relative
thermal stability, specific surface area and the possibil-
ity of enlarging interlamellar distances between the
phosphate layers by appropriate growth of chromia
pillars enable them to be tailored as catalysts for specific
reactions. In air, isopropyl alcohol is both dehydrated
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Figure 16. Comparison between activity for decomposition
of isopropyl alcohol and surface area for Al/Cr pillared o-ZrP.

and dehydrogenated. As shown in Figure 15, the
selectivity for one or other reaction could be modified
by simply varying the chromium loading in the pillared
phosphate.

Fluorinated alumina pillared a-zirconium phosphate
materials®® displayed high catalytic activity for isopropyl
alcohol decomposition, with a selectivity of practically
100% for the dehydration reaction. The presence of
strong Lewis acid sites are believed to be mostly
responsible for their catalytic properties.

Mixed alumina-chromia pillared a-zirconium phos-
phates® were found to be still more active catalysts,
with catalytic activity up to 20 times that of their
homologous chromia pillared compounds and 2—3 times
that of fluorinated alumina pillared materials. All
mixed oxide pillared compounds studied, independent
of their composition, were exclusively dehydrating
catalysts with selectivities toward propene higher than
99% (Figure 16). The decomposition of isopropyl alcohol
is expected to occur predominantly inside large mi-
cropores and, as the most porous materials, those with
intermediate Al/Cr ratios were the most active catalysts.

Although Al/Si pillared phosphate phosphonate ma-
terials were nonporous solids they displayed high
activities—up to 40 umol g~! s~1—for the dehydration
of 2-propanol.®®

Separation Processes. Dynamic sorption studies
on an alumina pillared a-tin phosphate have shown it
to be very efficient for separating hydrocarbons and
derivatives at low temperatures, whereas at higher
temperatures it shows enhanced acid-catalysis charac-
teristics.%



1768 Chem. Mater., Vol. 8, No. 8, 1996

Alumina pillared phosphates are also promising
materials in the nuclear field since they are very
efficient for separating tritiated and hydrogenated
water, with surprisingly high distribution coefficients,
and demonstrate a selective adsorption of tritiated
water.%> In particular, the distribution coefficients
found for alumina pillared a-tin phosphates ranged
between 1.7 and 3.95, which are higher than those of
commercial zeolites.

Perspectives

In recent years, the position occupied by PLS in the
area of porous solids has undergone considerable up-
heaval by the perspectives opened by MCM-type mate-
rials. When addressing the role of PLS in relation to
mesoporous MCM41s consideration should be made of
three of their principal characteristics: chemical com-
position and heteroatom inclusion, ion-exchange capac-
ity, and pore size and distribution. Whereas in MCM41s
the pore size can be quite strictly controlled by using
templating routes, in oxide pillared phosphates and
other hosts there is frequently a distribution of pore
sizes spanning micropores—small mesopores; while for
some applications this may be useful, better control of
pore size distribution in PLS remains a synthetic
challenge. MCM materials, and zeolites in general, are
not nanocomposite solids, and this tends to restrict their
ultimate chemical composition. For a nonsiliceous
component to be included in an MCM framework, it
must be introduced at the inital stage of the reaction,
and only a small proportion of heteroatom can be fully
incorporated into the silica matrix without its segrega-
tion as a distinct oxidic component. The insertion of
metal oxide precursors by intercalation in a layered host
matrix followed by the grafting reaction which charac-
terizes the nanocomposite route to PLS creates frame-
work chemical variety and in an atom concentration
relative to the layer composition that cannot, yet, be
achieved in other porous solids. The pore environment
can be further modified by ion exchange since the
retained ion exchange capacity of PLS is high. These
considerations are clearly of importance in catalysis.
PLS have a pivotal role to play in the spectrum of porous
solids represented by microporous zeolites—PLS—MCM41
and other templated mesoporous materials, both by the
variety of atom types that can be incorporated into the
oxide pillar and the range of pore size dimension
simultaneously present.
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