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Abstract: This review is a brief summary of open-framework aluminophosphates
and their transition metal-substituted modifictions. The materials exhibit structural
and compositional diversity, as well as a wide range of pore openings, which are
crystallographically ordered and can be tuned by an appropriate choice of synthesis
conditions. The diameters of the apertures, cages and channels fall in the range of
0.4 to about 1.5 nm, which recommends aluminophosphates for a novel area of
application — nanocatalysis. Isomorphous substitution of the framework elements
by transition metal ions which possess redox ability creates active sites inside the
aluminophosphate lattice and opens routes towards shape selective bi-functional ca-
talysis. In order to obtain an insight into the location of the transition metal ions, dif-
ferent characterization techniques have to be used.
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1. INTRODUCTION

At the onset of the 1980°s, the Union Carbide Laboratories reported a new
family of molecular sieves based on aluminophosphates.!-2 The aluminophosphate
molecular sieves, known as AIPOy4-n (n refers to a distinct structure type), are built
of strictly alternating A1O4 and POy tetrahedra. Their general formula can be ex-
pressed as [(AlO,),(PO5),]:'vH,0 indicating that, unlike most zeolites, the alumi-
nophosphate molecular sieves are ordered with an Al/P ratio that is always unity.
However, in spite of this, aluminophosphate molecular sieves exhibit enhanced
structural diversity. Among the more than 40 structures of AIPO4-n, some are zeo-
lite analogues but there are also novel, unique structures.3 Apart from their struc-
tural similarity, the crystal chemistry of AIPO4 molecular sieves and zeolites dif-
fers considerably. Firstly, the aluminophosphate framework is neutral in contrast to
the negatively charged aluminosilicate one. Secondly, the aluminium atoms in the
aluminosilicate framework are always tetrahedrally coordinated as compared to
the four, five or six coordinated aluminum atoms present in the aluminophosphate
framework. These facts just serve as illustrations of the structural diversity of
AIPO4 molecular sieves.

The aluminophosphate molecular sieves exhibit not only structural but also
compositional diversity. The porous aluminophosphate frameworks can be modi-
fied by other elements. Thus, the incorporation of silicon results in silicoalumino-
phosphate molecular sieves, SAPO-n.4> The addition of metal cations (M) yields
porous metaloaluminophosphate, MAPO-1n%7 or metalosilicoaluminophosphates,
MAPSO-7.8-12 In the SAPO materials, silicon substitutes for phosphorus or for an
aluminum-phosphorus pair, whereas the M cations substitute almost exclusively
for aluminum. The MAPO and MAPSO materials encompass the characteristics of
both zeolites and aluminophosphates, which results in their unique catalytic,
ion-exchange and adsorbent properties.

2. SYNTHESIS

Aluminophosphate-based molecular sieves can be synthesized hydrothermally at
100-250 °C. Generally, AIPO4 and SAPO crystallize at higher temperatures than the
MAPO materials. However, apart from the temperature and time, the type of structure
formed depends on the control of a number of variables, including the reactant gel
composition, the individual characteristics of reactants, the type of template, pH, efc.
Most of these variables are not independent and influence one another during the crys-
tallization process. As an example, two different crystal structures!3 can simulta-
neously crystallize from one in the same reaction mixture (their chemical formulas dif-
fering only in the water content). Moreover, CoAPSO-14 and CoAPSO-34 (the crystal
type 14 being a novel one, whereas the 34 is analogous to the zeolite chabazite) crystal-
lize also from the reaction mixture with the same mole ratio of reactants.!4 However,
whereas CoAPSO predominantly forms at 125 °C, CoAPSO is the main crystalline
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phase at 160°C. Typically, the synthesis of AIPO4 involves the use of an aqueous
reaction mixture containing an aluminum source, a phosphate source and an amine
and/or a quaternary ammonium salt. The aluminum source is usually aluminum
isopropoxide or pseudo-boehmite, whereas orthophosphoric acid is most frequently
the source of the phosphorus component. In the synthesis of SAPO, MAPO and
MAPSO, silica sol and/or a solution of the M salt (usually acetate or sulphate) are in-
troduced into the reactive mixture. Typical reaction mixtures have molar compositions
as follows (R is an amine and/or a quaternary ammonium salt):

(0.5-2)R : AlO3: (0.8-1.2) P05 : (40—60) H,O

(0.5-2)R : AlrO3: (0.8—1.2) P»O5: (0.2—-0.5)SiO, : (40—60) H,O

(0.5-2)R : 2xMO : (1—x) Al,O3 : P>Os : (50—100) HO (where x varies from 0.005
to 0.333).

Despite the great efforts being made, the principles governing the formation of
a porous crystalline materials are not yet well understood because of the complex-
ity of hydrothermal crystallizations. Namely, hydrothermal crystallization occurs
in a closed vessel where many chemical processes, interactions and equilibriums
take place and change with time.!5 Therefore, some novel in situ techniques, such
as synchrotron X-ray powder diffraction or in situ solid state NMR, may contribute
to a better understanding of the crystallization process.!0:17

Recently, it was found that crystallization of most aluminophosphates presum-
ably involves a chain to layer transformation process, whereby the chains are ini-

Fig. 1. The disrupted chabazite framework of AIPOy4-34. The Ni(II) complex is in the middle of
the chabazite cage forming an unique P-O—-Ni—O-P bridge. The disruption completely
disappears on calcination.
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tially hydrolyzed in solution, leading to the formation of other types of chain struc-
tures.!8:19 The chains are built up of low—membered (4-MRS)AI,P; rings (cor-
ner-sharing or edge-sharing). Condition of the chains leads to crosslinking and then
to the formation porous layers and, subsequently, open-framework structures.!9-20
Interestingly, investigations of open-framework zinc phosphates have led to a simi-
lar conclusion, i.e., that the formation of the complex 3-D architecture may involve a
process whereby chains and zero-dimensional monomers consisting of 4-MRs trans-
form to a higher dimensional structure.2122

2.1. The role of the structure-directing agent

Organic amines or quaternary ammonium salts exhibit a critical structure-direct-
ing role in the synthesis of aluminophosphate-based molecular sieves. They exert both
a steric and an electronic influence.23 In their absence, no crystalline porous alu-
minophosphates form. More than eighty amines and quaternary ammonium salts have
been used as template species. Their structure-directing specificity varies widely. For
example, more than twenty templates lead to the formation of AIPOy4-5, which is the
structure type with a nearly circular channel system having a diameter of 0.73 nm. On
the other hand, several organic amines are known to produce different framework
structures by slightly changing the synthesis variables. Thus, di-n-propylamine can be
used in the synthesis of many aluminophosphate-based molecular sieves — AIPOy4-11,
VPI-5, MAPO-39, CoAPO-43, CoAPO-50, SAPO-n (n =5, 11, 31).2425

Fig. 2. [Ni(ten),]*" ion inside a channel of AIPO,-5 viewed down the channel's axis.

Recently, it was found that transition metal complexes may also act as structure-di-
recting agents. Bis(cyclopentadienyl)cobalt(IIl) ions lead to the formation of both
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channel-and cage-type molecular sieves, such as AIPO4-5 and SAPO-16.26.27 The
bis(1,2-diaminoethane)dihydroxoNi(Il) complex also exhibits a critical structure-direct-
ing role in the crystallization of AIPO4-34.28.29 The as-synthesized material has a de-
formed (disrupted) chabazite structure with the Ni(Il) complex being an integral part of
the framework (Fig. 1). The complexs forms an unusual P-O—Ni—O-P bridge across the
chabazite cage, causing a disruption of the P-O—AI connectivity. The Al atoms associ-
ated with this disruption form double AI-OH—AI bridges and are 5-coordinated. How-
ever, despite the distortion of the chabazite-like framework, all of the P atoms and two of
the three Al atoms in the asymmetric unit are in regular tetrahedral environments.

Also, the bis(bis-(2-aminoethyl)amine)nickel(IT) complex ([Ni(ten),]** ion)
plays a structure-directing role in the crystallization of AIPO4-5.30 Geometry con-
siderations suggest that the [Ni(ten),]?* ion almost exactly fits the channel dimen-
sions and is held inside the channel by Van der Waals forces (Fig. 2).

In some cases, a partial decomposition, of the template species occurs under
hydrothermal conditions and more than one species exerts a structure-directing
role. Usually, organic amines decompose to ammonia. Thus, 1,2-diaminopropane
partially decomposes during hydrothermal synthesis and both NH4" and the dou-
bly protonated diamine have a templating role.3! Also, it has been found that the
ammonium ions resulting from the complete decomposition of a template (such as
hexamethylenetetramine) can solely play a structure-directing role in the crystalli-
zation of AIPO4-15 and CoAPO-15.32

The template species remain occluded in the as-synthesized products and it is
necessary to remove them in order to make the aluminophosphate framework po-
rous for further use. This can be achieved thermally by calcination in air or oxygen,
usually at 400-600 °C. It has been found that the temperature at which the template
removal occurs depends on the incorporated metal.33 Calcination may sometimes
be accompanied by a transformation of one crystalline phase into another. A typi-
cal example is the transformation of AIPO4-21 to AIPO4-25.34:35 In some cases the
calcined product, such as AIPO4-34, is thermally stable up to 1000 °C.36:37

2.2.The role of fluoride ions

Crystallization of some open-framework aluminophosphates requires the pre-
sence of fluoride ions in the reaction mixture. It has been found that fluoride ions
exhibit several roles: 1) they solubilize aluminum in the reaction mixture leding to
a slower nucleation, thus rendering the formation of dense aluminophosphate
phases less favorable, 2) they lead to slower crystal growth rates yielding crystals
of larger size with fewer defects, and 3) the fluoride ions impart a structure-direct-
ing and templating effect by interacting with the framework.38 In this last role, flu-
oride ions behave as bidentate ligands linking two aluminum ions (Fig. 3). Conse-
quently, the aluminophosphate framework requires a cation to balance the charge.
Generally, a protonated organic amine is the counter ion.
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Fig. 3. Fluoride bridges in as-synthesized AIPO4-34. The fluoride ions increase the coordination
number of Al(1) atoms from 4 to 6.

The chabazite-like AIPOy4-34 has only been obtained from a fluoride-contain-
ing reaction medium. In the as-synthesized framework the fluoride ions interact
with the lattice (Fig. 3) causing its deformation,37-38 the fluoride ions being com-
pletely removable by calcination.

2.3. Crystallization using microwave hydrothermal processing

A new technique combining hydrothermal and microwave heating can be em-
ployed for the preparation of aluminophosphates.39-44 The application of this
technique reduces the crystallization time from a few days to a few minutes. As in
illustration, the crystallizations of MnAPO-n and MnAPSO-n (n =5, 44) are com-
pleted in 30 minutes.*0 Likewise, the formation of the first large AIPO4-5 crystals
is observed after only 60 s.#4 It is assumed that the microwaves destroy the hydro-
gen bridges between water molecules causing fast gel dissolution and the forma-
tion of Al-O-P building blocks. The gel contains self-assembled micro-arrays,
which transform directly into the AIPOy4-5 structure.

3. ISOMORPHOUS SUBSTITUTION IN THE ALUMINOPHOSPHATES — MAPO AND
MAPSO SIEVES
The substitution of Al by divalent metal ions generates Bronsted acid sites
(acidic bridging OH groups) as well as Lewis acid sites (anionic vacancies deriving
from missing lattice oxygens) in the aluminophosphate lattice. Incorporation of a
transition metal cation, which can easily change its oxidation number also creates a
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redox active site. The coupling of acidic with redox properties opens up routes to-
wards shape selective bi-functional catalysis and to the design of novel catalysts.
Clearly, knowledge of the location and the local structure (metal ion environemt)
of the incorporated metal ions is necessary for optimization and control of the cata-
lytic activity in these systems.

Isomorphous substitution, i.e., the replacement of AI3* and/or P5* by a tetrahed-
rally coordinated metal ion has been reported for more than 17 elements.#3:46 Differ-
ent characterization techniques are used in order to gain an insight into the location
of the transition metal ions in an aluminophosphate framework. Generally, data on
the location of the cations are collected with difficulty since the metal concentration
is usually low. It is necessary to use more than one method if a reliable conclusion is
to be reached (i.e., the simultaneous application of several physical techniques is rec-
ommended). The following characterization methods are commonly applied: diffuse
reflectance UV-Vis spectroscopy (DRS), electron spin resonance (ESR), electron
spin echo modulation (ESEM), infrared (IR) and diffuse reflectance infrared Fourier
transform (DRIFT) spectroscopies. Nuclear magnetic resonance spectroscopy (NMR).
Mossabauer spectroscopy, X-ray absorption near-edge structure (XANES) and ex-
tended X-ray absorption spectroscopy for fine structure (EXAFS) are also employed
occasionally.

A brief review on the characterization of the most commonly investigated
metal ions incorporated into aluminophosphate-based molecular sieves is given in
the ensuing text. All of these metals belong to the first transition series and are dis-
cussed here in the order of increasing atomic number.

3.1. Titanium

Tetrahedral titanium(I'V) has been incorporated into several zeolites. These ti-
tan-modified materials show remarkable catalytic activity in oxidation reactions
using dilute aqueous hydrogen peroxide under mild conditions. The titanium-in-
corporated silicalite-1 (TS-1) has been one of the most relevant industrial catalyst
in the last two decades. The catalytic activity is related to the tetrahedrally coordi-
nated titanium incorporated in the framework.47-5! These facts have directed re-
search to investigate the possibility of incorporation of titanium into the alumi-
nophosphate framework. Incorporation of Ti(IV) has been studied by various
method. Thus, UV-Vis spectra of TAPSO-5 show a single relatively broad band be-
tween 200 and 310 nm, centered around 230 nm.52 The band is assigned to a charge
transfer from oxygen atoms to the tetrahedral Ti*" atoms. The absence of a band
between 300—-350 nm indicates that the anatase-like phase (the most common im-
purity in Ti-containing zeolites) is not formed during crystallization. Also, the
appearance of Brensted acid sites in the TAPO-5 and TAPO-36 confirms the inser-
tion of titanium in the aluminophosphate lattice and supports the isomorphous sub-
stitution of titanium for phosphorus in these solids.53
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3.2. Vanadium

V,05-based catalysts have been widely used in industry for many catalytic
processes, including oxidation reactions under mild conditions. Incorporation of
metal ions exhibiting redox properties into an aluminophosphate framework with a
well defined system of pores and cavities offers an opportunity for the preparation
of novel oxidation catalysts. In this context, VAPO and VAPSO seem to be promis-
ing materials, whereas the incorporation of vanadium into tetrahedral alumino-
phosphate frameworks is still debatable (vide infra).

VAPO-5 and VAPSO-5 have been synthesized using tripropylamine (TPA) and
hexamethylene-imine (HEM) as templates. A larger degree of incorporation of V takes
place when HEM is used. Vanadium replaces both phosphorus and silicon. About
three quarters of the vanadium in the samples are found to be present in tetrahedral co-
ordination and the rest in square pyramidal or distorted octahedral coordination.54
However, EPR spectra of VAPSO-5 and VAPSO-44 indicate the presence of isolated
immobile VO2* species of square-pyramidal symmetry, as well as an interaction be-
tween the V4 ions which from VO, clusters.5> This led to the conclusion that vana-
dium is not capable of occupying tetrahedrally coordinated framework positions in
aluminophosphate frameworks.35 A cyclic voltammetry study of VAPO-5 also shows
that the as-synthesized and calcined samples contain loosely bound VO2* species that
can be extracted from the framework.56

The coordination and the oxidation number of vanadium sites in VAPO-5 fol-
lowing a redox treatment were investigated by XANES/EXAFS.57 On the basis of
the spectroscopic and catalytic results, the presence of a framework V4/V3* redox
center is assumed. The following scheme for the oxidation and reduction of vanadium
sites has been proposed.>’

o 0 O
&M Q O\V{ Ha \“,4+
AN N2 N
O 0o O O O o

Vanadium incorporation in VAPO-5, -11, -17 and —31 was investigated by
UV-Vis, XPS, NMR and ESR techniques.8:59 It has been suggested that in cal-
cined VAPOs, isolated tetrahedral V5 is present in the framework positions, sub-
stituting for phosphorus. Extra framework isolated and/or polymeric vanadium in
square-pyramidal coordination is also present, and these vanadium species can be
washed out with an ammonium acetate solution.

3.3. Chromium

It is well known that Cr(III) ions strongly prefer octahedral coordination. This
is evidenced by the scarcity of tetrahedral Cr(I1l) complexes. Therefore, the incor-
poration of Cr(IIl) into an aluminophosphate framework and its substitution for
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tetrahedrally coordinated aluminum (or and phosphorus) is rather questionable.
Hitherto, there have been controversial opinions about the location of the Cr(III)
species.

Structure determination from a small crystal of CrAPO-14 shows that the
Cr(III) ions occupy framework sites in the parent AIPOy4-14 framework. The chro-
mium(I1I) substitutes for 4—5 % of the aluminum in six-coordinated sites.®0 How-
ever, studies of the DRS spectra and an investigation of the catalytic activity of
chromium-containing SAPO-34 in the dehydration of methanol suggest that Cr(I1I)
is not incorporated in the SAPO-34 lattice.®! The DRS spectrum of the as-synthe-
sized material displays three absorption maxima at 420, 575 and 666 nm, corre-
sponding to [Cr(H,0)c]*" ions. Upon calcination, the green colour of the material
turns to yellow and the spectrum shows only one maximum at 370 nm belonging to
CrO42~ ions. The formation of the chromate ion can be taken as unambiguous evi-
dence for extra-framework Cr(IIl). Moreover, during the temperature programmed
desorption (TPD) of methanol from SAPO and MAPSO (M — Mn, Co, Cr), the
MnAPSO and CoAPSO materials exhibit significantly higher desorption tempera-
tures compared to SAPO and the Cr-containing SAPO (SAPO and Cr-containing
SAPO show similar desorption temperatures). This is another confirmation that
chromium has not built into the SAPO latice.6!

Isomorphous substitution of Cr(IlI) into framework sites of AIPO4-5 was evi-
denced by several methods.62:63 The distorted octahedral coordination geometry
of Cr(II) is suggested to consist of four framework oxygen atoms and two water
molecules. It is illustrated by the following scheme:

P—OH
OF op 0 op
Hzo\l {+ caleination " /s’+
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P

During calcination, an oxidation of chromium(IIl) to chromium(VI) occurs
leading to the formation of dioxochromium(VI) which is still bonded to the inter-
nal aluminophosphate lattice. The acidic P-OH groups derived from the decompo-
sition of the template balance the charges.%3

The local environment of the chromium ion in calcined CrAPSO-11 and
Cr-SAPO-11 (Cr-exchanged SAPO) was investigated by ESR.4 Both solids contain
Cr(V). The calcined, hydrated CrAPSO-11 contains square-pyramidally coordinated
Cr(V), which gradually converts to Cr(V) in distorted tetrahedral coordination upon
dehydration by heating in vacuum. The ESR spectrum of Cr-SAPO-11 also shows the
presence of Cr(V), but this species does not convert to tetrahedral coordination upon
heating in vacuum. Reduction by hydrogen shows that Cr(V) in Cr-SAPO-11 can be
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reduced to species showing a several hundred gauss broad ESR signal, assignable to
Cr(IIT). Reduction by H, of calcined CrAPSO-11 does not produce Cr(III) observable
by ESR. The 3!P electron spin echo modulation of CrAPSO-11 shows that Cr(V) is
surrounded by about 11-12 phosphorus nuclei at 0.58 nm, which is consistent with
Cr(V) in CrAPSO-11 being in a framework phosphorus position.64

3.4. Manganese

The incorportion of Mn2" ions into different aluminophosphate frameworks
has been reported. There is no doubt that al least a part of the Mn2* ions occupy
tetrahedral framework sites. According to the ligand field theory, this is not unex-
pected since Mn2" (d%) does not show any coordination preference.

The location and coordination geometry of Mn(II) in MnAPSO-34 was inves-
tigated by diffuse reflectance spectroscopy.®! The spectrum of the as-synthesized
MnAPSO-34 shows several weak absorption maxima. Their positions are essen-
tially in accord with a tetrahedral environment around Mn(Il), although it should
be pointed out that, in general, the electronic spectra of Mn(II) cannot make a very
clear-cut distinction between tetrahedral and octahedral coordination geometries.
Upon calcination in air, the colour of MnAPSO-34 changes into violet; when the

rehydrated-calcined

Absorbance

calcined

as-synthesized

Fig. 4. Diffuse reflectance spectra of
MnAPSO-34.

calcined material is then allowed to rehydrate, it turns to reddish. These colour
changes are accompanied by changes in the DRS spectra (Fig. 4). Analysis of the
spectra shows that calcination of MnAPSO-34 is accompanied by the oxidation of
Mn(II) to Mn(III). This is supported by the fact that a subsequent treatment of the
calcined material in a stream of hydrogen at 600 °C yields a product that exhibits
an identical DRS spectrum to that of the original material. Upon rehydration of cal-
cined MnAPSO-34, the tetrahedral Mn(III) increases its coordination number to 6
through the additional coordination of H,O molecules.
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Octahedral coordination of Mn(IIl) ions in the rehydrated-calcined MnAPO-34 is
also supported by TGA-DTA-DSC analyses.3¢ Similar results were obtained by Mn
K-edge XANES and EXAFS.%5 A single pre-edge peak is seen in both the as-synthe-
sized and the rehydrated-calcined MnAPO-34 (Fig. 5), indicating that Mn atoms occupy
sites without a center of inversion (such as tetrahedral ones). As an example, two reso-
nances are found for the transition metal atoms located at octahedrally coordinated sites
(having a center of inversion). EXAFS analysis of MnAPO-34 confirms Mn incorpora-
tion into the AIPO,4-34 framework (Fig. 6). There are four oxygen atoms at 2.02 A in the
first coordination shell of the Mn atom in as-synthesized MnAPO-34. In the rehy-
drated-calcined sample, four oxygens are found at 2.10 A and two at the larger distance
of 2.37 A, indicating a distorted octahedral geometry around the Mn(II) ions.

A cluster-like arrangement of Mn2" (Mn—O—P—0O-Mn) is found for MnAPO-
and MnAPSO-44.40 The IR spectra of MnAPO and MnAPSO samples give evi-
dence for P-OH groups (band at 3673 cm~! and a broad band at 3000-3600 cm™1)
confirming the framework site of Mn. An adsorption experiment with CD3CN re-
sults in a strong band at 2296 cm~! in the IR spectrum due to a Lewis complex with
Mn2* ions.40 Similar results on manganese framework site have been obtained by
FTIR spectroscopic studies of CO adsorption.®©

The redox ability of the framework Mn(II) has been found to be a key factor
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for the catalytic activity of MnAPO-5 nd MnAPO-18 in the liquid-phase oxidation
of cyclohexane by 0,.67

The formation rates of cyclohexanol and cyclohexanone increased linearly
with the number of redox-active sites, suggesting that the elementary steps of cyc-
lohexane oxidation involve a cycling between Mn(I1) and Mn(I11), and require cat-
ion sites able to reversibly form charge-balancing cationic species.®’

The catalytic activity of MnAPO molecular sieves has been a stimulus for the
investigation of open-framework manganese phosphates.®8 Several amines were
investigated as possible structure-directing agents. However, they did not exhibit a
templating role in the formation of manganese phosphate frameworks. A layer
structure was only obtained with 1,2-diaminoethane, which is intercalated between
manganese phosphate layers.

3.5. Iron

Incorporation of iron into different aluminophosphate frameworks has been
typically investigated using UV-Vis DRS, EPR, IR, Méssbauer and NMR spectro-
scopies. Although Messina et al. in the first report on FAPO-5 supposed (based on
chemical analysis) that the substitution of Fe3* and/or Fe2™ for both A13* and P5*
occurs,%? it is now thought that Fe exclusively substitutes for Al. In the as-synthe-
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sized materials, the coexistence of Fe3* and/or Fe2" is mostly found regardless of
the iron salt employed (vide infra).

Iron is an element exhibiting a Mossbauer effect. Mossbauer spectra of as-syn-
thesized FAPO-5 obtained using either Fe(II) or Fe(Ill) as the source of iron show
the presence of both Fe3™ and Fe2" ions (Fe3™: 1.S.~ 0.3, Q.S. ~ 0.8 mm s~1; Fe2" :
I.S.~1.1,Q.S.~2.0 mms—1). The presence of the Fe(II) species in the products ob-
tained using Fe(Ill) is explained by the following reduction of the Fe(Ill) by the
amine template:

2Fe(IIT) + R3N — 2Fe(II) + R3NO + 2H*

The presence of Fe(Ill) in the FAPO-5 obtained from the Fe(II) source is ex-
plained by aerial oxidation at the gel stage. The oxidation can be minimized using a
nitrogen purge.’? The presence of Fe(Il) and Fe(IIl) on tetrahedral Al framework
sites has also been confirmed by XANES in EXAFS in the large pore FAPO-3671
and in FAPO-n (n =5, 18), by a combination of several techniques.”? A computa-
tional study of the substitution of Al by Fe3* in AIPO4-5 shows that the substitu-
tion is energetically unfavourable.”3

Iron-substituted aluminophosphate molecular sieves show catalytic activity in
the pinacol rearrangement reaction.’# It has also been found that FAPO-5 is an ex-
ceptionally good catalyst for the selective oxidation of cyclohexane in air.”> The
catalytic activity is attributed to the redox ability of Fe(IIl) as an integral part of the
APO framework.

Moreover, the open-framework structure coupled with magnetic properties
opens the way to a new class of porous materials — magnetic sieves.’¢ For this rea-
son open-framework iron phosphates have attracted great attention in the last few
years.”7-79

3.6. Cobalt

Cobalt-substituted aluminophosphates are the most extensively investigated
MAPO-n systems. In comparison to the other first row transition metals, which
usually prefer octahedral coordination geometry, Co?™ ions adopt rather easily tet-
rahedral stereochemistry with oxide ions as ligands. This can be explained by the
fact that the ligand field stabilization energies for Co2* (ions d”) disfavour tetrahe-
dral coordination relative to the octahedral one to a lesser extent than is the case for
most other d” configurations. The characteristic royal blue colour of the synthe-
sized CoAPO products is a good indication that cobalt incorporation into the
aluminophosphate framework had been achieved.

Single crystal structure analysis of CoAPSO-34 confirms the incorporation of
Co2* ions into tetrahedral sites of the chabazite-like framework.30 Incorporation of
Co(II) ions in the framework of APO- and SAPO-20 leads to an expansion of the
parent aluminophosphate unit cell.3! An analysis of the bond lengths indicates that
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the Co distribution over the Al sites is not completely random. The crystal struc-
tures of CoAPO-44, CoAPSO-44, CoAPO-47 and CoAPSO-47 were also deter-
mined from single crystal X-ray data.82 It is suggested that the upper limit to the
amount of cobalt (as well as silicon) incorporated and the resulting maximum neg-
ative framework charge may be limited by the number of positively charged spe-
cies, which can fit within the available void space.8? Only two template cations
(protonated cyclohexylamine) can be packed inside each chabazite cage. The sin-
gle crystal structure analysis of COAPO-21 reveals that the Co2* ions occupy ex-
clusively tetrahedral Al-sites, leaving the 5-and 6-coordinated ones intact.83

Diftuse reflectance UV-Vis spectroscopy has been a widely applied method in the
investigation of the local geometry of cobalt ions in CoAPO materials. On the basis of
a systematic study of the incorporation of Co2* into AIPOy-5, a spectroscopic criterion
to distinguish between framework and extra-framework Co2" was developed.34: 85

The UV-vis spectrum of a representative CoAPO-34 (Fig. 7) shows a strong
absorption in the 500—-650 nm region consisting of three components with maxima
at 540 (v1), 585 (v,) and 626 (v3) nm. The maxima originate from the following
electronic transitions of tetrahedrally coordinated Co(Il).

V1 V2 V3
4A; (F) 4Ty (F) 4A5(F) -4T (F) 4A5(F)—>4T(P)

It was also observed that calcination and rehydration induce changes in the
spectrum. The spectra of calcined-rehydrated CoAPOs show a considerable de-
crease in the absorption bands at 500—600 nm and a new strong band at ~ 370 nm.
The assignment of the latter is still controversial. Namely, the change in the spectrum
of calcined CoAPO has been attributed either to oxidation of Co?™ to Co386-88 orto a
distortion-induced charge transfer effect without oxidation of the divalent cobalt
ions.89-91 The controversy about the oxidation of Co?™ to Co3" during calcination
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1.6

Fig. 8. Normalized Co K-edge profile
of as-synthesized (a), calcined-rehy-
drated CoAPO(b) and the standards:
[Co(1,2-diaminoethane);]Cl5 (c), and
Co metal (d).

exists also in the interpretation of ESR spectra in which a significant decrease of
the signal occurs after calcination.?0:91

The Co K-edge XANES sudies of CoAPO-34 performed on as-synthesized
and calcined-rehydrated samples indicate a partial oxidation of Co(II) to Co(III)
upon calcination (Fig. 8). The Co K-edge of the calcined-rehydrated CoAPO is
shifted to a higher energy showing an increase in the Co oxidation number.92

A spin-echo mapping technique has been used to investigate various CoOAPO-n.93
The different NMR lines of the spectra are assigned to various P(nCo) environ-
ments in the structure, and their shift is found to be approximately proportional to
the number (7) of the Co atoms in the first coordination sphere of the P atoms. Also,
the presence of signals above 500 ppm is taken as a direct proof for cobalt sitting in
the framework.

The incorporation of cobalt has been successful in a number of alumino-
phosphate structures. However, the substitution level reached is still limited. There
are only a few CoAPO-n materials (n — 44, 46 and 50) with a Co/Al mole ratio
greater than 0.3. Recently, a high Co2*/Co3* substitution level was obtained in
CoAPO-34 and CoAPO-20 using piperidine as the template in a fluoride me-
dium.? Stucky et al. have recently developed a new methodology for the prepara-
tion of various COAPO materials with a high percentage of framework Co(11).9°
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Recently, it has been reported that CoAPO-18 could be a good catalyst for the
selective oxidation of linear alkanes by molecular oxygen.?¢ Although the precise
mechanism of the oxidation is not clear, it is certain that oxidation of the frame-
work Co(II) to Co(III) is vital for the catalysis. A significant factor in facilitating
the reaction is also the ability of Co(Ill) to expand its coordination sphere.
MgAPO-18 is totally inactive as an oxidative catalyst since the divalent ion cannot
be raised to a higher oxidation state.

3.7. Nickel

Nickel is a good candidate for isomorphous substitution into microporous
aluminophosphates because of its versatile coordination chemistry, as well as its
catalytic properties. NiIAPO-21 was the first reported nickel-subtituted alumino-
phosphate system.97 UV/Vis spectroscopy suggests that Ni(II) ions replace the
hexacoordinated aluminum of the AIPOy4-21 framework. The anomalous disper-
sion technique confirmed the octahedral coordination geometry of the Ni(II).98: 99
This method has been used in recent years following the advent of intense tunable
X-radiation from synchrotron X-ray sources. By tunning the wavelength of the ra-
diation to be close to the absorption edges of the specific elements, it is possible to
identify and distinguish between atoms, which occupy a single site. Thus, by
studying the location of Ni in NiAPO-21 by this method, it is found that the Ni at-
oms fully occupy the octahedral framework sites, forming links between the
aluminophosphate layers. Two bonds in the Ni(II) coordination sphere belong to
framework O atoms, while the remaining coordination is affected by two 1,2-dia-
minoethane (which was used as the template), one being monodentate and the
other bidentate.%8

Kevan et al. investigated the framework substitution and the local environment of
nickel ions in several NiIAPSO-n molecular sieves (n = 5, 11, 34, 41)100-103 by ESR
and ESEM spectroscopy. In all the systems, the Ni(Il) ions are incorporated into the
framework positions and various Ni(I) species are formed by reduction and absorbate
interaction. 31P ESEM studies of NiAPO-5 indicate that the metal ion incorporation
occurs at phosphorous sites.104

The incorporation of Ni(Il) into the framework sites of SAPO-n (n — 17, 18,
34, 35) affects the catalytic activity of the SAPO materials in the conversion of
methanol to olefins. The incorporation of Ni into the structures generally increases
the ethene yield. Among the NiIAPSO-n, NiAPSO-34 shows the best performance
in terms of both selectivity and lifetime. 105

3.8. Zinc

Zinc(II) ions adopt equally both the tetrahedral and octahedral coordination
geometry with oxide ions as ligands. It could be therefore expected that the incor-
poration of zinc ions into an aluminophosphate framework should proceed easily.
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In the sodalite-like framework (ZnAPO- and ZnAPSO-20), Zn2* ions were found
in both the framework and extra-framework positions.8!

The location of Zn(II) ions in AIPO4-34 investigated by EXAFS, NMR spec-
troscopy and the Rietveld X-ray refinement showed that the Zn(II) ions are tetra-
hedrally coordinated at the positions of A13.106-108 The 3IP-NMR spectrum of
ZnAPO-34 exhibits two major signals at — 30 and — 20 ppm, which are assigned to
P(4Al) and P(2Al, 2Zn).197 The analysis of EXAFS spectra reveals the tetrahedral
coordination around Zn(II) with a Zn—O distance of 1.940 A. However, the spec-
trum of calcined ZnAPO shows a decrease in the number of neighbouring O atoms
(from four to three), as well as an increase in the Zn—O distance (1.692 A). The re-
moval of one oxygen atom upon calcination is explained by the following scheme:

(0)2Zn(OH), — (0)2Zn = O + Hy0

Accordingly, the results of the EXAFS analysis of calcined ZnAPO-34 indi-
rectly confirm the presence of Lewis acid sites as local defect sites in the alumino-
phosphate latice.106 However, the EXAFS analysis of calcined ZnAPO-18 sug-
gests that in this type of structure there are three short and one long bond associated
with the Zn—O of the Brensted acid center.109

The presence of Brensted acid sites resulting from Zn(II) incorporation was
established on the basis of FTIR analysis of ZnAPO-40.110 The spectrum of
ZnAPO-40 shows characteristic peaks at 3610, 3589 and 3514 cm.

Catalytic transformations of 1-butene were performed over ZnAPSO-11 and
Zn-supported SAPO-11 (Zn-SAPO).111 The ZnAPSO-11 shows a higher selectivity
towards skeletal isomerization than Zn-SAPO, which is assigned to the substitution
of Al by Zn(II) ions. It is suggested that the substitution leads to the presence of par-
tially coordinatively unsaturated Zn(Il) ions in the vicinity of structural P-OH
groups. The Brensted acidity is enhanced by a Brensted—Lewis interaction, thus ren-
dering the ZnAPO-11 more strongly acidic, a necessity for skeletal isomerization.

The readiness of Zn2* ions to form building blocks suitable for interconnec-
tion inside open-framework topologies has had as a result a proliferation of novel
open-framework zinc phosphate structures.!12-117 Among them are even zeolite
topologies, such as the sodalite-and faujasite-like. Most of the zincophosphates are
novel open-frameworks, such as a chiral zincophosphate, which has been included
in the Atlas of Zeolite Framework Types having the structure code CZP.!18

4. CONCLUSION

It is evident that open-framework aluminophosphates are characterized by an
enhanced structural diversity. The structures differ in topology, pore size and ge-
ometry, chemical compositions and the channel dimensionality. These differences
in characteristics allow for the “tailoring” of structure and properties. The large
family of molecular sieves has been expanded yet again by unique hybrid or-
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ganic-inorganic open-frameworks. Both organic and inorganic moieties build up
the lattice,!19:120 which raises the possibility of tuning the dimensions of the pores
through the selection of proper organic building blocks.

Among the structures which are zeolite analogues, there are several (such as
the chabazite-like AIPO4-34 having a pore opening of about 0.4 nm) which exhibit
lattice flexibility rather unusual for the rigid aluminosilicate framework. The de-
gree of structural specificity found in aluminophosphates recommends them for
the preparation of novel materials, such as chemical sensors, data storage materials
or materials for application in the synthesis of chiral compounds. Finally, open-fra-
mework aluminophosphates possess crystallographically ordered nanopores — ap-
ertures, cages and channels, the diameters of which are in the range 0.4 to about 1.5
nm. In this respect, open-framework aluminophosphates are good candidates for a
new category of catalysts — nanocatalysts. Finally, the porous aluminophosphate
lattice could be a promising host for the preparation of nano materials. Very re-
cently, a silica matrix was successfully used for the preparation of nano ferrites. 121

U3BOJ

ITIOPO3HU ATYMO®OCPATU: CUHTE3A, KAPAKTEPU3ALIMJA U
MO PMKOBAIE JOHUMA IMPEJTASHUX METAJIA

HEBEHKA PAJh

Texnoaouwko-metmianypuwku gpaxyaiiei, Kapnezujesa 4, 11000 beozpao

Kparak peBujanmnu npukas nopo3nux aaymodocdara n BIXOBUX MOAn(UKaINja Koje
cajipXXe joHe Ipella3HUX MeTaja. 3a OBe MaTepujajie je KapaKTepHCTHUYHA CTPYKTypHa U
XEeMHjCcKa Pa3HOJIUKOCT, Ka0 U pa3IuyuTe AUMEH3HUje mopa Koje cy ypebeHe y KpucTano-
rpaccKOM CMHCITY UM 4Mja BeJIMYUHA CE MOXE IMOfellaBaTH INPOMEHOM YCJIOBa CHHTE3E.
[Ipeunuk mopa, kaBe3a u Kanazia je y omcery of 0,4 go 1,5 nm mro anmymococdare unHI
NIPUMEHIBIBUM Y 00JIaCTH HAHO-KaTajlmu3e. YrpabuBameM joHa IpeTa3HuX MeTalla ca PeoKC
CBOjCTBHMA y peleTKn amymodocdara HacTajy akKTHBHH LEHTpH dnMe aidyModocdaTn
ocTajy NPUMEHIbUBY M KaO CEIEKTUBHE OM-(DYHKIIMOHAIHY KaTaau3aTopu. [la 61 ce crekao
VBHJI Y MOJIOXKA] U KOOPAMHAMOHY FEOMETPH]jy jOHA Mpela3HuX MeTaja, Mopajy ce KOpH-
CTUTHU Pa3ININTE MHCTPYMEHTAIHE TEXHUKE.

(ITpumibeno 11. HoBemGpa 2004)
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