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Abstract 

This Chapter aims to present the zeotypes aluminophosphates (AlPOs) as a complementary 
alternative to zeolites in the isomorphic incorporation of metal ions within all-inorganic 
microporous frameworks as well as to discuss didactically the catalytic consequences derived 
from the distinctive features of both frameworks. It does not intend to be a compilation of either 
all or the most significant publications involving metal-substituted microporous 
aluminophosphates. Family of AlPOs and zeolites, which includes metal ions substituted 
variants, are the dominant microporous materials. Both these systems are widely used as 
catalysts, in particular through aliovalent metal ions substitution. Here, some general 
description of the synthesis procedures and characterization techniques of the MeAPOs (metal-
contained aluminophosphates) is given along with catalytic properties. Next, some illustrative 
examples of the catalytic possibilities of MeAPOs as catalysts in the transformation of the 
organic molecules are given. The oxidation of the hardly-activated hydrocarbons has probably 
been the most successful use of AlPOs doped with the divalent transition metal ions Co2+, Mn2+ 
and Fe2+, whose incorporation in zeolites is disfavoured. The catalytic role of these MeAPOs 
is rationalized based on the knowledge acquired from a combination of the most advanced 
characterization techniques. Finally, the importance of the high specificity of the structure-
directing agents employed in the preparation of MeAPOs is discussed taking N,N-
methyldicyclohexyamine in the synthesis of AFI-structured materials as a driving force. It is 
shown how such a high specificity could be predicted and how it can open great possibilities 
in the control of parameters as critical in catalysis as crystal size, inter- and intracrystalline 
mesoporosity, acidity, redox properties, incorporation of a great variety of heteroatom ions or 
final environment of the metal site (surrounding it by either P or Al). 
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1. Microporous crystalline AlPOs 
 

Since the discovery of natural zeolites [1], more than two and a half centuries ago, these 
materials were considered as crystalline aluminium-containing tectosilicates having pores of 
molecular dimension. The definition continues to exist, even today, with more than 230 
different zeolite structures have been identified [2,3]. Any of the three mentioned key 
properties of zeolites, i.e. crystallinity, molecular-size porosity (microporosity) and 
aluminosilicate composition, has been extensively studied and exceeded. In this context, it is 
particularly highlighted the alteration in composition, primarily due to the incorporation of 
numerous heteroatom ions, others than Si4+ and/or Al3+, into the zeolitic frameworks. As a 
consequence of such heteroatom incorporation, Ti-zeolites [4], B-zeolites [5], V-zeolites [6], 
Zr-zeolites [7], Sn-zeolites [8], Fe-zeolites [9, 10], Ga-zeolites [10], Ge-zeolites [11] and other 
heteroatom-zeolites [12-14], have been investigated widely. All of them have SiO4 tetrahedra 
as the basic and more abundant unit, they do not necessarily contain Al and the heteroatom 
ions are part of the zeolite framework occupying tetrahedral sites. The incorporation of these 
metallic heteroatoms within the zeolitic framework is not limited to an academic exercise but 
allows these materials to reach new industrial catalytic applications [12]. In this sense, in 
previous Chapters of this issue, countless examples of applications of metal-zeolites, 
particularly focused on the field heterogeneous catalysis, which are unable to be reached by 
their counterpart metal-free zeolites, have been presented.  

In metal-zeolites, the metal is almost always a dopant in terms of its loadings against that of 
the predominant Si. Al3+ is the only heteroatom ion able to be quantitatively closer to Si in 
certain zeolites, including in the natural ones. However, there are other inorganic oxide-based 
materials, which are also crystalline and possess microporosity but they are not based on SiO2 
[15, 16]. In addition, some of these materials are closely related to zeolites in critical properties 
as their microporous crystalline structures or their thermal/hydrothermal stability. All these 
similarities led to name these materials as zeotypes, denoting the various likenesses with the 
zeolites family and, at the same time, highlighting that they are not zeolites. Nevertheless, it is 
quite common to even refer them as zeolites [17-19].  

Therefore, zeotypes can be defined as materials that have crystalline and microporous 
frameworks having similar physical and chemical properties of aluminosilicate zeolites, but 
whose atoms at the tetrahedral sites are not silicon or aluminium, e.g. cobalt phosphate [20] 
zincophosphate [21], beryllophosphate [21] aluminophosphates [22, 23], nickel phosphates 
[24], gallium phosphates [25] or beryllium hydroxides [26], among many others. Microporous 
frameworks based on metal-phosphates are particular abundant [27]. Among these zeotypes, 
the microporous aluminophosphates, also known as AlPOs (AlPO4 or simply AlPO in singular) 
have been the most investigated for so many reasons. Firstly, they were the first described 
zeotypes [22, 23], and indeed the term zeotype was introduced to integrate AlPO4 materials 
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within the ‘zeolite World’. Besides, they have thermal stability quite similar to that found in 
zeolites and much higher than most of other zeotypes. Like pure SiO2 zeolites, in the absence 
of heteroatom ions, they are neutral and isoelectronic with zeolites since the sum of the formal 
charges of an Al3+ ion and a P5+ ion, which are strictly alternated in an AlPO4 framework, equal 
to the charge of two contiguous Si4+ ions in a zeolite. Moreover, many of the AlPO4-based 
materials have common topologies with zeolites [2, 3]. Finally, and maybe the most important 
reason, AlPOs have contributed the family of microporous materials that expand the structures 
and the (catalytic) applications of zeolites. The following three cases are excellent examples: 
(i) until the relatively recent discovery of ITQ-33 [28] and ITQ-37 [29], the AlPO4 material 
known as VPI-5 [30] (IZA three-letter code VFI [2, 3]) allowed zeolitic family to ‘boast’ of 
pore entrances as large as 12 Å through an 18-R pore (rings having 18 tetrahedral atoms plus 
18 oxygens); (ii) the implantation of several industrial plants to produce olefins from methanol 
in the very recent years in China [31, 32], is a first but important starting point to reduce the 
undesired energetic and chemical dependency of petroleum; such process is catalysed by the 
Si-doped small pore AlPO4-34, the so-called SAPO-34; (iii) the possibility of directly 
incorporation divalent transition metal ions in the Al positions of a AlPO4 material, which is 
not obvious in zeolites because it implies a charge balance problem, led to materials such as 
CoAPOs, MnAPOs, ZnAPOs, etc. [33, 34], some of which resulted active as catalysts in the 
direct oxidation of the low-reactive hydrocarbons with oxygen [35-37]. Precisely the latter is 
closely related to both the scope and the focus of this issue in general and this present Chapter 
in particular.      

Apart from these selected examples, AlPOs as zeotypes can contribute with singular features, 
hardly found in zeolites. Table 1 summarizes some of these singularities of AlPOs compared 
to the corresponding properties of conventional zeolites, thinking in terms of their ability to 
incorporate heteroatoms and their catalytic applications.  

Table 1. Comparison of some properties between conventional zeolites and AlPO4 zeotypes.  

Property Zeolites AlPOs 
Hydrophilic/hydrophobic 

character 
Hydrophobic (tuned to 

hydrophilic co-incorporating 
Al) 

Hydrophilic 

pH of the synthesis gel Basic Acidic-neutral 
Predominant SDA nature Quaternary Ammonium Amines 
Phase-specificity of SDAs Medium Low 

Incorporable oxidation state  3+ and 4+ 2+ to 5+ 
Framework charge No (if Al-free) No 
Known topologies 200+ ca. 50 

Proportion of 1D topologiesa 25 % 40 % 
aPercentage of 1D topologies with respect the whole known structures. In the case of AlPOs, only the structures 
able to be prepared as a non-doped AlPO4 form have been considered.  
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In spite of the significant similarities between AlPOs and zeolites, Table 1 makes clear that 
both families of microporous materials have very different behaviour in various aspects either 
directly or indirectly related to the incorporation of transition metal ions within their 
frameworks. Next, the different properties compiled in Table 1 will be developed more 
extensively.   

1.1. Hydrophilicity/hydrophobicity 

Hydrophilicity/hydrophobicity of solid materials is a key parameter in several industrial 
applications, but becomes even more important if the material is used taking advantage of their 
porosity. A way to measure this parameter is through water adsorption isotherms (Figure 1A 
[38]). AlPO4 frameworks, which provide water isotherms either type I with sorption 
equilibrium at relatively high relative pressure or type V (Figure 1B [39]), are much more 
hydrophilic than SiO2 frameworks (type VII isotherms). However, the Al-rich zeolites give 
isotherms type I with equilibrium reached at low pressures, and are much more hydrophilic 
than AlPOs (Figure 1B [39]). This is because SiO2 framework are neutral whereas the notable 
hydrophilicity of low Si/Al ratio zeolites is due to their negatively charged framework and to 
the presence of charge compensating extra-framework cations, whose nature is controllable by 
its ion exchange capacity [38]. The huge hydrophilicity/hydrophobicity range given by zeolites 
allows them to find applications in fields as diverse as water adsorption (the hydrophilic 
zeolites) or certain catalytic oxidation of organic molecules in liquid phase (generally requiring 
hydrophobic zeolites). The medium hydrophilicity of AlPOs [38], which is difficult to be tuned, 
becomes a drawback when compared to zeolites in any of these applications.      

     

Figure 1. A) Models of water sorption isotherms of four nanoporous solids with different degrees of 
hydrophilicity. Adapted from Microporous Mesoporous Mater, 114, E. P. Ng et al., Nanoporous materials with 
enhanced hydrophilicity and high water sorption capacity, 1-26, Copyright 2007, with permission from Elsevier 
[38]. B) Experimental water adsorption isotherms of various narrow pore AlPOs at 293 K, compared with the 
zeolite 13X. Reproduced from ref. [39] with permission of The Royal Society of Chemistry. 
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Nevertheless, as mentioned previously in this Chapter, AlPOs can be doped by certain 
heteroatom ions, mainly divalent or tetravalent ones, whose introduction into the framework 
makes these materials negatively charged. Like Al-containing zeolites, these charged AlPOs 
can be potentially ion exchanged to enhance their hydrophilic character [40]. However, this 
strategy is far from reaching the hydrophilic character of zeolites due to two important 
limitations. It is difficult to incorporate high loadings of heteroatoms in AlPOs similar to Al in 
zeolites, which could reach Si/Al as low as 1; Si is the heteroatom that can be incorporated at 
highest concentration in AlPOs but when concentrated, it tends to form SiO2 islands where 
only part of the incorporated Si introduces charge in the AlPO4 framework. Indeed, the amount 
of isolated Si incorporated is theoretically limited to around 12.5 % of the tetrahedral (P) sites 
[41, 42], far from the 50 % of Al found in zeolites with a Si/Al ratio of 1. Microporous Co-rich 
aluminophosphates have also been reported [43]. These materials are cobalt phosphates doped 
with Al but, to the best of our knowledge, they are not stable when the organic structure 
directing agent is removed and loose its porosity because of their low stability to calcination. 
As a consequence, the ion exchange in AlPOs has been less investigated and could hardly 
provide any real contribution to the hydrophilic-related applications of Al-zeolites.   

In any case, making the AlPOs hydrophobic, which would be them closer to zeolites for certain 
catalytic applications of interest in this Chapter, is intrinsically avoided by their own 
aluminophosphate nature. On the contrary, the already-hydrophobic Al-free zeolites can 
become even more hydrophobic by changing the conventional synthesis mineralizing agent 
OH- by a fluoride medium, which allows the preparation of zeolites free of hydrophilic Si-OH 
defects [44, 45].   

 

1.2. pH of the synthesis 

pH value of the starting gels is undoubtedly one of the most determinant parameters in 
controlling the kinetics of the zeolite crystallization, but also in terms of the nature of the 
crystallized phase(s), the amount of defects, the Si/Al ratio, etc. [46]. The synthesis of 
conventional zeolites, which are prepared in OH- media, is carried out at very alkaline pH, 
commonly covering the pH range of 10-13. As an alternative to OH- as the mineralizing agent, 
F- can be also used for the preparation of zeolites at lower pHs, between 7 and 12, which result 
in practically a defect-free form [45].  

The synthesis of AlPOs can be carried out starting from gels of pH values in the range 3-10, 
although the most common pHs are acid, between 3 and 7. From gels with pH below 3, 
normally dense (i.e. non-porous) phases such as tridymite, cristobalite or AlPO4 hydrated are 
formed [47]. Thinking in terms of incorporation of metal ions within these two microporous 
frameworks, it is convenient to be aware of the existence of the different thermodynamically-
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stable metal species in aqueous solution along the all pH range. Figure 2 shows the Pourbaix 
diagram of cobalt as an example. Pourbaix diagrams maps out the possible stable (equilibrium) 
phases of a metal as a function of pH and electrochemical potential of the solution [48]. In 
aqueous solution, the stable species are these included between the oblique dashed dotted lines 
denoted as ‘a’ and ‘b’, which delimits the oxidation and reduction voltage potentials of water. 
Like most transition metal, cobalt is soluble at low pH. In particular, cobalt is stable as soluble 
Co2+ in the pH range from -2 to around 9. Above pH 9, Co is found in a solid form, either as 
Co(OH)3 or mainly as Co(OH)2. It implies that, in aqueous solution and in the absence of any 
other chemical species, the most stable Co species (and in general any transition metal species) 
are different at the typical pH of the synthesis of zeolites (9-13) and at that of the synthesis of 
AlPOs (3-7). It is presumably that this fact has a strong influence on the way in which transition 
metal ions are incorporated in zeolites or in the zeotypes AlPOs, beyond the environmental 
and/or crystallographic restriction intrinsically imposed by each framework. In our opinion, 
this aspect has not been addressed with enough clarity in the literature yet.    

 

Figure 2. (A) Pourbaix diagram of cobalt. The thermodynamically-stable species in aqueous solution are these 
found between the segment delimiting by dotted lines a and b. (B) Scheme of the pH range at which zeolites 
(red region) and AlPOs (blue region) are normally prepared. The stripped region represents pHs at which AlPOs 
(blue) and zeolites (red) can also be prepared beyond conventional pHs.  
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Commented [ms1]: Joaquín commented: But according to the 
diagram, Co soluble species are not stable at pH  > 9, and this indeed 
make a difference with AlPO. Please revise this sentence. 
Answer:  That is exactly what we meant, that the most stable Co 
species are different under the conditions at which AlPOs and 
zeolites are prepared. We modify the sentence trying to clarify this 
fact.  
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1.3. Nature and phase-specificity of structure-directing agents  

Generally speaking, the most conventional structure directing agents of the zeolites are alkaline 
hydroxides for low Si/Al zeolites and quaternary ammonium hydroxides for high Si/Al zeolites 
[49, 50], whereas amines are the most preferred structure-directing agents (SDAs) for AlPOs 
[51]. That observation finds so many exceptions in the literature. The most evident one is that 
AlPOs can be prepared with quaternary ammonium hydroxides [52, 53] and zeolites can be 
prepared with certain amines [54, 55]. The reason behind the extensive use of either inorganic 
or organic hydroxides in the synthesis of zeolites and the less basic amines for the synthesis of 
AlPOs, is evidently related to the required pH by the silica- or aluminophosphate-based 
materials to be crystallized (Figure 2).  

Table 2 compiles the nature of the SDAs most frequently used in the preparation of different 
AlPOs/MeAPOs. The prevalence of amines as SDA of AlPOs is marked form Table 2. On the 
other hand, the large number of organic molecules able to direct the crystallization of certain 
AlPOs, particularly these having AFI and AEL topologies, indicates that in general amines has 
low phase specificity. As an example, 23 different organic SDA were reported to direct the 
crystallization of AlPO4-5 in 1983 [56], just one year after AlPO4 materials were patented [22]. 
Similarly, some amines like DPA are able to direct the crystallization of several AlPO4-based 
materials with different topology [57-59]. The specificity of organic SDA in zeolites is 
normally much higher, in spite of their role was reduced from the ambitious concept of 
‘template’ to the simple SDAs some decades ago [49]. The importance of the specificity and 
the efficiency of a given SDA towards a particular topology is made clear in a below section 
of this Chapter expressly dedicated to that subject (Section 5).  

Table 2. AlPO4 materials accepted by IZA and their homologues doped with heteroatom ions. The 
dimensionality of their pore system, the number of tetrahedral atoms in their largest ring, their 
common names and the structure-directing agents are also given. Si has been discarded as 
heteroatom ion as it is out of the scope of this Chapter.   

nDa MRb IZA codec AlPO4-nd Incorporated Mee SDAf 
 
 
 
 
 
 
 
 

1D 

18R VFI VPI-5/AlPO4-
54 

None, Co, Mg, Mn, Ti, Fe, Cr, V None, DPA, TBAOH 

14R AET AlPO4-8 None, Mn By heating VPI-5 
 
 
 

12R 

AFI AlPO4-5 None, Co, Zn, Mg, Mn, Ti, Fe, Cr, 
Ni, V, Cu, Mo, Sn, Zr, Ca, Sr, Ba, 

Be, Ge, Li, Ce, Cd, Ru 

TEA, TEAOH, TPA, 
TPAOH, MCHA and 50+ 

more amines 
ATO AlPO4-31 None, Co, Zn, Mg, Mn, Ti, Cr, V, 

Cu, Cd 
DPA, DBA, DPentA, 

DHA, HMI 
ATS AlPO4-36 None, Co, Zn, Mg, Mn, Ti, Fe, V, 

Be, Ga 
TPA, ECHA, DPBA 

SAF STA-15 None TPAOH 
 
 

AEL AlPO4-11 None, Co, Zn, Mg, Mn, Ti, Fe, Cr, 
Ni, V, Cu, Nb, As, Be, Ge, Cd 

DPA, DiPA, DiBA and a 
few more 

Commented [ms2]: Joaquín commented: This should be most 
probably ref 49. 
Answer: It is indeed ref. 49. Thanks. 
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10R 

AFO AlPO4-41 None, Co, Mn, Ti, V, Zr DPA, DiPA, DiPFA, 
DEA, DBA, DPentA, 

JRY CoAPO-CJ40 Co, Zn, Mn, Fe DEA 
AHT AlPO4-H2 None None 

 
8R 

ATN AlPO4-39 None, Co, Zn, Mg DPA, DiBA 
ATV AlPO4-25 None, Co By heating AlPO4-21 

AWW AlPO4-22 None HMTA, HMI, MDEA, 
DDO 

 
 
 
 
 
 

2D 

 
12R 

AFR* AlPO4-40 None, Co, Zn TPAOH (+ TMAOH) 
SBE* UCSB-8Co Co, Zn, Mg, Mn DAN 

SFO* SSZ-51 None, Co DMAP 
 
 
 
 
 

8R 

AEN AlPO4-EN3/-
53 

None, Co, Mn, Cu MA, DMA 

AFV AlPO4-57 Zn, Mg DEDMA 

APC AlPO4-C None, Co By heating AlPO4-H3 
APD AlPO4-D None By heating AlPO4-C 
ATT AlPO4-33 None TMAOH 
AVL AlPO4-59 Zn, Mg ETMA 

AWO AlPO4-21  None EA, pirrolidine, TEA, PA, 
MDEA, etc. 

LEV AlPO4-35/-67 None, Co, Zn, Mg HEM, TrOH, DABCO, 

ETMA, DEDMA, MCA 

OWE ACP-2/UiO-28 Co, Mg DET 

ZON ZnAPO-M1 None, Co, Zn, Mg TMAOH 
 
 
 
 
 
 
 
 
 
 
 
 
 

3D 

 
 
 
 

12R 

AFS* AlPO4-46 Co, Zn, Mg, Mn, Ni DPA 
AFY* AlPO4-50 Co, Zn, Mg, Mn DPA 
DFO* DAF-1 Co, Mg, Ni DMOH 
FAU AlPO4-37 Co, Zn TPAOH + TMAOH 
SAO STA-1 Zn, Mg BPM, BP 
SBS UCSB-6 Co, Zn, Mg, Mn DAH 

SBT UCSB-10 Co, Zn, Mg TTD 

 
 
 
 
 
 
 

8R 

AEI AlPO4-18 None, Co, Zn, Mg, Mn, Ti, Fe, Ni, V, 
As, Ge, Ga 

TEA, TEAOH, DiPE 

AFN AlPO4-14 None, Co, Zn, Mg, Mn, Cr, PDA, DABCO, iPA, tBA 
AFT AlPO4-52 None TEAOH + DPA 
AFX AlPO4-56 Co, Mn, Zr TMHD 
ANA AlPO4-24 None, Co Na+, Cs+ 
CHA AlPO4-34 None, Co, Zn, Mg, Mn, Fe, Cr 

Ni, Cu, Be, Li 
TEAOH, TEA, DPA, 
DEA, MA and others 

DFT DAF-2 Co EDA 
EDI Edingtonite Co 1,2-DAP 
ERI AlPO4-17 None, Co, Mg, Fe Q, NPA, CA, piperidine 
GIS AlPO4-43 None, Co, Zn, Mg DPA 
LTA AlPO4-42 None, Co, Zn, Mg, Mn, Fe TMAOH + Na+ 
MER Merlinoite Co DMA 
PHI DAF-8 Co, Zn DACH 
RHO Rho Co, Mg, Mn DiPPD 
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SAT STA-2 Mg BQNB 
SAV Mg-STA-7 Co, Zn, Mg tmtact, hmhaco 

SIV SIZ-7 Co EMIm 
THO Thomsonite Co MEDA 

a Dimension of the pore system 
b Number of tetrahedral atoms in their largest ring 
c Three-letter code given by IZA [2, 3]. 
* Structure having extra micropore(s) with lesser number of tetrahedral members (10R or 8R). For details [2, 3].  
d Common names. The name following the format ‘AlPO4-n’ is preferred. 
e The term ‘None’ indicates the possibility to prepare the material in the non-doped AlPO4 form.  
f Structure directing agent or any other strategy used in the preparation of the material. The term ‘None’ indicates 
the possibility of preparing the corresponding material in the absence of any SDA.  
Organic SDA abbreviations: DPA: n-dipropylamine; TBAOH: tetrabutylammonium hydroxide; TEA: 
trimethylamine; TEAOH: tetrabutylammoniun hydroxide; TPA: tripropylamine; TPAOH: tetrapropylammonium 
hydroxide; MCHA: N-methyldicyclohexylamine; DBA: n-dibutylamine; DPentA: n-dipentylamine; DHA: n-
dihexylamine;  HMI: hexamethyleneimine; ECHA: N-ethyldicyclohexylamine; DPBA: N,N-diisopropylisobutylamine; 
DiPA: diisopropylamine; DiPFA: diisopropylformamide; DEA: diethylamine; DiBA: Diisobutylamine; HMTA: 
Hexamethylenetetramine; HMI: Hexamethyleneimine; MDEA: N-methyldiethanolamine; DDO: N,N´-dimethyl-1,4-
diazabicyclo(2.2,2) octane dihydroxide; TMAOH: Tetramethylammonium hydroxide; DAN: 1,9-diaminononane; 
DMAP: 2- or 4-dimethylaminopyridine; MA: methylamine; DMA: dimethylamine; DEDMA: 
diethyldimethylammonium; ETMA: ethyltrimethylammonium; EA: Ethanolamine; PA: n-propylamine: MEA: N-
methyl-ethanolamine; TrOH: Tropine hydroxide; DABCO: Triethylendiamine; MCA: 2- methyl-cyclohexylamine;  
DET: diethylenetriamine; DMOH: decamethonium hydroxide; BMP: (S)-(-)-N-benzylpyrrolidine-2-methanol; BP: 
benzylpyrrolidine; DAH:  1,7-diaminoheptane; TTD: 4,7,10-trioxa-1,13-tridecane diamine; DiPE: N,N-
diisopropylethylamine; PDA: 1,3-propyldiamine; iPA: isopropyamine; tBA: tert-butylamine; TMHD: N,N,N′,N′-
tetramethyl-hexane-1,6-diamine; EDA: ethylenediame; 1,2-DAP: 1,2-diaminopropane; Q: quinuclidine; NPA: 
neopentylamine or 2,2-dimetil-1-propanamina; CA: cyclohexylamine; DACH: 1,4-diaminocylcohexane; DiPPD: 
N,N’-diisopropyl-1,3-propanediamine; BQNB: 1,4-bis-N-quinuclidiniumbutane; tmtact: 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane; hmhaco: 1,4,7,10,13,16-hexamethyl-1,4,7,10,13,16-hexaazacyclooctadecane; 
EMIM: 1-methyl-3-ethylimidazolium; MEDA: N-methylethylenediamine. 

 

1.4 Heteroatoms incorporable into AlPO4 frameworks and their structure-directing role 

In an all-silica zeolite framework, all atoms in the tetrahedral coordination are tetravalent Si4+. 
That Al-free zeolite is hydrophobic and does not have any overall charge. Practically all 
applications of zeolites are based on the partial substitution of Si by other heteroatoms, which 
provide acid/redox centres, basicity, hydrophilicity, ion exchange capacity, etc. The 
isomorphic substitution of a Si4+ by a tetravalent ion such as Ti4+, Zr4+ or Sn4+, does not alter 
the neutrality of the framework. However, the incorporation of Al3+ ions isomorphically 
substituting Si4+ entails the introduction of a negative charge, which has to be compensated by 
a cation, commonly a protonated SDA molecule, a proton H+, alkaline or alkaline earth cations. 
Similarly, the incorporation of a pentavalent ion, for instance P5+, would positively charge the 
framework and the presence of an extraframework anion would be required. To the best of our 
knowledge, the latter substitution (P or any other pentavalent ion by Si4+ one) has not been 
reported in the literature. In this sense, it has been noted that introduction of phosphate ions in 
the zeolite MFI synthesis gel seems to assist the crystallisation process but no evidence for P 
incorporation has been seen [60]. The incorporation of divalent atom instead of a Si4+ ion has 
been also attempted, but either two monovalent extraframework cations or a divalent one must 
be present to compensate the double charge of the framework associated to the incorporation 
of a divalent ion. In spite of the incorporation of divalent cations in zeolites has been described 

Commented [ms3]: Joaquín commented: The framework is 
charged at local sites, as both Si and O bear some charge. 
Answer: We agree 
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[61-64], this is far from being a widespread strategy, and the heteroatom incorporation in 
zeolites is reduced, for practical purposes, to tri- and tetravalent ions. 

Since the aluminophosphate framework consist of alternating P5+ and Al3+ ions, the possible 
oxidation states of the incorporated heteroatoms are significantly expanded. Figure 3 shows 
various mechanism of substitution (MS) of heteroatoms, as well as the subsequent charge 
modification of the framework, if any, as a function of the oxidation state, covering from 2+ to 
5+ ions, which are in principle easy to be achieved in an AlPO4 framework, contrasting with 
the limited oxidation states within a SiO2 framework (3+ or 4+, Table 1). Similar to the divalent 
heteroatom incorporation in zeolite framework that has been described in some particular cases 
[61-64], the incorporation of monovalent ions into AlPO4 frameworks has also been claimed 
[65, 66].  

Figure 3. Mechanisms of substitution of heteroatoms with oxidation states 2+, 3+, 4+ and 5+ into an AlPO4 
framework. 

Apart from the evident improvement in terms of versatility of incorporable oxidation states, 
Figure 3 makes clear that two further important distinctions are found in AlPOs in comparison 
with zeolites. Firstly, the incorporation mechanisms of a given heteroatom (and then also its 
final environment within the AlPO4 framework) cannot be always predicted by just knowing 
their oxidation state. This is particularly true for tetravalent ions, which can provide up to three 
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different incorporation mechanisms (MS IIa, MS III and the substitution of Me4+ by Al3+ ions, 
which has not been considered in Figure 3 because its existence has not been proved in AlPOs) 
or a combination of them in different degree. Such MS variety for tetravalent ions has been 
developed by Si4+, giving rise to very different environments including isolated Si (by MS IIa) 
and a notable variety of SiO2 islands (by combination of MS III and MS IIa mechanisms) 
(Figure 4). The environment of each Si atom shown in Figure 4 has strong influence on its 
acidity and then on its catalytic potential. Any incorporated Si surrounded at least by an Al 
atom in the first tetrahedral coordination sphere gives an acidic site. The acidity of these sites 
increases in the order: Si(OSi)3(OAl) > Si(OSi)2(OAl)2 > Si(OSi)(OAl)3 > Si(OAl)4 [67], the 
latter being formed by the isolated incorporation of a Si4+ ion substituting a P5+ ion (MS IIa, 
Figure 3). So, the whole acidity of the SAPO catalysts (number and strength of their sites) with 
a given Si content is controlled by the size of the SiO2 islands [68]. On the contrary, Si4+ atoms 
in Si(OSi)4 environments within zeolite-like SiO2 islands have no acidic properties at all; 
therefore, one may consider the incorporation of such Si4+ as heteroatom is useless as they do 
not provide any net catalytic site, although they can catalytically contribute in some other ways 
such as to increase hydrophobicity of the catalyst [69], to tune the acidity of other acidic Si 
sites beyond the isolated Si sites Si(OAl)4 [42] or to improve thermal stability of the material 
[66]. Despite that diversity of environments has been exclusively attributed to the Si4+ ion 
during decades, the recent certification of the existence of Ti-O-Ti in TAPO materials [71] 
evidenced that such incorporation complexity is extendable to other tetravalent dopants.  

Secondly, irrespective of its oxidation state, the incorporation of a given heteroatom ion has 
different consequences in terms of framework charge of zeolites and AlPO4 zeotypes. For 
instance, if the incorporation of trivalent heteroatoms is the normal way to introduce charge 
(and then acidity, hydrophilicity, etc.) in zeolite frameworks, the same heteroatom incorporated 
into AlPOs does not alter the neutrality of the framework. It implies that the incorporation of a 
given heteroatom is never strictly comparable in both frameworks, as different breaking and/or 
preserving of neutrality will be certainly found in both systems. 
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Figure 4. Different Si environments in an AlPO4 framework formed by diverse combinations of heteroatom 
incorporation mechanisms MS IIa and MS III (Figure 3). The orange regions indicate the Si islands. Oxygen atoms, 
which are present between two consecutives tetrahedral atoms (P, Al or Si), are omitted for clarity.  

 

Whilst previous sections showed the importance of organic structure directing agent or pH of 
the starting gel in directing specific structures, it is also reported in literature that certain 
incorporated heteroatom ions along with the SDA can direct specific microporous structures. 
This is particularly true for AlPO4-based materials as illustrated in Figure 5. It has been found 
that 1,2-diaminocyclohexane produces a highly crystalline layered material in the absence of 
any divalent cations that substitutes Al3+. However, the introduction of ca. 30 % of divalent 
metal ions in Al3+ sites, in particular cobalt or zinc, produces a material with chabazite structure 
[72]. Likewise, 1,4-diaminocyclohexane, which produces a layered material very similar to 
that formed from 1,2-diaminocyclohexane in the absence of any dopant, promotes the 
formation of a three dimensional microporous materials with PHI structure when a divalent 
metal ion such as Co2+ or Zn2+ is introduced in the synthesis gel [72]. It has been also observed 
that the heteroatom cation concentration can tilt the formation of CHA over AEI structure (both 
having highly related topologies [2, 3]) when TEAOH is used in conjunction with Co2+ ions in 
the synthesis gel [73]  

 

 

 

 

 

Isolated Si(OAl)4

Si(SiO)(OAl)3
in an island border

Si(SiO)3(OAl) 
in an island border

Si(OSi)4
within an island

Si(SiO)2(OAl)2
in an island border
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Figure 5. Effect of the presence of divalent ions Co2+ in tilting the structure direction from a layered AlPO4 
material to a 3D microporous Co-doped aluminophosphates system.  

Other strong structure-directing role by an ion is found in the system AFI/CHA in the 
presence/absence of Zn2+ ion, whose role has been clarified through molecular interactions 
[52]. Similar effect has been also observed under ionothermal conditions, in particular by the 
presence of either V (introduced as V3+, V4+ or V5+) or Ti4+ions, which favour the crystallization 
of CHA-structured materials to the detriment of AEL ones [74]. 

These examples and many others in the literature make clear the outstanding structure-direct 
effect given by certain heteroatom ions in the AlPO4 systems, generally characterized by a low 
phase-specificity. Since this section focuses on the distinctness of zeotypes AlPOs versus 
zeolites, it must be highlighted that some heteroatom ions also possess a notable capacity to 
direct the formation of zeolites with particular structures. In this aspect, two of the most 
relevant ions are Ge4+ [11] and Zn2+ [61-63]. 

 

1.5. AlPO4 topologies: the abundance of 1-D pore systems    

AlPO4-based microporous materials with around 50 different topologies have been prepared 
(Table 2). Therefore, the versatility is more than acceptable, considering that they cover all 
range of: (i) microporosity, as there are AlPOs with small pores (channels of 8-membered rings, 
8R), medium pores (10R), large pores (12R) or extra-large pores (> 12R); (ii) pore 
dimensionality, with 1D, 2D or 3D pore systems; and (iii) the presence of either simple pores 
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or pores plus (super-)cavities [2, 3]. In addition, there are so many topologies able to be 
prepared as AlPOs and as zeolites, which allows comparison and systematic studies. Even 
though, the versatility is far from reaching that of zeolites, since more than 230 topologies of 
the latter have been described and accepted by IZA [2, 3].   

On the other hand, the non-doped AlPO4 materials have marked tendency to crystallize as 1D-
pore topologies. In particular, among the topologies prepared so far as pure AlPO4 (which are 
marked as “None” in the column ‘Incorporated Me’ in Table 2), 40 % of them has 
unidirectional pore systems. It must be noted that only 25 % of the known zeolite frameworks 
has 1D pore system [2, 3]. Moreover, the most investigated AlPO4-based materials, AlPO4-5 
(AFI), AlPO4-11 (AEL) and VPI-5 (VFI), possess such pore arrangement and can be prepared 
with so many organic SDAs. Then, one can deduce that the phase specificity of these SDAs is 
quite weak. Indeed, VPI-5 can even be prepared without any organic SDA [75] as water 
molecules arranged in a triple-helix act as the real structure directing agent [76]. When amines 
or quaternary ammonia are added to the synthesis media, they would have certain role in the 
nucleation/crystal growth processes (mainly through pH control) but they are not found within 
the large (18R) VFI pores, indicating their negligible templating role [30]. The presence of 
heteroatom ions having certain structure-directing role often favours the formation of 3D-
topology MeAPO materials versus 1D-topology ones, as above explained [72-74]. It must be 
also highlighted the difficulty of preparing zeolitic materials having these topologies: AEL and 
VFI has not been described whereas the AFI structured zeolite SSZ-24 was described after the 
discovery of AlPO4-5. In the same sense, the preparation of non-doped AlPO4 materials having 
typical zeolite structure with 3D pore systems is rather hard. The emblematic FAU topology in 
zeolites has only been prepared as AlPO4-based form when they are doped with Si4+ [77], Co2+ 
[78, 79] or Zn2+ [79] and using a combination of SDAs, whereas the highly demanded CHA-
structured SAPO-34 materials due to the use of SAPO-34 in MTO process [32], can only be 
prepared as pure AlPO4 under very restrictive conditions including the use of HF [17, 80]. 
Nevertheless, it must be pointed out that these two low-dense cage-contained zeolites FAU and 
CHA are also difficult to be prepared in the non-doped SiO2 form [81], suggesting that their 
preparation is favoured by the negative charge of the framework irrespective of their silica or 
aluminophosphate composition.  

From a catalytic point of view, topologies with 1D pore systems possess inherent drawbacks 
when compared with the 3D ones, due to both the diffusional problems of chemicals [82] and 
the quicker deactivation of the catalysts [83] found in the former. Fortunately, the introduction 
of heteroatom ions to lead MeAPOs increases the percentage of 1D topologies to that found 
for zeolites (Table 2).  
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2. General aspects of the synthesis of AlPOs 
 

Almost all microporous aluminophosphates based systems are synthesised using an organic 
structure directing agent (SDA) (Table 2). In a typical synthesis appropriate stoichiometric 
amounts of aluminium source (aluminium hydroxide hydrate and pseuboehmite are two of the 
most popular sources but other aluminium compounds such as aluminium isopropoxide have 
also been investigated), phosphoric acid, water, metal salts if necessary and the SDA are taken 
and mixed in a specific order to create a gel; the order of addition needs to be optimised for 
specific synthesis of a given structure and composition.  Similarly, the pH of the gel needs to 
be adjusted to obtain phase pure, specific structure. The prepared gel is introduced in a Teflon-
lined autoclave and heated to specific temperatures for several hours to days depending on the 
system. A typical schematic diagram showing the general approach used in microporous 
aluminophosphates synthesis is shown in Figure 6. A selection of aluminophosphates based 
systems as well as the SDAs used to produce them is listed in Table 1. It has been noted that, 
although SDA is used for producing specific structured material, in many instances, other 
structures are favoured depending on the pH of the starting gel, temperature and time of 
reaction. Even the co-crystallization of more than one AlPO4-based is quite often. Figure 7 
shows a representation of such effect based on different systematic studies [84-86].   

  

  

Figure 6. A schematic diagram of a typical synthesis of (heteroatom-doped) aluminophosphates material.  SDA- 
Structure directing agent, typically an organic amine or ammonium hydroxide templates.  Macrocycle based 
metal complexes and multi-templating approaches have also been used in many cases [86, 87]. 
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Figure 7. Scheme of the competitive formation behaviour of two structures that are formed using the same 
template and temperature.  The control of pH of the starting gel is shown to be important to produce specific 
structure [85, 88]. 

 
 

3. Characterization of the metal sites incorporated within AlPOs 

To characterise aluminophosphates in general and heteroatom-substituted systems in 
particular, a range of techniques are used. The main reason of such variety of available 
characterisation methods are: (i) the complete characterization of a solid (catalyst) includes so 
different aspects as crystalline structure, chemical composition, chemical/thermal stability, 
porosity, surface area, chemical environment of Al, P and dopants, morphology crystal size, 
acidity/redox strength, etc.; (ii) the AlPO4-based materials possess great variety in terms of 
topology and composition; (iii) the active centres used to be the dopant, whose loading is 
normally quite low; (iv) the different characterization techniques give complementary 
information; and (v) each technique has some limitations. 

3.1. Structural characterization 

As these materials are highly crystalline with ordered arrangement of atoms, X-ray diffraction 
is the primary technique used to determine (a) phase purity of the prepared systems, (b) lattice 
parameters (by simple Rietveld analysis using a method known as Le Bail method) and (c) 
complete structure solution using Rietveld analysis by providing an initial structure and 
refining structural parameters such as atom positions, occupancies, temperature factors etc. to 
obtain a best match between experimental and calculated diffraction pattern from the refined 
structure [89-92].  In some cases, when the initial structure is not available or not well-defined, 
many other combination of methods, in particular molecular modelling methods or electron 
microscopic methods were used to provide initial structural information and further refined 
using powder diffraction data to obtain more accurate structures of the synthesised materials 
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[90, 93-96]. Whilst powder diffraction is used routinely as obtaining well defined single 
crystals of certain size is difficult in many aluminophosphates systems, in some instances single 
crystals could be obtained and hence single crystal diffraction methods can be used. With 
advent of micro-crystal diffraction methods it is now possible to obtain high-quality data of 
crystals as small as 10 microns or less in a Synchrotron Radiation source [97]. At the same 
time, one grain in a large batch of sample with a crystal used for structure solution may not 
provide the confidence that entire powder has the same material and structure.  It is best to 
carry out powder diffraction of the same material with multiple crystalline parts and use the 
structure obtained from Single crystal diffraction as the starting structure to ensure the entire 
powder can be modelled with this structure. Figure 8 shows the structure obtained from 
combined single crystal and powder diffraction of the same DAF-5 material (CHA structure, 
synthesized using a computationally determined SDA, 4,4, piperidinopiperidine) proving that 
entire powder pattern can be modelled with the structure determined from single crystal 
diffraction [98]. Powder diffraction of the as-synthesised materials alone is not sufficient as it 
is required to calcine the material to remove the organic template for many applications. 
Therefore, it is strongly recommended to carry out powder diffraction of calcined material to 
ensure the structure has not changed in the process of heating the sample. Ideally, one should 
use in situ methods or to avoid exposing the calcined material to atmosphere (dry state) to 
prevent any post calcination interactions with atmosphere, especially water molecules, as these 
materials are hydrophilic and this interaction can distort the structure of calcined material. 

 

Figure 8. Scheme structure solved using micro-crystal diffraction methods using station 9.8 at Daresbury 
laboratory and subsequently verified using high-resolution powder diffraction recorded at station 2.3 at 

Daresbury laboratory of DAF-5, a CoAPO-34 material synthesised using computationally designed organic SDA 
[98]. 
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Although X-ray diffraction provides unique structural details, in particular atomic-architecture, 
pore distribution, template location and in some cases if the hetero-atom is ordered enough 
their possible site location and occupancies, often the technique fail to produce the location of 
hetero-atoms located in the T-site. Some of the reasons are that they may not be ordered and 
also that in the majority of the cases, the concentration of the metal ions is too small to show 
any effect.  However, Simmance et al. [99, 100] indeed show that there are specific lattice 
expansions in certain directions, in cobalt and zinc substituted aluminophosphates. Despite this 
observation, it is difficult to determine the local structure of the substituted metal ions unless a 
more specific local structural tool is used, specifically adaptable to systems with low 
concentrations of heteroatoms. NMR is ideal, but accessing such nuclei is difficult. X-ray 
absorption spectroscopy is another preferred technique as it is a local structural technique and 
element specific, which is discussed later 

 

3.2. Characterization of heteroatoms incorporated in AlPO4 frameworks 

High-resolution solid-state 27Al and 31P NMR have been extensively used to understand the 
local environment of the framework and extra-framework ions. However, most of the studies 
are limited to pure AlPO4 materials or those doped with non-paramagnetic heteroatom ions, 
like Si4+, Mg2+ or Zn2+. The presence of paramagnetic dopants does not only avoid the NMR-
based study of the heteroatoms themselves but it also avoids to study the sample itself. In spite 
of significant effort made by Tuel et al. [101, 102] recording 31P NMR spectra over an extended 
acquisition window, this technique is far from being able to be applied routinely in 
conventional laboratory based NMR instruments. They detected different P(Con,Al4-n) (0 ≥ n ≥ 
4) environments separated by several thousands of ppm. Moreover, among the diamagnetic 
(non-paramagnetic, able to be studied by NMR) heteroatoms, just a few of them, such as Si4+, 
Sn4+ or Cd2+, possess isotope with good enough NMR sensitivity or natural abundance to be 
able to be studied by this spectroscopic technique. However, in most cases, the low loadings 
of hetero atoms in AlPOs, critically limit the acquisition of good signal-to-noise NMR spectra. 
In practice, just 29Si NMR spectra have been used to directly detect the different heteroatom 
(Si) environments in Si-substituted AlPOs. Other important diamagnetic heteroatoms, from a 
catalytic point of view, in particular Mg2+, Zn2+ or Ti4+ have very poor sensitivity to NMR, but 
their incorporation mechanisms or their chemical environment into the AlPO4 frameworks can 
be indirectly studied by solid-state 27Al and especially 31P NMR [103-106].  

Some metal ions containing AlPOs, in particular those containing cobalt and manganese, 
changes their colour when the oxidation state of the metal changes. In this sense, UV-vis 
spectroscopy could be an ideal technique for studying these systems [107-114]. For example, 
cobalt substituted system CoAPO-36 was studied using this technique and the colour change 
from blue (as synthesised) to green (in the calcined and oxidised form) was used as evidence 
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for the formation of Co3+ upon calcination in air [110]. Weckhuysen et al. reported a 30% 
conversion of Co(II) to Co(III) [115] which is line with the findings reported by Barrett et al. 
[116] using Co K-edge EXAFS technique, discussed later. A representative spectrum is shown 
in Figure 9 which shows as-synthesised, calcined and reduced forms of CoAPO-5. 

     

 

Figure 9. DRS spectra of CoAPO-5 materials as a function of the pre-treatment: (1) in as-synthesized form; (2) 
after calcination overnight at 773 K and (3) after reduction with H2 at 623 K. Reprinted from Zeolites, 19, A. A. 
Verberckmoes et al., Framework and extra-framework Co2+ in CoAPO-5 by diffuse reflectance spectroscopy, 180-

189, Copyright 1997, with permission from Elsevier [111]. 

 

Fourier Transform Infrared spectroscopy has been very useful in characterising a range of 
heteroatom substituted system for two reasons: (a) if the metal ions are present in a lower 
valence state (whether it is 2+ in Al3+ site or 4+ in P5+ site) a charge compensating proton 
should be present resulting in a bridging hydroxyl, which will have a specific OH stretching 
frequency, similar to the one seen in zeolitic solids and different from terminal hydroxyls 
associated with parent Al3+ or P5+ cations. A characteristic band appears around 3600 cm-1 
associated with bridging hydroxyls when divalent metal ions are present [117-119] (Figure 10). 
This method is routinely used in addition to proton NMR (if non-paramagnetic metal ions are 
present) in selected heteroatom substituted aluminophosphates (in completely dehydrated 
form) to establish the presence of Brönsted acidity in these systems.  However, it is difficult to 
use this method to establish the extent of conversion of transition metal ions (example Co2+ to 
Co3+ upon calcination) as the intensity of the OH is not clearly reflected on the extent of 
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conversion and furthermore, it is difficult to deduce the presence of Lewis acid sites unless a 
probe molecule is used to determine the Brönsted and Lewis acid sites. 

 

Figure 10. IR spectra showing OH stretching vibration mode of CoAP0-18. a) Calcined in oxygen at 550 "C, b) 

reduced in hydrogen at 400 ºC. A = absorption. Thomas JM, Greaves GN, Sankar G, Wright PA, Chen J, Dent AJ, 
Marchese L: On the nature of the active site in a CoAPO-18 solid acid catalyst. Angew. Chem. Int. Ed. 1994, 33, 
1871-1873. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. [119].  

Extensive studies using ESR technique were conducted on a range of transition metal ions 
substituted AlPOs [115, 120-129]. Although it was established by a range of techniques that 
2+ ions substitute for Al(III), some of the results were interpreted in such a way that the metal 
(2+) ions may substitute for P(IV) site instead of Al(III) sites. Although it is possible, in such 
an event, a large number of protonated sites (almost 3 times as that of the 2+ ions substituted 
in 3+ sites) are needed for charge compensation. Therefore, as there are no direct proofs that 
such mechanism existed, one can most probably discount such substitution mechanism due to 
the nature of charge compensating species. Beale et al. [130] carried out ESR studies of cobalt 
and manganese containing aluminophosphates. They investigated both as-synthesised and 
calcined materials (the samples were sealed in vacuum after the calcination treatment in an 
ESR compatible tube). This study indeed supports the substitution of Mn (II) and Co(II) in the 
Al(III) sites in the as-synthesised materials and the formation of 3+ ions upon calcination [130]. 

X-ray absorption spectroscopy is a powerful method as it is element specific and provide 
average oxidation state and coordination environment (qualitatively) from X-ray absorption 
near edge structure (XANES) and coordination number and bond distance (local structure) 
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more quantitatively from the analysis of the extended X-ray absorption fine structure (EXAFS). 
As this technique does not suffer from the lack of concentration of the dopant and irrespective 
of whether the material is crystalline or amorphous, it can be used for estimating the nature of 
substitution of the metal ions. A range of reports in literature utilised this technique and 
reported the substitution of 2+ metal ions in the framework and has become a routine method 
to convincingly establish the metal ions substitution. One of the main reasons that this method 
is required is that the diffraction analysis fails to show the presence of metal ions in their 
analysis as the metal ions are not ordered and furthermore, their concentration is fairly low. In 
addition, the majority of the AlPOs and MeAPOs (where Me is a divalent cation) possess high 
symmetry space group in diffraction analysis and have only one or two crystallographic sites 
which prevent the accurate determination of metal ion location. Barrett and Jones [97] used 
resonant scattering X-ray diffraction method to show that there is an unequal distribution of 
Co(II) in two Al(III) sites in DAF-8 having Phillipsite structure. A systematic study by Barrett 
et al [72] revealed that the extent of oxidation state change based on the metal-oxygen distance 
as the ionic radii of the different oxidation states and coordination numbers are different (Table 
3).    

Table 3. Refined occupancy of Al and Co sites in the 4 tetrahedral (T) sites wherein Al and Co occupy 
in DAF-8 material.  Respective average distances of those sites agree with the percentages estimated 
in their occupancies.  Typical distances of cation-oxygen distances for Al-O is 1.73 Å and for Co-O is 
1.94 Å [72].  

Crystallographic position 
T 

% Al occupancy % Co occupancy Average Bond length M-O (Å) 

T1 70.5(10) 29.5(10) 1.779 
T2 42.2(10) 57.8(10) 1.843 
T3 35.1(10) 64.9(10) 1.879 
T4 73.9(10) 26.1(10) 1.780 

 

It emerged that some structures favour a higher degree of redox reaction of Me(II) ions 
compared to others. For example, AFI structure seems to show the least of Co(II) ions present 
in its framework that can be converted to Co(III) compared to CoAPO-34 or CoAPO-18 
systems. However, for Mn(II) substituted system, although the trend appears to be similar to 
that of cobalt, it is found that higher amounts of Mn(II) are converted to Mn(III) in AFI 
structure, compared to cobalt containing AFI material (Table 4) [116, 131]. 

Table 4. Amount of 3+ ions present in the calcined state, at room temperature, under inert dry 
conditions, estimated from the average metal ion – oxygen distance estimated from EXAFS at the 
respective metal (Co or Mn) K-edges. 

System Average Me-O distance 
in the as-synthesised 

state (Å), R2+ 

Average Me-O 
distance in the 

calcined (oxidised) 
state (Å), Rav 

Amount of Me ions 3+ state 
(percent)a- X(%) 
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CoAPO-5 1.94 1.91 23 
MnAPO-5 2.02 1.92 58 
CoAPO-36 1.93 1.86 58 
MnAPO-36 2.02 1.89 76 
CoAPO-18 1.93 1.82 100 
MnAPO-18 2.02 1.85 100 

a The amount was estimated based on the equation X(%)=(Rav - R3+)/(R3+-R2+). R3+ was obtained based on the 
ionic radii displayed in Shannon ionic radii table – O2- = 1.35, Co2+ = 0.58 and Mn2+=0.66.  Both Mn3+ and Co3+ 
are not listed as it is very difficult to stabilise them in tetrahedral coordination. Therefore, the calcined state in 
MeAPO-18 was taken as the evidence for Me3+-O distance as the edge shift in respective X-ray absorption data, 
correspond to 3+ containing model compounds.  Therefore, Co3+-O distance of 1.82 Å and Mn3+-O distance of 1.85 
Å were taken as representative distance for tetrahedrally coordinated Me3+-O distance. The values are reported in 
refs. [116, 131]  
 

Based on these studies a simple picture emerged on the extent of oxidation of, for example 
cobalt substituted aluminophosphates. A schematic model based on the amount of oxidised 
cobalt present in the system and the nature charge compensation in the case of non-oxidized 
cobalt ions in the framework is proposed by Barrett et al. [116] and shown in Figure 11.   

 

 

 

Figure 11. Schemes proposed based on results from EXAFS study at the cobalt edge of a series of CoAPOs in the 
calcined state and reduced state, taking in to account the oxidised and non-oxidized component (Scheme 1) 
estimated from EXAFS in the calcined state and reduced component after reduction in hydrogen (Scheme 2). 

Reprinted with permission from [116]. Copyright 1996 American Chemical Society. 
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In addition, a detailed time-resolved combined XRD/XAS (at the Co K-edge) investigation of 
CoAPO-18 revealed the pathway in which the template decomposition takes place 
accompanied by acid site formation prior to the conversion of Co(II) to the oxidised 3+ ions.  
Figure 12 shows a schematic structure of extent of oxidation present in a typical four different 
structures with identical cobalt concentration of ca 4% derived based on the in situ Co K-edge 
EXAFS and FTIR studies. Furthermore, the in situ XRD/XAS (XAS at the Co K-edge) studies 
indeed revealed that the overall structure of the material is intact during the calcination and 
reduction processes and more importantly the conversion of Co2+ to Co3+ occurs at ca 500 ºC 
whilst the charge compensating organic cations decomposes much earlier, suggesting that both 
the events are not related. The results based on the study of CoAPO-18 are shown in Figure 
12. 

  

Figure 12. On the left, summary of the results obtained from a combination of XRD (not shown), FTIR spectra, 
Co K-edge XANES spectra and Co-O distance vs temperature of a CoAPO-18 material. One the right, the different 

Co environments at different experimental stages deduced from the results of the characterization techniques 
shown on the left:  A) in the starting material, B) an intermediate structure when the SDA decomposes leaving 
a proton resulting in an acid catalyst, and C) the oxidised cobalt state that appears above ca 480 ºC. 

 

4. MeAPOs as efficient catalysts 
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A range of catalytic studies have been undertaken to establish the performance of these metal 
ions substituted systems; the field is exhaustive and only selected reported applications are 
given here to demonstrate the use of these solids for a range catalytic applications.  First and 
foremost studies focussed on the acid catalysed reaction of methanol to hydrocarbon. If metal 
ions are in 2+ state, there will be charge compensating protons (similar to aluminosilicate 
zeolites) and these are expected to catalyse the transformation of methanol to olefins. Indeed, 
several studies showed that the deactivation also appears to be an issue in some of these 
systems.  Although these metal-containing systems shows performance for acid catalysed 
reactions, SAPO based systems were found to be superior [117, 122, 132-134]. 

The more promising area in the field of heterogeneous catalysis for metal ions substituted 
aluminophosphates is the selective oxidation of hydrocarbons utilising the redox reaction 
associated with the transition metal ions, in particular, cobalt, manganese, iron, vanadium and 
titanium based systems [135-144]. One of the examples in the field of hydrocarbon oxidation 
was the cyclohexane oxidation to alcohol, ketone and acid using metal substituted 
aluminophosphates materials. It was first shown that CoAPO-36, which has the appropriate 
large pore dimension for the cyclohexane molecule to enter into the structure and in addition 
fairly good conversion of Co(II) to Co(III) ions (based on EXAFS studies) showed a good 
conversion from cyclohexane to adipic acid under moderate temperatures of ca. 100 ºC and 
pressures of ca. 10 bar of oxygen/air [145]. The use of so environmentally benign oxidants is 
an extraordinary industrial advantage. Although EXAFS studies indicated that CoAPO-34 and 
CoAPO-18 8-R materials have almost all the Co(II) sites converted to Co(III) after calcination 
[116], the activity was very poor, which was explained as due to their small pore dimensions 
which prevent the entry of cyclohexane molecule (Figure 13).   

Figure 13. Comparison of the fraction of Co3+ formed upon calcination, as estimated by EXAFS (black column), 
the conversion of cyclohexane (red column) and the pore size of three CoAPO catalysts. 
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Therefore, further investigations were made on the effect of type of transition metal ions on the 
large pore AlPO4-5 structure [36], as it can be prepared using a range of organic templates and 
relatively short time is required to produce these materials compared to AlPO4-36 framework.  
It has been found that manganese and iron containing AlPO4-5 structures, wherein the redox 
reaction for the conversion of 2+ ions to 3+ is facile compared to cobalt based systems, showed 
considerably higher activity for the conversion of cyclohexane (Figure 14). 

 

Figure 14. Conversion of cyclohexane to various products over three different metal ions (identical metal ion 
concentration of ca 4%) substituted AlPO4-5.  The red and green columns represent percent of M(III) ions present 
(estimated from EXAFS) in the calcined FeAPO-5, MnAPO-5, and CoAPO-5 and their catalytic activity (TON) for 
the oxidation of cyclohexane after 24 h at 403 K, respectively. Individual product distributions are also shown. 
Reprinted with permission from [36]. Copyright 1999 American Chemical Society. 

 

The study also showed that introduction of free radical initiator, in particular tert-butyl 
hydroperoxide, enhanced the activity whilst the activity decreased considerably in presence of 
a radical quencher, such as hydroquinone. 

Subsequent studies focussed on the oxidation of other inert hydrocarbons in particular linear 
molecules as they can access even to small pore AlPOs.  Thomas and co-workers [35, 37, 146] 
showed that CoAPO-18 is an excellent system to oxidise selectively the end carbon of an n-
hexane molecule as it has restricted entry through only one direction. With CoAPO-18 (and 
CoAPO-34) having much higher conversion of 2+ to 3+ ions during the catalytic activation, 
they exhibited a good regioselective oxidation of linear n-hexane molecule (Figure 15). 
Similarly, the manganese-containing small-pore materials also showed very promising 
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selective oxidation of linear hydrocarbons. Whilst these studies established the ability of these 
small pores catalysts to restrict the molecular entry and regioselective oxidation (C1 in this 
case), there were reports in the literature on the nature of catalytic performance on these 
systems [138, 142].  However, this area of selective oxidation with redox metal ions substituted 
system is a promising field to explore in the future. Computational studies by Catlow and co-
workers indeed provided a detailed mechanistic insight in to the path of the selective oxidation 
process that takes place in MeAPOs in oxidising alkane molecules with molecular oxygen.  
Specifically, these studies revealed that the catalytic efficiency of Mn-APOs in oxidation 
reactions is intrinsically linked to the Mn redox activity, in particular the interconversion 
between 2+ and 3+ oxidation states, and the coordinatively unsaturated nature of tetrahedral 
Mn present in AlPO frameworks. The proposed mechanism demonstrates the crucial role of 
both Mn-III and Mn-II in the reaction in which the Mn3+ sites (in the calcined form) undergo 
an initial reaction to form alkyl hydroperoxide intermediate, which is transformed into the 
oxidative products (alcohol, aldehyde and acid) by reduced Mn2+ [131, 147-155]. 

 

Figure 15. Comparison of catalytic oxidation of n-hexane in presence of molecular oxygen and cobalt or 
manganese substituted aluminophosphate molecular sieves.  Selectivity towards the oxidation of C1 part of the 

n-hexane molecule is achieved in small pore material, primarily due to restrictions in the way the molecule can 
enter the small pore.  In addition, both cobalt and manganese containing AlPO4-18 have highest conversion of 
Me2+ to Me3+ and therefore shows good conversion compared to AlPO4-5 or AlPO4-11 or AlPO4-36 structures. 
Reproduced by permission from Macmillan Publishers Ltd: Nature [35], copyright 1999. 
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It is also significant that the same kind of MeAPO catalysts, in particular FeAPO-5 and 
MnAPO-5, were reported to be active in the oxidation of cyclohexene under soft/mild 
conditions, in liquid phase, at 80 ºC and under ambient pressure, but using hydrogen peroxide 
as oxidant agent [156]. That activity was clearly overtook several year ago by the use of multi-
transition-metal-doped AlPO4-5 or MeAPO-5 (Me = heavy metal) catalysts [157], as it would 
be explained in detail in the next section. However, as a precaution under peroxide presence, 
one need to establish that metal ions are not leaching from the solid, which could be an issue 
which needs to be addressed in this and many other liquid-phase oxidation reactions. 

Iron containing ZSM-5 was reported to be an efficient catalyst for the conversion of benzene 
to phenol using N2O as an oxidation reagent. Whilst several studies were undertaken to 
understand this process, Shiju et al [158]  explored iron substituted AlPO4-5 as a catalyst for 
the same reaction through one-step calcination instead of steaming to extract some of the Fe3+ 
from the ZSM-5 framework. They reported a good activity for the conversion of benzene to 
phenol with a good selectivity for phenol comparable to FeZSM-5 catalyst (Figure 16).  They 
investigated 3 different concentrations of iron and found that ca 1% of Fe in Al3+ site is 
sufficient to provide good activity and selectivity.  Subsequent detailed study by Wei et al. 
[159] explained that N2O did not decompose at the Fe3+ sites forming “alpha” oxygen similar 
to Fe-ZSM5 catalyst, instead, possibly undergone reduction from Fe3+ to Fe2+ by reacting with 
benzene and subsequently the oxidation takes place.  

 

 

Figure 16. On the left, Catalytic activity of 1 wt. % FeAPO-5 as a function of temperature for the oxidation of 
benzene to phenol. Benzene : N2O : He = 1 : 3.6 : 5.4, contact time factor = 0.5 s. Reproduced from ref. [158] 
with permission of The Royal Society of Chemistry. On the right, activity and phenol yield for various 
concentrations of iron substituted AlPO4-5 material. 
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There are several other examples of a range catalytic studies reported with MeAPOs which 
include epoxidation of alkenes [160], Baeyer-Villiger oxidation [161], alkylation of benzene 
with aromatics by benzyl chloride over iron containing aluminophosphates [162], 
multifunctional MeAPO-5 catalyst containing a redox and non-redox metal ions for one-step 
conversion from cyclohexanone to caprolactam [163], liquid phase oxidation of styrene and 
synthesis of adipic acid from cyclohexanone using MnAPO-5 in presence of tert-butyl 
hydroperoxide [164], phenol hydroxylation over iron containing AlPO4-5 prepared by 
hydrothermal methods, ion-exchange and impregnation methods for phenol hydroxylation and 
ethane oxydehydrogenation over MnAPO-5 [165].   

 

5. Structure directing effect in MeAPOs: the importance of phase 
specificity in the design of improved catalyst 

As it has been mentioned above (Table 1), the phase specificity is one of the main 
disadvantages of the synthesis of AlPO4-based microporous materials in comparison with the 
preparation of zeolites. For instance, AlPO4-5 or AlPO4-11 materials can be prepared in the 
presence of tens of different amines but they only become pure under very narrow synthesis 
conditions. Similarly, several topologies with AlPO4 composition can be prepared for instance 
using n-dipropylamine (DPA) as SDA by just minimally changing certain parameters such as 
crystallization temperature, crystallization time, pH of the starting gel, dilution, order of 
addition of the reactants or the presence/absence of heteroatoms. The fact that a particular 
AlPO4-based material can be prepared in pure form only under narrow conditions is particularly 
relevant for the subject of this Chapter, so it is addressed more in depth in this section.  

Among the AlPO4-based frameworks, it seems that some topologies are easy to be prepared as 
pure AlPO4 composition, such as AFI (AlPO4-5) or AEL (AlPO4-11), whereas some others 
such as CHA (AlPO4-34) or ATS (AlPO4-36) are relatively easy to be synthesized in the 
presence of a heteroatom and extremely hard to be prepared in the Me-free AlPO4 form [80, 
166]. Some others scarcely investigated AlPO4-based materials like AFY (AlPO4-50), AFX 
(AlPO4-56), AFV (AlPO4-57), SAO (STA-1) or AFS (AlPO4-46) have not been reported until 
today as non-doped AlPOs but they exist in their SAPO, MeAPO or MeAPSO forms (Table 2) 
[2, 3]. Indeed, almost half of the reported metal-substituted AlPOs has not been able to be 
prepared as AlPOs [167] (Table 2). A clear example is seen with AFI and CHA structures, as 
only AFI-structured materials is obtained from a non-doped aluminophosphate gel whereas the 
same gel containing Zn as dopant led to pure CHA phase ZnAPO-34 [52, 168]. Something 
similar happens in a ionothermal media with the topologies AEL and CHA [74], where the 
presence of V or Ti favours the crystallization of the latter to the detriment of the former, which 
is the only crystallized phase starting from heteroatom-free AlPO4 mixtures. In other words, 
the structure directing role in AlPOs is not exclusive of the amines but the heteroatoms 
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themselves have a key effect on the phase specificity to certain topologies, suggesting the direct 
involvement of heteroatom ions in the formation of the first crystallization nuclei [52]. The 
series of Me-rich AlPO4-based materials known as DAF-n [20, 72, 169], described in a 
previous section and that are not able to be prepared in the absence of Me, could be taken as 
the link between these AlPO4-based materials preferably prepared in the presence of certain 
amount of metal ions and the Al-free zeotypes also based on phosphates [21, 27, 43].   

Despite such involvement of heteroatom ions is in principle desired because it somehow 
guarantees the right incorporation of the metals within the AlPO4 framework, it also entails a 
significant drawback in the design of systematic studies, for instance by varying the nature 
(and/or the loading) of the metal ion for a given structure. Using the same phase-specific 
organic SDA in this kind of systematic studies does not only guarantee the achievement of the 
same structure but it also makes practically equal other features of the resultant materials such 
as: (i) the (limited) number of metal ions to be incorporated as a function of the size and the 
number of charge of the SDA; (ii) the pH of the crystallization process, which influences on 
the possible hydrolysis of the heteroatom sources and on the subsequent formation of solid 
metal-rich impurities [47]; (iii) the crystal size, which could become the most critical parameter 
of these MeAPO materials when used as heterogeneous catalysts; (iv) the crystal morphology, 
particularly important in the 1-D topologies, which are abundant in the AlPO4 family, etc.   

For that goal, a suitable strategy is to enhance the phase specificity of the organic SDAs. In this 
sense, theoretical simulations can contribute in the design/prediction of more efficient organic 
molecules as templates for AlPO4-based structures [170]. Even the following simpler strategy 
showed to be of great help.  

The low structure-directing effect of amines in the synthesis of AlPOs generally dissuades of 
establishing a rational and direct correlation between the shape/size of the amines acting as 
SDA and the pores of the AlPO4 topologies directed by them. Nevertheless, AlPO4 family 
offers a series of quite systematic and simple topologies having 1D pore systems which 
crystallize in the presence of amines used as SDA [2, 3]. Taking the most common SDA amines 
NR3 (where R represents the three substituent groups of N in an amine, and it can be -H, -CH3, 
-CH2CH3, etc. depending of the nature of the amine) in their most thermodynamically 
favourable conformation, an acceptably good matching between the shape of the so-conformed 
amine and the shape of the AlPO4 pore was found if the bulkiest R groups are positioned along 
the channel [171]. It suggests that amines have indeed certain templating role in the synthesis 
of microporous aluminophosphates, and they are not only pH modulator or simple pore fillers 
[172, 173].  

As a proof of concept of this empirical model, several other amines scarcely studied by then in 
the synthesis of AlPOs were tested and led to either very important improvements in the 
specificity toward a particular topology or to the discovery of new amine-based SDA molecules 
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for certain 1D pore AlPO4 materials [171]. The following subsections focus on each of these 
two achievements by this rational-empirical method, specifically on the interest for 
incorporating heteroatom ions within the AlPO4 frameworks. 

 

5.1. N-methyldicyclohexylamine (MCHA), the by-far most specific SDA to an AlPO4 material        

a. MCHA as a phase-specific SDA for AFI-structured materials 

The ease of preparing AlPO4-based materials has strongly conditioned the choice of certain 
aluminophosphate structures to deepen their physicochemical knowledge and their subsequent 
applications. It does not seem a coincidence that: (i) AlPO4-5 and AlPO4-11 (IZA codes: AFI 
and AEL, respectively [2, 3]) can be prepared with dozens of SDAs [55], and at the same time 
(ii) they are the widest investigated AlPOs. Even AlPO4-34 (CHA), which is other of the 
extensively studied aluminophosphates, mainly pushed by the catalytic interest in SAPO-34 in 
MTO process [32], can be prepared in the presence of different organic SDAs [174]. These 
three AlPOs practically cover all micropore range: small- (CHA), medium- (AEL) and large-
pore (AFI) materials [2, 3].    

The most evident example of such relationship between the straightforward synthesis and the 
selected topologies for being investigated is probably found in the comparison between the 
large-pore structures AFI (AlPO4-5) and ATS (AlPO4-36). Both have quite similar topologies 
with 1D pore system and very similar pore 12R apertures, so they have the same potential 
applications. Even both phases become competitive in the scarce crystallization systems in 
which ATS can be synthesized [175-177]. Moreover, the metal ion incorporation within the 
AlPO4 frameworks, which gives them their primary potential applications, is almost 
compulsory for ATS-structured materials to be formed but it is expendable and sometimes self-
defeating for AFI ones. Moreover, when both materials were tested as catalysts under similar 
conditions in certain reactions, MeAPO-36 materials often beat MeAPO-5 ones [37, 178 179]. 
In spite of that, the latter has received much more attention by scientific community, 
undoubtedly due to the straightforward and versatile methodologies reported.  

Contrasting with such SDA versatility in the AlPO4-5 materials preparation, practically any of 
the reported amines have very narrow synthesis conditions under which pure AFI-structured 
materials are crystallized. That low specificity is generally accentuated in the presence of 
doping metal ions. Therefore, it is a great challenge to find a highly specific SDA for this 
structure. By applying the above simple method, amongst the commercial amines, N-
methyldicyclohexylamine (MCHA) was the one that best fits within the AFI pores (Figure 17). 
Confirming that perspective and the validity of the approach, MCHA was indeed shown as an 
extraordinary structure-directing agent for AlPO4-5 materials and their Me-doped counterparts 
under a wide range of gel compositions and synthesis conditions, much wider than that given 
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by any other amine reported up to then [84]. The MCHA specificity for the phase AFI was so 
high that further simulation studies were carried out trying to find extra explanation. These 
studies found so high specificity was also favoured by the impossibility of fitting MCHA in 
any of their possible stable conformation within the cavity of AlPO4-34 structure (CHA) 
(Figure 17c), which is by far the most common phase co-crystallizing with AlPO4-based AFI 
materials templated by so many amines or quaternary ammonia. In fact, the microporous 
AlPO4-based phase that appears as an impurity of AlPO4-5/MeAPO-5 phase in the MCHA 
system, especially when high loadings of heteroatom ions are present in the gel, is the large-
pore AlPO4-36/MeAPO-36, in whose pores MCHA molecules also fit well.  

 

Figure 17. Energy minimised conformation of N-methyldicyclohexylamine within an AlPO4-5 pore (a and b) and 
AlPO4-34 cavity (c). (a) and (b) represent two different views of the one-dimensional channel showing the 
collinear alignment of the organic template molecule with the channel direction. Reprinted by permission from 
Springer Nature: Springer, Catalysis Letters, ‘The Extremely High Specificity of N-Methyldicyclohexylamine for 

the Production of the Large-Pore Microporous AFI Material’, M. Sanchez-Sanchez et al., Copyright 2003. [84 

MCHA-templated AlPO4-5 system is probably the system able to produce a pure AlPO4 phase 
under the widest range of conditions and/or compositions ever reported. The specificity to AFI 
materials is much higher than triethylamine (TEA), triethylmethylammonium hydroxide 
(TEAOH) [84] or tripropylamine [180, 181], which are three of the most frequently used SDA 
for AlPO4-5/MeAPO-5 materials. As an example of the phase specificity over so wide 
conditions, Co-doped AlPO4-5 materials can be crystallized I pure form in the presence of 
MCHA under wide range of: (i) Me content (Me/(Me+Al) ratios from 0 to 0.15); (ii) pH of the 
starting gel (4 units!, from 5 to 9); or (iii) crystallization temperature (from 150 ºC to 200 ºC). 
Moreover, these materials can be fully synthesized in short crystallization times (in 3 hours), 
with excellent yields [84], are composed by relatively small crystal size and even contains some 
intercrystalline mesoporosity [180, 181]. 

a 

b 
c 
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Taking advantage of the exceptional properties of MCHA as a specific structure-directing 
agent, in the following subsections this amine is taking as a driven force of a ‘travel’ along the 
(catalytic) possibilities of metal-substituted AlPOs through the incorporation of very different 
metal ions (including some heavy metals), in different environments, in different oxidation 
states, through the co-incorporation of different heteroatoms, through diverse strategies to 
reduce the diffusional problems by either reducing the crystal size or introducing inter- and 
inter-crystalline, or through the catalytic performance of these microporous materials in 
different organic reactions.     

b. Catalytic significance of structure-directing power of MCHA: SAPO-5 prepared at different 
pHs 

The catalytic value of such specificity was initially made clear in the Pt-impregnated Si-doped 
AlPO4-5 (the so-called Pt/SAPO-5) in the isomerization of n-heptane [182]. SAPO-5 materials 
resulted the only crystallized phase irrespective of any of the three Si sources (fumed silica, 
tetraethylorthosilicate or stabilized colloidal silica suspension in deionised water), in a large Si 
content range (Si/(Si+Al) ratio from 0 to 0.4) and, more importantly, in a large interval of pH 
(from 5 to 9). The samples prepared at pH 9 became much more acid that their counterparts 
prepared at pH 5, as made clear by pyridine temperature-programmed desorption studies 
(Figure 18A). Accordingly, the catalytic performance of the corresponding Pt-impregnated 
SAPO-5-pH-9 was several times higher than their homologous Pt/SAPO-5-pH-5 (Figure 18B). 
To the best of our knowledge, so large difference in catalytic activity of this kind of samples 
by just changing a synthesis parameter is unique, and it could not have been achieved in any 
other system than that templated by MCHA.  

 

Figure 18. (A) Temperature-programmed desorption curves of pyridine (a) of SAPO-5 samples prepared with 
MCHA as SDA by systematically changed Si content and pH of synthesis gel. (B) Conversion of n-heptane in the 
isomerization reaction catalysed by the same SAPO-5 samples after impregnation of Pt. Adapted from 
Microporous Mesoporous Mater, 99, R. Roldan et al., Influence of pH and Si content on Si incorporation in SAPO-
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5 and their catalytic activity for isomerisation of n-heptane over Pt loaded catalysts, 288-298, Copyright 2006, 
with permission from Elsevier [182]. 

 

It must be highlighted that AlPO4-5/SAPO-5 materials have been also prepared under very 
different pH values of the starting gel (pH from 3 to 10) using triethylamine (TEA) as SDA 
[183]. The strategy was to use fixed and large amount of TEA (TEA/P ratio of 1.75) and 
controlled the pH by addition of different acids such as sulphuric, hydrochloric, acetic, nitric 
and hydrofluoric acids, also at high content. The study focused on kinetics of crystallization 
and on the changes in physicochemical properties of the resultant SAPO-5, particularly on 
crystal morphology. Unfortunately, all samples were composed by crystals of several 
micrometres, the different acidity of the samples were not discussed and no catalytic studies 
were carried out to prove any possible influence of pH synthesis in the catalytic performance.      

 

c. Heteroatom versatility in MeAPO-5 prepared with MCHA 

Although strictly speaking Si should not be among the heteroatom ions addressed in this 
Chapter, the preceding example emphasizes the importance of discovering more specific SDA 
in the synthesis of AlPOs as well as the power of MeAPO-5/MCHA system for academic and 
applied catalytic investigations in a systematic way. Obviously, such specificity has been 
extended to the incorporation of heteroatom ions more related to the subject of this chapter. 
Pure AlPO4-5 and eleven heteroatom-substituted AlPO4-5 were synthesized under exactly the 
same synthesis conditions and composition, excepting the nature of Me [180]. Although the 
metal ion nature played an important role in different physicochemical properties of the 
achieved samples such as crystal size, morphology arrangement of the crystals, intercrystalline 
mesoporosity, etc. (see below), MCHA invariably led to pure AFI-structured MeAPO materials 
[180].  

 

d. Additional mesoporogen role of MCHA 

In a catalytic context, the reactants accessibility to the active centres as well as the diffusion of 
products from the microporous catalysts to the reaction media could become as important as 
the intrinsic activity of the (metal) sites. In other words, the catalytic potential given by 
microporosity to the zeolitic materials through both size discriminating and reactants 
confinement, entails at the same time severe diffusion problems of molecules toward/from the 
pores, lowering both the conversion and the catalyst lifetime by blocking the pores. That is why 
the avoiding/reducing of diffusion problems is being paid so much attention, and different 
synthesis or post-synthesis strategies have been developed [184]. Among these approaches, the 
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synthesis of nanocrystalline samples and the introduction of either inter- or intracrystalline 
mesoporosity are the most direct ones, and consequently they have been the most broadly 
explored. The diffusion of reactants/products is even more limiting for structures with 
unidirectional pore systems, such as the case of AlPO4-5 and many other microporous 
crystalline aluminophosphates, which besides used to be formed by very large crystals. In this 
sense, it can be highlighted that the direct preparation procedure of Me-substituted AlPO4-5 in 
the presence of MCHA with no synthesis/post-synthesis effort/modification, already gives 
MeAPO-5 materials of nanocrystals orderly agglomerated/aggregated in micron-sized particles 
(Figure 19A). For comparison purposes, crystals of a CoAPO-5 prepared with TPA as SDA is 
also shown in Figure 19A. The crystals of CoAPO-5 prepared with MCHA are ca. 3 order of 
magnitude smaller! Moreover, the ordered aggregation of the nanocrystals in the particles leads 
to the existence of intercrystalline mesoporosity, suggested by SEM images (Figure 19A) and 
confirmed by N2 adsorption/desorption isotherms (Figure 19B). The ability of MCHA to direct 
AFI-structured AlPO4-based materials with so small crystal size suggests a strong structure 
directing effect towards such topology, as the achievement of nanocrystals implies ease, 
simultaneous and abundant nucleation in very different parts of the synthesis gel. Such idea is 
also supported by the rapid crystallization of these materials in the presence of MCHA: at 
crystallization temperature of 175 ºC, (i) in conventional Teflon-lined autoclaves, a full 
crystallized CoAPO-5 can be achieved in just three hours [84]; in a synchrotron cell, where the 
kinetics of heating is higher, XRD diffraction peaks appeared after crystallization times as short 
as 66 minutes [99]; under microwave-assisted heating, CoAPO-5 is full-crystallized after 1 
hour [181]. 

 

Figure 19. (A) SEM images of the samples CoAPO-5 prepared with TPA (left) and MCHA (right) as SDAs. An insert 
of a portion of a CoAPO-5-MCHA particle is also shown. Note through the size-scaled bar the very different 
magnification used for the shown images, what gives an idea of the difference in particle/crystal size. (B) N2 
adsorption/desorption isotherms at -196 ºC of the same samples (CoAPO-5-TPA in red and CoAPO-5-MCHA in 

black). Adapted from Catalysis Today, 179, A. Manjon-Sanz et al., Towards the control of intercrystalline 
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mesoporosity in inorganic microporous materials: The case of CoAPO-5, 102-114, Copyright 2011, with 
permission from Elsevier [181]. 

 

Interestingly, each heteroatom ion strongly conditioned the morphology and crystal size, and 
consequently the shape, the consistence or the intercrystalline mesoporosity of the arranged 
particles of the resultant MeAPO-5 crystallized from the MCHA-containing gel, even for low 
dopant loadings (Me/P ratio of 0.04) [180]. Figure 20 shows the SEM images and the isotherms 
of different as-prepared MeAPO-5/MCHA samples. It must be highlighted that the MeAPO-5 
samples are not calcined, so the shown porosity is exclusively due to the intercrystalline 
mesoporosity. The MeAPO-5 samples doped with Zr, Cr, Si, Fe or the non-doped AlPO4-5 

have similar crystal size and arrangements than these shown for Sn(II)APO-5, the MeAPO-5 
samples where Me is either Mg or Mn are morphologically similar to the CoAPO-5 samples, 
whereas the morphology of any of the samples doped with Zn, V or Sn(IV) are unique in this 
series.  

 

Figure 20. SEM images (A) and N2 adsorption/desorption isotherms at 77 K (B) of as-synthesized Co-, Sn(II)-, Zn-
, Sn(IV) and V-doped AlPO4-5 samples prepared with MCHA as SDA.  Adapted from Microporous and Mesoporous 
Materials, 131, A. Manjon-Sanz et al., Non-templated intercrystalline mesoporosity in heteroatom-doped AlPO4-

5 using N-methyldicyclohexylamine as structure-directing agent, 331-341, Copyright 2010, with permission from 
Elsevier [180].  

Although the influence of the heteroatom ion nature seems to be fundamental in both the crystal 
size and intercrystalline mesoporosity of the MeAPO-5 prepared with MCHA, it must be 
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remembered that so many synthesis parameters can be varied along a considerably large range 
without changing the nature of the crystallized phase, taking advantage of the high specificity 
of MCHA towards the AFI materials. Moreover, it precisely offers a unique opportunity of 
studying the effect of these parameters in the morphologic and textural properties of an 
AlPO4/MeAPO material. In this sense, a wide and systematic study with CoAPO-5/MCHA 
system was carried out [181]. The magnitude and the homogeneity of intercrystalline 
mesoporosity of CoAPO-5 samples were improved at short crystallization times (2 h), at the 
highest tested crystallization temperature (210 ºC), at the high Co content (Co/P ratio of 0.08), 
at low pH of the starting gels (pH 5), and at high dilution (H2O/P ratio of 25), the two latter 
being the most influent parameters. However, overcoming any other influence, the microwave-
assisted heating led to a decrease and a homogenization of crystal width and generated more 
ordered mesoporosity of smaller pores (Figure 21).  

 

 

Figure 21. SEM images (A) and N2 adsorption/desorption isotherms at 77 K (B) of microwaved-assisted as-
synthesized CoAPO-5 sample prepared with MCHA as SDA for 1h and 4h, respectively (green curves). For 
comparison purposes, the isotherm of CoAPO-5 prepared with the same SDA but under conventional heating 
for 18 h is also shown (black curve) in (B). Adapted from Catalysis Today, 179, A. Manjon-Sanz et al., Towards 

the control of intercrystalline mesoporosity in inorganic microporous materials: The case of CoAPO-5, 102-114, 
Copyright 2011, with permission from Elsevier [181].  
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e. Generating intracrystalline mesoporosity in the MCHA-MeAPO-5 system  

The generation of the intercrystalline mesoporosity in certain AlPOs, particularly in these 
having an 1D pore systems, does not always imply a substantial improvement of the diffusional 
problems, because their crystals used to be of a rod-like morphology in such a way that the 
intercrystalline mesoporosity between such crystals does not communicate the microporous of 
different crystals located within the same particle. Two further strategies have been developed 
to enhance the chemical (reactants and products) diffusion: (i) the introduction of 
intracrystalline mesoporosity and (ii) the change of morphology making that the 1D pores run 
along the short dimension of the crystals [185, 186]. The former is relatively common in 
zeolites by either the post-synthesis treatments of the framework by reagents able to partially 
dissolve silica, such as NaOH, NH4OH, HF, etc., or by the inclusion of different 
macromolecules or nanoparticles during the synthesis processes, which subsequently act as 
mesoporogens (generators of mesopores) once they are removed by calcination [183]. To the 
best of our knowledge, the post-synthesis strategy has not been successful in AlPO4-based 
materials, probably due to the difficulty of finding a  solvent able to efficiently generate 
mesoporosity in the AlPO4 crystals keeping their topology. The second strategy has been 
applied with relative success to different AlPO4, such as SAPO-34 materials [187, 188], but 
the afforded mesoporosity is however far from that generated in zeolites.  

One of the most celebrated approaches to reduce diffusional problems in zeolites is the 
crystallization of the framework inside of a mesoporous amorphous commercial carbon matrix, 
which in this case is not a mesoporogen but provides confinement space allowing the 
nucleation of the zeolitic crystals but severely limiting the crystal growing further to the 
available pore dimension of the carbon [189, 190]. In other words, it was a method to reach 
nanocrystalline zeolites. In spite of the success of this method in the synthesis of 
nanocrystalline zeolites, it was not applied to AlPOs/MeAPOs systems during years, probably 
because the method requires starting from soluble sources, which is not common in synthesis 
of AlPOs and not easy to be implemented in so phase-unspecific systems. In this context, 
MCHA is a quite phase-specific system towards AlPO4-5/MeAPO-5 materials, and it easily 
directs the crystallization of these materials by changing conventional sources of Al, which are 
almost always insoluble solid, by the highly soluble-in-water source AlCl3·6H2O [191]. After 
that previous optimization, the reactants necessary to form CoAPO-5 were incorporated within 
the carbon matrix one by one through successive witness impregnation. The subsequent 
hydrothermal treatment generated CoAPO-5/Carbon composites (Figure 22). The size of the 
pencil-like CoAPO-5 crystals were of several micrometers, indicating that the resultant 
CoAPO-5 material was not nanocrystalline, as intended. Paradoxically, the peaks of the XRD 
pattern were quite broad indicating the expected nanocrystalline nature (Figure 22). This 
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apparent incongruity was solved out through the calcination of the sample (Figure 23). The 
apparently solid pencil-like crystals of CoAPO-5 actually contained extensive amount of 
embedded carbon matrix, which are burned during the calcination, leaving substantial both 
inter- and, more important, intracrystalline mesoporosity.     

     

Figure 22. (A) XRD patterns of three as-prepared CoAPO-5 samples prepared with TPA (top, black line), MCHA 
(middle, blue line) and MCHA within porous carbon BP-2000 (bottom, red line). (B) SEM image of the latter 
showing a pencil-like crystal emerging from the host carbon matrix. Adapted with permission from [191]. 
Copyright 2017 American Chemical Society.  

 

4 µm

5 10 15 20 25 30 35

Crystal size

~ 10 µm!!!???

~ 0.1 µm

~ 100 µm

SDA

TPA

MCHA

MCHA + C

 
 

In
te

ns
ity

 / 
u.

a.

2q / º

A B



39 
 

Figure 23. SEM images of different particles forming the sample CoAPO-5 shown in Figure 22 after calcination. 
The scale bar indicates 1 µm in all cases. Adapted with permission from [191]. Copyright 2017 American Chemical 
Society.  

 

f. Incorporation of Me in different oxidation states in MCHA-MeAPO-5 system: Sn and Ti  

The high specificity of MCHA towards AFI-structured AlPO4-based materials has been also 
used in the incorporation of ‘uncommon’ heteroatom ions. It is particularly interesting the 
incorporation of a given heteroatom in different oxidation states. In that way, the same 
heteroatom could potentially reach different environments in the AlPO4 framework. That 
environment versatility is not possible to be designed in zeolites, as Si4+ is the only ion to be 
substituted by the incorporated heteroatoms.  

The first study in this sense was carried out with the incorporation of tin. As a promising 
antecedent, Sn-beta was shown to be an excellent Lewis catalyst in different reactions such as 
Baeyer-Villiger [8, 192] or Meerwein-Ponndorf-Verley [193] ones. Meanwhile, the reported 
SnAPO materials before the irruption of MCHA had very scarce impact. All these SnAPOs 
had been prepared from Sn(IV) sources, whose incorporation mechanism is potentially varied 
and of doubtful effectiveness in terms of acidify if 2 Sn(IV) atoms substitutes a pair Al(III)-
P(V). However, it is well-known that tin has two quite stable oxidation states, 4+ and 2+. The 
incorporation of Sn(II) in an AlPO4-5 framework has necessarily to be in Al positions, and no 
Sn-O-Sn environments should be formed. Therefore, all Sn(II) centres should be equal and 
each incorporated Sn(II), unlike Sn(IV), entails the generation of a Brönsted acid site. Such 
predictions were indeed confirmed once both materials Sn(IV)APO-5 and Sn(II)APO-5 were 
successfully prepared taking advantage of the high specificity of MCHA [194]. The 
characterization by means X-ray diffraction (through their unit cell parameters) UV-visible 
spectroscopy, solid-state 31P MAS NMR and Temperature-Programmed Desorption (TPD) of 
ammonia, confirmed that all Sn(II) but just a part of Sn(IV) were rightly incorporated into the 
AlPO4 framework in different environments and that the acidity of Sn(II)APO-5 was higher 
than that of Sn(IV)APO-5 (Figure 24). Confirming this characterization evidence, the catalytic 
performance of Sn(II)APO-5 in the Friedel-Crafts acylation of anisole, which requires the 
presence of Brönsted acid sites, clearly overcomes that given by Sn(IV)APO-5, SAPO-5 and 
even by a zeolite H-Al-beta [194].  
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Figure 24. DR-UV-vis spectra (A) and NH3-TPD profiles (B) of Sn(IV)APO-5 (red lines) and Sn(II)APO-5 (black lines) 
samples. In Fig. 24B, the three components in which each profile has been decomposed are also shown to 
underline the higher acidity of the Sn(II)APO-5 sample. Reproduced from ref. [194] with permission of The Royal 
Society of Chemistry. 

The incorporation of Ti into zeolite frameworks revolutionized the applications of inorganic 
microporous materials, as they started being used as catalysts in so many Fine Chemistry 
reactions [195, 196]. It was the germ of the metal-zeolites, the subject of this issue. Ti-zeolites 
have been the most extensively investigated metal-zeolites, not only because of their pioneer 
condition but also because of their outstanding catalytic performance in different reactions of 
industrial interest. On the contrary, Ti-containing AlPOs, which are known as TiAPO, TiAPOs 
or TiAlPOs, have been scarcely studied, undoubtedly due to their much more modest catalytic 
power compared with their counterpart Ti-zeolites. In principle, there are several reasons 
behind that substantial difference. Firstly, AlPO4 framework is quite hydrophilic (Table 1) 
contrasting with the hydrophobic nature of the Al-free zeolites, which severely limits the 
application of the former in organic reactions. Secondly, the incorporation mechanism of 
heteroatom ions into microporous materials, which is richer in AlPOs than in zeolites (Table 
1), could become somehow unfavourable in aluminophosphates when tetravalent ions are 
desired to be incorporated. It is due to: (i) its isolated incorporation (by either Al or P) 
necessarily entails a charge deficiency/excess, so their intrinsic activity is seriously modified, 
particularly by the existence of Brönsted acid sites Ti-OH-Al if the most accepted Ti 
incorporation in P sites of an AlPO4 framework is assumed; and (ii) the incorporation 
mechanism is not unique but several mechanisms and even a combination of them can be taken 
place in a given material, and then several types of active sites could be found. Finally, the 
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intrinsic activity of Ti in an Ti(OSi)4 environments is much more active than in an Ti(OAl)4 
environments. These three facts (hydrophilicity, associated Brönsted acidity and intrinsic 
activity) are indeed responsible of the much lower activity of Ti-Al-zeolites than that of Al-
free Ti-zeolites [197, 198], and it is expected that their negative influence is higher in the 
catalytic activity of TAPOs.  

Until recently, all the TAPO materials had been synthesised starting from Ti(IV) sources. 
However, since 2013, again taking advantage of the high specificity of MCHA towards AFI-
structured materials, the synthesis of TAPO-5 using Ti(III) source was proposed and carrying 
out the gel formation and crystallization under inert conditions, in order to avoid the 
spontaneous oxidation of Ti(III) to Ti(IV) under oxidant atmosphere [106, 199-202]. This 
approach could in principle solve two of the three above-mentioned drawbacks of TAPOs vs 
Ti-zeolites: (i) the Ti environment would be Ti(OP)4 instead of Ti(OAl)4 found in conventional 
TAPOs, and (ii) the Brönsted acidity associated to Ti incorporation is avoided. The third 
drawback, i.e. the hydrophilic nature, is basically unaffected. Once Ti(III)APO-5 material was 
exposed to the ambient atmosphere, it was transformed to a Ti(IV)APO-5, which however 
possesses very different physicochemical properties (as evidenced by means of 
thermogravimetric analysis and UV-visible and multinuclear solid-state NMR) to the 
conventional TAPO-5 (Figure 25). These new TAPO-5 materials were catalytically tested in 
the oxidation of cyclohexene with anhydrous H2O2, leading to two important conclusions: (i) 
they can reach catalytic conversion quite similar to Ti-beta, a large-pore Ti-containing zeolite 
having a 3-D pore system [199], and (ii) not least, unlike the epoxidation route followed by the 
oxidation of cyclohexene by peroxides in the presence of Ti-zeolites, this new TAPO-5 
catalysed the allylic oxidation of the olefin under the same conditions [199, 200, 202]. In other 
words, TAPO-5 materials prepared with Ti(III) sources could become as active as Ti-zeolites 
under certain experimental conditions and both materials could be catalytically complementary 
rather than competitors.    
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Figure 25. 31P (A) and 27Al (B) MAS NMR spectra of a series of Ti(III)APO-5 samples with different Ti content. The 
spectra of a Ti(IV)APO-5 having the same Ti content than the Ti-richest Ti(III)APO-5 sample is also shown for 
comparison purposes. Adapted from Microporous Mesoporous Mater, 190, A. Alfayate et al., Incorporation of 

Ti(III) into the AlPO4-5 framework by direct synthesis, 334-345, Copyright 2007, with permission from Elsevier 
[106]. 

To the best of our knowledge, this is the first time that a heteroatom in an unstable oxidation 
state has been incorporated into an AlPO4 framework. Moreover, this strategy has been 
rationally designed to change the metal environment within the microporous framework and 
then their catalytic behaviour.                        

 

g. Multi-metal-substituted AlPO4-5 materials: synergic catalytic effect 

The simultaneous incorporation of different heteroatom ions in zeolites [203-205] and AlPOs 
[206-208], each one to generate centres of different nature (the most common being redox and 
acid centres or Brönsted and Lewis sites), is well known and has been rationally designed to 
catalyse successive steps of a given reaction in just one step. However, the synergic catalytic 
effect of two different metal ions incorporated in microporous materials providing the same 
catalytic functionality (for instance, two redox catalytic centres), which is relatively common 
in metal-supported oxide-based catalysts, does not seem easy to be reached in metal-substituted 
crystalline microporous materials. The conventional synergic effect is based on the 
modification of the electronic properties (and then the catalytic potential) of an active metal by 
a second supported/incorporated metal, in such a way that the resultant multi-metallic catalysts 
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become more active/selective than the corresponding monometallic counterparts. In zeolites 
and zeotypes, the isomorphic incorporation of metal ions generally leads to isolated metal sites 
surrounded by oxygen atoms and subsequently by the framework tetrahedral atoms (Si in the 
case of zeolites, P and/or Al in AlPOs) in the second coordination sphere. Therefore, the 
electronic influence of a second metal ion (incorporated in poor loadings imposed by 
zeolite/zeotype limitation) over the active metal is quite unlikely.  

Nevertheless, simulation studies on the complex mechanism of the oxidation of hydrocarbons 
by oxygen in Mn- and Fe-substituted AlPOs [147-155] indicates that each transition metal can 
favour a particular step of the global mechanism. In particular, it was expected that co-doped 
FeMnAPO samples are more active than their counterpart FeAPO and MnAPO samples for a 
given metal content [153]. That prediction was indeed experimentally corroborated [209]. 
Therefore, a synergic catalytic effect is also possible to be reached in multi-metal-substituted 
AlPO4 materials. However, this synergic effect is conceptually different to that frequently used: 
the co-incorporation of metal ions does not modify the electronic properties with respect to 
these of the same metals individually incorporated in the same AlPO4 structure, but any metal 
could act effectively in different steps of a given reaction, accelerating the global kinetics. 

MCHA/AlPO4-5 system was again the option selected by Raja et al. for a systematic study on 
the multi-metal-substituted AlPO4-based catalysts [210, 211]. Pure AFI materials were 
crystallized irrespective of the number and/or loading of dopants. Metal ions as heavy as 
Ru(III) were used and the simultaneous incorporation up to three different metals (in the sample 
RuZnSnAPO-5) was achieved [210]. Figure 26 shows the catalytic benefits of using bimetallic 
MeAPO-5 catalysts against their monometallic counterpart in the oxidation of cyclohexene 
using acetylperoxyborate as the oxidant. The improvement of the turnover of co-doping AlPO4-
5 with both Co and Ti in the oxidation of cyclohexene becomes ca. four times with respect to 
CoAPO-5 and twice with respect to the monometallic TAPO-5. In the heavy metal containing 
RuSnAPO-5 samples, the catalytic enhancement, although evident, is not as high as in the 
previous example, because the monometallic SnAPO-5 and RuAPO-5 are already quite active.  

In a similar way, the bimetallic Ti,V-doped AlPO4-5 was also more active than their 
monometallic homologues in the same reaction [211]. Its characterization by means a 
combination of HYSCORE EPR and in situ FTIR studies, indicated that V and Ti centres play 
distinct roles in a concerted fashion that synergistically boost the overall catalytic performance. 
Ti centres link the oxidant to activate it through the formation of peroxo species, whereas V 
possesses lower barrier than Ti to carry out the oxidation itself once the oxidant is activated 
[211].     
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Figure 26. Turnover number of the different doped AlPO4-5 materials prepared with MCHA as SDA in the 
epoxidation of cyclohexene with acetylperoxyborate at 66 ºC. The turnover of the samples doped with transition 
metals (Co and/or Ti) are plotted as purple columns, and the samples doped with heavy metals (Ru and/or Sn) 
are given as orange columns. Reprinted with permission from [210]. Copyright 2012 American Chemical Society. 
Further permissions related to the material excerpted should be directed to the ACS. 

. 

 

5.2. Designing new SDAs for AlPOs/MeAPOs able to be prepared by just one SDA 

If the low phase-specificity is problematic and quite limiting for AlPO materials that can be 
non-specifically prepared with dozens of known SDAs, it becomes much more serious when 
only one (low phase specific) SDA has been described for a given AlPO4 structure. Obviously, 
the knowledge of a unique SDA able to direct the crystallization of a given structure does not 
imply high specificity. Also in these cases, the above described strategy to find new amine-
based SDA for a particular 1D-pore AlPO4 topology can be an elegant and simple solution. In 
this section, the application of that approach is described for two additional AlPO4 structures: 
the large-pore ATS (AlPO4-36) and the small pore ATN (AlPO4-39) [171]. Before this 
approach was applied to these systems, the only described SDA able to direct the crystallization 
of these materials were tripropylamine and dipropylamine (DPA), respectively. The first one 
can also lead to AFI-structured materials, whereas DPA is probably the less phase-specific 
amine as it has been used for at least 10 different AlPO4-based materials (ATN, AFO, AEL, 
VFI, ATO, APC, AFS, GIS, AFS or AFY) [131-133]. In addition, DPA mainly tends to give 
AlPO4-11 and the experimental conditions to generate AlPO4-39/MAPO-39 are really narrow 
[57].   
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Figure 27 shows the fits of the conventional SDAs for AlPO4-5, -36 and -39, as well as the fits 
of the new proposed SDAs for these structures. Both conventional and proposed SDAs are 
configured as the model predicts, that is, in its most stable conformation and with the bulkiest 
R hydrocarbon substituent group in the amine NR3 running along the AlPO4 channel [171]. 
Given the high symmetry of both DPA and ATN pore, the fit is relatively good from the shape 
point of view but it is quite improvable in terms of size. Diisobutylamine (DiBA) is not as 
symmetric as DPA, but in that conformation the general fit within the ATN pore could be better 
than that given by DPA. The experiments confirmed that DiBA was at least as specific as DPA 
in the preparation of CoAPO-39 [171]. Like DPA, when some experimental conditions were 
altered, CoAPO-11 (AEL topology) appeared as impurity, and even it could be purely 
crystallized with DiBA. At least, an alternative to the unique SDA able to lead ATN topology 
was found.             

 

Figure 27. Schematic representation of some conventional (top) and proposed (bottom) amine-based SDA fitted 
within the pores of the 1D topologies AFI (left), ATS (middle) and ATN (right).  

In the case of ATS-structured MeAPO materials, the fit of TPA within their pores was rather 
poor but a bit better than in AFI pore (Figure 27). Tripropylamine (TPA) has been selected as 
the SDA for AFI among the dozens of SDAs able to crystallize AlPO4-5 materials [56] 
precisely to compare its fitting to that found in ATS structure. The slightly better fit in ATS 
than in AFI pores could be behind the fact that TPA was the only known organic SDA that led 
to the formation of ATS before applied our simple method. The relatively poor fit of TPA 
within ATS pore suggested the existence of a great room in the search of new SDAs for such 
topology. In principle, much better fit was achieved by the commercial amines N-
ethyldicyclohexylamine (ECHA) and diisopropylisobuthylamine (DPBA) (Figure 27) [171]. 
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Indeed, these two new templates were experimentally able to direct the crystallization of ATS-
structure AlPO4-based materials in an efficient way.  

An exhaustive study of the crystallization kinetics of CoAPO-36 together with some simulation 
calculations were also carried with the three amine-based SDAs. It confirmed that the two new 
proposed SDA needed less activation energy to produce these materials (Figure 28) [212], 
which is consistent with the much quicker crystallization experimentally found for DPBA and 
ECHA. In addition, computational calculations confirmed that the interaction energy (defined 
as the difference between the total energy of the framework/template system and the energy of 
an isolated gas-phase template molecule) is much lower for DPBA and ECHA than for TPA. 
In spite of such comparison can be questioned as kinetically controlled rates of reaction are 
compared with the thermodynamic products of the energy minimization, previous studies 
shown an unequivocal and strong correlation between energetics of template fit with rates of 
crystallization for a series of zeolite structures, with the lower energy template fits resulting in 
increased rates of crystallization [213]. 

Therefore, the effectiveness in filling the pore, that is, the goodness of the fit SDA-pores shown 
in Figure 28 can be taken as a reliable indication of the power of an amine as structure-directing 
agent in AlPOs. In other words, we believe that the structure-directing effect of the amines in 
the synthesis of AlPO4-based materials indeed includes an important contribution of ‘template’ 
effect, although some other contributions to the SDA role such as pH controller, compensation 
of the charge framework (if any) or the simple filling the confined space of the pores, etc., 
would call into question this fact. Such contribution of the ‘template’ effect to the general 
structure-directing role could become an important tool in the rational design of more efficient 
and more specific organic SDA for AlPO4-based materials.     

In summary, along this section it has been made clear that finding specific and effective SDAs 
for the preparation of metal-substituted AlPOs could be key in two contexts: (i) in an academic 
one, allowing to carry out systematic works in which just one parameter (metal nature, 
synthesis pH, etc.) could be varied keeping practically constant the rest; (ii) in the context of 
application, improving the (catalytic) properties of a given MeAPO by different strategies such 
as reducing crystal size, introducing inter- or intracrystalline mesoporosity, controlling the 
chemical environment of the metal dopants by rational choice of their oxidation state (even if 
they are unstable under ambient conditions), incorporating very large heteroatom ions 
including heavy metals or favoring the synergic effect when more than one heteroatom are 
incorporated.  
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Figure 28. On the bottom, computational calculated interaction energies of the SDAs TPA (left), ECHA (middle) 
and DPBA (right) within an CoAPO ATS pore plotted versus both activation energy (black line, left Y-axis) and 
rate of crystallization (blue line, right Y-axis). Reprinted with permission from [212]. Copyright 2012 American 
Chemical Society.  In the middle, representation of the fit of the three SDA within the ATS pore. On the top, 
order of kinetics of crystallization, activation energy and interaction energy for the three SDAs. 

 

6. Conclusions 

Aluminophosphate microporous materials (AlPOs) are the zeotypes possessing most similar 
properties to zeolites, especially in their use as catalysts. Thus, like zeolites, AlPOs are 
crystalline, microporous and thermally stable (depending on the structure and hetero-atom 
content) and can be crystallized in a variety of topologies (some of them can also be prepared 
as zeolite forms) having small, medium, large and/or very large micropores. Besides, both 
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Stable interaction energy

Activation energy

Kinetics of crystalization
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families of microporous materials have also in common the general use of amines and or 
quaternary ammonium hydroxides as structure-directing agents.  

The general common properties with zeolites make AlPO4-based materials being used in 
similar applications than zeolites. However, the real potential of AlPO4-based materials is 
mostly found in the diversity of heteroatom incorporation by isomorphic substitution. Such 
diversity includes oxidation states, cation sizes, incorporation mechanism, pH of the 
incorporation or final chemical environment in the framework, which are difficult to achieve 
by silica-based zeolite frameworks. In addition, some microporous AlPO4 topologies cannot 
be prepared with a SiO2-based composition.       

It must be noted that a range of divalent cations with catalytic relevance as Co2+, Mn2+, Fe2+, 
etc. can be easily introduced into the AlPO4 framework (in Al3+ sites) of these materials; 
similarly, tetravalent ions as Ti4+, V4+ can be introduced in P5+ sites. Besides, the AlPO4 
frameworks allow these heteroatoms to change its oxidation state (normally in redox cycles 2+ 
to 3+) as many times as the reaction requires with no leaching. These catalysts have been 
successfully used in the highly-demanding oxidation of inert alkanes with air or oxygen as 
oxidants. The catalytic results combined with an adequate selection of advanced 
characterization techniques and computational calculations led to a deeper understanding of 
the active sites and the reaction mechanism. And such knowledge allowed the rational design 
of more active catalysts by careful choice of the metal nature as a function of their Me2+/Me3+ 
ratio in the calcined catalysts. Similarly, the right choice of the Me content and the structure 
depending of the reactants to be catalyzed led to the design of regioselective catalysts.   

Some of the apparently intrinsic disadvantages of AlPO4-based materials can be solved out. 
That is the case of the low phase-specificity of amines as structure-directing agents, which 
limits both the systematic studies and the improvement of the physicochemical properties of 
the MeAPO catalysts. Starting from a simple method based on the most probable and stable 
conformation of the amines along the 1D-pore topologies, new SDAs was found for ATS and 
ATN structures as effective alternatives to the known SDAs for these materials. Moreover, 
MCHA showed to be most specific SDA for AFI materials. Taking advantage of that, all 
MeAPO-5 materials can be prepared under the same conditions by just changing the metal 
(Me) nature. In addition, it allows the control of parameters as metal content, metal ion size, 
incorporation of metals in different oxidation state, metal environment, crystal size, 
hierarchical meso-/micro-porosity, or easy/direct co-incorporation of different metal ions in a 
given AlPO4-5 framework promoting synergic catalytic effects.  

As a final and more general conclusion, metal-substituted aluminophosphates provide unique 
features to the exciting catalytic world of heteroatom-containing microporous materials.     
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