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1. Introduction

We are here concerned with the premeditated
construction (conceptually) and the laboratory
synthesis of new solid inorganic catalysts. We
are also centrally concerned with in situ charac-
terisation of such catalysts, and, in particular,
with the quantitative determination of the nature
of the active site under operating conditions.

The inorganic solid catalysts upon which we
focus belong to that ever-growing family which,
in effect, possess there-dimensional surfaces. It
seems, at first, an incongruity that we may say
that solids can have three-dimensional surfaces.
Are not al solids made up of an interior bulk
and an exterior two-dimensional surface? Not
so. Dehydrated zeolites, which are microporous
aduminosilicates, have enormous internal sur-
faces. Indeed, essentialy all the bulk atoms of
the zeolites are also surface atoms and are ac-
cessible to molecules that have cross-sections
small enough (ca. 4 to 7 A) to gain access into
the interior via the myriad apertures and chan-
nels that exist at the exterior surface. But natu-
rally occurring or synthetic zeolites are not the
only solids that have three-dimensional sur-
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faces. microporous aluminium phosphates (AL-
POs), along with metal-substituted (in the
framework), i.e, MeALPOs and Si(IV)-sub-
stituted (in place of P(V) in the framework), i.e.
so-caled SAPOs are others. And so too are
crystalline mesoporous silicas on which we shall
focus later. Pillared clays and some other solids
also fal into this category (see papers in Ref.
[1] and Refs. [2-5)).

Such materias, apart from being of key im-
portance as commercialy viable catalysts, are
eminently amenable to in Situ characterisation
because:

(i) techniques in standard and extensive use
for the characterisation of solid materials in
bulk (i.e. the whole range of spectroscopic as
well as diffraction or imaging based tools) may
be straightforwardly applied for their structural
elucidation; and

(ii) the active sites are dispersed throughout
the bulk of the solid in a manner that is gener-
aly spatially uniform.A high-resolution electron
micrograph (taken by my co-worker Dr. Prati-
bha Gai-Boyes) of ZSM-5, which is archetypal
of the kind of uniform heterogeneous catalyst
under discussion here, is shown in Fig. 1. And
Fig. 2 (prepared by Dr. Lewis) is a computer-
graphic representation of a single 10-membered
ring aperture inside which an active site (con-
sisting of Si—O(H)-Al) is ‘visible'. (By a 10-
membered ring we mean 10 oxygen atoms each
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connected to two tetrahedrally bonded atoms
such as Si, Al, P.)

Active sites of a comparable kind in a SAPO
catalyst (consisting of Si—O(H)—R) have been
quantitatively studied by FTIR and neutron
diffraction of a deuterated H*SAPO-34 cata-
lyst. Full details will appear in a forthcoming
paper [7].

The readily detachable proton (Fig. 2), which
makes H " ZSM-5 such a powerful Bransted acid
catalyst for isomerizations, alkylations, acyla
tions generally and particularly for the dehydra-
tion of methanol (to produce benzene, toluene
and xylene) arises because Al(IlI) replaces
Si(1V) in the framework. But other ions may be
readily incorporated into the ZSM-5 framework
with important catalytic consequences, as may
be judged from Fig. 3. It is also known that
inserting titanium into the framework of a
siliceous microporous, pentasil catalyst like that
possessed by ZSM-5, generates a powerful cata
lyst that may be used adroitly for selective
oxidation of alkenes and aromatics [10].

By playing preparative times, both in the
laboratory [11-13] and on computer [14,15] —
not to mention model building [16] — one may

generate ALPOs, SAPOs and MeAPOs (Me =
Mg, Co, Ni or a range of other divalent ions)
that also have both three-dimensional surfaces
and strong intrinsic catalytic activity. In the
novel solid-acid catalyst known as DAF-1, for
instance, we have a Mg—ALPO with apertures
and pores large enough to accommodate molec-
ular species such as isooctane, cyclohexane,
cyclooctane and even bulkier ones (Fig. 4(a)
and (b)). It is now possible to insert, in a more
or less thermally stable fashion, between a quar-
ter and a third of the elements of the Periodic
Table into microporous structures possessing
three-dimensional surfaces in the sense de-
scribed earlier.

CoALPO-18 (Fig. 5) is a good catalyst for
converting methanol to light alkenes [18]. It so
happens that the dimensions of the cages — the
walls of which are line with Brgnsted catalytic
sites — are just too small to alow the (shape-
selective) dehydration of methanol to continue
so as to form aromatics. Size restriction in the
vicinity of the active sites permits the formation
of only light alkenes. (This kind of topic is one
to which our awardee, Dr. Derouane, has made
major contributions [8] with his constructive

Fig. 1. High resolution electron micrograph of a zeolite catalyst (ZSM-5) showing the projected structure in which all the pores (diameter ca.

55 A) are lined with active sites. (After Thomas and Gai-Boyes [6].)
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introduction of such concepts as the nest effect
and confinement effect.) The concentration of
Co(ll) ions in the framework of the parent
ALPO seldom exceeds a few percent, too low to
be directly addressable by X-ray diffraction. We
may, however, use X-ray absorption, thanks to
the availability of synchrotron radiation. Fur-
thermore, we have evolved methods of probing

Fig. 2

catalysts of this type under operating conditions
using combined X-ray diffraction and X-ray
absorption spectroscopy (XRD and XAS)
recorded with the sample under realistic condi-
tions of catalytic use (see Refs. [8,19,17]). Such
combined studies, in parallel with infrared ab-
sorption spectroscopy, yield results typefied by
those shown in Fig. 5, where the changed bond

Fig. 3

Fig. 4

Fig. 2. A computer-graphic view looking into a 5.5 A diameter pore of ZSM-5 (i.e. into the large white spots of Fig. 1). In a purely siliceous
microporous solid (i.e. SIO,) the situation is as shown on the left. When Al(l11) replace Si(IV) ions in the framework the situation is as

illustrated on the right.

Fig. 3. ZSM-5 and its use as a modified catalyst for methane oxidation to methanol [8,9]; propane to benzene; and isobutane to

2-methylpropene (i.e. isobutene or isobutylene).

Fig. 4. (2) Projected view of the magnesium alumino—phosphate known as DAF-1 [13] in the pores of which isooctane is lodged. (After
R.G. Bell.) (b) Polyhedral representation of the DAF-1 structure where the buff-coloured tetrahedra are those that are Mg(I1)-centred. All
other tetrahedra are, alternately, Al(111)- or P(V)-centred. (After R.G. Bell.)
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lengths associated with conversion of the Co(ll)
to Co(lll) valence states, while still retained in
the framework, may be quantitatively specified.

2. The situation up to 1992
In a review article published by Davis [2] in

1993 the natura progression in size of cavity —
from alow of ca 4 A for zeolite A up to a high

Fig. 6

of ca 14 A in JDF-20 [20] — was outlined.
How far could one expect changes in the condi-
tions of preparation of such solids to yield
continually increasing aperture diameters?
Although this question was doubtless worth
asking, with hindsight one now sees that a
turning point came in 1992 with the arriva
[21-23] of the so-cdled MCM-41 series of
mesoporous silicas, in which the diameters of
the apertures fell in the range 25 to 100 A (Fig.
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Fig. 5. Quantitative description (of bond lengths and coordination) at the Co(ll) active site in the CoALPO-18 solid acid catayst for the

selective dehydration of methanol. (From Thomas and Greaves [17].)

Fig. 6. Representations of typical (known) as well as feasible (as yet unknown) structures of hexagonal MCM-41 type silicas. The numbers
given in the centre of each cage refer to the progressive increase in peripheral, linked SiO, tetrahedra. (After R.G. Bell.)

Fig. 7. Idedised, metal-containing MCM-41 structure generated by computer modelling methods. (From Rey et al. [25].)

Fig. 9. An example of tethered metallic catalyst, prepared by T. Maschmeyer (unpublished), at the Davy Faraday Research Laboratory (see

also Ref. [26]).
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6). What, in effect, took place with the an-
nouncement of the formation of mesoporous
silica via the Mobil (and other [22]) approach to
synthesis of solids with three-dimensional sur-
faces using liquid-crystal templates, was a mi-
nor revolution in the surface chemistry of solids
and catalysts. Now, at last, there appeared a
route to the rational synthesis of a quite vast
range of mesoporous silicas — or many other
oxides including those with a formula close to
ZrO,\V,0¢ or Al,O,P0O.—SIO,, and WO, [24].
Moreover, it has not proved insurmountably
difficult to form MCM-41 materials in which
one (or more) of some seven or so different
elements may be strategically placed within the
cavities of the mesoporous solid as shown in
Fig. 7.

So, with MCM-41, came the era in which a

MCHM-41

+ CsHy), TiCh), B3N St—*O

mesoporous solid of great potential (and value
to the petrochemist) could be routinely pre-
pared. With the wide apertures of these novel
solids — enabling facile ingress and egress of
bulky molecules — avast array of new types of
catalytic applications may be envisaged. Some
of these have already been realised as we out-
line below.

3. Grafted and tethered active centres in
mesopor ous catalysts

The large diameters (ca. 30 A) channdls of
the MCM-41 mesoporous silicas that many re-
search groups have synthesised may be modi-
fied and adapted for specific catalytic purposes
by the direct grafting of complete metal com-

ca. 30 Adiam.
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Fig. 8. Schematic representation of the preparation of the grafted catalyst: (a) the support, (b) anchoring reaction, (c) calcination, and (d)
reversible reaction of the organometallic-derived Ti-MCM-41 epoxidation catalyst with water upon exposure to the atmosphere.
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plexes and organometallic moieties onto the
inner walls of their high-surface areas (typically
1000 m? g~ 1). This opens routes to the prepara-
tion of novel catalysts consisting of large con-
centrations of accessible, well-spaced and struc-
turally well-defined active sites. Maschmeyer et
al. [26] in this laboratory have described the
production of titanocene-derived catalyst pre-
cursors anchored to the inner walls of the
MCM-41 silica (where there are forests of pen-
dant —Si—OH groups) and its conversion (moni-
tored by X-ray absorption spectroscopy) to a
powerful catalyst for the epoxidation of cyclo-
hexene as well as of even bulkier species such
as pinene. Furthermore, this catalyst is also
potentially suitable in the oxidation of these
ethers (to sulphones and possibly sulphoxides)
and possibly of other terpene molecules of rele-
vance in the world of perfumery [27]. X-ray
absorption spectroscopy not only helps (as does
in situ FTIR) to identify key intermediates in
the epoxidation catalysts, but also reveals that,
in the activated state of the precursor, Ti is four
coordinated with no evidence for a titanyl
(Ti=0) bond. During catalytic reaction, EXAFS
analysis shows that the TI(IV) ion is in six-fold
coordination — see Fig. 8.

With MCM-41-based catalysts it is possible
not only to anchor a reactive (catalytic) centre,
designed to order according to the principles of
organometallic chemistry, but also to tether them
as schematised in Fig. 9. Here the active site is
situated at the extremity of the tether, and is
free to flutter in the molecular breeze during the
process of catalytic conversion. By deliberately
restricting the spatial freedom in the vicinity of
the active centre it should be possible to design
highly stereo-selective (enantiomeric) catalysts.
Such possibilities are now under active investi-
gation in numerous laboratories including this
one.

Already my colleagues and | know [28] that
oxo-centred tricobaltic acetate, tethered on to
the inner walls of an MCM-41 silica support, is
a very good catalyst for the selective oxidation
of cyclohexane to cyclohexanone and cyclohex-

anol, which are valuable precursors for the pro-
duction of nylon. In situ monitoring of the
catalyst by X-ray absorption and diffraction en-
ables the intermetallic (Co—Co) and other dis-
tances to be charted in the passage from the
prepared to the active catalyst.

Numerous other investigations involving the
design of grafted and tethered active sites on
mesoporous silicas are underway in this labora-
tory.
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