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ABSTRACT 

The solvothermal synthesis of aluminophosphates is described, using organic amine 

additives ranging from prirnary to quatemary to cyclic. A tetraethylene glycol solvent led to a 

series of novel aluminophosphate crystal structures, denoted UT-n, where UT denotes University 

of Toronto and n denotes structure type. Of the eight structures that were discovered to date, two 

are one-dimensionally extended chains, five are two-dimensionai layers and one is a three- 

dimensional framework. For all, the inorganic architecture is anionic and is charge-balanced by 

occluded alkylammonium template molecules. The chain and layered structures each contain an 

extensive hydrogen bonding network between the terminal oxygens of the phosphate groups and 

the ammonium hydrogens. A series of alkylarnmonium phosphate structures were also 



discovered, which contain layen of phosphate molecules separated by interdigitated or bilayers 

of alkylarnmoniums. 

The aluminophosphate and phosphate solids were characterized by a variety of 

techniques, including VT-PXRD, TGA, MS, SEM and solid state NMR. Many interesting 

results were found, such as a topotactic anionic framework to neutral framework transformation. 

The data aiso showed an unprecedented aluminophosphate chah to layer solid state 

transformation, where both end products were previously synthesized and fully solved UT-n 

crystal stmcures. 

This is followed by a new rnodel for the mode of formation of aluminophosphates, which 

points out previously unrecognized structural aspects and is based on experimentai evidence. 

The mode1 involves a crystallizable chain precursor, which on hydrolysis, reanangement and 

condensation, leads to a theoretidly infinite number of possible chah types. These chains 

connect together and thereby account for the architectures, dimensionality and observed 

structural trends of potentially dl known and theoretical aluminophosphate chains, layers and 

frarneworks. Examples of each will be given. 

Finally, changing the template molecule to an arnphiphilic n-alkylamine (C,H,+,NH,) 

resulted in a series of novel mesolamellar aluminophosphates (MLA's). The phase(s), 

crystallinity and morphology of the resultant product were found to be highly dependent on 

carbon chain length. For n = 8 to 12, a series of remarkable surface morphologies were 

discovered. M e r  the characterization of the MLA materials, a prelirninary mode of formation 

will be described, involving an alkylammonium phosphate liquid crystal phase. 
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CHAPTER 1: EXTENDED INORGANIC 
PHOSPHATE-BASED MATERIALS 

1.0 INTRODUCTION 

The synthesis and physicochernical study of extended inorganic materials has 

traditionally concentrated on the now well-established area of zeolite materials science. 

However, in the last twenty years, research into microporous aluminophosphates has been 

ongoing, both industrially and academically. To date, applications of these materials have been 

limited, but synthetic work has shown the structural diversity of aluminophosphates, and there 

now exists a large family of structure types. Some are isostructural to zeoiites, while others are 

structurally unique. The frameworks and their preparation will be first considered in this chapter, 

as well as the mineral aluminophosphates. 

The synthesis and characterization of lower dimensionality inorganic rnaterials has also 

been an active area of research in recent years. Their method of preparation has, for the most 

pan, followed the hydrothermal methods used for molecular sieves. The series of known one- 

dimensional chain and two-dimensional layered alurninophosphates will be discussed in some 

detail. There d so  exists data on molecular aluminophosphate clusters, and several crystai 

structures have been reported. Within other oxide-based compositionai domains, there also exist 

numerous chain and layered structures to date. Due to their relevance to the present work, the 

metal phosphates will also be dealt with. However, the discussion will not be comprehensive, 

simply due to the large arnount of literature that has amassed to date. Also pertinent is well- 

established polymeric and ringed condensed phosphates, and their hydrolysis chemistry. 

The previously published models of aluminophosphate formation will be reviewed, as 

well as the solid state transformations that have been shown to occur for aluminophosphate 

frameworks. Since they are relevant to later chapters, the previously pubiished alkylarnmonium 

phosphates will also be shown. 

1.1 ALUMINOPHOSPHATE FRAMEWORKS: SYNTHESIS AND STRUCTURE TYPES 

1.1.1 Occurrence 

The natural aluminosilicate zeoiites are well k n o ~ n , ' ~  and a wide variety of structure 

types occur in deposits al1 over the world.' Their relatively large abundance renders, in many 



2 

cases, the mining of zeolites more profitable than their large-scde synthesis. In the case of 

aluminophosphates, however, there are only limited types and arnounts of mineral species. 

Augelite, berlinite, bolivarite, evansite, senegaiite, trolleite, vanscite, metavariscite and wavellite 

encompass al1 of the currently known aiuminophosphate minerais? This is partly due to the 

preference of Al' and PH cations to incorporate into other minera1 phases. Al1 were first 

reported in the nineteenth century, with the exception of metavariscite (1925), bolivarite (1921) 

and senegalite (1976): The origin of the aluminophosphate minerals is also of interest and a 

source of debate for geologists." 

Berlinite is the duminophosphate analog of quartz, cornprised of tetrahedral alurninum, 

while most of the other aiuminophosphate minerals rnay be considered as hydrated frameworks. 

Of the latter, the aluminum centres are oaahedral, connected to four phosphate groups through 

bridging oxygens, with their coordination sphere completed by two terminal waters. These water 

molecules introduce a small degree of openness in the framework, such as for vanscite7 and 

metavariscite.' However, their channel sizes do not compare to those of the more open natural 

zeolites, such as faujasite. Further, zeolites may be reversibly dehydrated, whereas the 

aluminophosphate minerals are only partially reversible. Complete removal of the water causes 

collapse of the framework.' 

Applications of natural aluminophosphates are limited. Berlinite is of interest for its 

piezoelectric pr~perties.~ However, this requires high quality single crystals and for this reason, 

synthetic berlinite is more appropriate. Aluminophosphates occur in large amounts as a minor 

component in many deposits of "phosphate rock", such as in Brazil and ~enegal." "Phosphate 

rock" is rock that contains a high concentration of phosphate minerals, primarily calcium 

phosphate, and is the world's main source of phosphoms." In this way, aluminophosphate acts 

as a source of phosphorus, while aluminophosphate rock is also used directly for feedstuffs." 

Aluminophosphate rock as a source of phosphoms ranks far above guano, the latter used only 

locally by villagers as fertilizer. Guano is found in caves where limestone has reacted over tirne 

with bat excrement, and less often, bird excrement? 

1.1.2 Dense Phase Alurninophosphates 

An enormous arnount of synthetic work has been performed for alurninophosphates. Part 

of the initial driving force for this was due to their naturd occurrence, but more of a factor was 

the isostructurality of the high-temperature poiymorphs of &PO, to some of those of SiO2, 



3 
namely berlinite, tridymite and crist~balite.'~*'"" They not only display the same a and f3 (and y 

for tridymite) fonns of each, but aiso undergo the analogous transformations between the phases, 

although at slightly lower temperatures. This parallelism is attributed to the isoelectronic 

substitution of aluminum and phosphoms for IWO silicun atoms, and that the average ionic radii 

of aluminum and phosphoms is aimost the same as that of siliconU [(Al" 0.39A + pk 0.17A)/2 = 

0.28& Si- = 0.26A].14 Both AlPO, and S i 0  form melts above approximately 1600°C and 

1713"C, respectively, which rnay be quenched to produce glasses. High temperatures also lead 

to many crystalline forms of aluminum metaphosphates, including c ~ b i c ' ~  and mon~clinic.'~ The 

latter is a framework comprised of octahedral aluminum connected to chains of condensed 

phosphate tetrahedra. Al1 aluminophosphates, bath natural and synthetic, contain tetrahedral 

phosphorus, while aluminum may exist as four-, five- and/or six-coordinate. 

The pioneering work of d7Yvoire in 1961 was the first in-depth investigation into the 

synthesis and characterization of aluminophosphates." Prior to this, only the dense phases such 

as berlinite or AlP0,-cristobalite were synthesized. His experiments led to a series of new 

aluminophosphate hydrates, labeled AlP0,-Hl to AlP0,-H6 and AiPo,-A to AlP0,-E, some of 

which remain unsolved to date. AlP0,-A to AlP0,-E are obtained by the heating and 

accompanying dehydration of mineral or AIP0,-Hn phases. 

Kniep did a great deal of work in the 1970's to further the understanding of the temary 

küI03-P205-H20 system. He also elucidated much of the earlier work of d9Yvoire. In an 

excellent review of his work and that of others,18 he takes a differing view of aluminophosphates 

by classifying them as acidic (Al:P c l ) ,  neutral (AkP = 1) and basic (Al:P > l), where there is a 

limiting range of 1:3 to 3: 1. Therefore, the mineral aluminophosphate hydrates such as wavellite 

[Al,(OH),(P0,)I~SH20] are basic, while variscite and metavariscite (AiP0,QH20) are neutral. 

Acid phases are synthesized by heating a concentrated phosphoric acid solution with Al@,. 

Some were reported by d'Yvoire but were unsolved until the work of Kniep. One of the 

Al(HZPO,), phases so reported is a framework structure, consisting of a network of octahedral 

aluminums connected by 02P(OH)Z groups.19 The terminal hydroxyls of the tetrahedral 

phosphates are involved in hydrogen bonds. These methods using high concentrations also led to 

a nurnber of lower-dimensionality layers, chains and clusters, as will be discussed in tum in 

section 1.2. Surprisingly, the work of Kniep has been ignored by those working in the area of 
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aluminophosphate synthesis. Notwithstanding, his work is an important contribution to the 

understanding of the aluminophosphate cornpositional domain. 

1.13 Aluminophosphate Molecular Sieves 

1.13.1 Hydrothermal Synthesis 

A breakthrough came in 1982, when Wilson and coworkers at Union Carbide reported a 

new farnily of aluminophosphate molecular s i e ~ e s . ' ~ '  These AiP0,-n stmctures, where n 

denotes structure type, were synthesized under realtively mild hydrothermal conditions (i-e., 

autogenous pressure and low temperatures of 100-250°C, where water is the solvent). The 

resultant frarneworks are highly open, much more so than the duminophosphate hydrates 

discussed above, and their intenor pores are filled by entrapped organic amines or quatemary 

ammonium saIts and water. This work was based on the sarne methods used for zeolite 

synthesis, which itself was only 20 yean old. In 1961, Barrer successfully prepared zeolites 

using organic amines and quatemary ammoniums rather than metal cations, as was already well- 

established and also known to occur naturally.' These organic agents exist in the final structure 

and are known as templates, the role of which is more fully explained in section 1.1.4.1. 

The AIP0,-n farnily displays a large degree of structurai diversity. Most were novel, but 

others were isostructural to zeolite topologies, such as erionite (AlPo,-1'7) and sodalite (AiPo,- 

20). Some could only by synthesized with one template, such as tetrarnethylammoniurn 

hydroxide (TMAOH) for AIP0,-20, while others were much less template specific, such as 

AlP0,-5, which c m  be prepared with one of over 23 templates. The frarneworks are comprised 

of tetrahedral aluminum and tetrahedrai phosphorus, connected at their vertices by oxygens. The 

AlO, and PO, tetrahedra are strictly alternating, so that there are no Ai-O-Al or P-O-P linkages! 

Consequently, the AlPO, inorganic skeleton is neutral and the interior pores are filled by neutral 

organics. 

The NO, and PO, tetrahedra connect to define rings, necessarily with an even number of 

T-atoms (where T = Al, P). The smallest is a four-ring, which actudly represents a ring of eight 

atoms, narnely four T-atoms and four oxygens. The openness of the frarnework aises frorn the 

larger eight-, ten-, and twelve-rings. The various AiP0,-n architectures have been compiled by 

~zostak? An example that will be given here is AiP0,-11, where edge-sharing four-rings and 

six-rings are arranged in the ab plane and define ten-rings (Figure 1-la). Each T-atom in the ab 

plane is three-connected, and has its tetrahedron completed by adjoining to the next such layer 



Figure 1- 1. Two examples of three-dimensional durninophosphate frameworks. 
(a) AiPo,-1 1. (b) JDF-20. The shading scheme used in al1 figures is 
as follows: oxygen, nitrogen and hydrogen: white; phosphorus: black; 
aluminum and carbon: grey. 



6 
along the c-axis. In this way, ten-ring channels propagate down the c-ais. Layers of edge- 

sharing n-rings in the ab plane such as this are cornrnonly found among the AlPo,-n structures, 

therefore leading to a predominence of unidimensional channel systems. The fourth comectivity 

typicaily altemates up and d o m  with respect to neighbouring T-atoms, thereby defining channel 

walls comprised of edge-sharing six-rings. Interestingly, this arrangement is analogous to the 

"double-pyroxene" chah building block of dense phases such as AiPOttridymite. 

The structures are temed molecular sieves since the organic species can be removed by 

heating the material, typically to 400-600°C. Many are stable to 1000°C. At the time of their 

discovery, it was hoped that the open materials would be of use for adsorptive and catalytic 

applications. However, to date, only the metal substituted (see section 1.1.3.3) SAPO-11 and 

SAPO-34 frarneworks have found use as a support and cataiyst, r e ~ ~ e c t i v e l y . ~  This is due to 

their relatively low acidity and hydrolytic stabiliîy as compared to the extensively used zeolites. 

This initial report of aluminophosphate molecular sieves of course led to rnuch further 

work by others. Many of the initially unknown structures were then solved, including AIPO,- 

~ 3 , ~  A l ~ 0 , - 1 7 , ~  A ~ P o , - ~ I ~ ~  and others. This also resulted in the isolation of new phases, such 

as AiP0,-12-TAMU (where TAMU represents Texas A&M University)" and NPO,-14~~" 

Many were solved by Rietveld refinement of powder X-ray diffraction due to the small crystal 

sizes. It was found that alurninurn can exist as both tetrahedral and trigonal bipyramidal in the 

framework, such as in ~ 1 ~ 0 , - 2 1 , ~ ~  both tetrahedral and octahedral, such as in A ~ P o , - H ~ , ~  or 

exclusively octahedral, as in the aluminophosphate analog of the mineral tinsleyite30 (also 

referred to as AIPO,-~S~'). 

In 1989, VPI-5 (VFI for Virginia Polytechnical Institute) was reportecl:' producing much 

excitement at the time. This highly open framework material is related to iüP04-5, but contains 

an additional set of four-rings between the six-rings, which results in an 18-ring channel rather 

than a 12-ring channel. It can by synthesized with dipropylarnine or tetrabutylamrnoniurn 

hydroxide (TBAOH), but the organics do not end up in the channel, and contain only water. 

Despite the expectation of future applications, none have been s h o w  to date. Nonetheless, it 

sparked much interest and research into aluminophosphates. New hydrothermally synthesized 

alurninophosphates are being continually r e p ~ r t e d , ~ ~ '  and there is every reason to believe that 

this will continue in future yean through further synthetic work. 
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1.13.2 Non Aqueous Synthesis 

The synthesis of molecular sieves from a predorninantly non aqueous solvent was first 

reported as recently as 1985 by Bibby and  ale? Other than the solvent, conditions were 

similar to hydrothermal methods, and this type of synthesis was subsequently dubbed 

"organothennd". They prepared sodalites with a wide range of Si:Al ratios fiom ethylene glycol 

and propanol solvents, where water was present in only minor arnounts. Following this initial 

work, others broadened the number of solvents that could be used for zeolites" including 

glycerol, pyridine, C,-C, alcohols and DMSO. This inevitably led to the first report of the 

synthesis of aluminophosphate molecular sieves fiom predorninantly non aqueous solvents by 

Xu and c o w ~ r k e r s . ~  With a variety of templates, AiPO,-5, AiP0,-11 and AlPoJi were 

isolated from alcohol and di01 solvents, namely sec-butanol, hexanol, ethylene glycol and 1,3- 

propanediol. The same group more recently reported the synthesis of AiPOr17 from an ethylene 

glycol solvent." Alurninum triisopropoxide was the Ai20, source used in al1 expenments. 

To date, two novel aluminophosphate frameworks have been synthesized by non aqueous 

methods. Both are anionic, containing extraframework organic cations in the channels. The first 

is JDF-20: possessing a large unidimensional channel with triethylammoniums charge- 

balancing the framework (Figure 1-lb). The channel contains 20-rnembered rings that are 

"bifur~ated",~ that is to Say, altemate paths may be traced around the ring, since there are 

branching sites at one or more points. The matend holds little promise for use as a molecular 

sieve, since the channels are elliptical and contain P=O and P-OH groups that point into the 

channel and reduce its free aperture. Moreover, templare removal leads to coliapse of the 

framework, on account of its negative charge. The second novel frarnework has eight-membered 

ring channels containing methylammonium cations and was prepared fiom ethylene glycol." 

Attempts to calcine the framework also led to its collapse. 

The effect and role of the solvent in the organothemal systems has not been well 

understood nor even discussed in much detail in the literature. One report put forth by Xu et al. 

summarized their non aqueous work and discussed the main factors of the systems, such as 

template, temperature, time and solvent.- Of the latter, they attribute the polarity of the solvent 

as its key role in affecting the synthesis results. To do this, they compared the solvent's 

empirical solvent polarity parameter with the phase(s) obtained for a given template. They state 

that the polarity influences the precursor species that act as the nutrients for crystallization, 
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although this was not corroborated with any data or any specification of the nature of these 

precursor species. 

in their initial report of the non aqueous synthesis of AiPo,-n mate rial^,^ Xu and 

coworkers were correct in stating that much more work and discoveries remain to be made with 

non aqueous solvents. It has led to a large number of lower dimensionality duminophosphates 

and metai phosphates, as will be discussed later. However, their statement that not al1 templating 

agents that are effective in aqueous solution, such as  ethylenediamine, can be so in non aqueous 

solvents, will turn out to be incorrect. 

1 .133  Metai-Substituted Frameworks 

A large amount of work has been devoted towards the isomorphic substitution of metal 

atoms into the aluminophosphate framework.* The metal is usually a divalent cation, and a 

wide range have been incorporated, including Be, Mg, Mn, Fe, Co, Ni and Zn. The materials are 

denoted MeAPO-n, sometirnes written as MAPO-n. The interest in these materials is that the 

metal substitutes for an durninum, and therefore introduces negative charge and a potentially 

catalytically active acid site to the framework. Silicon has also been s h o w  to substitute for 

phosphorus, leading to anionic SAPO-n materials. 

Some MAPO-n structures can be synthesized as the pure AiP0,-n aluminophosphate, 

such as AlP0,-5, while others cannot. For example, SAPO-37, has the faujasite (or zeolite Y) 

t o p o ~ o g y , ~  but synthesis of the AiPO,-37 analog has not yet been realized. However, these 

missing aluminophosphate end-members are slowly being discovered through continued 

experimentation, such as AlP0,-34 and Al~0,-39,~ AI~0,-41'' and, most recently, Al~0,-36." 

The latter was achieved by first aging a purely aluminophosphate gel for 5 days at 120°C, 

followed by the usual MAPO-36 synthesis conditions of 140°C for 3 days. Without the initial 

aging step, APO,-5 was obtained. 

In most MAPO-n materials, the rnetals are distnbuted randomly throughout the 

framework. An example is the recently discovered M&,&,,PO, novel framework." The level 

of substitution can in some cases be quite substantial, particularly for silicon. A few MAPO-n 

frarneworks have the metal at crystallographically defined sites, such as MAPO-46 or CoAPO- 

5 0 . ~  Recently, two nickel aluminophosphates were reported, where the nickel is ~ctahedral.~~'' 

An interesting structural aspect of these crystallographically defined materials is that the metal 

atoms covalently link together aluminophosphate layers. 
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1.13.4 Fïuoroaluminophosphate Frameworks 

Guth et al. developed a fluoride medium for the synthesis of AIP0,-n structure types? 

For example, they synthesized high quality crystals of AP04-5, with tetrapropylarnmonium 

(TPA) cations located in the channels and F anions between two four-rings of the framework 

wall." They also synthesized AIPO,- 1 1, AlPo,- 16, SAPO-34, SAPO-37, SAPO-40, SAPO-42 

and other frameworks with fluorinated templates located in the c h a n n e ~ s . ~ ~  This method also 

proved successful for many zeolites and a series of gallium phosphate frameworks (section 

1.3.4). In an overview of their work, they noted the multi-funaional role of fiuoride anions as a 

template, structure-directing agent and mineralizer? 

Novel fluoroaluminophosphate frameworks were also prepared by these methods. In an 

original report by Yu et al., a hydrothermal synthesis with a hexarnethylenetetramine organic 

additive led to a novel small-pore framework? However, the crystal report left several 

ambiguities. For example, charge-balancing cation was not shown, and no supporting evidence 

was given for the presence of fluorine in the framework. In a reexamination by Férey et u Z . , ' ~ * ~  it 

was found that the PO, tetrahedra were connected to AIX, trigonal bipyrarnids and AIX, 

octahedra, where X = 0" and a statistical average of O R  and F. The extrafiamework cation was 

ammonium and was indicative of the decomposition of the organic additive. Indeed, the 

structure may also be synthesized with one of a variety of other organic amines, such as 

cyclohexylamine, piperidine and N,N,N',N7-tetramethylethylenediamine, but not stable 

quatemary ammonium salts such as TMAOH. 

Two further examples of novel fluoroaluminophosphate frameworks were recently 

reported. One was grown hydrothermally and contains potassium cations in its channels? It is 

built up of A104FI octahedra, where the oxygens connect to four phosphates and the two cis 

fluorines connect to two other such A104F2 octahedra to form a chain of linked octahedra. The 

other framework was grown from a predorninantly non aqueous triethylene glycol solvent and is 

closely related to the framework of the zeolite gismondine." One half of the aluminums are 

tetrahedral while the other half are AI0,F2 octahedra interconnected to define doubly fluorine- 

bridged [O&-(pl!),-AIO,] dimers. The [A.iIP20,F]' frarnework pores contain 

dimethylammonium cations that were not added to the synthesis mixture, but evidently formed 

by the decomposition of the N,N-dimethylformarnide that was added. Heating the phase above 
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340°C released HF, dimethylarnine and collapsed the framework to AlPQ-tridymite. 

Interestingly, the purposefui addition of dimethylarnine did not allow this phase to forrn. 

1.1.4 Mode of Formation of Aluminophosphate Molecular Sieves 

1.1.4.1 Role of Template and Gel Chemistry 

The traditional mode1 for the formation of zeolites is template theoryYo which was later 

extended to aluminophosphates. A ternplate has been defined as any additive agent which 

induces the formation of a panicular structure that does not form in its absences4 However, there 

are two contradictory trends, namely one template leading to many structure types versus many 

templates that lead to one structure. Further adding to the confusion is that a template is 

sometimes labeled so only if it exists in the resultant framework," while this is commonly done 

even when it is not present in the framework. A more generic terrn of structure-directing, 

structure-promoting or organic additive is therefore quite often used, such as when applied to 

HCI for directing the structures of AlP0,-Hl through AIPO,-W." 

There are certainly a multitude of chemical reactions and equilibria that occur during the 

crystallization of a molecular sieve. As discussed in a review by Davis and ~obo," evidence has 

been presented for both solution-mediated transport and solid-phase transformation mechanisms. 

For example, zeolite Y cm be synthesized from clear solution, when no gel is present. 

Alternatively, a dehydrated gel treated in triethylamine leads to ZSM-5, with no inorganic 

solution species present at any point during the crystallization. Generally, it is agreed that the 

template plays a role in conjunction with the gel chemistry that is taking p l a ~ e . " ' ~ ~ ~ ~  

This has been the opinion for ahminophosphate systems as well." The correct gel 

chemistry is influenced by many factors, such as the aluminum and phosphorus sources, mixing 

procedure, gel composition and pretreatment (if any), and pH evolution of the reaction mixture. 

Therefore, the template structure-directs to a varying degree, while also influencing al1 of these 

gel chemistry parameters. 

More recently, there has been much discussion on the role of the organic template by 

Lewis et al.'" Their theoretical calculations were focused on the stability and concentration of 

metal-substitution into microporous aluminophosphates. However, they did find a correlation 

between the stability of certain frameworks and the presence of a template of specific shape. 

They also found that certain frarneworks are more stable when the template is removed, which is 
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consistent with the observed conversion of the AIP0,-CHA frarnework to APO,-5 upon 

calcination. 

One important role usudly attributed to the ternplate is the stabilization of the openness 

and consequent rnetastability of the b e w o r k .  This prevents its collapse to a dense phase 

structure. However, Hu et al. have recently made thermochemical calculations of both 

microporous and dense phase aluminoph~s~hates.'~ They found that in aqueous solution, open 

frameworks such as AlP0,-5 are energetically comparable to dense phases such as berlinite. 

Therefore, the open inorganic architecture is not energetically unfavourable, since the inorganic 

species dense-pack around the template molecules to form a stable composite. Certainly, the 

mechanism of molecular sieve formation is of current interest and debate, and requires much 

further study. Nonetheless, it is leading to a beîter understanding of the template ro!e and the 

complex chemistry that leads to molecular sieve frameworks. 

1.1.4.2 Inorganic Building Blocks 

Much evidence of the existence of silicate and aluminosilicate anions in solution has been 

uncovered, primarily by the use of NMR  technique^.*"-^ Examples are four-rings, six-rings, 

double-four-rings and many others. Recent studies show that only certain aluminosilicate 

fragments are energetically reasonable to exist and that Lowenstein's rule is stnctly obeyed? 

Accordingly, many propose that these secondary building units (SBU's, where the prirnary 

building unit is a single metal oxide polyhedra) condense together to build up the final 

fiarne~ork.~~'" However, no direct evidence has been s h o w  for this to occur, and the actual 

processes that take place are not known, as discussed in the previous section. 

Much less is known or even discussed for aluminophosphate molecular sieves. 

Molecular aluminophosphate anions have been detected in so l~ t ion , ' ~*~~  but are mostly dimenc or 

trimeric and do not display any ring or double-ring structures as do the aluminosilicate anions. 

Férey has recently proposed the formation of Buorinated aluminophosphates and gallium 

phosphates to occur by the conneaion of various SBU units, the type and relative abundance of 

which depend on the fluorine source, pH and the amine that is present? Others have indicated 

chain species that run through the final frarnework, parallel to the main channel system. 

Examples are narsarsukite, do~ble-crankshaft"*~~ and triple-crankshafi chainsm (Figure 1-2a-c). 

Narsarsukite chains account for the structure of AlP0,-5 (Figure 1-2d). Triple-crankshaft chains 



Figure 1-2. Proposed chah building blocks for aluminophosphate frameworks. (U denotes a T- 

atorn pointing up, D denotes down.) (a) Double-crankshaft (UUDD) chain. @) 

Narsarsukite (UDUD) chain. (c) Triple-crankshaft c h a h  (d) As an example, the 

AiP04-5 frarnework is comprised of UDUD chahs. 
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are present in VPI-5 and AiPo,-HZ and are proposed to assemble together to form the final 

structure." 

Smith and CO-workers have classified aluminophosphate molecular sieve architectures, as 

well as those of other compositions such as zeolites, by pointing out theoretical two-dimensional 

nets that account for known and theoretical molecular sieve f r a r n e w o r k ~ . ~  Similar evaluation 

of zeolites has more recently been made.ms Again, no direct evidence has been provided for any 

of these SBU, chain or layered building blocks to exist in solution or undergo condensation to the 

final framework. It is noteworthy that no discussions yet exist conceming the mode of formation 

of the lower-dimensionality duminophosphate layers, chains and clusten that have been 

discovered in recent years (section 1.2). 

1.1.43 Layered Precursor 

In the synthesis of VPI-5, some data have suggested that psuedoboehmite is intercalated 

by phosphate and organic amines, which then expands to form an amorphous aluminophosphate 

layered inte~nediate .~~ This disordered layered material is proposed to crystaliize by undergoing 

cross-linking of the layers to give the final framework. Unrelated solid state NMR studies of 

reaction gelsm suggest that the pseudoboehmite layers are linked together by phosphate, leading 

to an amorphous layered phase containing 6-coordinate aluminum. This phase reacts further 

with phosphate to give an amorphous solid containing 4-coordinate aluminum. This latter phase 

is said to act as a solid precursor to the VPI-5 product. Others state that aluminophosphate 

solution phase molecular species are initially formed, which then lead to a layered solid 

precursor to VPI-5.91*92 -411 of these studies give the same overall suggestion, that a 

psuedoboehmite-phosphate reaction gives rise to a layered precursor to the final frarnework. Due 

to the interest in VPI-5, this is the most studied duminophosphate synthesis system. It would be 

interesting to see how these results would compare to related studies of the reaction gels of other 

aluminophosphate frameworks. 

Recently, a layered precursor to the zeolite femente was reported." Variable temperature 

powder X-ray diffraction showed the crystalline materid to transform to a poorly ordered 

interrnediate at 150°C, and then to ferrierite at 500°C. While the nature of the structure of the 

layered precursor was not fully elucidated, it was closely related to femerite, in fact proposed to 

be layers of ferrierite that are not yet connected, judging by the similarity of its diffraction 

pattern and %i MAS NMR to that of femerite. A similar layer to zeolite transformation was 
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also reponed for a layered borosilicate that transforms to the zeolite M C M - ~ ~ . ~  Furthemore, 

the crystal structure of a layered silicate solved by Rietveld analysis was very recently reported? 

The layer contains interlamellar TMA cations and was labeled as a zeolite precursor. However, 

no such transformation was shown and was only proposed to occur. Nonetheless, these reports 

represent a new way of rationalking zeolite formation; it will be interesting to see if further 

progress is made and its implications into the mode of formation of aluminophosphates. 

1.1.4.4 Framework to Framework Transformations 

Any collapse of a frarnework, such as MPO,-5 to AlPo,-tridyrnite, in itself represents a 

solid state framework to frarnework reconstructive transformation, However, there are a number 

of known thermal transformations where collapse does not take place but rather lead to another 

open frarnework. They have been shown to occur for some zeolites, such as zeolite E to 

sodaliteM and chabazite to sodalite." A large number of solid state transformations also occur for 

the aluminophosphate minerals and acid phases." 

An example is APO,-H3, which reversibly transforms at 100°C to AlPo,-C by ~OSS of 

water." The former contains AIO,(HzO), octahedra, while the latter contains NO, tetrahedra. 

The two closely related structures contain double-crankshafts, but are elongated in AlPo,-H3. 

Funher, the six-rings in the ab plane are much more distorted for AIP0,-H3. Therefore, only a 

subtle, displacive rearrangement allows the interconversion between the two frameworks. In 

tum, AlP0,-C irreversibly transforms at 250°C to AIP0,-D, which contains nasarsukite chains. 

Therefore, the rnechanism of this reconstmctive transformation is said to involve the conversion 

of double-crankshaft chains of Figure 1-2a to narsarsukite chains of Figure 1-2b, by their 

hydrolysis and the moving of oxygens to the opposite side of the four-rings. AIP0,-D reversibly 

hydrates to AiPo,-H6 at 50°C7 and collapses above 650°C to AlPo,-tridymite. 

A very similar transition occurs for the irreversible transformation of AiPo,-21 to NP0,- 

25 at ~ O O ' C . ~ ~  AiP0,-21 contains double-crankshaft chains, while NP04-25 contains 

narsarsukite chains. At 250°C, AiP04-25 also undergoes a displacive high-low transition 

analogous to that of AIP0,-tridymite. A reversible transformation has also been shown to occur 

at 65°C for calcined AIPO,-5% While the exact nature of the transformation could not be 

elucidated, a similar process appears to be occumngW at 100°C for SSZ-24, the dl-silica zeolitic 

analog of Al~0,-5.'" 



A final example is 

100°C.'O1'l" AIP0,-8 was 

the well-studied 

discovered long 
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VPI-5 to AlPo,-8 transformation, which occurs at 

before VPI-5, but the product was always dried at 

100°C.2' Therefore, this transformation must have been ocnimng and the VPI-5 framework was 

missed. The mechanism of this transformation has been proposed, involving the opening and 

rearrangement of the hydrated triple crankshafts.'" 

As of yet, AlP0,-Hl is a material wiîh an unknown structure, but is very closely related 

to VPI-5, as judged by its powder X-ray pattern. It has been contrasted to VPI-5 by its differing 

thermal behaviour, as it does not transform to AlP0,-8 but instead collapses to AIP0,-tridymite 

at 1 IO OC.'^ Collectively, these framework transformations help us to understand the chemistry 

of the aluminophosphates and provide some insight into their mode of formation. 

1.2 LO W-DIMENSIONAL ALUMINOPHOSPHATES 

1.2.1 Alurninophosphate Layers 

Since 1991, there has been a steady increase in the number of known layered 

aluminophosphate structures. In spite of this fact and that a large number of organic amine 

templates have been successfully employed, almost ail of the layers display a stoichiometry of 

[Al,P,0,,]3-. In addition, many possess the sarne inorganic architecture. For d l ,  the P:Al ratios 

are greater than 1.0, since phosphate groups with terminal oxygens cap the layers, thereby 

terminating the Ai-O-P connectivity in the third dimension. As seen for some frameworks, these 

phosphates usually introduce negative charge to the inorganic architecture, therefore requiring 

cationic molecules to exist between the layers. 

The [Al,P,0,,]3- layers display two polymorphs. The first is an AlP0,-5-like layer, 

containing the same arrangement of four-, six- and twelve-rings in the ab plane. However, the 

aluminums of the six-rings are capped by triply-bridging phosphate groups that altemate above 

and below the layers (Figure 1-3a). These phosphates contain one terminal phosphonyl oxygen 

that interacts with the interlamellar alkylarnmonium cations. Two structures have been shown to 

possess this layer structure, one containing 1,4-diammr>ni~mbutane'~ and the other containing 

1,4-diamrnoniumcyclohexane.1n 

The second type of [AI,P,o,,]" layer contains four-, six- and eight-rings in an identical 

arrangement to the ab plane of ~ ü ~ O , - 2 5 . ~  Again, the six-rings are capped by triply bridging 

phosphate groups that alternate above and below the layer (Figure 1-3b). Two polytypes were 

synthesized organothermally, one from ethylene glycol with ethylenediammonium and ethylene 



Figure 1-3. Two exampl es of [AI,P,o,J~- layered aluminophosphates. 

(a) AlPo,- 5-like layer. @) AIP0,-25-like layer. 
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glycol between the layers." The other was synthesized from o triethylene glycol solvent using 

two templating species, 1,s-diammoniumpentane and piperidinium. '" 
Several other organothemaily grown layers have been reported that are stmcturaily 

unique to the above layers, and that do not contain any two-dimensional comectivity that is 

present in an AiP0,-n framework. One is an [A1,P3012H,]- layer, separated by pyridinium cations 

and prepared from a sec-butanol so~vent."~ The second used the same s~ lven t , "~  and contains 

two types of sec-BuNH,' molecules between [A.&P,O~~HI'- layers (Figure 1%). A recently 

reponed layer was prepared from an ethylene glycol ~olvent,~'' and contains a chiral 

[NH~cHM~cHJW,]" template between lower symmetry [(A13~,0,,)J6 layers (see Figure 4-9b, 

Chapter 4). 

An intriguing development occurred for aluminophosphates in generai with the report of 

two layered structures templated by chiral transition metal complexes. The first displayed a 

novel [AI,P,o,,]' Iayered architecture,"' which rnay be thought of as a layer of edge-sharing six- 

rings with each aluminum connected to a triply-bridging phosphate capping group. Between the 

layers reside tris(ethylenediamine)cobalt(rII) [Co(en),lh octahedral complexes. The orange 

crystals were prepared hydrothermally and the chiral complexes lie in chiral pockets of the layer, 

which the authors state requires the presence of a chiral template. An equal number of each 

enantiomer and chiral pocket renders the structure non-chiral overall. 

The second such layer (Figure 1 4 )  contained chiral tris@ropylenediarnine)cobalt(III) 

complexes between the [A.l,~,0~,]~- layer of Figure 1-3b.lU Remarkably, a given crystal of the 

product contained only one enantiomer of the complex, and the layer is said to also be chiral due 

to the modification of its shape by the metal complexes. This may lead to aluminophosphate 

materials useful for chiral separation and catalysis. More importantly, the use of transition metal 

complexes as template represents a new and unexplored domain in the synthesis of 

aluminophosphates. Similarly, the very recent report of the first layered aluminum 

organoph~sphonate'~' shows that there is much promise for the synthesis of new low- 

dimensionality structures of this type. 

Finally, Kniep et al. prepared two layered structures of high P:AI ratios by heating a 

concentrated aluminum oxide - phosphoric acid solution. The first contains layers of linked 

chains (Figure 1-5a).""e building chains are isostmctural to the AI(PO,), chains (Figure 1-7a, 

below), but the alurninums are octahedral in this case. The Iayers are neutral due to the mono- 

and diprotonated phosphates, and are directly hydrogen bonded together. The second layer, 



Figure 1-4. Further exarnpies of two-dimensionally extended aluminophosphates. 

(a) [N~P~o~~H]~~[s~c-BUNH~I~ . @) [4~401d%o(pn)J 3'. 



Figure 1-5. Layered aluminophosphates of Kniep et al. (a) Al(H,P04)('HP04)(H@). 

0) (HP)[~3CH,POJ6W0,), 1 4WP) - 
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prepared by similar rnethod~,"~ is slightly anionic and is charge-balanced by hydronium ions. 

The unique [ 4 ( H 2 P 0 4 ) 6 p 0 4 ) 2 ] '  layers contain octahedral aluminurn and doubl y- and ai pl y- 

bridging phosphate groups (Figure 1-5b). Again, the layers are directly comected by hydrogen 

bonds. 

1.2.2 Fluoroaluminophosphate Layers 

A mixed aqueous - non aqueous system led to the only two known exampies of layered 

fluoraluminophosphates. The first was fonned with a solvent of molar ratio 20 ethylenediamine : 

30 H20, and an NH4F fluoride additive, to give a layered material comprised of PO, tetrahedra 

and distorted Ai(O,F,N) octahedra."' The nitrogen belongs to one end of an ethylenediamine 

which extend into the interlarnellar region (Figure 1-6a). This is the first observation of a 

nitrogen ligand among the extended aluminophosphates, which the authors attribute to the high 

concentration of amine. 

The second layered solid was synthesized from a mixed 40 EtOH : 60 H-O solvent, 

templated by 1,6-hexanediammonium."' The layers contain PO, tetrahedra, three types of 

AI04F2 octahedra and one type of NO,F tetrahedra, the latter with its fluorine atom in a terminal 

position. The Iayen are also separated by water molecules. An interesting hydrophobic effect is 

observed in the partial bending of the hexylene chains around and away from the water 

molecules (Figure 1-6b). 

1.23 Aluminophosphate Chains 

Meta1 phosphate "aggregation polymers" are known to exist in concentrated, viscous 

gels. This has been s h o w  for a number of rnetals, but the most studied are the 

aluminophosphate p~lyrners."~*~'~" '  They form when the P:AI ratio is raised above 1.0, '~"~~' 

and are stable in acidic medium, but precipitate on rendering the medium alkaline.120 They may 

be dried to an amorphous solid and again brought back to the same state simply by adding water. 

Some have suggested that the solution-bound chains exist as a three-dimensional network of 

branched chains,12' while others state that they are connected by a complex system of hydrogen 

bonds." 

In the early studies on these viscous gels, it was thought that the main solution species is 

aluminum tripolyphosphate (a condensed phosphate, section 1.4), due to the 3:1 P:Al ratio. 

However, chromatography later showed no P-O-P bonds to exist in the solid." The crystal 



Figur le 1-6. Layered fluoroaluminophosphates. (a) A1F@?O4) en, with en bonded 
to aluminum. (b) A14(P04),(HE'04)F, ( 1,6-Hexanediamrnoni~m)~~~3 %O. 
Note the bending of the alkyl chains away from the water molecules. 
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structure of Kniep et al." would seem to have conciusively dispelled this. Their Al(H2POJ3 

chain structure was prepared by simply allowing the viscous solution of aggregation polymers to 

evaporate at 50°C. The crystals are made up of chains of NO6 octahedra connected to six 

phosphate groups. Three phosphate groups on either side of the octahedron are connected ta the 

next aluminum of the c h a h  The neutral chains are connected by hydrogen bonds. This chain 

architecture seems to be cornmon arnong the metal phosphates. Unfominately, the atomic 

coordinates of the entirely inorganic A(H2PO& were unavailable, but it is isostnictural to the 

chain of Figure 1 -8b, section 1.3.1. 

Solvothermai rnethods have thus far Ied to only two chain crystal stmcnire~."*'~ They 

are isostructural, and are very similar to the chah of fi-iep ei al. The chain contains isolated 

aluminum tetrahedra, and are therefore only c o ~ e c t e d  by two doubly-bridging phosphates 

(Figure 1-7a). Again, this architecture has been shown for other inorganic chains, including a 

zinc phosphate chain (section 1.3.3) and the borosilicate chains of the mineral garrelsite.' The 

anionic [Ai(HPO,)J chains may be synthesized hydrothermally with ethylenediammonium and 

water molecules hydrogen bonding the chains together into layers of chains (Figure 1-7b).lU It 

was ais0 isolated from a non aqueous sec-BuOH solvent, where the chains are arranged 

hexagonally and triethylamrnonium exist between the chains.lu No other duminophosphate 

chains nor any fluoroaluminophosphate chains have yet been reported. 

1.2.4 Aluminophosphate Molecules and Clusters 

The existence of solution bound aluminophosphate rnolecules has been shown and 

discussed at length in many reports."" In one, the existence of a diphosphatoaluminate anionic 

complex was determined by isolating its TMA salt.lu The complex was interpreted as having a 

centra1 octahedral aluminum connected at the axial oxygens to terminal phosphate groups. 

As far as crystal structures are concemed, there are only a few examples. One was 

reported by Kniep el al.,lZ6 and rnay be considered as a piece of the A@&P04)3 

aluminophosphate chain rnentioned above. The hexarneric [ ~ 2 ( ~ l + , ~ ~ 4 ) 3 @ 2 ~ ) 6 ] ' 3 X  clusters 

(where x is between O and 1) consist of two aluminum octahedra connected by three doubly- 

bridging phosphates, with isolated (H3-3,P04) orthophosphates residing between the clusters 

(Figure 1 -7c). 

Crystals of an octameric cubane-like [AI(P0,)(EtOH),],~Cl)4 cluster separate out from 

ethanol at roorn temperature by the reaction of anhydrous aluminum chloride and phosphoric 



Figure 1-7. (a) [AiP,O&]-chah. @) One of its structures, synthesized 
hydrohermally. (c) A1(H$04)@P04)(H@) cluster of 
Kniep et al. 
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acid." Lower temperatures of 0°C or  below allowed the formation of larger crystals. The cubes 

contain four octahedral alurninums and four triply-bridging phosphates, where the eight metal 

atoms occupy the corners of the cube. Therefore, each aluminum is connected to three 

phosphates. The aluminums have their coordination spheres completed by ethanol ligands. 

These terminal ethanols render the complex soluble in water and alcohol solvents. Heating the 

solid to above 50°C also ailows their removal and concomitant cross-linking of the clusters to a 

gl assy aluminop hosphate. 

Riou et al. isolated a pentarneric [NP,~, , ]~ '  cluster that is charge-balanced by four 

ethylenediammoniums and one ammonium rnolecule." The clusters contain one tetrahedrai 

aluminum, fully coordinated by four terminal phosphate groups. Interestingly, it was isolated 

from the same 20 ethylenediamine : 30 H 2 0  experiment that yielded a fluoroaluminophosphate 

layer (section l.2.2)."' The authors postulate that the cluster may be a precursor phase to the 

layered fluoroaluminophosphate. 

13 EXTENDED METAL PHOSPHATES 

The last number of years has seen a tremendous growth in the number of known metal 

phosphate cluster, chain, layered and open framework structures. A variety of transition and 

main group metals have been successfully employed in this respect. The majority have been 

prepared hydrothermally using an organic amine template. Following the trend of zeolites and 

alurninophosphates, non aqueous routes have only in the last several years been exploited and 

this still remains a largely unexplored area. As for the aluminophosphates, most known 

structures are frameworks, less are two-dimensional layers, and there are only a limited number 

of chain structures. The discussion below will be broken down by metal type, beginning with the 

frameworks for each. Due to the large number of known structure types, the exarnples that will 

be given are in many cases only representative. 

13.1 Vanadium Phosphates and Arsenates 

Haushalter and coworkers have summarized the over ten types of known vanadium 

phosphate frarneworks, which contain extraframework s-block metals and/or organic arnine~.'~' 

They also prepared a framework where the tetrarnenc building unit is corner-sharing 

v a n a d i u m 0  square pyramids that are doubly-bridged by phosphate groups.I2' As for the other 

frameworks, the restricted size of cavity windows prevent the removal of the organic cations and 
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the potential application of the material. Interestingly, the 1,3-propanediammonium molecules 

reside in the "less polar" cavities bordered by vanadyl groups, while the potassiurns reside in the 

"hydrophilic" regions of phosphate groups. 

The sarne group also prepared a layered vanadium(n3 phenylphosphonate, which they 

based on the as-yet unpublished preparation of vanadium organophosphonate clusters." 

Intnguingly, the materiai has the phenyl groups pointing to one side of the layer to define a 

bilayer, while the vanadyl groups point to the diethylammonium and methylammonium 

moiecules on the other side of the layer, to form alternating interlayer types (Figure Ma) .  This 

is an interesting observation of the effed of hydrophobic versus hydrophilic interactions. 

Furthemore, it opens the possibility of the synthesis of other metal phosphonates. 

A layered vanadium phosphate hydrate, compiised of layers of connected "double- 

chains" of (p,PO,), vanadium(1V) octahedra, was prepared by directly refluxing V2O5 and 

phosphoric acid?' Octahedrai vanadium is also observed in severai chain structures. In one, 

V(II1) octahedra are linked by three doubly-bridging phosphates (Figure 1-8b).*~ The chains are 

connected by hydrogen bonds and strontium cations. Two vanadium arsenate chains were dso  

synthesized? One contains V(IV) octahedra connected at the axial oxygens and doubly-bridged 

by arsenate groups, where the chains are hydrogen bonded into layers and 1,4- 

diammoniumbutane occupies the interlamellar region. The other contains vanadiurn(II1) arsenate 

chains templated by ethylenediamrnonium, and are structurally similar to the vanadium 

phosphate chains of Figure 1-Sb. Very recently, an octarnenc vanadium fluoroaluminophosphate 

cluster was reported, containing four v"O,F octahedra that are capped by four triply-bridging 

phosphate tetrahedra.lu Quinuclidinium and hydronium cations occupy the space between the 

clusters, and the single fluorine is four-coordinated with respect to vanadium at the centre of the 

cluster, as observed by MAS NMR. 

13.2 Iron Phosphates and Arsenates 

Iron(II1) displays structural similarities to aluminum in its oxide and oxyhydroxide 

phases. For exarnple, hematite (a-Fe20,) is isostnictural to corundum (a-Ai,O,) and 

lepidocrocite (y-FeOOH) is isostnictural to boehmite ( y - A l 0 0 ~ ) . ~ '  In fact, for some phases, a 

solid solution between pure end members may be formed by the isomorphous substitution of ~ e "  

for ~ l " ,  attrïbuted to their sirnilar ionic radii (0.64A and 0.53% respectively). 



Figure 1-8. Low-dimensional vanadium phosphates. (a) Layer, with altemating 

bilayer regions. (b) Chain structure, characteristic of metal phosphates. 
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The iron alurninophosphate framework cacoxenite occun naturally. Its highly open 

[Ai(Ai,Fe),Fe2,0,(OH)t2(pOJ)1~20)2.2] structureu wntains a 14.2A free diarneter channel 

system containing mostly water and in fact represents the largest pore of any crystalline 

framework. To the author's knowledge, this minerai has not been synthesized to date, and is an 

indication of the limitations of molecular sieve science. It will be interesting to see if materials 

chemisa can meet the challenge of synthesizing this interesting material in the future. However, 

one should note that it is not stable to dehydration, which lirnits its potential for future 

applications. 

There are only a limited number of synthesized extended iron phosphates. Hydrothennal 

syntheses with TPAOH and TBAOH did not lead to open h e w o r k s  containing the organic 

ammonium. Instead, small-pore frameworks were obtained that were the pure iron phosphate 

analogues of the minerais hureaulite and allua~dite.~"nly one layered structure has been 

reported, a mixed-valence fluorinated iron phosphate containing monoprotonated 

rthylenedia~nine.~' The iron phosphate chain smicnire isostnictural to that of Figure 1-8b was 

obtained, also containing strontium cations.u2 Similarly, an iron arsenate chain was obtained that 

is isostructural to the chain of Figure 1-8b, but hydrogen bonded to water molecules that exist 

between the chains.13' 

133 Zinc Phosphates 

The zinc phosphate structures are unique to the other metal phosphates discussed in this 

chapter since zinc exists as the divalent cation. Nonetheless, they display some isostrucnirality 

to other metal phosphates, where the lower positive charge of the metal atom imposes a negative 

charge on the inorganic skeleton, therefore requiring additionai charge-balancing cations. For 

example, Gier er al. achieved the low-temperature (70°C) synthesis of several zincophosphate 

and arsenate frarneworks that are zeolite  analogue^.^^ One of them was sodalite, which is also 

the structure of NP0,-20. However, the zinc phosphate framework is anionic and charge- 

balanced by sodium cations. Two novel zincophosphate framework topologies were very 

recently reported. One is chiral and contains sodium ~ a t i o n s , ' ~  while the second possesses 

irregular 18-membered rings and guanidinium (CN,H,) template mo lec~ le s .~  A small-pore 

framework was also synthesized organothermally using an ethylene glycol solvent and 

ethylenediamine template."' 
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Harrison et al. synthesized a zinc phosphate chah structure also at mild temperatures of 

70°C.'" n i e  chain is built of vertex-sharing zinc tetrahedra, each bridged by one doubly- 

bridging phosphate groups (Figure 1-9a). Sirnilar methods led to another chah structure1" that is 

isosmictural to the durninophosphate chain of Figure 1-7a, but the terminal oxygens of the 

phosphates are instead comected to ethyl groups (Figure 1-9b). The chains are therefore neutrai 

and the ethyl groups of neighbouring chains interact by van der Waals forces ?O from a 

herringbone arrangement down the b-axis (Figure 1 -9c). On1 y weak h ydrophobic interactions 

exist between the chains, which render them soluble and recrystallizable from severai polar and 

nonpolar solvents. NMR data suggests that it retains an oligomeric state in solution, with 

approximately 12 repeat units. 

The same group reported two [H(ZnPOJZ]- layered materials prepared at 70°C, one 

containing sodium cations and the other cesium cations between the layers."" They also used a 

freezer held at temperatures of 4"C, to synthesize an anionic layered zinc phosphate, 

[z~(HPo,),]", containing sodium cations.'" They attribute the large crystal sizes (> 0.5mm) and 

the low experimental temperatures for al1 of the zinc phosphates to the greater solubility of the 

precursors as compared to aluminosilicates and aluminophosphates. 

13.4 Gallium Phosphates 

Gallium is directly below duminum in group 13, and not surprisingly gallium phosphate 

also forms dense phases isostructural to quartz and cristobalite with similar thermal transitions.'" 

Similarly, a gallium phosphate hydrate framework" was discovered in the 1960's that is 

isostructural to Al~0,-tinsleyite?' Parise also synthesized the GaP0,-12(en)1i7 and GaP0,-21" 

analogues of the corresponding AlP0,-n structures. 

However, it was not until the discovery of the large-pore framework cloverite, in 1991 by 

Kessler and coworkers,'" that the synthesis of novel gallium phosphate frameworks was 

stimulated. They used the hydrothermai fluonde method also used for aluminophosphates 

(section 1.1.3.4)." Since then, several fluorinated gallium phosphate frameworks have been 

reported by Férey and coworkers. """ Attfield et al. isolated a gallium phosphate framework 

hydrothermally, built of Gao, octahedra, Gao, tngonal bipyrarnids and PO, tetrahedra, with 

sodium cations and water molecules in the channels.lY Chippindale et ai. synthesized a novel 

cobalt-substituted gallium phosphate framework from a non aqueous butan-1-01 s ~ l v e n t , ' ~ ~  as 

well as another, from an ethylene glycol solvent, that is isostructural with the zeolite 



Figure 1-9. One-dimensional zinc phosphate chah structures. (a) Na?nP040H-7HP. 
(b) ZnPOEt. (c) b-projection of ZnPOEt, showing the interchain 
herringbone arrangement of terminal ethoxy groups. 
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gisrn~ndite. '~~ Despite the structural diversity displayed by the gallium phosphate frameworks, 

there is a noticeable absence of any layered or chain structures arnongst this class of compounds. 

Perhaps they await discovery. 

13.5 Zirconium Phosphates and Phosphonates 

As far as the direct synthesis of structural types is concerned, the zirconium phosphates 

are very limited. Zr(HPO,)wH,O may be synthesized hydrothermally or by simply refluxing a 

zirconium phosphate gel in strong phosphoric acid? In the crystals so obtained, n is variable 

and leads to several forms, such as a-ZrP, y-ZrP, q-ZrP and many others. However, the interest 

in "ZrP" lies in the rich amount of intercalation chemistry which it displays. Even though this is 

a well-established area, interest in them does not appear to be fading.'" Aside from the 

zirconium phosphates and arsenates and intercaiated derivatives, there exists an entire family of 

related tetravalent acid saits [M~(HXO,)~ .~H~O,  where M~ = tetravalent metal (e.g.: Groups 4, 5 

and 14 except for carbon, Ce, U), X = P, As]. For these, intercalation also leads to a wide range 

of metal phosphates and phosphonates. Al1 of the above collectively represent a huge area of 

study and are discussed at length in several books and reviews.10*'57*1sg 

13.6 Mobbdenum Phosphates 

Several layered and a large number of three-dimensional molybendum phosphates were 

reported, primarily in the 1 9 8 0 ' ~ ~  and are surnmarized in an excellent review by Haushalter and 

i un di.'^ They c m  be synthesized by high temperature routes or hydrothermally. The former is 

carried out by simply heating a molybdenum oxide source with P20, or a metal phosphate and 

molybdenum metal to temperatures of 750°C or higher. These extreme conditions and absence 

of water, not surprisingly (section 1.4), lead in some cases to the coexistence of condensed, 

dimeric P20, groups in the final structure and Mo:P ratios of less than unity. The charge 

balancing cations are usually alkali metals or alkaline earth rnetals. Hydrothermal methods form 

structures with no such P,O, groups and Mo:P ratios greater than unity. The cation in this case 

can be a metal cation or an organic amine template. Exarnples of the latter are TPA, 

diethylammonium and Cphenylpyridinium for Iayers, and TMA, methylarnmonium and 

ammonium for frarnework~.'~~ 
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To date, only a few molybdenum phosphate chah structures have been published. The 

fint was published in 1958,'~' and is a "double chah" of M o 0  octahedra and PO, tetrahedra 

defining an infinite connectivity of edge-sharing four-rings (Figure 1-10a). The neutral 

Mo(OH),PO, chains are connected by hydrogen bonds. The crystals were prepared by allowing 

a viscous solution of molybdenum oxide in concentrated phosphonc acid to evaporate, not unlike 

the method used for aiuminophosphate aggregation polyrners. 

More recently, Haushalter and Lai hydrothemally synthesized orange crystais of two 

unidimensional structures cornprised of M o 0  octahedra, with one terminal molybdenyl oxygen 

on each octahedron, and doubly- and triply-bridging phosphate gr~ups.'"'~ As for the layers 

and frameworks, hydrothennal methods preferentially formed Keggin type and larger 

heteropolymolybdate clusters if Mo was in an oxidation state of +6.'" Synthesis of a higher 

dimensionality structure only occurred if the Na,MoO, reagent was reduced by adding 

molybdenum metal to the synthesis mixture. The Mo(V) then allowed the formation of an 

extended structure. 

Still, the tendency of molybdenum phosphates to f o m  clusters is reflected in the final 

chain structures, which consist of one-dimensionally linked clusters. In one, there are 

[MO,P,O,(OH),]~' clusters with the six molybenums arranged approximately in a plane, and Mo- 

Mo bonds between altemating pairs of molybden~ms. '~  The clusters are in turn sodium-bridged, 

which they term a sodium molybdenum phosphate polymer. A purely molybdenum phosphate 

chain was synthesized with charge-balancing tetraethylammonium cations.'" The chain contains 

Mo,O, cubane-like clusters that are both capped and connected by phosphate groups (Figure 1- 

lob). Interestingly, the doubly-bndging phosphate on the sides of the clusters hydrogen bond the 

chains into Iayers of chains (Figure 1-10c). 

13.7 Indium Phosphates 

The indium phosphates are much less developed. Despite the fact that indium is in group 

13 and would be expected to show a structural diversity at least partiaily comparable to that of 

alurninum and gallium, only a handful of structures have been discovered to date. The first 

structure of any dimensionality was reported in 1993, and is a framework comprised of indium 

octahedra which are fully connected to six tnply-bridging monohydrogen phosphates.'" The 

anionic framework is charge-balanced by ethylenediarnmonium molecules. Only two other 

frameworks have been described.'"" It was not until very recently that a layered indium 



Figure 1-10. Molybdenum phosphate chah structures. (a) Mo(OQP0,. 

(b) (Et4N>2[Mo408P04)2WLpo4)21 -2HP. (cl c - ~ r o j  on of 

the latter. The chains are hydrogen bonded into layers. 
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phosphate was reported, synthesized from a butan-2-01 solvent using a pyridine organic amine 

tern~1ate.l~~ In this case, the indium octahedra are again comected to six phosphates, but there 

exists two doubly- and three triply-bridging phosphate groups. Notably, the sixth type of 

phosphate is singly-bridging and accepts as well as donates an interlayer hydrogen bond to 

another such phosphate group on the adjacent layer. 

1.4 CONDENSED PHOSPHATES 

Orthophosphoric acid is the narne traditionally given to monomeric trihydrogen 

phosphate. Its most common form is as a concentrated acid solution in which varying degrees of 

hydrogen bonding occurs, depending on concentration. Two crystalline forms of 

orthophosphoric acid have been shown to exist.'" Phosphates also exhibit heter~catenation,'~~ 

where the tetrahedra undergo condensation polyrnerization to form various oligomeric species by 

sharing oxygen atoms. These are collectively termed the condensed phosphates and are 

classified into three groups, narnely the chain polyphosphates, cyclic metaphosphates and 

branched ultraphosphates. They were initially discovered by Graham in the 1830's when he 

made a material still known as "Graham's salt". However, this material tumed out to actually be 

a randomnly polymerized g l a s  formed by quenching a sodium phosphate melt.'70 

The simplest exarnple of a condensed phosphate is pyrophosphoric acid, the dimeric 

species. The linear trimer is also known and one example, sodium tripolyphosphate, was in fact 

extensively used as a detergent builder until its pollutant effects on rivers and lakes became well 

knowdO It was not until the 1950's that chromatography allowed the characterization of the 

higher condensed phosphates. Since then, the chain polyphosphates have been isolated and 

characterized for n = 4 to 10.'" Longer "macromolecular" polyphosphates exist for n z 10 to 

several tho~sand."~ There are a large number of infinitely extended polyphosphate salts, to give 

overall stoichiometry [Mx+(PO,),],. Various cations may be used, and for many, one or more 

polymorphs exist since the chain rnay take on different  configuration^.'^*^^^ 

The metaphosphates are cyclic phosphates, and as expected, there are less examples of 

them. Since there are no end-groups, the formula is invariantly (PO3)-, as for the macromolecular 

polyphosphates. For this reason, the latter has been mistakenly labeled as a metaphosphate, 

particularly before chromatographic methods were in use. The smallest and yet most common 

ring is trimetaphosphate, most commonly known as its sodium or aluminum salt. Evidence has 
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been shown for an aluminurn compound of tetrametaphosphate,u while the larger penta-, hexa-, 

octa-, deca- and dodecametaphosphate cyclic phosphates have d l  been i~olated. '~~" 

Less studied due to their instability are the branched ultraphosphates, which generally 

have a M,O:PzO, ratio less than unity due to the branching phosphate groups. They are 

commonly referred to as having a branched chain structure,'" but some structures have been 

suggested, such as an isobutyl-like arrangement.10 The ultraphosphates are unstable in solution, 

since the branching points are attacked by hydrolysis, thereby forming smaller polyphosphates 

and orthophosphates. This is due to the reduced negative charge of the oxygens at a branching 

PO, site over that of the negative PO,' groups of the chain, rendering the former highly 

susceptible to removal by hydrolysis. This is known as the antibranching rule of condensed 

phosphates.170 For the same reason, phosphorus pentoxide, which possesses the tetrameric P,O,, 

cage structure, is vigorously attacked by water. 

In contrast to the silicate anions in solution, which at room temperature polymerize to 

silica or hydrolyze to orthosilicate depending on whether the pH is low or high, respectively, the 

condensed phosphates are relatively stable in solution, and only slowly hydrolyze to the 

m o n ~ r n e r . ' ~ ~  The only significant degree of polymerization occurs under strongly acidic 

conditions, when the monomer forms a srnall mole percent of pyrophosphoric acid.17" 

1.5 ALKYLAMMONTUlM PHOSPHATE SALTS 

Despite the fact that large crystals of this type of compound rnay be easily recrystallized 

from a number of solvents and that the phosphate c m  exist in any of its three protonated forms, 

only seven crystal structures have been reported to date. The majonty contain an 

alkylenediammonium cation. Some also exist as the polyhydrate, which gives additional 

structural diversity to this type of compound. There also exist alkylammonium phosphates with, 

for example, sodium coexisting in the structure1" or containing instead an alkylamine derivative 

as cation, such as an amino acid.'" However, the discussion here will be limited to 

alkylammonium phosphates. 

Ethylenediammonium monohydrogen phosphate was reported independently by two 

groups. i75.176 The unit ce11 axes were defined differently for each report but the overall structure 

is the same. The structure consists of discrete monohydrogen phosphate molecules arranged 

approximately in layers, in which they are hydiogen bonded into chains (Figure 1-lla). These 

layers are separated by monolayers of ethylenediarnmonium (Figure 1-llb). As in al1 of the 
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other alkylamrnoniurn phosphate structures, every N-H bond donates a hydrogen bond to an 

oxygen of a phosphate, creating a three-dimensional network of hydrogen bonding. The 

isostmctural ethylenediammonium rnonohydrogen menate was also reported.'" 

The dihydrogen phosphate salt of ethylenediammonium has been reported,'" aiso 

compnsed of phosphate layers separated by monolayers of ethylenediammonium. However, in 

this case, the phosphates each donate and accept two hydrogen bonds (Figure 1-12a). The layout 

of the hydrogen bonds may be thought of as chains extending dong the a-axis, comected to the 

next chain by doubly hydrogen bonded phosphates, to define a continuous layer in the ab plane. 

One such layer is seen in the b-projection (Figure 1-12b), although, in this case, the organic 

molecules are not perpendicular to the phosphate layer. For al1 dihydrogen phosphate saits, there 

is an expectedly larger amount of intralayer hydrogen bonding due to the additional proton on 

each phosphate group. 

A hydrogen bonded layered configuration is not observed for the dihydrogen phosphate 

pentahydrogen bisphosphate str~cture,"~ which contains NO types of dihydrogen phosphates and 

one trihydrogen phosphate. Instead, the phosphates define a hydrogen bonded three-dimensional 

framework, with the ethylenediammoniums occupying the voids. The coexistence of trihydrogen 

phosphate is likely due to the lower pH of the solution from which the crystals were grown, 

prepared by directly rnixing 10 ml of ethylenediamine with 40 ml of 85 W.% phosphonc acid.'" 

1,3-propanediammonium monohydrogen phosphate monohydrate'" contains phosphate 

chains with only one hydrogen bond between IWO adjacent phosphates. Unlike the 

ethylenediammonium structures, the chains are isolated and not arranged in layers. Nonetheless, 

they do interact with the cations to build a three-dimensional network. The 1,3- 

propanediammonium dihydrogen phosphate saltlM contains chains of phosphates that are doubly 

hydrogen bonded, due to the presence of two hydrogens on each. The chains are arranged in 

layers, similar to that shown in Figure 1-lla. The longest alkylenediamine used to date is 1,4- 

diaminobutane, also known as putrescine due to its rancid odour. The phosphate sait has been 

reported in its dihydrogen phosphate f ~ r m . ' ~ '  The dihydrogen phosphates are arranged in a 

novel, uninterrupted two-dimensional layer of hydrogen bonds, with an average interlayer 

distance of Ca. 8.1A."' 

Aakeroy et al. have synthesized a number of dihydrogen phosphate salts containing 

cyclic amines? They obtained the crystal structures of only the piperidinium and 

benzylammonium salts by recrystallization frorn methanol and aqueous solution, respectively. 



Figure 1- 12. (a) c-projection of ethylenediarnmonium dihydrogen phosphate. 
@) b-projection, showing an edge-on view of the phosphate layers. 
(c) The hemngbone packing arrangement of the phenyl rings of 
benzy larnmonium di hy drogen phosphate. 
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The former contains doubly hydrogen bonded chains of phosphate arranged into layers, where 

the secondary piperidiniurns interact with two adjacent phosphate layers, thereby cross linking 

them vin two hydrogen bonds. The benzylarnmoniurn structure contains a complex two- 

dimensional array of hydrogen bonds between neighbouring phosphates and the 

methylarnmonium groups that extend off the phenyl rings and into the phosphate layers. The 

phenyl rings of the benzylammoniums define an interesting herring-bone packing arrangement 

(Figure 1-12c). This group dso  claims to have prepared 24 salts of various primary, secondary 

and tertiary amines. This indicates that many more alkylarnmonium phosphate crystal structures 

still await discovery. 

Riou et al. reported the piperaziniurn monohydrogen phosphate monohydrate crystai 

structure .'" Its consists of a three-dimensional network of hydrogen bonds between 

piperaziniums and, notably, isolated phosphates. No hydrogen bonding exists between 

phosphate groups. Even more interesting is that they synthesized the crystals in a hydrothemal 

fhoroaluminophosphate experiment containing piperazine. 

The alkylammonium phosphate salts f o m  readily in rnost solvents. Correspondingly, 

they would be expected to fonn in the reaction gels of aluminophosphate experiments, and even 

ascoprecipitates in the products. Only Bibby and coworkers discussed a dipropylarnine-related 

phosphate salt that foms initidly in the reaction mixture, as evidenced by powder X-ray 

diffraction? They postulate that it is the dihydrogen phosphate salt, but did not determine the 

structure. No further mention of alkylammonium phosphate salts has been made in the 

aluminophosphate literature and by and large they have been ignored by those working in the 

area. Additionally, no characterization has been performed to date for any of the 

alkylammonium phosphate salts. 

1.6 THESIS OUTLINE 

A large volume of synthetic work was collected and organized using srnaIl molecule 

templates and a predominantly non aqueous solvent. After a description of the experimental 

methods, the results will be broken down into sections by template in Chapter 2. Chapter 2 will 

present only the experimental results; discussion of these results will be presented at the end of 

Chapter 4. The characterization of the related solid alurninophosphates and phosphates will be 

descnbed in Chapter 3. In Chapter 4, the mode of formation of aluminophosphates will be 

described, and a new mode1 will be presented involving an interconverting chain 
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aluminophosphate precursor. A series of examples of the construction of known chain, layer and 

h e w o r k  structures will be illustrated. This will be followed by a discussion of some of the 

more important aspects of the numerous synthesis parameters that are responsible for the 

observed results. Chapter 5 will encornpass the work involving amphiphilic pnmary n- 

alkylamines and alkylenediamines. The characterizahon of the aluminophosphate and phosphate 

materials so obtained will first be shown, followed by a proposed mode of formation for the 

mesolamellar phases and their macroscopic surface patterning. Finally, Chapter 6 will suggest 

just some of the possibilities for future work. 
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CHAPTER 2: EXPERIMENTAL AND 
SUMMARY OF SYNTHETIC SYSTEMS 

2.0 INTRODUCTION 

Through on-going research, more is being leamed about the synthesis, structures and 

properties of extended inorganic materials. In many cases, the method of exploratory synthetic 

research, particularly in the early stages, has been tc a varying degree "triai and error". Those 

working in the area commonly refer to the "rational design" of new structures, where by 

controlling the structure one can control or tune its properties. For the most part, this has not yet 

been achieved. Before the chemist c m  be at such a stage, a much greater arnount of data and 

knowledge is required of the complex series of chemicai events that take place before, dunng and 

after the formation of a particular phase. This can only be realized with further synthetic, 

characterizational and theoretical research. 

To date, there has not been publsihed a systematic nor even a large arnount of study of 

non aqueous durninophosphate systems. The volume of synthetic work that was performed in 

the present study will be surnmanzed in this chapter. The typical source reagents and synthetic 

methods that were used will initidly be described, followed by a bnef description of the main 

characterization techniques. The synthesis results will be broken d o m  according to organic 

amine templating agent, ranging from secondary to quatemary to cyclic amine species. Some 

sections will be further subdivided according to various parameters such as reagent molar ratios 

and solvent type. Primary n-alkylamines and alkylenediamines will be the subject of Chapter 5. 

2.1 SYNTHESIS AND METHODS OF MATERMLS PREPARATION 

2.1.1 Reagents 

Unless otherwise specified, al1 laboratory reagents were used as received. Aluminum 

source matenal was almost exclusively added in the form of pseudoboehmite, Aî20,~nHz0 

(Dispal 23N4-80, Vista Chemical Co.), where n is ca. 2.5. The small particles of this white 

powder may be seen in the SEM of Figure 2-l(a). The low crystallinity of the material is 

reflected in its characteristic PXRD pattern, shown for future reference in Figure 2-1@). Other 

sources of aluminum were pseudoboehmite in the form of Catapal A Alumina (Vista Chemical 

Co.) and Catapal B Numina (Vista Chemical Co.). Dispal is much more dispersible and of 
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Figure 2-1. The Dispal fom of psuedoboehmite. (a) SEM. @) PXRD. 
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smaller average particle size (10 pm) as compared to Catapal A (55 pm) and Catapal B (60 ym).' 

Another source used at times was aluminurn triisopropoxide (99.999% Gold Label, Aldrich). 

Phosphorus was added in the form of an 85 m.% solution of H3P04 (Aldrich or 

Mallinckrodt AR). The molar composition of îhis phosphoric acid may be expressed as 

(P,0,*4.9H20). Other phosphoms sources included pyrophosphonc acid, H4P20, (technical 

grade, Aldrich) and polyphosphoric acid (Aldrich). Both were very hygroscopic. 

The solvents that were investigated were one or more of the following: ethylene glycol 

(EG, 98%, Aldrich), diethylene glycol (DEG, 99%, Aldrich), triethylene glycol (tEG, Aldrich), 

tetraethylene glycol (TEG, 99%, Aldrich or Sigma), polyethylene glycol, average MW 200 (PEG 

200, Aldrich), PEG 300, PEG 400, PEG 600, PEG 1000, PEG 10,000 (Aldrich), tripropylene 

glycol (TPG, 97%, Aldrich), polypropylene glycol , average MW 425 (PPG 425, Aldrich), =sec- 

Zbutanol (99%, Aldrich), pyridine (ACS grade, BDH), glycerol (ACS Grade, BDH), mineral oil 

(Saybolt viscosity 335/350, Fisher) and deionized water. 

Sources of fluorine were either hydrofiuoric acid (48 W.%, BDH) or an anhydrous 

organofluoride, namely hydrogen fluoride-pyridine (70 W.% HF in pyridine, 98%, Aldrich), 

triethylarnine-trihydrogen fluoride (37 W.% HF in triethylamine, 98%, Aldrich) or poly[4- 

vinylpyridinium poly(hydrogen fluoride)] (Aldrich). The hydrogen fluoride-pyridine was added 

in a glove bag filled with nitrogen due to its sensitivity to air. 

The brand and purity of the variety of organic template additives and other reagents that 

were used will be mentioned in the relevant sections. 

2.1.2 Solvothermal Synthesis 

The synthetic procedure was, for the most part, identical for al1 systems. Magnetic 

stimng was used throughout, and manual stimng was applied after the addition of each reagent. 

The solvent of choice was first weighed into a Nalgene beaker, followed by the second solvent, if 

used. At this point, if hydrogen fluoride was to be added, it was delivered dropwise by a 

polypropylene dispopipette (Samco). The alumina powder was then dropped in slowly, allowing 

the powder to disperse and sluny into the solvent. The pseudoboehmite powder particles were 

very light, and care had to be taken in this step to minimize the amount that became airborne by 

the pull of the fumehood exhaust. Some powder always adhered to the walls of the beaker, and 

was manually mixed into the solvent. 
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The phosphonc acid was then added dropwise. If water was used as al1 or part of the 

solvent, the mixture turned opaque and was observed to gel. If no water was used, this did not 

occur. but a small arnount of hard materiai was observed to form on the bonom of the beaker by 

the action of the stimng bar, and this was scraped off with a spatula and mixed into the slurry. 

Finally, the organic amine was added, and for most amines, the mixture tumed thick and 

opaque and heat was evolved. As is the case for most molecular sieve syntheses, ensuring 

homogeneity of the reaction gel prior to its heating was an important step in the procedure. 

Extensive manual stimng was therefore applied in the final step. No aging of the mixture was 

necessary, but they were typically stirred magnetically for approximately ten minutes. 

The synthesis mixtures were then loaded into Teflon-lined stainless steel autoclaves. The 

autoclaves used were 15 ml capacity (constructed in-house), 45 ml capacity (Parr No. 4744 Acid 

Digestion Bomb) and 125 ml capacity (Parr Bornb No. 4748 Acid Digestion Bornb). The 

reaction chambers were seded as tightly as possible to prevent leakage and heated statically in a 

forced convection oven at the required synthesis temperature. The temperature of the oven was 

set using a thermocouple inserted into the centre of the oven. The 45 ml capacity autoclaves 

were sealed using a Parr-designed implement, while the 125 ml capacity autociaves were closed 

using its tightening bolts. 

For synthesis temperatures below 100°C, the slurry was placed into a wide-mouthed 

polypropylene bottle, initially covering its thread with Teflon tape, and treated staticaily in a 

forced convection oven. 

Experiments involving agitation were placed in a forced convection oven containing a 

rotary device (constructed in-house) which continuously revolves the autoclaves. The oven was 

held at the desired synthesis temperature. Rotation speeds could be varied, but were 

approximately 7 rpm. 

2.13 Sample Recovery 

After thermal treatrnent for the desired amount of time, the autoclaves were removed 

from the oven and quickly brought to room temperature by quenching under a continuous flow of 

cold water. At least five minutes of this cooling were necessary to completely cool the mixture, 

longer for the larger capacity bombs. The solid product was then recovered by suction filtration 

and washed with acetone and/or water, depending on its solubilities. For mother liquor studies, 
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the filtrate was collected piior to washing the produa and kept in a stoppered, sealed glass vid  

for subsequent measurements. Al1 solid products were left to dry in ambient air ovemight- 

2.1.4 Tenon Liner Cleaning Treatment and Impregnation 

Due to the highly porous nature of the Teflon liners,' it was necessary to aeat them in an 

acid bath between synthetic runs, in an attempt to remove inorganic, organic and solvent 

impurities from the walls of the liner introduced by pnor syntheses. This involved first washing 

the liner with soap and water, and then submerging it in a bath comprised of 1.0 M HF and 0.1 M 

HNO,. The liners were kept in this bath until at least the next day, and then submerged in 

distilled water for at least 24 hours. 

As will be seen, this usually annoying characteristic of Teflon was at times advantageous. 

In such cases, the liners were intentionally impregnated prior to their use in the synthesis with 

"impunties". This was achieved simply by charging the liner with a solution of the desired 

impurity in varying concentrations and heating at 200°C. 

2.1.5 Recrystallization 

The ionic salt materials relevant to this work, namely the series of alkylammonium- 

phosphate compounds, could be readily prepared as a powder in many solvents such as water or 

tetraethylene glycol. In order to solve their structures by single crystal X-ray diffraction, 

suffkiently large crystals needed to be grown. Since the salts were soluble in water, this was 

achieved by recrystallization using the evaporation method. 

A saturated solution was first prepared by placing a small arnount of the solid in a 

solution and mildty heating it until the sotid dissolved. The solution was then allowed to cool to 

room temperature. If no solid had formed upon cooling, some solid was added to induce 

precipitation. This mixture was then allowed to stand for several days, after which the two 

phases were separated by gravity filtration. The filtrate was placed in a clean beaker and allowed 

to stand undisturbed, until the solvent had completely or partially evaporated and large crystals 

could be seen on the beaker walls or bottom. Depending on the starting reagents and volumes, 

this took anywhere from several days to several months. Most recrystallizations were perfomed 

in water, or an equal volume mixture of rnethanol and water. The temperature of 

recrystallization was usudly room temperature, but ranged anywhere from O to 80°C. 



2.2 CHARACTERIZATION METHODS 

2.2.1 Powder X-ray Diffraction (PXRD) 

Samples were finely ground and spread evenly on a Plexiglas sample holder. Powder X- 

ray diffraction patterns were colleaed on a Siemens D5000 diffractorneter using Ni-filtered 

C u K a  radiation (A = 1.54178A). The typical accelerating conditions were 50kV and 35rnA. For 

strongly difiacting samples, the intensity of the 100% peak was first checked by quick manual 

sans of the angles in the region of the snongest peak under lower accelerating conditions, 

typically 40kV and 20 mk The step size was 0.03' and the step time was 1.0 seconds, with a 

scan range of 1 to 50' (20). The detector in the instrument was a Kevex 2005-212 solid state 

detector. A slit size of 1 mm was used on the X-ray tube, and 1 mm and 0.2 mm for the detector 

slits. The latter was changed to 0.1 mm for more strongly diffracting sarnples. If diffraction was 

still intense (over 10,000 cps), folded aluminum foi1 was placed over the detector opening, or in 

more extreme cases, a copper film was placed between the two detector slits. 

2.2.2 Single Crystal X-ray Diffraction (SC-XRD) 

Al1 SC-XRD data were collected and refined by Dr. Alan Lough in the X-ray facilities of 

the Department of Chemistry at the University of Toronto. The instrument used was either an 

Enraf-Nonius CAD4 diffractometer or a Siemens P4 diffractometer, both with graphite 

monochromated MoKa radiation (h = 0.71073A). The intensities of several standard reflections 

were measured throughout the data collection, and showed no decay. Retlections were 

considered observed for 1 > 2a0. The data were corrected for Lorentz and polarization effects 

and for absorption.' 

The structures were solved using the SHELXTL\PC V5.0 package" and refined by full- 

rnatrix least-squares on F' using al1 data (negative intensities included). The weighting scheme 

was w = l/[o'(FO2)+(a~)'+b~], where P = (~,'+2~,')/3, Fo is the observed structure factor and F, is 

the calcuiated structure factor. Hydrogen atoms were included in calculated positions and treated 

as riding atoms. For many of the structures, the hydrogen atom of the P-OH group(s) and the 

ammonium hydrogens were refined with an isotropic thermal parameter. Atternpts to mode] the 

organic template molecules as disordered rigid groups did not give as satisfactory a refinement as 

allowing al1 carbon atoms of the molecules to refine freely with anisotropie thermal parameters. 
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223 Scanning Electron Microscopy (SEM) 

Scanning electron rnicrographs were collected on a JEOL 840 SEM, with accelerating 

conditions of 5kV or l e s .  Al1 mounted samples were pre-treated by sputter-coating an 

approximately 20A layer of gold to create a conducting surface layer and reduce charging effects 

which were common for most samples. Most of the SEM work was obtained by Dr. Neil 

Coombs of Imagetek Analytical Irnaging, Toronto, on a Hitachi S-570 SEM and the above 

instrument. 

23.4 Thermal Analysis 

Thermogravirnetric Analysis (TGA) was performed on a Perkin Elmer 7 Series Analyzer, 

under nitrogen atmosphere and with a S°C/rnin heating rate. Temperatures used were typically in 

the 25 to 600°C range. Samples were ground to a powder before placing in the platinum pan. 

Differential Scanning Calorimetry @SC) was also performed on the Perkin Elmer 7 

Series Analyzer, with a heating rate of S°C/min, and continuous temperature cycling between 

25°C and 100°C to 200°C. Approximately 10 mg of ground sample was accurately weighed and 

sealed in an aluminurn sample holder. 

Variable-Temperature Powder X-ray Diffraction (VT-PXRD) patterns were obtained in 

situ on the Siemens D5000 diffractometer using a Siemens HTK 10 attachment. Samples were 

placed on a platinum strip from a slurry of the powder in isopropanol, allowing the latter to 

evaporate. The strip was placed on the goniometer in the chamber of the HT attachment, and 

data was collected in air or sealed under a nitrogen flow. The heating rate commonly used was 

10°C/min between scans, and 1°C/min during data collection (the latter being reduced to 

minimize the increase in temperahire during a particular scan). For higher resolution data, a 

heating rate of I0C/min was used throughout the experiment, stopping at a particular 

temperature, if desired. For each VT-PXRD pattern, a quick scan was run from 1 to 37" (20), 

with 0.05" step size and 0.7 second step time. Due to the lower resolution of the scans and the 

decreased amount of sample, the second slit on the detector was changed to 0.6 mm. 

Simple thermal heating for transformation and calcination experiments was performed in 

a heating chamber attached to a temperature programmer (Omega, mode1 2010). Samples were 

placed in a quartz tube and heated in the chamber in air. Heating rates were between 1 and 5°C 

per minute, and soaking times were 2 to 8 hours. 



'H and "C solution NMR spectra were collected on a Gemini 200 MHz NMR using 5mm 

borosilicate glass tubes and benzene-d6 insern. "P NMR spectra were collected on a Gemini 

300 MHz NMR using lOmm borosilicate g l a s  tubes and a Wilmad special stem coaxial insert 

that was sealed containing benzene-d6. Solid state NMR was run by Varian and Bruker. The 

expenmental conditions and the nuclei that were studied will be given in the discussion at the 

appropriate times. 

22.6 Chemical Analysis 

Qualitative Energy Dispersive X-ray (EDX) analyses of uncoated or carbon-coated 

samples were obtained by Dr. Neil Coombs of Imagetek Analytical Imaging, Toronto, on an AN 

10,000 EDX device equipped with a solid state detector, on the Hitachi S-570 Field Emission 

SEM. 

Chemical analysis was performed at Galbraith Laboratories, Knoxville, Tennessee. 

Elements that were analyzed included Al, P, O, F, N, C and H. 

23.7 Cornputer Modeling 

Inspection and evaiuation of structures made use of the ~e r iu s '  software package (v. 2.0) 

of Molecular Simulations, Inc., on a Silicon Graphics workstation. AI1 printed views of 

structures in this work, both from fractional coordinates of single crystal XRD data and 

theoretically constructed structures, were created using this program. Desired views or 

projections of a structure were first printed to a postscript file and transferred @y ftp) to a PC 

cornputer. The images were then converted to TIFF format using Corel 6 PhotoPaint, and hirther 

manipuiated using Aldus Photostyler v. 2.0 and/or Adobe Photoshop. The shading scheme used 

in al1 figures is as follows: oxygen, nitrogen and hydrogen: white; phosphorus: black; aluminum 

and carbon: grey. PXRD patterns based on known and theoretical structures were also projected 

and indexed with Cenus'. 

2 3  SYNTHESIS RESULTS 

This last section of the chapter will describe in Nm the various synthesis systems that 

were explored, and the preliminary characterization of the products by PXRD and SEM. The 

sections will be arranged according to the degree and type of organic amine or ammonium 
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species. The different solvents studied for a given template will be included within each section. 

A large amount of data was obtained using cyclic amines (which themselves range frorn primary 

to tertiary), and will be discussed separately. In most cases, if a product is identified as a ceriain 

phase, it is due to the similanty of the experimental PXRD pattern to that published, or to that 

projected from the Cerius' program. Note also that for any of the "unknown" phases discussed in 

this chapter where a number is given in Angstrorns to indicate its 100% peak, its presence was 

indicated by the close inspection of the overall diffraction pattern, companng and indexing the 

patterns of different products and accounting for the peaks of known phases. 

In order to organize the large arnount of data, each product is assigned a code, numbered 

sequentially. These are shown in the text and next to the section tities. Correspondingly, the 

reaction conditions and results are tabulared in Appendix A. For selected products, as indicated 

in Appendix A, PXRD patterns are shown in Appendix B and SEM micrographs in Appendix C. 

23.1 Secondary Amines 

23.1.1 Diethylamine (EGNH) m-11 

This organic does template zeolite frarneworks such as ZSM-5; but is not documented as 

giving any aluminophosphate structure. Its use (BDH) in TEG led to an amorphous product (II- 

1). It is possible that crystalline materials could be obtained with further modification of 

conditions. 

23.1.2 Dipropylamine (PiJH) D I 3  to 11-51 

Dipropylamine (99+%, Aldrich) leads to many AiPo,-n and MAPO-n framework 

structures, including AiP0,-11 and WI-5.' It was also said to form a dihydrogen phosphate salt 

in the initial aqueous synthesis mixture (section 1.5). In the TEG system, an arnorphous, "open" 

material is present after one day of heating at 180°C (11-2). After 3 days, AlP0,-11 is present as 

a minority phase, with an unknown phase whose first peak is at approximately 20A (II-3). Use 

of 200°C for 3 days gave a similar product to 11-3 (not shown). 

The PXRD pattern after 10 days of heating 01-4) corresponds to that of AIP0,-11. The 

SEM of the product shows a morphology of small platelets. It is interesting to consider that the 

unknown 20A material could be a previously unobserved precursor phase to AIP0,-11 or VPI-5, 

which were obtained under aqueous conditions (IM), as expected. As for most systems, the 
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relative instability of the open materials is indicated by the observation that after 24 days at 

2OO0C, only dense-phase berlinite was present. 

23.2 Tertiary Amines 

23.2.1 Trimethylarnine (Me,N) DI-6i 

Since trimethylamine is a gas under ambient conditions, it was added as a 25 vol.% 

solution (Aldrich). It is commonly used for templating A I P O , - ~ ~ . ~  The PXRD pattern of the 

produd from TEG after 10 days of heating at 180°C VI-6) appeaa to be AlPo,-21. The peak at 

9.5A could be due to another phase in the product. 

23.2.2 N,N-Diethylmethylamine (MeEkN) m-1 
Due to the large number of rnatenals that were observed in the triethylamine system, 

often of considerable crystal sizes, and the close relationship of the shape of triethylamine with 

the channels of JDF-20 (Figure 1-lb), it was decided to use an amine with one of the three ethyl 

groups shortened by one carbon (98%, Aldrich). The PXRD pattern of the product (11-7) 

displays an unknown material not observed to form in the triethylarnine system. Use of a shorter 

time of 3 days fomed the same material, but with lower crystallinity. Since the material is 

unknown in nature, it is not certain if it is phase pure or a mixture of phases. 

23.23 Triethylamine (EGN) DI-8 to 11-96] 

An extensive number of experiments were conducted using triethylamine (99%, Aldrich) 

due to the variety of structure types, the large crystal sizes, and the observed water-dependence 

of the products. Therefore, this section will be broken down into a number of sub-sections, each 

representing one experimental parameter that was varied. AI1 experiments used the Dispal form 

of pseudoboehmite, with the exception of those involving different sources of duminum and 

phosphorus (section 2.3.2.3.6). Note that temperatures indicated as 195°C imply that the 

reaction chambers were placed at the bottom of a 180°C oven, which served to heat the bomb to 

approximately 19S°C, as rneasured by a thermocouple placed under a bomb in the oven. 

2.3.23.1 Non Aqueous TEG Solvent In-8 to 11-17 

This section deals with the variation of the time and temperature of the primarily non 

aqueous TEG-AIZO,-P20,-Et,N system. The initial reaction mixture is simply a slurry of the 



alumina in the TEG 

slurry gives only the 

Ib. The pattern was 

58 

solvent (ILS), and the PXRD of the dned solid obtained by filtering this 

characteristic pattern of pseudoboehrnite, as shown previously in Figure 2- 

identical after 1 to 4 months of aging statically at room temperature. It was 

also identical in the absence of phosphate and/or amine. Not present in the solid is any 

triethylammonium phosphate salt, as found for other templates, such as the cycloalkylarnines 

(section 2.3.5) and alkylamines (Chapter 5). 

A series of time-dependence studies were performed 01-9 to 11-15). M e r  one day of 

heating at 195"C, unreacted pseudoboehmite is present, as well as an arnorphous matenal (broad 

hump centred at 25" (XI)),  and a smdl amount of another phase with peaks at ca. 12.9A and 

5.7A (11-9). These peaks are at the sarne positions as the rnost intense peaks of JDF-20," and 

evidently the phase is in its initial stages of formation at this point. Two days of heating at 

195°C gave a highly crystalline JDF-20 product (II-10). Also present in the pattern is a smaller 

amount of the aluminophosphate chain structure [A~P,o,H~]'[E~,NH+],~ whose characteristic 

100% peak resides at Ca. 8.9A. Longer heating times gave decreasing amounts of JDF-20 and 

increasing arnounts of the chain phase (II-11, 11-12), until the product was almost phase-pure 

after 9 days (11-13). Prior to discovering the chain structure in the literature, the SC-XRD data 

was collected and analyzed (section 3.1). Note the large crystal sizes that are usually obtained 

(II-13A, Appendix C). Also seen in the SEM are the spherical aggregates of needles of JDF-20, 

and its surface can be seen in a close up SEM of one of the spheres (II-13B). 

It should be pointed out that the results shown above for the Et,N system are for the 

materials obtained from the walls of the reaction charnber. At the bottom of the reaction 

chamber is a hard, densely packed material comprised of other phases. For example, the PXRD 

pattern and the large crystals of 11-13 are in fact the crystals that grew on the walls of the Teflon 

liner, while the packed matenal from the bottom is comprised mostly of JDF-20 and a only trace 

amount of chains (11-14). This is typical of the triethylamine experiments that contain minority 

amounts of water. In fact, with extended penods of time, little or no crystals are observed on the 

liner walls, and al1 the product resides at the bottom of the liner. After 4.5 months at 180°C, the 

chain phase is observed at the liner bottom with trace arnounts of JDF-20 (11-15). 

An example of the sensitivity of the system to temperature is shown by the products using 

a lower temperature of 180°C. 2 or 3 days of heating yielded pseudoboehmite and an arnorphous 

material (broad hump centred around 27" (20); no crystalline phase is observed at this point 
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(II-16). JDF-20 is observed after 6 days, which oniy required 2 days at 19S°C. Higher 

temperatures of 200°C gave almost entirely the chain phase (n-17). 

The results above are not dependent on the capacity of the reaction chambers. Nearly 

identical results were obtained with larger 45 ml and 125 ml capacity bombs, with similar crystal 

sizes and an expected increase in yield. 

23.233 Reagent Amounts of Water In-18 to 11-40] 

Before discussing the effects of addition of water, a few words should be mentioned 

conceming dilution. No matter what solvent was used, the concentration of dl reagents in the 

solvent was important for al1 systems. An example is II-18, where the solvent volume was 

doubled by using 28 moles of TEG. The product was a majority phase of /dP04-5, with some 

JDF-20 present. Such a product is usually only obtained with the usuai 14 moles of TEG solvent 

when significant amounts of water are added (see below). Similarly, if the starting mixture is too 

dilute, the product will ultimately be berlinite (as for aqueous conditions, 11-39, below). 

Therefore, dilution should be taken into account, particularly when water is being added and 

increasing the volume of the solvent. 

Small amounts of water have little effen on the resultant products. 1.8 moles of water 

(chosen for an H20:AI ratio of 1.0) gave essentially the same product as when no water was 

added (11-19). However, 3.6 moles of water gave the chains with a larger arnount of JDF-20 at 

180°C (II-20), and phase-pure JDF-20 at 200°C (11-21). 7.2 moles of water yielded only JDF-20, 

and the product was a homogenous, gelatinous mixture that filtered to yield a fine powder of 

small needles (11-22). 

10.0 moles of water also gave JDF-20, and the PXRD patterns of the products show the 

temperature-dependence of the crystallinity of the JDF-20 phase with 3 days of heating (11-23 to 

11-25, Appendix B). Rather than forming a novel material, higher temperatures and/or longer 

heating tirnes served only to produce AlP0,-5 and dense-phase AlPo,-tridymite and decrease the 

yield of JDF-20 (II-26, 11-23. Afier 10 days at 220°C, AlP0,-tridymite was the only phase 

present (II-28). 

On a number of occasions, another phase was obtained using 10.0 moles of water and 

195°C (II-25). They were large, hexagonal plates, several millimetres across (Optical 

micrograph, Figure 2-2) and grew on the lower walls or on top of the material at the bottom of 

the liner. One such crystal was studied by SC-XRD, and was found to be a layered 



Figure 2-2. Opticd micrograph of UT-1 crystal. 
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alurninophosphate, denoted UT-1. Its structure is the AlP0,-5-like layer (sections 1.2.1 and 3.3). 

Interestingly, the material could not be formed reproducibly; many expenments were performed, 

varying different parameten, but were unsuccessful. It was subsequently discovered that the 

problem was undoubtedly due to impurities entrapped in the walls of the Teflon liner (see section 

2.3.2.3.7). UT-1 gives rise to the peak observed at 10.1A in the PXRD pattern of 11-25, present 

as a minority phase. Although the inorganic architecture of UT-1 was solved, its 

irreproducibility was further complicated by the inability to resolve the interlarnellar species 

from the data set (section 3.3). Without knowing the nature of the ternplating species, it becomes 

even more difficult to purposely synthesize this phase. 

Slightly increasing the amounts of water and/or temperature failed to produce any UT-1, 

and gave only JDF-20 (11-29). Larger arnounts of water yielded varying arnounts of JDF-20, 

MPO,-5 and dense-phase AlP0,-cristobaiite, graduaily increasing the yield of the latter two 

more hydrolyzed phases (II-30 to 11-33). One general trend is the higher the amount of water, the 

greater is the dependence of the phases on both temperature and time. 

Interestingly, at 89.4 moles of added water (haif-aqueous by volume), large crystals of 

tinsleyite were obtained (II-34). The structure, solved by SC-XRD (section 3.4), is templated by 

ammonium rather than tnethylamine, indicative of the large degree of ternplate decomposition 

that takes place at these temperatures. 

Further increase of water showed a very strong temperature-dependence (II-35, 11-36). 

The effective increase of water concentration was also achieved by decreasing the amount of 

TEG, giving AP04-5 and trace AIP0,-cnstobalite (11-37). Complete removal of TEG, i.e. 

aqueous conditions, yielded AiP0,-5 (11-384 100 Pm hexagonal rods) and a significant 

proportion of AIP0,-cristobalite with an interesting morphology (II-38B, 300 urn octahedra). 

Dilution on the aqueous side of the system gave küPO,-S (11-39) and ultirnately berlinite (11-40, 

PXRD shown for future reference). 

23.233 Agitation DI-411 

Since a hard, packed material was present on the bottom of the reaction chamber and 

crystals grow on the liner walls, an agitation experiment was perfoned. The product was JDF- 

20, all collected together into a solid ellipsoidal clump, whose width was slightly less than that of 

the liner 01-41). The solvent also contained a small arnount of powder, which was analyzed 
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separately. It was cornpnsed of poorly crystalline IDF-20. Due to these results, no further 

experiments with agitation were carried out. 

23.23.4 Moles of Template m-42 to II-461 

The important role of the ternplate is indicated by the produa using 2.9 moles of 

triethylarnine (a molar reduction of 50%). At 180°C, the produa is an approximately equal 

arnount of AlP0,-tidymite and chains, with a trace arnount of AP04-5 (11-42). 200°C gave 

AiPo,-tridymite and a small arnount of chains (II-43). This effect in combination with that of 

water is demonstrated by the expenment using 3.6 moles of water and 2.9 moles of Et,N, which 

gave only AiPo,-tndymite (11-44). Increase in the amount of Et,N, namely 6.0 or 7.0 moles, 

only served to decrease crystal ske and quality, producing fragmented crystals. In the absence of 

triethylarnine, not surpnsingly, berlinite was the product (11-45). The vital role of the amine 

functionality in general is also implied by the fact that 6.95 moles of cyclohexane (rather than 

cyclohexylarnine) gave no open aluminophosphate phase, but rather berlinite (II-46). 

23.23.5 Phosphorus to Aiuminum Ratio [II-47 to 11-53] 

Most aluminophosphate syntheses use a 1: 1 P:.N ratio.' Correspondingl y, 

aluminophosphate frameworks tend to have a 1:l P:Ai ratio and are neutral. One of the reasons 

for the discovery of new structures in this work is the 2:l P:Al ratio that was used, which helped 

to produce phases with a P:Al ratio greater than one (section 4.2.3). This ratio was therefore 

varied to study its effect on the products of the TEG-triethylamine system. 

Addition of no phosphate (i.e., 0.0 P A )  gave unreacted pseudoboehmite, as expected (II- 

47). An experiment equimolar in phosphorus and alurninum (1.0 P A )  gave, notably, an 

approximately equal yield of JDF-20 and AiPO,-S after only 3 days (II-48), not achievable with a 

2.0 P:Al ratio under such conditions. Unreacted Dispal pseudoboehmite could be seen in the 

product frorn the bottom of the liner. Semi-aqueous and aqueous solvents with P:Al equal to 1.0 

gave AiP0,-5 (11-49 and 11-50). 

Increasing the P:Ai ratio to 3.0 and 4.0 under non aqueous conditions gave the chain 

structure as the preferred product 01-51 and 11-52). The product at the bottom in this case was a 

much sofier material. A 6.0 P:AI ratio gave berlinite as the only product 01-53). It should also 
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be noted that due to the aqueous component of the 85 W.% phosphoric acid (P20,e4.9Hz0), 

changing the P:Al ratio significantly aiten the amount of water present in the TEG solvent. 

23.23.6.41uminum and Phosphorus Source Reagents [II954 to 11-62] 

At al1 temperatures and conditions, aluminum isopropoxide gave similar product phases, 

but of much lower crystal quality and crystallinity (TI-54). Similarly, Catapal A gave results 

comparable to Dispal, forming JDF-20 but of smaller crystal size (n-55). A fluoroaluminate 

source yielded only dense-phase aiuminum phosphite in the product (II-56). 

Condensed phosphates were used as phosphate sources, but were not stable to hydrolysis 

in the zystem. Pyrophosphoric acid and polyphosphoric acid both behaved as if monomeric 

orthophosphoric acid had been added (II-57, 11-58). Clearly, the P-O-P linkages are hydrolyzed 

apart. Interestingly, the material from the bottom of the liners was mostly pseudoboehrnite, with 

some poorly crystalline JDF-20 in the case of pyrophosphoric acid and chains in the case of 

polyphosphoric acid. This could be due to the anhydrous nature of these phosphate sources as 

compared to orthophosphoric acid, allowing for less hydrolysis of the pseudoboehmite reagent. 

The higher water content of pyrophosphoric acid @&O7) accounts for the presence of JDF-20 in 

the product rather than chains. 

Triethyl phosphate was tried due to its templating of the zinc phosphate analog of the 

chain structure (section 1.3.3),' in which the hydrophobic ethyl groups separate the chain 

moieties. No other species was therefore used as templating agent. However, the ethyl groups 

were hydrolyzed off the phosphate, and the product was berlinite (11-59). In the presence of 

Et,N, the product was poorly crystalline AIPOc5 with unreacted pseudoboehmite (11-60). The 

removal of the ethyl groups is attributable to the much higher temperatures used, as cornpared to 

those used for the zinc phosphates. 

Aluminum metaphosphate, itself a dense phase aluminophosphate (section 1.1.2), 

remains unreacted at milder temperatures 01-61). It is indeed a higher temperature phase, and it 

is therefore reasonable that it should be stable under these conditions. However, at higher 

temperatures of 19S°C, the product was AIP0,-tridymite and A,iPO,-5, with some aluminum 

metaphosphate still present (11-62). 



23.2.3.7 Other Additives: Eff- of Fluorine 

Other reagents were added to the triethylamine system and perturbed it to varying 

degrees. For example, acetic acid had only a slight effea, producing a smail arnount of NPO4-5 

under non aqueous conditions (TI-63). In another experiment, 0.5 moles of hydrochloric acid 

were added to reduce the pH, but had no effea on the product either in the presence or absence of 

triethylamine (II-64 and 11-65, respectively). When 4.5 moles of HCI were added, the 

tnethylarnine formed a water-soluble chloride sdt, Et,NH+CI, as observed by SC-XRD of the 

large needles (II-66), while the aluminophosphate crystallized as berlinite. 

On the contrary, fluorine had a drastic effea on the phases that form. Fluorine was added 

in two ways: by impregnating the liner with fluoride, or by directly adding an HF reagent source. 

In a typical non aqueous Et3N synthesis, the former (achieved by pre-treating the Teflon liner in a 

16 Py/4.0 HF-Py mixture at 200°C for 7 days, thereby "overloading" the liner with fluoride and 

allowing fiuoride to be released during a typical synthesis) yielded, remarkably, a rnajority phase 

of AlP0,-5, and only a small amount of IDF-20 and chains (II-67). A semi-aqueous experiment 

in such a pre-treated liner gave AlP0,-cristobalite and a small amount of kllP04-5 and tinsleyite 

(11-68). 

A liner pre-treated with a lower fluoride concentration (16 Py/2.0 HF-Py, 200°C, 10 

days) gave a lower amount of A.iP04-5, and a majority chain phase (II-69). The introduction of 

fluorine therefore appears to be somewhat controllable by this rnethod, ideally allowing for a 

desired ratio of phases. For both 11-68 and 11-69, ail of the product was soft and on the bottorn of 

the liner. 

Direct addition of HF in the form of (HF),Et,N had drastic effects. A micropipette should 

really have been used for the addition of such small amounts of HF: only one drop added to the 

normal synthesis mixture gave the chain phase, with AlP0,-5, JDF-20 and, notably, UT-1 (II- 

70). This appears to have solved the way in which UT-I forms; narnely, when liners were used 

that had large amounts of fluorine impurity present in its walls. Indeed, 3 drops of fluoride 

yielded AlP0,-5 and UT-1 again (11-71). 

Similariy, only a trace amount of JDF-20 and chain phase were formed with only the two 

additional drops of the HF source, dong with the beginnings of an unknown phase with 100% 

peak at 19.2A. Larger amounts of HF, namely 1.0 or 2.0 moles, gave this unknown 19.2A phase 

as what appears to be a pure phase (II-72). This is undoubtedly a fluoroaluminophosphate phase, 

as the addition of fluoride with cyclic amines tends to change the duminophosphate product to 
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other fluorinated phases (see below). HF did not have as great an effect under semi-aqueous 

conditions (II-73). 

Poly[4-vinylpyridiniurn poly(hydrogen fluoride)] (Aldrich) was used as a fluorine source 

in the hopes of slowly releasing fluorine and thus forming large crystals of known phases or the 

unknown 19.2A phase. However, it formed only small needles of the latter, and a small arnount 

of AIPO, -5, but did serve to greatly increased the crystallinity of the unknown (II-74). 

2323.8 Other Non Aqueous Solvents JJI-75 to 11-963 

Many triethylamine-related experiments were performed with other solvents, rnostly 

various oligo- and polyalkylene glycols. In al1 cases, the solvent molecules do not end up in the 

alurninophosphate crystals, possibly with the exception of UT-1 (section 3.3). An equal volume 

of solvent was used to keep concentrations constant. Ethylene glycol gave AIP0,-5 as the only 

product phase 01-75) Published results of the formation of AiP0,-5 in EG using aluminum 

triisopropoxide as the aluminum source9 were reproduced (II-76). Diethylene glycol afforded 

small crystals of JDF-20 (11-77). 

Triethylene glycol (tEG) was, in fact, investigated pnor to any TEG experiments. tEG 

gave results similar to tetraethylene glycol, but with smaller, more fragmented crystals and lower 

crystallinity (II-78, 11-79). As a result, tetraethylene glycol was used for al1 future experiments. 

Similarly, aluminum isopropoxide gave poorer crystals and crystallinity (II-$O), and Dispal 

pseudoboehmite was thereafter used. The order of addition was also probed in the triethylene 

glycol system and was observed to have little or no effect. Consequently, the amine was added 

in the last step for almost al1 experiments. 

Higher molecular weight polyethylene glycols gave the chain phase, with a small amount 

of JDF-20 01-81 to 11-83). For PEG 1000 and higher molecular weights, the glycol is a waxy 

solid at room temperature and the synthesis procedure had to be conducted at slightly elevated 

temperature, such as cn. 60°C for PEG 1000 (Ml' 39°C) Additionally, the products had to be 

filtered with the mother liquor still above 3g°C, washing with warm water and acetone. Crystal 

sizes of the resultanr chain phase were still large (II-84), but srnaller and much thinner than those 

frorn TEG. 

As observed for TEG, 200°C gave JDF-20 for PEG 1000 (II-85), while dilution by 

doubling the volume of solvent gave the chain phase and an unknown 9.8A phase (TI-86). PEG 
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4600 aiso gave the chain phase (TI-87), while the highly viscous PEG 10,000 yielded an 

amorphous materiai with a small arnount of berlinite (II-88). 

Tripropylene glycol (TPG) and polypropylene glycol average MW 425 (PPG 425) also 

formed the chain phase (II-89 and 11-90), and the results were essentially identical to the tEG and 

PEG 400 results, respectively. For this reason, the wide range of other commercially available 

polyalkylene glycols were not studied. There was no observable chelating effea that was unique 

to TEG by the various polyalkylene glycols. 

Mineral oil yielded only AiPo,-tridymite (11-91) and, in the absence of HF, pyndine 

solvents resulted in triethylamine-related products similar to TEG 01-92, 11-93). With the 

addition of HF-Py, pyridine-related phases were formed (section 2.3.4.2). Sec-butanol also gave 

results related to TEG, and even showed a similar water-dependence (II-94 and 11-95). It would 

be interesting to hirther probe the water-dependence of the other solvent systems to compare 

with the TEG-H,O results. 

While no triethylarnmonium-phosphate salt was observed in any of the experiments 

above, it can be formed €rom a concentrated mixture of TEG-H,PO,-Et,N 01-96). That this 

phase is not relevant in the chemistry taking place during the aluminophosphate reactions is 

implied by the observation that these crystals will decompose in a short time when left exposed 

to air. It is therefore unlikely that the compound is present in the reaction mixtures. 

25.2.4 Triethanolamine [(HOCH,CHd,NI [II-97] 

AlP0,5 is templated by this arnino alcoh01.~ Its use (98%, Aldrich) in TEG gave rise to 

an unknown PXRD pattern (II-97), mixed with AiP04-5, judging by the characteristic, more 

intense peaks of the latter at 1 MA, 6.84A 5.93& 4.50& 4.24A and 3.97A.J 

2.3.2.5 Tripropylamine (Pr,N) ~n-981 

Al1 experiments with tripropylamine (98%, Aldrich) gave berlinite as the only product 

- 9 8 )  This is likely due to the biphasic nature of the synthesis mixture: the tripropylamine 

would not disperse into the TEG solvent, and floated on top of the mixture. Therefore, it is not 

present in the phase in which the aluminophosphate reaction is occumng. Shorter heating times 

of 3 days ais0 gave the same result. 



23.2.6 Tributylamine (Bu,N) m-991 

As found for tripropylarnine, berlinite was the only product using tributylarnine (99%, 

Aldrich). For this system, phosphoric acid was added last, but it still did not mix with the TEG 

solvent. Al1 of the berlinite solid was residing in the lower glycol phase of the reaction charnber 

- 9 9 )  Milder conditions of 180°C and 4 days gave the same result. 

233 Quaternary Tetraalkylammoniums 

233.1 Ammonium Hydroxide (NH,OH) BI-100 to II-1011 

Ammonium hydroxide (30 W.%, BDH) was used as the ammonium source reagent. 

Ammonium can be considered as the first in the series of quatemary tetraalkylammoniums. By 

itself, the only aluminophosphate structure it promotes is AIPO,-tin~leyite.'~*" In conjunction 

with other templates, it f o m s  several low-dimensionai duminophosphate (section 1.2). 

However, in TEG it forms an ammonium phosphate salt (II-100). It appears that in the absence 

of water, the ammonium reacts with the phosphate and therefore cannot do so with the alumina. 

The addition of 5.9 moles of triethylamine to this system had no effect, and the PXRD pattem 

was identicai to the above pattern (II-101), which is in agreement with the published results of 

the analogous H20-A2O3-P20,-NH,OH-Et3N system." 

233.2 Tetramethylammonium Hydroxide (TMAOH) DI - 1 O21 

TMAOH was added as its pentahydrate (97%, Aldrich). The spherical shape of the TMA 

molecule promotes the cuboctahedral beta-cage in zeolite synthesis,12 as well as for 

alurninophosphates, forming the isostructural sodalite and AIPO,-20: respectively, and AlPo,- 

AL  TA MU.* However, the PXRD of the TEG-related product matched that of AlP0,-18 (II- 

102). This represents the first synthesis of AlP0,-18 in non aqueous conditions. 

2 3 3 3  Tetraethylammonium Hydroxide (TEAOH) 01-1033 

TEAOH was added as the 40% aqueous solution (Aldrich). It also led to an AiP0,-18 

product (II- 103). No larger quatemary alkylammonium templates were utilized due to the 

similarity of the results of TMAOH and TEAOH to previously reported rnaterials. 



23.4 R-Coqjugated Cyclic Amines 

23.4.1 Pyrrole (C,H,NH) [II- 1041 

Pyrrole (98%, Aldrich) is the five-ring analog of pyridine, and was therefore used to 

compare results. The product gave an unknown PXRD pattern (11-104). The crystais were of 

poor quality and very smdl size, and consequently this systern was not further explored. 

23.4.2 Pyridine (CSHsN) DI-105 to 11-1 IO] 

By far, this was the most successful rc-conjugated amine and allowed for some interesting 

results. The first synthesis performed with TEG as solvent yielded a majority phase of berlinite 

and a trace arnount of large, orthorhornbic crystals which could visually be seen in the product 

(II-105). One such crystal was isolated from the product and its structure solved SC-XRD data 

(section 3.5). The structure, denoted UT-6, is a partially fluonnated aluminophosphate 

framework, [A13P30,~]'[C,H,NH]+@0.15(H20). The remarkable aspect of this result was that no 

source of fluorine was added to the synthesis mixture. Evidently, fluorine was present in the 

Teflon liner and was released during the synthesis. It is likely that it had been adsorbed into its 

pores from the HF acid bath used between syntheses (section 2.1.4). The ofien annoying porous 

properties of ~eflon'" proved to be quite valuable in this case in isolating a new 

fluoroaluminophosphate framework structure. 

Indeed, the purposeful addition of fluorine in the form of hydrogen fluonde-pyridine 

yielded UT-6 in pure phase, with a greatly reduced crystal size (11-106). The introduction of 

fluorine from the liner is further corroborated by the following: use of a new liner, not yet 

exposed to the HF acid bath, yielded only the previously reported layered aluminophosphate 

containing interlameilar pyridiniurnf5 (II-107), as was the initially expected product. Not even an 

impurity amount of UT-6 is present. The result of producing a trace amount of UT-6 in a 

rnajority phase of berlinite without adding any source of Buonne was reproduced under semi- 

aqueous conditions at 180°C (II-108), while 200°C yielded only berlinite. 

With the UT-6 structure solved, its PXRD pattern was checked with previous 

experiments. It then became clear that in the pyridine solvent system, having been extensively 

studied in prior years, UT-6 was repeatedly being synthesized under various conditions (II-109, 

11-1 10). The UT-6 structure was forming if no template was added to the pyndine solvent (II- 

log), or in the presence of triethylamine (II-llO), which was added for the purpose of acting as 



69 
template and evidently did not do so. UT-6 was d s o  synthesized inadvertently several tirnes by 

Susan Nadimi during experimentation in the pyridine solvent-aluminophosphate system." 

In the absence of HF-pyridine for the expenment of 11-110, triethylarnine-templated 

phases were obtained 01-92 and 11-93? section 2.3.2.3.Q which again displays the important role 

of fluorine. The stronger ternplating power of cyclohexylamine is displayed by the result that 

replacing the triethylamine with cyclohexylamine forms cyclohexylarnine-related phases (II-154, 

section 2.3.5.12). 

23.43 (3,s)-Lutidine (Me&H,N) DI- ri 11 

Since p yridine proved to be a successful ternplate, 33-lutidine (Lancaster) was chosen as 

template, as it is closely related to pyridine, with methyl groups on two carbons of the six-ring. 

However, the product was berlinite (11-11 1). As was seen for the pyridine system, conditions 

could have been too hydrolytic or dilute to form a templated phase. It would be interesting to see 

through further experiments if any of the several isomers of lutidine could form a novel structure, 

in light of the success of pyndine. 

23.4.4 (4)-Aminopyridine RIH,C5H,N) DI- 1121 

Also chosen for its likeness to pyridine, this organic (98%, Aldrich) may be considered as 

similar to an alkylenediamine, where the alkyl chain of the alkylenediarnine is instead a phenyl 

ring. The product was a poorly crystalline unknown phase of very smdl crystal size (11-1 12). 

23.4.5 Benzylamine (C,H,CH,NHJ 01-1 13 to 11-1 151 

As observed below for the cycloalkylamines, 14 moles of TEG formed a too concentrated 

synthesis mixture. With 28 moles of TEG, the benzylarnine (99%, Aldrich) system formed 

several unknown materials, depending on temperature. The similarity of the 150°C product (11- 

113) to the cycloalkylamine ahminophosphate chain structures below makes it Iikely that this is 

the isostructural compound containing interlarnellar benzylammonium. Therefore, this is a 

candidate for R i e ~ e l d  refinement of PXRD data. 

At 180°C, another unknown material is formed, possibly a layered structure (11-114). At 

still higher temperatures, trace arnounts of this second unknown phase are present, and the 

dominant phase becomes a third unknown 01-1 15). The products of this system formed crystals 

which at first appeared of large size and good quality. However, a crystal from 11-1 14 mounted 
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on the diffractometer was not of sufficient quality to give rise to diffraction. Closer inspection 

shows that many of the crystals are multi-crystalline aggregates. 

23.5 Saturated Cyclic Amines 

23.5.1 N,N-Diethylcyclohexylamine (Et$iC6Hll) BI4 lq 

This template (97%, Aldrich) was chosen as a logical bridge between triethylarnine and 

cyclohexylamine. The system with TEG as solvent formed AlP0,-5 with an impurity amount of 

AlP0,-cnstobalite at 180°C (II-116) and AIP0,-tridymite at 220°C. It is interesting to note the 

difference in results to the cyclohexylarnine system and the triethylamine system, and the effect 

of the two N-ethyl groups. Cyclohexylamine formed layered structures under such conditions 

(section 2.3.5.12). 

2.352 (2 3)-Dimethylcyclohexylamine (Me2C6HmJ DI-1 17 

Unlike cyclohexylarnine, al1 temperatures probed for this template (99%, Aldrich) from 

150°C to 220°C formed the sarne unknown material in TEG (11-117). A small number of large 

plates were observed in the powder, and should allow the solution of its structure. However, the 

only crystal that was isolated to date for SC-XRD was not of sufficient thickness to allow 

collection of a data set. 

The same material was also prepared from a PEG 600 solvent. An EG solvent at 180°C 

gave a srnaIl amount of this material, with a majority NPO4-5 phase, while 220°C yielded pure- 

phase NP0,-5. 

The resemblance of the unknown PXRD pattern to the cycloalkylamine chain structures, 

below (sections 2.3.5.11 and 2.3.5.13), could also be easily clarified by a Rietveld refinement 

procedure. Nonetheless, it is interesting to note the similarity of the results of 2,3- 

dimethylcyclohexylamine to cyclohexylamine, and the lack of similarity of N,N- 

diethylcyclohexylamine to both. Despite the common cyclohexylamine functionality, the nature 

of the amine head group plays a vital role in determining the aluminophosphate materials that 

form, as will become apparent in later chapters. 

23-53 Morpholine (O(C,H,J,NH) In-1 181 

Morpholine (99+%, Aldrich) is analogous to the structure of piperidine (section 2.3.5.4), 

where the carbon of the six-ring "para-" to the nitrogen has been repiaced by an oxygen atom. It 
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was reported as forming a chabazite-like aluminophosphate structure by Guth et al. under 

aqueous conditions? The TEG product gave ody unreacted pseudoboehmite and a single peak 

at 11.3A (11-1 18), perhaps due to a morpholinium phosphate phase, judging by the narrowness of 

the peak. 

235.4 Piperidine (C,H,,,NH) DI-1 191 

This organic imine (99%, Adlrich) is related to pyridine, where the carbons of the six ring 

are instead saturated. Piperidine templates both AIP9,-5 and AlPo,-17, as well as a layered 

aluminophosphate when used together with 1,5-diaminopentane1' (section 1.2.1). Its use in TEG 

yielded an unknown material VI-1 19). The crystais were small, but the structure should be able 

to be solved with further work. 

2.3.5.5 Hexamethyleneimine (C6HI2NH) (11- 1201 

Hexamethyleneimine (DuPont, also known as hornopipendine) is related to piperidine, 

containing an additional methylene group to define a seven-ring. The unknown pattern of the 

product obtained in TEG could likely be a chain or iayered structure (TI-120). Large, oaagonal 

plates were found in the product and could quite easily be solved by SC-XRD methods if they 

are of sufficient thickness. 

23.5.6 Quinuclidine (HC(CH,CH@) DI- 1211 

The structure of quinuclidine may be considered as a piperidine ring with an ethyl group 

connected across the six-ring to both the nitrogen and the opposite carbon. It templates the large- 

pore gallium phosphate known as c~overite'~ To date, there is no known aluminophosphate 

analog or other cornpositional analog. It also prornotes many AlP0,-n frameworks, including 

AiPo,- 16, AlPo,- 17, MAPO-5, MAPO- 17, MAPO-20 and MAPO-35 ? The TEG-quinudidine 

(97%, Aldrich) experiment produced another unknown pattern (11-121) and did not match any of 

the expected AlP0,-n frameworks or cloverite. Cloverite has its first diffraction peak at 28.8& 

and in this case is cn. 15A. Moreover, the rest of the partem does not index to an 

aluminophosphate analog of cloverite. This is not surprising, however, as cloverite requires the 

addition of HF to promote its formation, where the fluonde anions reside in the double four- 

rings." 



235.7 (f)-exo-2-aminonorborane [II91221 

This cage-like amine (99%, Aldrich) is structuraily sirnilar to quinudidine, making it an 

attractive candidate as a templating species. The unknown product shows excellent crystdlinity 

(11-122). However, the crystals were very small and the structure remains unsolved. Until 

funher expenmentation is performed, it is unsure whether the product is phase-pure or is a 

mixture of phases. 

23.5.8 Hexamethylenetetramine DI-1231 

This template (9995, Aldrich) in TEG formed only ammonium phosphate (II-123), as the 

PXRD pattern was identical to the product obtained using ammonium hydroxide (II-100, section 

2.3.3.1). Evidently, the template decomposed at the high synthesis temperatures of 180°C. This 

appears to have also occurred for a small-pore fluoroaluminophosphate framework previously 

reported, although the original authors made no mention of the nature of the occluded organic 

species." Hexamethylenetetrarnine was initially used at a synthesis temperature of 150°C. 

Judging by the smdl size of the interior cages in the reported structure, the template must be 

ammonium. This was later confirmed in a reinvestigatîon by Férey et al. in an improved SC- 

XRD analysis2' and solid state NMR of several nuclei (section t 

23.5.9 Cyclopropylamine (C,H,NHJ ln- 1241 

Cyclopropylamine (98%, Aldrich), the smallest of the cycloalkylarnines, was tried since 

the larger cycloalkylamines were successful. However, due to the ring-strain of the cyclopropyl 

ring, the molecule not surprisingiy decomposed at 180°C, and the familiar ammonium phosphate 

matenal was obtained (IL1 24); the PXRD pattern was identical to that obtained from the NH,OH 

system (11-100, section 2.3.3.1) and the hexarnethylenetetrarnine system 01-123, section 2.3.5.8). 

23.5.10 Cyclobutylamine (C,H,NH& [II-125 to II-127'J 

Cyclobutylamine (98%, Aldrich) was utilized subsequent to the success of the larger 

cycloalkylamines (see below). A crystalline product was obtained on the first attempt and 

appears to be multiphasic (11-125). Use of more dilute conditions, less moles of amine and lower 

temperature appeared to isolate one of the phases (11-126). Both dilution and higher temperatures 

of 180°C also showed a small peak at 28.3% perhaps due to another phase (11-127). At least one 
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crystal structure should be obtainable from this system due to the relatively large crystal sizes 

that were obsewed. 

23S.11 Cyclopentylamine ( C , w J  (II-128 to II-14q 

Several novei structures with very large crystal sizes were readily produced with this 

amine (99%, Aldrich). Consequently, it was the most explored of the cycloalkylarnines. The 

chemistry taking place was observed to be similar to that of many of the other cyclic amines, 

particularly the larger cycloalkylamines, and information obtained from this system may be, at 

least partially, projected to others. 

As previously mentioned, not only does the alumina exist as solid particles in the sluny 

of the synthesis mixture pnor to its heating, but in many cases the phosphate and amine do so as 

well, as solid particles of an alkylammonium phosphate phase. More intriguing is the complete 

lack of mention of such phosphate salts in the aluminophosphate literature, the only exception 

being the report of Bibby and coworker~ ,~  where they propose the existence of 

dipropylarnmonium dihydrogen phosphate (section 1 S). The alkylammonium phosphates have 

only been dealt with in a series of unrelated papers where the structures were purposely 

synthesized (section 1.5). 

It will be seen that the phosphate and amine can self-assemble into a lamellar phosphate 

salt structure only if the conditions are correct, such as reagent concentrations or the proper size 

and shape of the template. In these structures, the hydrophobic alkyl tails define a hydrophobic 

interlayer region and the ammonium head groups hydrogen bond to the phosphate layers. 

That not al1 templates can achieve this is reflected in the results of the triethylamine 

system, where no salt material is formed under normal synthesis conditions 01-96, section 

2.3.2.3). Evidently, the shape of the triethylamine molecule is not suitable to readily f o m  a 

phosphate salt. Moreover, tnethylarnine is tertiary and therefore cannot be involved extensive 

hydrogen bonding. However, the cycloalkylarnines are primary and have an amphiphilic 

character which is not as strong as, but is comparable to, the prirnary alkylamines that will be 

discussed in Chapter 5 (Figure 2-3). 

Consequently, the starting mixture is comprised of a cyclopentylammonium 

monohydrogen phosphate structure, and strongly diffracts in the PXRD pattern of the synthesis 

mixture pnor to heating (II-128). The small crystals that forrn in the TEG slurry (see SEM) are 

soluble in water, and large crystals were grown by recrystallization from a methanol-water 



Figure 2-3. Space-filling view of three different ternplates. Nitrogens are shaded black. 

(a) Cyclopentylarnine. @) Decylamine. (c)  Triethylarnine. 
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solution (II-129), whose PXRD pattem was identical to that of ïi-128. Its structure was solved 

by SC-XRD (section 3.6), and a theoretical PXRD pattem also matched that of 11-128. 

Heating the TEG-alumina-phosphate-cyclopentylamine starting reaction mixture at 

relatively lower temperatures of 100°C to 130°C gives an open, amorphous duminophosphate 

materid that is likely layered in nature CI-130). This material is similar to that observed by 

others in related systems (section 1.1.4.3). Higher temperatures of 150°C gives a mixture of this 

phase and a crystalline aluminophosphate chain structure (II-131), denoted UT-2, obtained in 

pure-phase at 180°C (11-132). The large crystals of the chain structure allowed its structure to be 

solved by SC-XRD methods and the material was further characterized (section 3.7). 

In this series of PXRD pattems, it is interesting to note that with respect to synthesis 

temperature, the UT-2 aluminophosphate chain structure (which itself is comprised of chains 

arranged in layers) appears to grow at the expense of the amorphous, open layered material. 

Often, using the conditions of 11-132 (Le., 180°C), a larger arnount of the latter material would be 

observed in the PXRD pattern. It is entirely possible that the crystalline UT-2 chah structure is 

formed by a reconstructive solid state transformation of the amorphous material. 

Slightly higher temperatures of 200°C gave a cornpletely different material, namely UT-3 

(11-133). UT-3 is a layered aluminophosphate structure (section 3.8), and cm also be produced 

as a pure-phase at 220°C with very large crysral size. 

Reagent amounts of water were added to this system, and the same 100°C to 220°C 

temperature range was probed 01-134 to 11-144). Results using 3.6 moles of water (H20:H3P0, 

ratio of 1.0) were very similar to those when no water was added (II-134), so 10.0 moles were 

added and the temperature range again probed (II435 to 11-138). Results were also similar to 

those above, but at 2OO0C, the product was comprised of long needles with a very high aspect 

ratio (11-137). The PXRD pattern had a fint peak at lower d-spacing (ca. 13.7A), and at first it 

appeared to be a different material. However, careful inspection of the diffraction pattem irnplies 

that it is in fact the UT-3 material with a contracted unit cell. The PXRD pattems differ with OkO 

peaks, attributable to a slight contraction of the b-axis of the unit cell. This is corroborated by 

the fact that non aqueous conditions where no water was added, and a temperature of only 

180°C, gave an identical pattem to produa 11-137 after five months of heating (11-139). Such a 

contraction under these relatively milder conditions would be expected only after such a long 

period of heating. Preferred orientation effects could also be a factor in the differences in PXRD 
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patterns. Conditions of 220°C and 10.0 H20 gave large, thick crystals of UT-3 from which the 

SC-XRD data set was actually collected (11-138). 

Further increase of water suppresses the formation of the UT-2 and UT-3 phases and 

results in other, unhown phases. For example, 50.0 moles of water added to the mixture gives 

several unknown materials (Ti-140, D-141). Some large crystals exist in the powdery product 

and their structures should be able to be solved by SC-XRD. Further addition of water (to 134.4 

moles, 50% aqueous by volume) gave sirnilar results, containing mixtures of these three 

unknown phases in varying ratios 01-142 to 11-144). 

The morphology of the unknown 17.5A material obtained ai 150°C as an almost pure 

phase (11-142) displayed monodisperse, spherical spheres (see SEM), which could be easily 

rolled around on surfaces as if they were bal1 beanngs. In fact, it was diff~cult to keep thern 

stationas, on a slide for observation in the optical microscope. The monodispersity of the 

particle size could have various applications, particularly if its unknown structure is a very open 

microporous framework: its PXRD pattern resembles that of VPI-5, with the exception that this 

unhown has its first diffraction peak at lower angle. Aqueous conditions also yielded the 

unknown 17.5A materid (11-145). Initial Raman spectra implies that this phase could be a 

framework structure, cornparing with those published for frarnework aluminophosphates. 

Further work would be interesting in elucidating the nature of this highly open phase. 

The strong effect of fluorine is again indicated by the addition of 1.0 moles of fluorine to 

the synthesis mixture, in the form of trihydrogen fluoride-triethylamine (11-146). A different 

unknown phase (majority peak at 1 4 . 9 4  is formed at the various temperatures probed, with a 

higher crystallinity at 200°C. 

The large amount of data collected for the cyclopentylamine system, and the results 

obtained will be continued in the next chapter, in the discussion of the UT-2 chain and UT-3 

layered crystal structures and their characterization. The results will have direct implications 

with respect to the mode of formation of aluminophosphates in Chapter 4. 

23.5.12 Cyclohexylamine (C,H,,NHJ DI-147 to II-155J 

Cyclohexylarnine (99+%, Aldrich) is a cornmonly used organic in molecular sieve 

synthesis. In aluminophosphate synthesis, it templates the LüP04-5 and A.iP04-17 frameworks, 

and the MAPO-5, MAPO-17 and MAPO-44 frarneworks with a variety of metals? Its use in the 
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TEG system in the present work, however, Ied to severai novel materiais, of which two were 

solved by SC-XRD analysis. 

The 130°C to 200°C temperature range was probed (II-147 to 11-150). Up to 180°C, the 

PXRD patterns show the presence of what appears to be an open, amorphous materiai in the 

product, similar to that seen in the cyclopentylamine system, above. Co-precipitating with the 

products are a varying ratio of two other phases, whose 100% peaks are located at ca. 17SA and 

14.2A. At 180°C, the latter phase forms large plates 01-149) and its structure was solved by SC- 

XRD. The rnatenal is a layered aluminophosphate, denoted UT-4 (seaion 3.9). The structure of 

the 17.54 phase to this point remains unknown, but could likely be a chain structure. 

Higher temperatures yielded UT-4 and another phase with 100% peak at 15.3A (n-150). 

A gel aging experiment gave similar results QI-151). The second phase was isolated with oniy a 

trace amount of UT-4 when the experiment mixture contained lower amounts of organic and a 

small amount of nickel sulfate (II-186, section 2.3.7.4). Large enough crystais of this second 

phase were so obtained and its structure solved (section 3.10). Interestingly, its structure, 

denoted UT-5, is also layered, and is isostructural to UT-3, the cylcopentylamine-templated 

layered material. The sarne expenment as 11-149, but using a Teflon liner which had been pre- 

treated with a 16 Pyridine: 4.0 HF-Py mixture at 200°C for 6 days, also gave UT-4 and UT-5, but 

with a higher yield of the latter. 

Addition of water to semi-aqueous conditions by volume gave, at 150°C, what appeared 

to be UT-4 with preferred orientation, and a smaller amount of an unknown phase with its first 

peak at 18.1A (11-152). It is unclear if the latter phase is just a more crystaliine version of the 

unknown 17.5A phase above (11-147 to 11-149). Judging by the stark differences in results 

between the non aqueous and semi-aqueous conditions for other related systems (such as 

cyclopentylamine), it is unlikely that the phases are the same, particularly in light of the fact that 

the yield of the 18.1A phase increases with respect to temperature (11-152 vs. II-153), whereas 

the 17.5A phase was no longer present in the higher-temperature products, even under primarily 

non aqueous conditions (II-150). Indeed, the 18.1A phase was obtained as almost a pure phase at 

200°C, with an even smaller amount of UT-4 after 17 days at 200°C. 

The stronger templating action of cyclohexylamine as compared to other templates is 

revealed by the results obtained from a pyridine solvent. As seen in the pyridine system (section 

2.3.4.2), the formation of pyridinium-containing phases was insensitive to the addition of 4 

moles of triethylamine to the synthesis mixture; the pyridinium-containing UT-6 framework was 
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obtained with or without the addition of triethylarnine (11-109 and II-110, respectively). 

However, the same experiment with 4 moles of cyclohexylamine in place of triethylarnine 

yielded cyclohexylarnine-related phases. The pyridine solvent tended to fom a majority 16.5A 

unknown phase (11-154). Other phases are present in the PXRD pattern, namely a 153A phase 

and a trace arnount of a phase with peaks at 18.23A and 9.08A. The 15.3A phase appean to not 

be UT-5, but a poorly formed fluoroahminophosphate phase, as indicated by similarity of the 

product to that of a TEG experiment containing cyclohexylarnine and 1.0 moles of HF-Py (II- 

155). This again demonstrates the drastic influence of HF (e-g., comparing 11-155 and 11-149). It 

also implies that the relative templating strengths would therefore be cyclohexylamine > pyridine 

> triethylarnine. 

23.5.13 Cycloheptylamine (C,H,NHJ DI-156 to 11-1641 

Cycloheptylamine (99%, Aldrich) and larger cycloalkylamines formed synthesis mixtures 

that thickened to a greater degree when using 14 moles of TEG. In fact, the mixture could not 

even be stirred and the product was of low crystallinity, comprised of very small needles (II- 

156). Consequently, 28 moles of TEG were used in al1 subsequent experiments. 

The initial reaction mixture contains crystalline cycloheptylarnmonium-phosphate and 

pseudoboehrnite (II-157). The product from 150°C was large plates (II-158), and its structure, 

denoted UT-7, was solved by SC-XRD (section 3.11). It proved to be an aluminophosphate 

chain isostructural to UT-2. The structures differ only in their interlayer spacing due to the 

difference in size of 'carbon rings. 

A small amount of another unknown material with 100% peak at ca. 18.1A was also 

present at lSO°C (II-158). At 180°C and 200°C, the niro phases are obtained in approximately 

equai amounts (II-159), while at 220°C, some UT-7 is present and another unknown is the 

majority phase whose 100% peak resides at 16.0A (II-160). Both of these unknowns remain 

unsolved, although the 16.0A phase of product 11-160 were large plates, and further work should 

elucidate its structure. The similarity of these results to the cyclopentylarnine system make it 

Iikely that the smaller d-spacing 16.0A unknown (also formed at higher temperatures) is a 

layered material. In fact, it will be shown in the following chapter that the UT-7 matenal 

thermally transfoms in the solid state to what appears to be this unknown material. 

Addition of water to the synthesis mixture had a drastic effect on the products for this 

ternplate. With 20.0 moles of water, the two unknown 18.1A and 16.0A phases occurred in 
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equal arnounts only at 150°C (11-161). At 180°C, the 16.0A unknown phase was isolated (II- 

162). Semi-aqueous conditions gave yet a ihird unknown 18.9A phase, with a small amount of 

UT-7 present in the product from 150°C (11-163). Temperatures of 180, 200 and 220°C al1 gave 

a pure phase of this 18.9A unknown material (II-164), and large crystal sizes. It would be 

interesting to observe what these unknown structures are, in light of the similarity of the results 

and the isosmicturalities among the cyclopentylamine, cyclohexylamine and cycloheptylamine 

systems. 

2.3.5.14 Cyclooctylamine (C,H,,NHJ III-165 to 11-1731 

Very similar results were obtained with this organic template (97%, Aldrich). As was 

observed for cycloheptylamine, only 14 moles of TEG creates conditions that are too 

concentrated for a fluid mixture, and the starting gel became more like a solid (II-165). 28 moles 

of TEG and 150°C gave the same PXRD pattern as 11-165, but with some larger crystals (II-166). 

Temperatures of 180°C to 220°C produced similar products. A number of larger plates, obtained 

in srnail yield at 180°C after 3 days, were larger in size with 14 days of heating at 180°C. 

Perhaps with even longer times, large enough crystds could be isolated to solve the unknown 

structure. 

In order to try and induce larger crystals to fom,  the arnount of template was reduced in 

an attempt to lower the levels of supersaturation, or to make the reaction mixture less viscous, 

and perhaps more able to transport solution species to the growing crystals. Only 180°C and 

220°C were probed, since larger crystals were formed at 220°C in the above experirnents. 

However, 2.9 moles of cycloocîylamine (a molar reduction of 50%) produced the sarne 17.2A 

material with similar crystal sizes (11-167). The template wûs then further decreased to 0.9 

moles, and yielded only berlinite (11-168). Evidently, the template was too dilute to act as 

template to the duminophosphate species. 

Another attempt at forming larger crystals was made by adding a buffer which would 

increase the pH of the reaction mixture and hopefully solubilize the source nutrients. However, 

the sodium bicarbonate which was added only served to prevent the alumina and phosphate from 

reacting, by forming a sodium phosphate solid product. Therefore, the alumina remained in the 

form of pseudoboehmite (II-169). 

The semi-aqueous cyclooctylamine system was also examined, and the second, more 

open 18.5A phase was isolated as a pure phase at 135°C and 150°C (II-170), with a srna11 arnount 
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of the 17.2A unknown in the 180°C product (II-171). A temperature of 200°C produced mostly 

the latter material with only a trace of the 18.5A phase and a srnaIl amount of a third unknown 

19.5A phase (11-172). The crystals of the 2OO0C product were quite large, and a crystal was 

mounted for SC-XRD, but diffiacted poorly and must have been multi-crystalline. At 220°C, the 

17.2A phase dominates, with no 18.5A present and a more prevalent 19.5A phase (11-173). It is 

likely that this third unknown, which is begiming to appear in these semi-aqueous products from 

higher temperatures, could be formed as a pure phase if more aqueous or fully aqueous 

conditions were used. 

23.5.15 Cyclododecylamine (C,,H,NHJ [II474 to 11-1781 

The largest cycloalkylamine commerciaily available is cyclododecylamine; the nine-, ten- 

and eleven-ring cyclic amines (and larger) are not available. Cyclododecylamine (98%, Aldrich) 

also forms a phosphate salt in the initial synthesis mixture. Recrystallization attempts were 

unsuccessful in forming large crystals (II-174). It is interesting to note the large d-spacing of this 

material as well as the cyclododecylarnine-related aluminophosphate phases that will be s h o w  

below. They are comparable to those obtained using surfactants (Chapter 9, and it is should be 

noted that crystalline aluminophosphate phases are still obtained in the present case, a point that 

will be discussed further in Chapter 5. 

The use of 14 moles of TEG again forms a too concentrated, solid-like mixture and a 

powdery, finely crystalline product (II-175). With 28 moles of TEG at 100°C, the phosphate salt 

was produced (implying its higher stability over that of the other cycloalkylamine phosphate salts 

under these conditions) and an unknown phase with 100% peak at 21.3A (II-176); the peak at 

17.0A is due to the same phase. The phosphate salt phase is a kinetic phase in this system, and 

disappeared afier 1 month at 80°C, giving only the unknown aluminophosphate material. 

Temperatures from 130°C to 220°C al1 gave this same unknown phase, with only slight shifts in 

the PXRD peaks and changes in crystallinity with respect to temperature (11-177). Al1 gave 

powders comprised of small needles (see SEM). It is interesting to note the difference in 

chemistry compared to the smaller cycloalkylamine~. In fact, semi-aqueous conditions also gave 

the same, single phase, under al1 temperatures and times used from 80°C to 220°C (II-178), 

indicating its relative thermodynamic and hydrolytic stability. 

The product yield was measured and the percent yield calculated for the 

cyclododecylamine-phosphate recrystallization experiment (II-174). This was also done for a 
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number of other duminophosphate and phosphate salt syntheses (Table 2-1). The experimental 

yield is based on a 100% product of the expected phase, such as [ A 1 2 ~ & ~ " [ C 5 ~ , ' I t  for the 

UT-3 product of 11-137 or [AIP,O,H,]'[Et,NH+] for the TEG-Et,N synthesis of 11-67 (Table 2-1). 

The values are in an acceptable range, since a reduction of product weight is expected due to 

severai factors. Examples are product solubility in the mother liquor, loss of material during 

product recovery, incomplete reaction and the formation of other phase(s) with diffenng 

stoichiometries. The percent yields for the phosphate salts are higher, attributable to the f a a  that 

the reaction occurs quickly under ambient conditions and that the product is always phase-pure. 

23.6 Mked Amine Systems (n[-179 to 11-1811 

A large number of syntheses were performed using mixtures of two or more amines, in an 

attempt to produce a new material. Several aluminophosphates are promoted only when 

mixtures of amines are used,"" but represent only a small fraction of the number of known 

structure types. The procedure typically involved the mixture of leftover synthesis gels in a 

desired ratio, each containing one of the respective amines. In some cases, the mixtures were 

prepared by adding the amines sequentially to the TEG-alurnina-phosphate sluny. 

Most atternpts were unsuccessful, in the sense that products were multiphasic, where each 

phase is templated by only one amine; the amines did not combine into one material. Just a few 

examples of the unsuccessful mixed amine systems that were explored were: 

hexamethyleneirnine-cyclopentylamine; berizylamine-pyridine; cyclopentylamine - 7,3- 

dimethylcycloyhexylarnine; pyrrole-cyclopropylamine; cyclopentylamine-triethylamine; 

cyclopentylamine-decylamine and cyclopentylamine-dodecylamine. 

However, one synthesis was successful, namely the cyclobutyiamine-piperidine system, 

in which a layered structure formed, denoted UT-8 (II-179). A 100% yield of large crystals was 

obtained, and the structure was solved by SC-XRD (section 3.12). 

Some of the mixed cyclic amine combinations gave products that appeared to be 

monophasic unknown materials of a new, crystalline structure. Exarnples are cyclopentylarnine- 

cycloheptylamine (11-180) and cyclopentylamine-cyclohexylamine (II-181). Conditions other 

than those of II- 180 and II- 18 1 gave multip hasic products of the corresponding cycloalky lamine 

phases comprised of one template. These mixed cycloalkylamine systems were chosen due to 

the isostructurality of UT-2 to UT-7, and UT-3 to UT-5. It is possible that the sarne inorganic 

architecture was formed, but contain mixed bilayers of the cyclic amines. It would be interesting 



Table 2-1. Measurements of weight and percent yields for 

various dumino phosphate and phosphate sdt products. 

Rec # 

11-12 

11-67 

II- 129 

11-137 

11-141 

N/A 

11-164 

11-174 

Actnal Percent 
Yieldb YkW 

0.92g 74.6% 14 TEG : 0.9 Ai,O,mnH,O : 3.6 

HjPO, : 5.9 Et3N, 180°C, 7 days 

14 TEG : 0.9 Ai,03.nH,0 : 3.6 

H,PO, : 5.9 Et3N, 195°C. 9 days, 

liner pre-treated with 2 HF-Py 

Numinophosphate Chain Structure, 

[AIP20,H2]-[Et3NH+] 

Cyclopentylamrnonium 

Monohydrogen Phosphate (CMP), 

[c ,~m3+J,[Hpo, ' -I  
-- - 

14 TEG : 10.0 H,O : 0.9 

A1203mnHI0 : 3.6 H,PO, : 5.9 

CSHqNH2, 200°C, 1 day 

14 TEG : 50.0 H20 : 0.9 

AI,O,*nH,O : 3.6 H3P0, : 5.9 

C,H,JVH2, 200°C. 25 days 

Unknown 11.7A phase. 1 1.4A 

phase 

Unable to 

calculate, 

unknown 

14 TEG : 0.9 Ai,O,.nH,O : 3.6 

H,PO, : 4.6 C,H,,NH,, 180°C, 4 

days, liner pre-treated 

with 4 HF-Py 

14 TEG : 134.3 H,O : 0.9 

AI1O,.nHiO : 3.6 H,PO, : 5.9 

GH13NH2, 320°C. 4 days 

Unknown layered material. 

[N2P30  &]'-[CH,3m3+]z, 

isostructural to UT-4 or UT-5 

Cyclododecylammonium 

Mono hydrogen Phosphate, 

[C,,H~NH,+]~[HPO~'-] 

'As established by PXRD of the product. 

hYield of product is dependent on the capacity of the reaction vessel, which was 15 ml, except for those denoted by 

an asterisk, indicating 45 ml. N s o  based on degree of filling, which was typically 65%. Yield of 

phosphate salts are based simply on the amounts of reagents used. 

'Calculation based on the formula of the expected product. 
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to obtain the crystal structure of these materials, and observe in what marner the cyclics reside in 

the structure: randomly distributed; separated to define interlarnellar regions altemating with 

each cyclic amine; or possibly arranged into mixed bilayers with one cyclic comprising one half 

of the bilayer, and the other cyclic comprising the other half. However, the crystal sizes were 

typically very srnall, with the exception of 11-181. 

23.7 Metai Aluminophosphate and Meta1 Phosphates m-182 to 11-1881 

There is an extensive arnount of literature involving frarnework substitution of metal sites 

in aluminophosphates (section 1.1.3.3)~~ Most research has been directed towards replacing 

aluminum sites with various elements to introduce charge to the framework, and consequently 

acid sites, for a variety of applications. Attempts to constmct new materials from the TEG 

system were unsuccessful, and each metal will be discussed briefly in tum below. This is not 

discouraging, however, as it provides supporting data for the mode of formation studies that will 

be discussed in Chapter 4. 

23.7.1 Silicoaluminophosphates DI-1821 

The most studied metal substitution into AIP0,-n structures is silicon, to give materials 

denoted SAPO-n. However, addition of silica in the form of Ludox AS-40 (DuPont) had no 

effect on the products. 9nly JDF-20 and the chain structures were obtained from the 

triethylamine system (11-182). It is unlikely that any silicon has substituted into the structures. A 

white powder, not usually present in the aluminophosphate products, could be seen mixed with 

the JDF-20 and chain crystals, and is likely amorphous silica. 

23.7.2 Iron Phosphates, Iron Aluminophosphates DI-183 to II-18q 

Attempts at forming open iron phosphates from the TEG system were not successful (II- 

183). Part of the problem could be due to the low solubility of the iron oxide source, which was 

Fe@,. Better results may have been obtained using a more soluble source of iron, such as iron 

acetate. 

The large-pore frarnework cacoxenite was a target mate ria^,^ which contains a high Fe:AI 

ratio (section 1.3.2). A similar ratio was used to try and induce formation of this material (II- 

184). However, a poorly crystalline dense-phase iron phosphate was the majority phase, with a 
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small arnount of an unknown material whose 100% peak was at 10.8A. Further experiments 

with a more suitable iron source are necessary to deduce the nature of this unknown material. 

23.73 Cobalt Aluminophosphates F-lSS] 

Cobalt is aiso a well-studied metal for substitution into alurninophosphate frameworks, 

substituting randomly into several frameworks such as AlP0,-5 and ~ 1 ~ 0 , - 3 4 :  Cobalt is also 

present in the MeAPO-46 and MeAPO-50 frameworks in a crystallographically defined position 

throughout the framework, capping the opposite side of the six ring of the AlP0,-5-like layer 

(section 4.2.6). An experiment analogous to those that produce the CoAPO-n materials was 

performed in TEG (II-185). The blue powdery products were JDF-20 and CoAPO-34. No new 

materiais were formed, nor was a metal-substituted chah structure. 

23.7.4 Nickel Aluminopbosphates DI-186] 

Nickel has been observed to form novel crystalline structures with aluminophosphates, 

incorporating into the inorganic architecture (section 1.1.3.3). Nickel (II) sulfate hexahydrate 

(99%, Aldrich) was added to a TEG-cyclohexylamine experirnent, but was not included into the 

aluminophosphate phase (II-186). Only the cyclohexylamine-templated layered structure UT-5 

was observed. However, the UT-5 crystals were larger than those obtained in the absence of the 

nickel reagent, and allowed the structure to be solved by SC-XRD (section 3.10). Presumably, 

the nickel precipitated as nickel oxide, which gave the product its green hue. The lack of 

incorporation of other rnetal atoms into the aluminophosphate phase is a commonly observed 

phenornenon? 

23.7.5 Other Metal Phosphates PI-187 to 11-1881 

Due to the vast number of metal phosphate chain, layered and framework materials that 

are now known (section 1.3), some of the corresponding metal oxides were added in place of 

A1203 to the TEG-phosphate-Et,N system. Anempts at synthesizing a vanadium phosphate 

rnaterial were unsuccessful, giving rise to only a dense phase structure (II-187). However, a 

srna11 arnount of a poorly crystalline, open material was also formed. The vanadium was added 

as a green vanadium (III) oxide powder and was perhaps not a suitably soluble vanadium source. 

Similar results were obtained in trying to form an indium phosphate matenal (11-188). The 

indium (III) oxide source (Alfa) may also be insoluble in the TEG solvent. In context of the 
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work that will be s h o w  in Chapter 5, it is interesting to note diat the hard, dense product 

obtained at the bottom of the reaction chamber for II-188 contained large holes and surface 

impressions through the material, several millimetres in diameter. 

These and other metd phosphate systems, such as molybdenum phosphate, are attractive 

candidates for future research due to the ever-increasing arnount of low-dimensionality materials 

being reported. Most of these materials were synthesized under aqueous conditions. The few 

recent exarnples of successful non aqueous  stems^'^' show the potential of further exploration 

in this area. As was observed for aluminophosphates, there could likely be some interesting 

results using organothermal synthesis conditions. 
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CHAPTER 3: SINGLE CRYSTAL XRD 
STRUCTURES AND MATERIALS 

CHARACTERIZATION 

3.0 INTRODUCTION 

A series of new crystal structures were discovered in the course of non aqueous synthesis 

using cyclic amines. The structures and properîies of these and other relevant materials will be 

the topic of this chapter. In addition to single crystal X-ray diffraction (SC-XRD), the main 

characterization methods employed were thermal analyses through several techniques, narnely 

TGA, VT-PXRD, DSC and mass spectrornetry (MS). The presentation will follow that of 

Chapter 2, using the same narnes and reference number systern. Crystal data and refinement 

parameters will be summarized in tables, whiIe fractional atomic coordinates are included in 

Appendix D. The aluminophosphate and phosphate-based structures containing primasr 

alkylamines and diaminoalkanes will be discussed separately in Chapter 5. 

3.1 The 64Aiuminophosphate Chain Structuren, [AiP20,HJwtJU3+] 

As was seen in the previous chapter, the TEG-triethylarnine system afforded large 

crystals of a chain structure (11-13). The SC-XRD data was collected for this matenal prior to 

discovering that the structure existed in the literature.' The data proved to be almost the same as 

those published, slightly outside experimental e r r ~ r . ~  The unit ce11 and refinement data, for 

cornparison, are given in Table 3-1. In the present case, the a and c axes were defined in an 

opposite manner to that published (due to the arbitrary choices of the respective 

crystallographers), while the unique b-axis of the rnonoclinic unit ce11 is the same for both 

studies. The chain structure was described previously in section 1.2.3. 

Due to the relevance of this structure to the mode of formation studies that wilI be 

described in Chapter 4, its thermal properties were investigated. It was considered that the chain 

sinicture may behave as a solid state precursor to JDF-20 (or vice-versa, next section), as well as 

other aluminophosphate materials. However, heating the chain structure under vacuum led 

mostly to AiP0,-tridymite (III-1 to 111-3). Intnguingly, treatment at 300°C yielded a mixture of 

NP0,-tridymite and a poorly crystalline rnaterial which diffracts in the 15A region (III-2). The 

transformation is hardly quantitative, but it is interesting to consider that this unknown material 

may in some way be related to JDF-20. Heating the chain sarnple in air led to AlPo,-tridymite 
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min. and 0596,0.616 
traasmission 
no, reflections ooilected 2684 3111 1821 329î 

independent reflections 1 2508 2806 1719 3087 

%nt 0.021 0.0388 0.0487 0.0159 

Table 3-1. Summary of crystal data, details of intensity collection and least- 
squares refinement parameters for the solved structures. 

no. observed data 
[r>WI 

max density in Al? map, 
e A-3 

1775 2725 

-- 

0.940 0.661 &527 0.454 

Definition of R indices: Ri = P(Fo-F,)/ RF,), wRz = [I[W(F&F,~)~]/ ~[w(F~2)2]]1~ 

R1 P>2a(I)l 0.055 0.0562 0.0409 0.0280 
wR2 (a data) 0.058 0.2144 0.1207 0.0830 
weighting a,b 0.0372,0.92 
goodlless of fit 1 3.42 0.935 1.045 1.072 
parameters re£ined 163 168 181 232 



range 0 coIIeded, O 

absorption correction 
min. and . . 
transmission l 
no. reflections coUeded 2850 13680 6642 4958 

independent reflectious 

weighting a,b 0.0851,2,41 0.1161,O.ûû 0.0988,277 

Definition of R indices: R = I(F,-Fc)/ 2(F0), wR2 = [P[W(F,~-F~~)~]/ I[W(F~~)~]] 1/2 

2737 12992 6288 4637 

goodness of fit 
parameters refined 177 532 270 284 

Table 3-1 (Cont'd). Summary of crystal data, details of intensity collection and 

0.868 1.026 1.001 1.055 

max deosity in AF map, 
e A-3 

least-squares refinement parameters for the solved structures. 

Rint 0.0478 0.0309 0.0622 0.0481 

0.337 1.021 0.689 0.705 

no. observed data 
[I'W 

8573 0.3628 3147 

R1 [I>2*I 0.0610 0.0646 0.0622 0.0604 
wR2 (aii data) 1 O. 1559 0.1871 0.2016 0.1947 



range 0 coiïected, O 1 250 t025.00 2.10 to 25.00 3.10 to 60.00 
absorption correction AF method M method AF method 
min, and m u  1 0.2530,0.9579 0.9799,0.4250 0,4017,0.9667 
transmission 

no. reflections collected 4412 9970 3188 

independent refieciions 4137 9386 3033 

goodness of fit I 1.015 

parameters refined 279 

&nt O. 1385 0,050 0.083 
no. observed data 
PW1 

least-squares refinement parameters for the solved structures. 

2319 5721 2259 

max density in AF map, 
e A-3 

1 .O81 1.255 0.631 

R1 P'm!lI 0.0976 0.0774 0.0557 

Definirion of R indices: R = P(F,-F,)/ Z(Fo), wR2 = P [ W ( F & F ~ ~ ) ~ ] /  2 [ w ( ~ ~ 2 ) 2 ] ]  112 

Table 3-1 (Cont9d). Summary of crystal data, details of intensity collection and 

wR;! (aii data) 0.2974 0,2206 0.1989 
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with a small amount of what appears to be the hydrated aluminophosphate minerai variscite P I -  

4)- 

It was also atternpted to use the chah structure as the source reagents for aluminurn and 

phosphorus in a typical T'EG-triethylarnine synthesis, subtracring out the moles of triethylamine 

that is present in the chah solid. However, milder conditions of 80°C simply gave unreacted 

chains (III-S), while higher temperatures yielded a mixture of unreacted chains and AlPo,- 

tridymite (III-6). 

Hydrochloric acid is known to promote the formation of several neutral 

aluminophosphate hydrates, including VPI-5, AiP0,-Hl to AlP0,-H4 and the variscite and 

metavariscite minerais:'" The chain material used as a reagent in an analogous synthesis wth 

HC1 gave a mixture of variscite and metavariscite at 100°C (111-7). At higher temperatures, 

AlPo,-H4 was obtained (III-8). These three phases have been synthesized in the absence of any 

organic additive, where AlP0,-H4 is favoured at higher P:AI ratios and higher temperatures.' 

This is in agreement with the results of 111-7 and 111-8. 

Some of the AlPo,-H4 crystals for 111-8 were found on the wdls of the liner despite the 

f a a  that al1 of the reagent chain crystals resided on the bottorn of the liner at the beginning of the 

synthesis. This indicates that the material had grown by the dissolution of the chain solid and not 

by a solid state transformation. The orthorhombic AlP0,-H4 crystals were up to lOpm in size, 

making it possible that this structure, which still remains unknown to date, could be solved by 

SC-XRD methods. The relatively large crystal size can be attributed to the slow release of 

nutrients into the solvent from the gradua1 dissolution of the chain solid. 

VT-PXRD of the chain phase showed it to simply collapse to AlP0,-tridymite 

somewhere between 100°C and 200°C. It should be noted that the heating rate of this 

preliminary VT-PXRD was quite rapid; a slower heating rate should be used between these 

temperatures to observe if any other transformations are taking place. 

3.2 JDF-20, [AI,P60u~'-[E~NHq2 

The SC-XRD analysis was not performed for JDF-20, since the PXRD pattern and crystd 

morphology were the sarne as those published6 and the PXRD matched the projected pattern 

from Cerius. The thermal properties of JDF-20 in the original report of the structure were only 

briefly mentioned, where it was stated that it transformed upon "calcination" to a mixture of 
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AlP0,-5 and AlPo,-tridymite at ~ O O O C . ~  Al1 attempts in the present work gave no evidence for 

this to occur, nor did JDF-20 calcine with its structure intact, but simply collapsed to AIPO,- 

tridyrnite (III-9). VT-PXRD confirmed this result, showing JDF-20 to collapse in the 17S°C 

region. No AlPOr5 or any other open phase even began to f o m  in any of the thermal studies. 

Use of JDF-20 as a reagent in the aqueous HCI synthesis analogous to III-7 and III-8 led 

to an amorphous product at 100°C (III-IO), and a mixture of AlP0,-tridymite and AIP0,-H4 at 

140°C (111-1 1). The observation of an arnorphous phase at lower temperatures implies that D F -  

20 decomposes prior to formation of AlP0,-H4. The thermal data also indicates that JDF-20 is 

not transforming to the chah phase. 

3 3  UT-1, [AI,P@, 

The large UT-1 crystals, observed to grow only a number of times from the identicai 

experiment (II-25), was studied by SC-XRD. Data are summarized in Table 3-1, and its structure 

was the AlP0,-5-like layer, previously shown in Figure 1-3a (section 1.2.1). In the two other 

reported polytypes, the interlayer regions are occupied by 1,4-diarnmoniumbutane7 and 1,4- 

diammoniumcyclohexane~ However, for UT-1, the interlarnellar species were disordered and 

could not be resolved from the data set; thus, the use of a generic " R  in the formula above. 

Several attempts were made to fully solve this structure, whenever the large crystals were 

observed in the product. However, in al1 cases, the templating species could not be determined. 

The partial or complete disorder of interlamellar species is a commonly observed phenornenon in 

iayered aluminoph~sphates.~ It did appear as if there was some oligorneric species containing 

carbons and oxygens between the layen, but they would not converge dunng structure 

refinement. It is possible that protonated and/or neutral polyethylene glycol is the templating 

species, in a similar rnanner to the layered aluminophosphate containing ethylenediamrnonium 

and both singly-protonated ethylene glycol (HOCH3CH20H2+) and space-filling neutral ethylene 

glycol (HOCHFH20H) between its layers." 

The reproducible synthesis of UT-1, albeit in trace amounts, using small amounts of 

hydrogen fluoride in the TEG-Et,N system (II-70, 11-71, section 2.3.2.3.7) rnakes it possible that 

UT-1 contains fluorine, present on either the alurninums of the inorganic layer or the 

interlamellar organic species. This would imply that the occasions on which it was obtained 

without the addition of hydrogen fluoride was due to the presence of fluorine impurities in the 

liner, as was the case for UT-6 (sections 2.3.4.2 and 3.5). This is corroborated by the fact that 
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UT-1 was never observed to grow when a new liner was used. Certainly, the characterization of 

UT-1 would aid in this respect, such as solid state NMR or chernical analysis. Unfominately, 

due to the limited amount of this material that is available, UT-1 was not further characterized. 

3.4 Tinsleyite, [Ai2P208(0A)*] [NHJ .2H,O 

Crystals of tinsleyite were observed to form in the TEG-H,O-Et,N system under certain 

conditions (II-34, section 2.3.2.3.7). The SC-XRD data so obtained, summarized in Table 3-1, 

gave a structure identical to that previously published." The frarnework material contains 

ammonium molecules in its channels which charge-balance the negative charge of the 

hydroxides that reside on the aluminum centres. The presence of ammonium indicates the 

decomposition of triethylamine, and also implies the relatively stronger templating action of 

ammonium over that of tiethylarnine, which is in agreement with the work of others in the 

closely related aqueous H20-A120,-P,O,-Et,N-NH,OH system.12 

AlPo,-tinsleyite is exclusively built of octahedral MO, and tetrahedral PO, units (for a 

view of the structure, see Chapter 4, Figure 4-12c). Al1 phosphorus centres are connected to four 

alurninurns through the bridging oxygens. Four vertices of the aluminum octahedra are occupied 

by oxygens connected to phosphates. One third of the aluminum sites have their coordination 

sphere completed by two terminal oxygens (OH-, H20) while the remaining two thirds achieve 

this as doubly oxygen-bridged pairs (Al-(p-O),-Ai). 

The observed octahedral coordination of aluminum is not surprising, as five- and six- 

coordinated aluminum are commonly observed in other duminophosphate structures (sections 

1.1 and 1.2). Aluminum is octahedral in more acidic conditions, and in solution can partially 

exist as condensed oxide polyhedra, including A1,0,, di mer^.^*"' It is therefore possible that 

such species exist in the mother liquor during the synthesis of hnsleyite, a point that will be 

discussed further in Chapter 4. Again, the low yield of this material prevented its further 

characterization. 

35 UT-6, [AI,P30,2fl-[C,H,NH+]a0.15(H20) 

The UT-6 fluoroaluminophosphate frarnework c m  be obtained from a TEG (II-106) or 

pyridine (II-109, 11-1 10) solvent (section 2.3.4.2). A more crystalline and phase-pure product is 

obtained from the latter. The structure of the material was solved from the large crystals that 
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grow when no fluorine was added to the synthesis, but was present in minority amounts as an 

impurity. The large crystals ailowed for a full structure refinement (Table 3-l), including the 

pyridinium hydrogen and recognition of the unexpected bridging fluorine atorns, as opposed to 

similarly difiacting oxygen. The empirical formula [Ai,P,O,,F]- reflects the negative charge of 

the framework, which is charge-balanced by the pyridinium cations. The structure refinement 

strongly implied the presence of doubly-bridging fluorines between the oaahedral aluminums. 

Chemicai analysis of the as-synthesized material confimis the presence of fluorine on the 

frarnework (3.66 wt.% F). This is further supported by the '% MAS NMR specmim of UT-6, 

containing one strong peak at Ca.  -120 ppm, referenced to C,F, (Figure 3-la), cornparing well to 

the data of Klock et al. (see below). Chemical analysis showed the UT-6 product to contain 

13.64 wt.% C, 2.31 W.% H, 2.19 W.% N, 3.66 wt.% F, 18.64 wt.% Al and 17.18 wt.% P, giving 

a ratio of A11d241C4.93N&,&.95F0.&r&r 

The crystaIlographic view down the a-axis shows one of the three independent eight- 

membered ring channel systems of UT-6 (Figure 3-lb). The channels intersect to define interior 

cages, each containing two pyridinium cations. The overail structure of the framework is related 

to the aluminophosphate and metai aluminophosphate analogues (AlP04-34, MAPO-34, 

MAP04-44, MAPO-47)) of the microporous zeolite chabazite (CHA), whose aluminum centres 

are exclusively tetrahedral. These aiuminophosphate frarneworks, collectively termed "AiPo,- 

CHA,  may be considered as a primitive array of hexagonal prisms connected by four-rings 

(Figure 3-2a). In UT-6, however, one aluminum of each six-ring of the hexagonal prisms is 

octahedral and connects to that of another hexagonal pnsm through not only a four-ring, as for 

AIP0,-CH& but also two bridging fluorines [Ai-F 1.854(2), 1.894(2) A] (Figure 3-2b). The 

octahedra are thereby dimerized into double-oaahedra, while the remaining aluminum atoms are 

tetrahedral, as in AIP0,-CHA. The pyridiniums are hydrogen bonded to one of the bridging 

oxygens of the octahedral aluminums [N-Hm-O 1.849 AI. 
The solid state NMR of the UT-6 material obtained from TEG showed one peak for each 

crystallographically unique metal atom, as expected. The "P CP-MAS NMR contained three 

strong and sharp resonances of equal intensity at ca. -8.5 ppm, -25.2 ppm and -31.1 ppm 

(referenced to [NH4][H2P0,], 400.13 MHz, 10 kHz spinning rate, 3.0 ps pulse duration and 4.0 s 

recycle time), and were typical for aluminophosphate mate rial^.'^ The flourine-decoupled "Al 

MAS NMR showed two peaks at Ca.  29.5 ppm and -17.9 ppm (referenced to A120,, 17 kHz 



Figure 3-1. (a) "F MAS NMR of as-synthesized UT-6. Referenced to CsFs; asterisks 
denote spinni ng sidebands. (b) a-projection of UT-6. 



Figure 3-2. (a) The nature of the connection of hexagonal prisms through four-rings in 
AlPO&HA. (b) A similar view of  UT-6, and theirlconnection through 
AI+- F)I-AI links. 
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spinning rate), in an approximately 2:l intensity ratio. The former, downfield peak was resolved 

into two peaks by a ='Al MQ-MAS experiment. The values also agree with published values," 

where the two peaks resolved by MQ-MAS are due to the IWO crystallographically unique 

tetrahedral aluminums, and the upfield peak is due to the one type of octahedral aluminum. 

Since UT-6 is a microporous frarnework containing large chabazite-like cages and a 

relatively large free aperture between the cages (eight-ring windows, ca. 6.5 to 6.9 A), it should 

be possible to remove the extraframework organic molecules from the material. Indeed, the van 

der Waal size of the planar pyridinium cations is cn. 6.3 A in the largest dimension. However, 

this would render the framework unstable, since it is anionic and is stabilized by the charge- 

balancing pyridiniurn molecules. Therefore, the negative charge of the frarnework would also 

have to be removed, or compensated for, in the process of calcination. 

The TGA of the material (Figure 3-3a) shows a thermal event just above 400°C, which 

may be attributed to loss of the extra-framework pyridiniums and framework fluorines (observed 

weight loss: 20.3 W.%; expected: 20.5 W.%). Correspondingly, this event in the VT-PXRD 

shows a phase transformation from UT-6 to a fully indexable, neutral, non-fluorinated AiP0,- 

CHA (Figure 3-3b). Mass spectrometry confirms the release of pyridine and hydrogen fluoride 

at these ternperatures. The resufting AlPo,-CHA structure is observed to still be intact at 

130O0C, which is the upper operating limit of the VT-PXRD instrument. The loss of ca. 5 W.% 

at 200°C may be attributed to the release of the water molecules that are present in the 

framework channels. 

This was not the case for sarnples heated in air. The above TGA and VT-PXRD 

experiments use a nitrogen atmosphere (section 2.2.4). Simply heating UT-6 in air to 

ternperatures of 250 to 500°C transforms it to a mixture of unreacted UT-6, AiP04-5 and AIP0,- 

tridymite, the relative ratios of each depending on the heating conditions. The AlP0,-CHA to 

AiP0,-5 transformation is not surpnsing, as it is a well known occurrence.16 

Since the framework is anionic, it is also possible that the cations may be ion-exchanged, 

as is commonly performed with zeolites. Although anionic aluminophosphate fiameworks are 

known to exist,"*'"19 ion exchange has not yet been demonstrated due to the restncted 

dimensions of their channels, which reduces the free aperture for the difision of molecules 

through the structure. The relative openness of UT-6, however, may render the material as the 

first example of a non metal-substituted aluminophosphate ion-exchanger. 



28 (degrees) 

Figure 3 3 .  (a) TGA of UT-6. @) VT-PXRD of UT-6. 
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Finally, the discovery of UT-6 provides insight into a "triclinic durninophosphate with 

the chabazite-like topology" that was reported by ~essler?' Their matenal was synthesized 

aqueously in the presence of HF and with morpholine as a template. Based on the Rietveld 

refinement data, it was proposed that in this novel structure, two fluorine atoms bridge two 

aluminums of a four T-atom ring (T = Al, P) that connect two double six-rings of the chabazite 

structure, which is the case for UT-6 (Figure 3-2b). This was confirmed later by " ~ l  MAS 

NMR."" The crystal structure of the material was not reported in detail in the literature and, 

presumably, has yet to be preciseiy solved. Further, the '% MAS NMR data reported by Klock 

el aï?' agrees very well to that shown ahove for UT-6. It is therefore likely that their "chabazite- 

like" material is isosmictural to the UT-6 frarnework, containing extraframework morpholinium 

rather than pyridinium. 

3.6 Cyclopentylammonium Monobydrogen Phosphate (CMP), IC,H&H,+],IHpO:] 

This phase was observed to f o m  in the starting TEG-cyclopentylamine synthesis mixture 

(11-128) and was subsequently recrystallized from water (II-129). Its structwe is akin to the 

published alkylammonium phosphate structuresu (section IS), where the phosphate molecules 

are arranged approximately into layers (Figure 3-4a). The cyclic amines define a bilayer-like 

interlayer region, similar to their arrangement in the cyclodkyiamine-related aluminophosphates, 

below. Interestingly, for CMP, only the alpha carbon of the five-ring is stationary, and the other 

four carbons are distributed equally between two sites (Figure 3-4a). This is an observation of 

the weak nature of the hydrophobic interactions of the bilayer region, and the difference in the 

way in which the carbon ring defines the interlayer region versus the carbon chain of n- 

al kylamines (section 5.3.3). 

The phosphate layers themselves contain rnonohydrogen phosphate hydrogen bonded into 

pairs (Figure 3-4b). While an extensive hydrogen bonding network exists between the 

phosphates and the R-NH,' groups of the cyclopentylammoniums, no intralayer hydrogen 

bonding exists between adjacent phosphate pairs. They are only indirecîly connected through 

hydrogen bonds to common cyclopentylammonium molecules. The CMP material decornposes 

in the 175°C region, as observed in its TGA trace (Figure 3-4c). 

The observation of the singly-protonated monohydrogen phosphate in CMP is likely due 

to the relatively more basic conditions, arising from the larger mole ratios of amine used in this 

case (5.9 molar equivalenrs). The alkylamines, added in much lower ratios (typically 3.0 molar 



Figure 3-4. (a) b-projection of C m .  Note the bilayer arrangement and partial 
disorder of the cyclopentylammoniums between two sites. (b) View of 
CMP phosphate layer, containing hydrogen bonded dimers. (c) TGA of CMP. 
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equivalents), tend to form the dihydrogen phosphate salt (section 5.1.2). The basicity of the 

amine is also a factor in this respect, as it would necessarily affect the pH of the synthesis 

mixture. The size and shape of the alkyl group should also be important, since it will determine 

the packing of the molecules in the structure, which would in tum effed the nature of the 

phosphate layers. The relative basicity of the cyclopentylarnine and its preference to exist in the 

protonated f o m  could prevent its functioning as a neutral space-filler, as observed for 1,8- 

diammoniumoctane, 1 ,&diaminooctane dihydrogen phosphate (DODP, section 5.1.1.5). 

3.7 UT-2, [AI,PsO,~'[C,HJVH,l, 

Large crystals of UT-2 were obtained from the TEG-cyclopentylamine system under 

primarily non aqueous conditions and relatively lower temperatures of 180°C (II-132). Its 

structure is a one-dimensional aluminophosphate chain, arranged into layers of chains (Figure 3- 

5a). Each chain hydrogen bonds to its two neighbounng chains through terminal P-OH and P=O 

groups (P-OH@@eO-P distance, 1.855 A). The crystallographic asymmetric unit contains five 

distinct cyclopentylamrnoniums, three aluminum atoms and five phosphoms atoms. UT-2 is the 

first aluminophosphate structure to contain a 5:3 P:Ai ratio, and represents only the third reported 

case of an aluminophosphate chah structure. The two previously reported chain typesfw7 were 

discussed in section 1.2.3. Chernical analysis showed the UT-2 product to contain 29.84 W.% C, 

7.27 W.% H, 6.70 wt.% N, 9.87 W.% Al and 17.16 W.% P, giving a rnolar ratio of 

~3.94.54Cm38192Hs9. ir. 

The UT-2 chain contains three types of P(0-Al),O,-, units, where n = 1, 2 and 3. It 

should be noted that n = 1 represents a phosphate group with only one bridging oxygen to an 

aluminum and three terminal oxygens (P-OH 1.572(3) P-O,.,,, 1.543(2) & P=O,emimI 

1.499(3) and 1.509(3) A). This is the first observation of a singly-bndged, triply-terminal 

phosphate group among al1 of the reported chain, layered and frarnework aluminophosphate 

crystal structures to date. The only other metal phosphate it has been observed for is the recently 

reported layered indium phosphate (section 1.33." 

Extensive hydrogen bonding exists between the anionic layers of chains and the 

interiarnellar cyclopentylamrnoniurn cations (P-O*-H-Na, 2.08A). The bilayer-like arrangement 

of the cyclic amines may be observed in the a-projection of UT-2 (Figure 3-5b). This view also 

shows the chains end-on. Unlike the CMP structure, the template molecules in UT-2 are not 



Figure 3-5. (a) c-projection of UT-2, showing one layer of hydrogen bonded chains. 
(b) a-projection of UT-2. In this view, the chains may be seen end-on. 
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disordered. The anisotropic thermal parametes were expectedly larger for the non-alpha carbons 

of the rings. 

The repeat unit cf the UT-2 chain structure may be visualized as sections of three corner- 

sharing four-rings, where the apices are occupied by aluminum atoms, as in the 

alurninophosphate chain structure of Figure 1-7a. These sections are comected to three edge- 

sharing four-rings in a double-crankshaft conformation to define sections of five edge-sharing 

four-rings. This seemingly complex architecture should become clearer when it is considered 

further in the mode of formation discussion of Chapter 4. In faci, pnor to its discovery, this 

chain structure had been theoretically predicted to exist during the development of the model, 

and will turn out to be a highly significant structure. 

UT-2 was heated in air under various conditions to study its thermal properties (III42 to 

111-15). No reaction occurred after heating at 100°C, and the PXRD pattern was identical to the 

starting UT-2 material (III-12). At 150°C, bowever, a remarkable solid-state transformation 

occurred: the product was a perfectly clean, indexable and phase-pure UT-3. A minor amount of 

the contracted UT-3 material (section 2.3.5.1 1) was present, which became the majority phase at 

175°C (III-14). These samples were ground up to a powder pnor to heating them. When 

unground crystals of UT-2 were heated at 175OC, the uncontracted, 14.2A UT-3 matend was the 

majority phase (111-15). Clearly, the lower surface area of the crystals had an effect in 

discouraging the further reaction of the UT-3 layered structure. 

This UT-2 to UT-3 chain to layer transformation is the first alurninophosphate 

transformation of its kind, and has several ramifications. It certainly has implications into the 

mode of formation of extended aluminophosphate structures (Chapter 4). It also suggests that in 

the various syntheses of UT-3 shown in the previous chapter (section 2.3.5.11), the UT-2 to UT- 

3 chain to layer transformation was being induced by one or al1 of the following: the addition of 

reagent amounts of water, higher temperatures and longer reaction time. It is also becomes clear 

that the UT-3 layer is the more thermodynarnically stable structure, while the UT-2 chain is the 

metastable precursor phase. 

Al1 of the above transformation findings are confirrned by VT-PXRD snidies, run in air 

(Figure 3-6a). The UT-2 pattern is unchanged up to 150°C, and the peaks belonging to UT-3 

begin to appear at 155°C. By 165"C, the transformation is almost complete, and UT-3 then 

begins to collapse to AlPo,-tridymite and an open, amorphous material (broad peak centred at 
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Figure 3-6. (a) VT-PXRD of UT-2. @) TGA of UT-2. 
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ca. 5" (20)). The latter collapses by 365OC. Certainly, the UT-2 to UT-3 transformation could 

have gone to completion, with no accompanied collapse to AlPo,-tridymite, if the temperature 

had been heid at 150°C, as was done for III-13. 

These observations may also be followed in the TGA of UT-2 (Figure 3-6b), where the 

first peak at approximately 180°C is attributed to the UT-2 to UT-3 transformation, and the 

second in the 230°C region to the collapse of UT-3. The latter peak agrees well with the TGA of 

UT-3 (section 3.8) The coilapse of the open, arnorphous material gives rise to the peak just 

above 350°C. The slightly higher transformation temperatures as cornpared to those above are 

due to the nitrogen flow used in the TGA apparatus. VT-PXRD studies under a nitrogen 

atrnosphere gave similar results. Mass spectrometry at these temperatures showed the 

characteristic pattern of cyclopentylamine. 

An experiment aimed at ion-exchanging the interlamellar species with ammonium were 

unsuccesshil (III-16). The conditions used were obviously too basic, as al1 aluminophosphates 

are unstable in strongly alkaline medium.2g30 Accordingly, UT-2 was observed to immediately 

dissolve in 40% methylarnine solution. Nonetheless, ion-exchange should be possible with the 

correct choice of conditions and concentrations. Interestingly, the UT-2 to UT-3 transformation 

was not induced when heated in water. Rather, the UT-2 material decomposed d e r  3 days at 

80°C (III- 17), an indication of the hydrothermal instability of both structures. 

3.8 UT-3, [ A I J ' 3 0 & j 2 ' [ C 5 ~ ~ ~ ] 2  

UT-3, obtained from synthesis conditions slightly higher in temperatures and/or water 

content than UT-2 (e.g.: 11-133, II-138), is a novel layered aluminophosphate. Chernical analysis 

showed the UT-3 product to contain 22.88 W.% C, 5.50 wt.% H, 4.99 wt.% N, 12.54 wt.% Al 

and 19.72 W.% P, giving a molar ratio of Az2274C8.&J153H3a. 

. The layers consist of altemating tetrahedral phosphoms and aluminum centres connected by 

bridging oxygens, arranged into a three-connected two-dimensional net of edge-shanng six-rings 

(Figure 3-7a). The four-coordination of phosphorus is completed by one terminal phosphonyl 

group (P=O,, 1.477(3) A), while aluminurn completes its tetrahedron with the oxygen of an out- 

of-plane doubly-bridging phosphate group that connects two aluminurns of the six-rings (Figure 

3-7a). Only one-half of the six-rings contain this phosphate group, since this is sufficient to fully 

coordinate al1 of the aluminum centres. These phosphate groups altemate above and below the 



Figure 3-7. (a) b-projection of UT-3. (b) a-projection of UT-3. In this view, 
the doubly-bndging phosphate groups that reside above and below the 
plane of the layer may be seen. 
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plane of the layer dong each row of six-rings and may be seen in the a-projection of Figure 3-7b. 

They each possess two terminal oxygens, one of which is protonated (P=O 1.476(3) P-OH 

1.551(3) A). The P-OH group participates in an intralayer hydrogen bond to a phosphonyl group 

belonging to the two-dimensional net (P-OH-eO=P, 1.821 A). UT-3 also contains 

cy~lopentylarnmoniurn bilayers interdisposed between the anionic duminophosphate layers, in 

an arrangement different from that of UT-2 (Figure 3-7b). Again, they are involved in an 

extensive network of hydrogen bonds with the phosphate groups (P-O.-H-N, 1.994(3) A). 
Although the layer architecture is novel, it is sîructurdly similar and stoichiometrically 

equivdent to a previously reported layered structure of Chippindale et al? Inspection of the 

respective [AlI~,O,,HI"[~+], structures show the arrangement of six-rings and doubly-bridging 

phosphate groups to be different in each case (cf. Figure 3-7a, Figure Ma) .  It is also similar to 

the layer of Morgan et al. containing interlameilar [Co(en),lk octahedral complexes (section 

1.2.1);' but the aluminums of the two-dimensional net of six-rings of their layer are instead 

capped by triply-bridging phosphates to give a layer stoichiometry of [AI,P,O,,]~-. UT-3 is also 

identical in stoichiometry but has an architecture different to that of UT-4, a layered 

aluminophosphate templated by cyclohexylammonium (section 3.9) and is, in fact, isostructural 

with UT-5, a second layer templated by cyclohexylammonium (section 3.10). 

The thermal analysis of UT-3 was actudly welI-characterized in the previous section, 

since UT-3 was formed during each analysis of UT-2. The specific analysis of UT-3, however, 

helps to "deconvolute" the data of UT-2 and UT-3. Thermal treatment of UT-3, either as- 

synthesized or obtained by thermal treatment of UT-2, partially transformed it to a material with 

fint peak at 13.3% and partially collapsed it to AIP0,-tridyrnite (111-18). Cornparison of the full 

PXRD patterns shows that this new phase is a contracted UT-3 (section 2.3.5.1 1). Proper heating 

rate and temperature should allow its isolation, as it can be synthesized in pure-phase (11-137, II- 

139). Heating the 13.3A phase in air led only to its collapse (III-19). 

The VT-PXRD of UT-3 shows collapse to AiPo,-tridymite and an open, amorphous 

phase proad PXRD reflection, ca. 1 4 4  in the region of 175°C (Figure 3-8a). This is identical 

to the behaviour of UT-2 subsequent to its transformation to UT-3. The VT-PXRD of the 

contracted UT-3 is very similar (Figure 3-8b), aside from the initial differences in the PXRD 

pattern (using product 11-137). Heating rates were likely too rapid to resolve the subtle 

differences in behaviour of the two phases, although the technique has limited resolution for such 
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Figure 3-8. (a) VT-PXRD of UT-3. @) VT-PXRD of "contracted" UT-3. 
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observation. The contracted UT-3 phase was observed to slightly expand prior to its collapse, 

which could imply that the contraction is reversible. Such a slight expansion would, of course, 

not be seen in the heating experiment of III-19 since it is not Ni sim. 

The TGA traces of the two phases, however, more accurately depicts their differences 

(Figure 3-9a,b). The TGA analyses are nearly identical, except for the srnall peak at 

approximately 175°C in the uncontracted UT-3, which may be amibuted to its contraction. 

Presumably, this involves some reconstruction process in which water and/or organic is removed, 

accounting for the observed weight loss. It should not be ruied out, however, that the 

"contraction" is actually forming a new layered structure (see data and discussion for UT-5, 

below). 

For comparison, the TGA of the unknown 17.5A phase that formed spherical aggregates 

of needles under semi-aqueous and aqueous conditions (e.g.: 11-142, 11-145, respectively) is 

shown in Figure 3-9c. The thermal behaviour material shows a large weight loss at 300°C, 

implying that the material is of higher thermal stability as compared to the various layered 

aluminophosphates. 

3.9 m-4, r~,P,O,HIZ-[C,H,,~~;12 
UT-4 is another novel layered aluminophosphate, templated by cyclohexylarnmonium. 

Its layers also contain tetrahedral Al and P centres connected through bridging oxygens and are 

separated by double-layers of cyclohexylarnmonium cations. Chemical analysis showed the 

UT-4 product to contain 27.24 wt.% C, 5.75 wt.% H, 4.76 W.% N, 12.04 W.% Al and 19.15 

wt.% P, giving a molar ratio of Alz~2.nCla,6N152Hw The layer architecture of UT-4 may 

again be thought of as a two-dimensional net of three-connected Al and P centres, but where 

rows of edge-sharing six-rings are connected instead by four- and eight-rings (Figure 3-10a). 

The phosphorus atoms each possess one terminal oxygen as a phosphonyl group (P=O distances 

1.487(4), 1.494(3) A), while the fourth oxygen of the aluminum tetrahedra are defined by 

doubly-bridging phosphate groups that essentially "cap" the layen. These phosphate groups 

reside exclusively on the six rings, and alternate above and below the plane of the layers with 

respect to the c-axis (Figure 3-10a). Since they are doubly-bridging, they possess two terminal 

oxygens, of which one is protonated (P=O 1.494(3) P-OH 1.552(3) A). This P-OH group 

donates an intralayer hydrogen bond to an adjacent phosphate group. Al1 of the terminal 

phosphate oxygens are involved in an intricate hydrogen bonding network with the bilayer of 



Figure 33 .  (a) TGA of UT-3. @) TGA of contracted UT-3. (c)  TGA of unknown 17.5A phase. 



Figure 3-10. (a) a-projection of U T 4  (b) c-projection of UT-4, showing 
bilayer-l i ke arrangement of cyclohexylammoniums. 
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chair-conformation interlamellar cyclohexylamrnoniums (Figure 3-lob). Each oxygen accepts 

BVO hydrogen bonds from the hydrogens of the template ammonium head groups. 

UT-4 dernonstrates moderate thermal stability typical of an aluminophosphate layer. 

m i l e  a VT-PXRD of UT-4 was not collected, its TGA shows a transformation at approximately 

250°C (Figure 3-1 la), which is certainiy the collapse of the layer. Partial formation of an open, 

amorphous material must have also occurred, which collapses at approximately 350°C. No 

further characterization of UT-4 was performed. Based on cornparison of PXRD patterns, it is 

possible that an unknown aluminophosphate obtained from an aqueous aluminophosphate- 

cyclohexylamine systemU is in fact UT-4. 

3.10 UT-5, [ A I ~ P ~ O ~ ~ ~ ~ - [ C ~ H ~ ~ N H ~ + ] ~  

As previously mentioned, a second layered structure using cyclohexylammonium was 

obtained. UT-5 is isostructural to UT-3 (section 3.8). Chemical analysis showed the UT-5 

product to contain 25.96 W.% C, 5.64 wt.% H, 4.72 wt.% N, 11.76 W.% Al and 21.19 wt.% P, 

giving a molar ratio of Ai2d,.i4C9-92N,,H,.,. The bilayer-like cyclic amines reside in the sarne 

positions for both structures, and are accordingly involved in an isostructural hydrogen bonding 

network. The hydrogen bonds are slightly longer than those of UT-3 (N-He@@O=P, 2.018(3) A 
for UT-5, 1.994(3) A for UT-3). The d, peaks in the PXRD of UT-5 shift to lower angles with 

respect to UT-3 due to the expansion of the unit ce11 in the b-dimension to accornodate the larger 

carbon six-rings of the cyclohexylamrnoniums, as can be seen in the a-projection of U T 4  

(Figure 3-12a, cf. Figure 3-7b). The values of a and c remain almost the same for the two 

structures, and the layers cm be virtually superimposed. For a view of a layer of UT-5, one may 

look at that of UT-3 (Figure 3-7a). 

Similarly, a discussion of the inorganic architecture would read the same as that given in 

section 3.8, above. For comparison, the distances of the terminal oxygens of the doubly-bridging 

phosphate groups are P=O 1.494(3) A and P-OH 1.575(3) which are longer than those of UT- 

3 (P=O 1.476(3) & P-OH 1.551(3) A). While the UT-5 crystals are quite thin, diffraction was of 

sufficient intensity to allow anisotropic refinement of the data and location of the non-aliphatic 

protons. 

The TGA of UT-5 (Figure 3-1 1b) looks almost the same as UT-4 (Figure 3-1 la). VT- 

PXRD studies show a collapse of UT-5 to an open, poorly crystalline material which diffracts at 
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Figure 3-11. (a) TGA of U T 4  @) TGA of UT-5. 
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Figure 3- 12. (a) a-projection of UT-5, which is isostnictural to UT-3 (cf. Figure 3 3 3 ) .  

(b) VT-PXRD of UT-5. 
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a similar value of d-spacing (Figure 3-12b). This material collapses to AlPo,-tridymite at about 

350°C. The VT-PMU) pattern also reveals that an intnguing transformation occurs for UT-5. 

As the material begins to transform and its PXRD peaks start to decrease in intensity, new peaks 

appear at the positions belonging to the major peaks in the diffraction pattern of UT-4. However, 

this transformation remains incomplete, and both materials collapse to the open amorphous phase 

and AiP0,-tridymite. 

A repeat of this expenment, holding the temperature constant at 155°C or 160°C, allowed 

this transformation to continue, but the peaks of the new 14.2A phase began to slowly disappear 

after about 20 minutes. Nevertheless, based on these observations, it is possible that UT-4 forms 

in the reaction mixture via a solid state transformation of UT-5. Indeed, UT-5 would not even 

have to change its composition, as the two phases are stoichiometrically equivalent. It would 

only need to undergo a srnall contraction in the unit ce11 from 15.424A to 14.739& companng 

the interlayer distance of the two structures, and a series of hydrolysis and condensation steps. 

Furthemore, since UT-3 and UT-5 are isostructural, this transformation does have implications 

into the UT-3 to "contracted UT-3" transformation discussed in the previous section. 

It should also be noted that, as the isosmictural UT-3 layer grows from the UT-2 chain 

precursor phase, it is quite likely that UT-5 is formed from a cyclohexylarnine-related chain 

precursor phase that is isostructural to UT-2. Indeed, the chain phase was solved in the 

cycloheptylarnine system (next section). This may in fact be the structure of the as-yet unsolved 

17.~4 phase that was observed at lower temperatures in the TEG-cyclohexylamine system (II- 

147 to 11-149). 

3.1 1 UT-7, [AI3PSO2fls[C,HnNH JtIS 
Several materials were observed to form in the TEG-cycloheptylamine system (section 

2.3.5.13). At lower temperatures, large crystals of UT-7 were obtained 01-158). The structure of 

UT-7 turned out to be a one-dimensional chain aluminophosphate isostrucîural to UT-2 (section 

3.7). The structure of the chain was discussed in section 3.7 and will be considered further in 

Chapter 4. Chernical analysis showed the UT-7 product to contain 37.92 wt.% C, 8.96 wt.% H, 

3.37 wt.% N, 5.00 wt.% Al and 8.38 wt.% P, giving a molar ratio of Al,.d4,C ,,*, ,N,.a,,,,,. A 

view of the layer of chains is identical to that previously shown for UT-2 (Figure 3-Sa). The 

increase of the unit ce11 in the b-dimension by 2.381(3) A may be observed in the a-projection of 
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UT-7 in Figure 3-13a. Note the remarkable similarity of the conformation and position of the 

cyclic amines in the two stmctures, comparing Figure 3-Sb and Figure 3-13a. 

For cornparison, the bond lengths of UT-7 are as follows: Al-0, 1.734(1) A; three of the 

five crystallographically distinct phosphorus are triply-bridging (P-O, 1.537(1) A) with one 

terminal phosphonyl oxygen (P=O, 1.486(1) A); the fourth phosphate group is doubly-bridging 

(P-O,,,,, distances 1.553(4) and 1.563(4) A), with two non-protonated terminal oxygens @=O 

distances 1.482(4), 1.500(5) A); the remaining fifth phosphorus is comected to only one 

aluminum (P-O,.,,n, 1.539(4) A) and contains three terminal oxygens, of which one is protonated 

(P=O distances 1.495(5) and 1.495(5) & P-OH 1.576(5) A). The interchain hydrogen bond 

between the protonated phosphate group and the terminal oxygen of a triply-bridged phosphate 

group on an adjacent chain is 1.72A in length. 

UT-7 was themally treated in air at 150" (III-20) and, remarkably, transformed it to a 

low-crystallinity material that compares well to the unknown phase obtained fiom the TEG- 

cycloheptylamine system at higher temperatures (11-160). As postulated in section 2.3.5.13, this 

is strong evidence that this unknown material is indeed a layered aluminophosphate isostructurai 

to UT-3, obtained by an analogous chain to layer transformation. 

This UT-7 transformation may also be followed in the TGA (Figure 3-13b) and VT- 

PXRD studies (Figure 3-14a), which dispiay very similar behaviour to UT-2 when it transfomed 

to UT-3. The unknown 16SA pattern appears at 175°C in the VT-PXRD, collapsing by 200°C 

to AlP0,-tridymite and an open, amorphous phase. Note that the sample origindly contained a 

fraction of the second unknown whose d-spacing is 18.4A (product 11-158 was used). This 

second unknown does not overlap with the UT-7 transformation; it appears to simply collapse in 

the 200°C region. Since the unknown 16SA phase formed quite large crystals in its synthesis 

(II-160), it should be possible to obtain the SC-XRD data of the unknown and verify this 

transformation. The isostructurality and phase behaviour arnong the chain and layered 

aluminophosphates containing cyclic amines is, in itself, an interesting observation and will be 

discussed further in the next chapter. 

3.12 UT-& [W'4O, J31C~H$J&+l~ IC5HIW2tl 

UT-8 was obtained using a T'EG mixture equimolar in cyclobutylarnine and piperidine 

(11-179, section 2.3.6). The large crystals allowed the solution of the structure by SC-XRD 

(Table 3-1). Chernical analysis showed the UT-8 product to contain 19.06 W.% C, 4.28 wt.% H, 
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Figure 3-13. (a) a-projection of UT-7, which is isostnictural to UT-2 

(cf. Figure 3-91). (b) TGA of UT-7. 
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5.83 W.% N, 13.91 W.% Al and 19.10 wt.% P, giving a molar ratio of ALx,,,P359~.BNJ-IB.7,. 

The [AI,P,O,,]' layered structure of UT-8 is a three-comected two-dimensional net of 

alternating tetrahedral aluminum and phosphorus centres connected by bridging oxygens (P-O, 

1.535(1) & Al-0, 1.732(1) A), defining an a m y  of edge-sharing four-, six- and eight-rings that 

is identical to the ab plane of the AlPo,-12 or AlPo,-25 frameworks.' However, in UT-8, the 

fourth oxygen of the phosphorus atoms are not linked to another layer, but are terminal 

phosphonyl groups (P=O, lSOl(1) A). The six-rings are capped altematively above and below 

the plane of the layer by a triply-bridging phosphate group, as observed for the capped six-rings 

of the AlP0,d-like layered structure of UT-1 (section 3.3) and othen."' 

UT-8 is isostructural to the layered material reported by Jones et al.,M which contains one 

interlamellar diprotonated 1 J-diaminopentane and one piperidinium (section 1.2.1). See Chapter 

1, Figure 1-3b for a view of the layer. UT-8, however, contains two crystallographically 

independent cyclobutylammoniums and one piperidinium in the interlayer region (Figure 3-15a). 

These two structures are also isostnictural to the [ A I ~ P ~ O , ~ ] ~  layer reported by Jones et al. 

containing protonated interlarnellar ethylenediarnine and ethylene glyc01,'~ as well as the recently 

reported [AI,P,O,,]~ layer containing interlarnellar ocrahedral [Co@n),lh cornple~es?~ 

Each terminal oxygen of the phosphate groups accepts two hydrogen bonds from the 

template ammoniums (NHa*eOP ca. 1.92 to 2.35 A). The piperidiniums reside in the same 

position and conformation with respect to the inorganic layen as in the material reported by 

Jones et al.-Y with the secondary ammonium groups interacting with only one layer. 

Interestingly, the two cyclobutylammoniums in UT-8 fil1 the same role as the one pentane-1,s- 

diammonium. Consequently, each cyclobutylammonium donates one hydrogen-bond to one 

layer and two to the adjacent layer, as for each end of the diamine. This, however, does not 

increase the thermal stability of the material, as revealed in the TGA (Figure 34%). The layer 

simply collapses to AIP0,-tidymite at approxirnately 22S°C, confirmed by VT-PXRD (Figure 3- 

14b). 

It is interesting to note the somewhat accidentai way in which the [AI,P,o,,]~ rnixed- 

amine layers of UT-8 and Jones et al." were discovered. UT-8 was initially discovered when 

approximately equal volumes of leftover gels of the respective TEG-cyclobutylamine (II-125) 

and TEG-piperidine (11-1 19) experiments were combined and treated at the synthesis temperature 
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of 180°C. Jones et al. crystallized their materid using oniy 1,5-diaminopentane as the organic 

additive, which partially decomposed and ring-closed to form piperidine. 

3.13 CONCLUSIONS 

The large crystal sizes that were obtained using a TEG solvent ailowed the determination 

of a series of novel durninophosphate structures by SC-XRD. With the various structures solved 

and the unequivocal identification of a particular phase or phases by its projected PXRD pattern, 

the characterization of both hown and unknown phases could be carried out. Certaidy, there 

exists much potential for future research into not only new stmchlre types and their 

characterization, but possible solid state applications of these materiais, as well as heretofore 

undiscovered structural relationships between the phases (Chapter 6). 

Perhaps one of the most significant discoveries of this study was the thermal behaviour of 

UT-2 and UT-3 and an aluminophosphate chain to layer transformation that was both surprising 

and unprecedented. The data shown in this chapter was not the initiai bais  for the mode of 

formation studies of the next chapter, but nonetheless provides some important substantiating 

evidence for the model. It will aiso be interesting to compare and contrast the results to those 

using long-chain primary alkylarnines and alkylenediamines in Chapter 5. 
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CHAPTER 4: A CHAIN MODEL FOR THE 
FORMATION OF ONE-, TWO- AND 

THREE-DIMENSIONAL ALUMINOPHOSPHATES 

4.0 INTRODUCTION 

The mode of formation of extended aluminophosphates remains a topic of ongoing 

discussion and debate. Only formation of the frameworks has been discussed in the literature 

(section 1.1.4). In this chapter, a new chain-related mode1 will be discussed, that accounts for 

aluminophosphate structures extended in any of one, two or three dimensions. It is based in part 

on direct expenmental evidence presented in previous chapters. It should be pointed out that the 

ideas discussed hereinafter are novel, and point out structural and expenmental aspects that have 

not been previously realized. 

M e r  consideration of the the source reagents that exist at the begiming stages of 

synthesis, the "parent chain" species will be presented, where a simple hydrolysis-condensation 

pathway allows its conversion to a theoretically infinite number of possible chah  types. The 

new chain type can crystallize to give a one-dimensional aluminophosphate material, or 

condense further to more complex layered or framework structures. A nomenclature scheme will 

be given to aid in identifying particular chain types. The model applies not oniy to the structures 

discovered in the course of the present work, but also to other known and theoretical extended 

aluminophosphate structures. It is potentially a universal model for alurninophosphate 

formation. Representative examples of the build-up of their seemingly complex, extended 

architectures will be shown. This will be followed by a brief discussion of the results of Chapter 

2 and 3, and conclusions. 

4.1 SOURCE REAGENTS AND GENERATION OF ALUMINOPHOSPHATE Sf ECIES 

The source matenals generally employed in the synthesis of aluminophosphates are 

phosphoric acid and an aiuminum oxide or alkoxide. The mineralization of alurnina by 

phosphoric acid is a well-documented process due to its relevance to soi1 and environmental 

science.14 Generally, phosphate links through bndging oxygens to alurninum centres by ligand 

exchange of OH' or H20 and breaking any Al-O-AI linkages that may exist, such as in an 

alurnina mineral. Molecular phosphatoaluminurn complexes are thereby leached into the 

supernatant and have been detected experimentally by ion-exchange, pH measurements and 
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m . 5 - 1 1  They include monomeric, dimeric and oligomeric species. Mortlock et al. also 

performed theoretical calculations to mode1 these  complexe^.'^ 

At the same hme, aluminum ions and phosphate ions are known to strongly interad." 

Accordingly, phosphate shows a tendency to surround aluminum centres in the 

phosphatoaluminum complexes, such as the two terminai phosphates that surround an octahedral 

duminum in the diphosphatoduminate cornplex,' or evidence of the existence of 

[~@Po4)3(H20)3]3- and [f!ü(H7P04)3(H20)3] For a tetrahedral aluminum, this is 

further demonstrated by the pentameric [A~P~o,,]" cluster of Riou et al.* Al1 of the vertices of 

the aluminum centre are ocnipied by a bridging oxygen connected to a phosphate. A tetrahedral 

geornetry is often found for the central metal atom when surrounded by many other metal oxide 

polyhedra, as in the [A1P,0,6]9' cluster or the Keggin ion? 

As was seen in Chapter 1, phosphate groups are also found to commonly doubly- and 

triply-bridge the metal centres in inorganic molecular and chain smictures, such as the aiuminum 

 phosphate^,'^'^ (and in UT-2 and UT-7, Chapter 3), zinc phosphates,"'7 molybdenum 

phosphates,1620 vanadium phosphates2' and arsenates,* as well as in the chain building units of 

higher dirnensionality metal phosphate structures." Similarly, the layered aluminophosphates 

contain exclusively doubly- and triply-bridging phosphates (section 1.2.1 and the UT-n layers of 

Chapter 3). This is also the case for other layered metal phosphates, such as indium 

ph~spha te s ,~  vanadium phosphatesU and iron p hosphatesZ6 (section 1.3). 

There is evidence that "aggregation polymers" exist for metal phosphates in viscous gels, 

the most studied being the aluminophosphate p ~ l ~ r n e r s ~ ' ~ '  The materials were found to be 

amorphous upon precipitation. The aggregation polymers have also been suggested as a 

"transition between the heteropoly acids and soluble complexes."29 It should also be noted that 

they tend to f o m  as the AI:P ratios of the solution is raised above 1: 1.W' 

Therefore, by what pathway do the aluminophosphate clusters combine to form an 

extended aluminophosphate, if this is indeed the case? They c m  simply connect together 

directly to build up the final structure. However, in view of the above discussion, a reasonable 

and likely candidate is an oligomeric precursor species, containing tetrahedral or octahedral 

aluminums that are M y  coordinated by doubly-bridging phosphates. This is the arrangement 

found for what will be considered as the parent chain, as well as the chah of Kniep et al., 

prepared by simply allowing an aggregation polymer solution to evaporate (section 1.2.3). 



4.2 THE CHAIN MODEL 

4.2.1 The Parent Chain Precursor 

Of al1 the aluminophosphate experiments that were conducted, the first were in the TEG- 

triethylamine system. The large crystais so obtained (II-13) were studied by SC-XRD (section 

3.1), and turned out to be the previously reported one-dimensional chain structure." The product 

also contained varying arnounts of JDF-20 (11-8 to II-15), and smicîural aspects of the two phases 

led to the initial stages of the chain-related model." The relationship between the chain structure 

and IDF-20 will be discussed later in section 4.2.7. Importantly, this "parent chain" structure cm 

also be obtained under aqueous conditions, using ethylenediarnine as template? This shows that 

the structure can form under aqueous conditions, which is an important and supporting 

observation for the present model. However, this should not be surprising in Iight of the method 

in which Kniep et al. discovered the M(H2PO4), chain (section 1.2.3). 

The rather simple structure of the parent chain consists of an infinite one-dimensional 

connection of skewed, corner-sharing four-rings bridged at the aluminum centres, with N o  

doubly-bridging phosphates per four-ring, (section 1.2.3, Figure 1-7a). It will only crystallize if 

the shape of the template, reagent concentration and synthesis conditions are correct, which 

would explain the lack of its observation in other synthetic systems. The identical arrangement 

of mutually orthogonal four-rings exists for other mixed metal oxide chains, as discussed in 

section 1.3. Interestingly, the isostructural zinc phosphate chain structure can be recrystallized 

frorn various solvents, and the authon indicate that NMR data suggests that the chain exists as an 

oligomer in solution, maintaining its polymenc ~tructure.'~ 

The structure is quite reasonably a highly stable polymeric aluminophosphate species, as 

it is stmcturally very simple, containing only one type of aluminum and phosphoms site. It also 

readily sets up the oxygen-bridged, strictly alternathg aluminum and phosphoms centres and 

thereby obeys Lawenstein's rule, which is operative for dl known alurninophosphates. 

Moreover, it follows the trends observed for metal phosphates, as discussed above. 

A non-bndged, oligomeric species is supported by the polymenc nature of the condensed 

phosphates. Terrned the non-branching rule of condensed phosphates (section 1.4)~~ the 

polyphosphates and ring metaphosphates avoid branching due to the reduced negative charge of 

branching sites, rendering them highly susceptible to removal by hydrolysis. Sirnilar tendency to 
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avoid chah branching at the doubly-bridging phosphates rnay occur for the aluminophosphates 

in solution, resulting in non-branched, one-dimensional chahs. 

That the importance of this intermediate aluminophosphate chain has not been previously 

proposed or realized could, among other reasons, be due to the fact that most of the synthetic 

research for duminophosphates to date have used aqueous conditions. It is known that the 

rigorous, hydrothermal conditions cause a higher degree of polyrnerization and cross-linking to 

occur upon the precipitation of aluminophosphate sol id^.^^' Consequentiy, the materials 

obtained should tend to be the higher-dimensionality layers and frameworks, primarily the latter. 

Not surprisingly, the recent non aqueous synthetic work described in chapters 2,3 and 5 and by 

others has yielded a new series of lower dirnensionality chain and layered aluminophosphates. 

4.2.2 Chain NomencIature 

Since the chain structures are rather complicated on first sight, and because it is necessary 

to discuss different chah types, it is helpful at this point to introduce a nomenclature scheme. 

Only the repeat unit of a chain need be described, and each section is given a specific label for 

chain type, with a subscript for its length in number of aluminums (or, equivalently, number of 

four-rings). In this way, any chain type or theoretical chain type rnay be labelled. The 

nomenclature scheme is summarized in Table 4-1, and will be used throughout the remainder of 

this chapter. Examples using this scheme are also given in the figure captions. 

4.23 Chain Hydrolysis and Condensation 

The parent chain would be expected to undergo hydrolysis of the ALO-P bonds in 

s ~ l u t i o n . ~ '  Even under predominantly non aqueous conditions this will be the case, as water is 

dways present in reagent amounts from various sources. Depending on the pH, acid or base 

hydrolysis breaks the ALO-P linkage, and two terminal AI-OH and P-OH bonds are thereby 

formed (Figure 4- 1 a-b). 

Such a polymeric species in solution would also be expected to be highly flexible, 

particularly at synthesis conditions. Rapid rotation and bending would therefore be expected to 

occur about the remaining and only Ai-O-P linkage (Figure 4-lb), as occurs for polymers in 

solution or in a melt. Rotation would at times bnng the Ai-OH and P-OH groups within vicinity 

of each other (Figure 4-lc), allowing intra-chain condensation to occur and regeneration of a 

water moiecule (Figure 4-ld). In this way, the two corner-sharing four-rings are quickly and 



Table 4-1. Nomenclature scheme for the 

description of the duminophosphate chain repeat units. 

Section of n corner-sharing four-rings of the unhydrolyzcd parent chain 

Section of n edge-sharing four-rings in a Tram conformation 

Section of n edge-shanng four-rings in a Trans conformation, with terminal 

phosphates remaining on the aluminum centres 

Section of n edge-sharing four-rings in a Cis-Tram conformation 

Section of n edge-sharing four-rings in a Cis-Tram conformation, with terminai 

phosphates remaining on the aluminum centres 

Section of n corner-sharing four-rings that have been ring-Opened (and have iost 

their terminal phosphate groups) 

Section of n corner-sharing four-rings that have been ring-Opened, with terminai 

phosphates remaining on the aluminum centres 

Section of n edge-sharing four-rings in a Zig-Zag conformation, of lengths a four- 

h g s  and b four-rings per leg 

Section of n edge-sharing four-rings in a Zig-Zag conformation, of lengths a four- 

rings and b four-rings per leg, with terminal phosphates remaining on the aluminum 

centres 



Figure 4-1. Scheme for the transformation of the parent chain, fominy edg-sharing four-rings and a singly-bridging, 

tri pl y-terminal phosphate group. (a) On, the parent chain. (b) Ring-opening hydrol ysis. (c) Rotation about 

the remaining bridging oxygen bnngs the AI-OH group to the P-OH group of the next four-ring of the chain. 

(d) Condensation to define two edge-sharing four-rings. 
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easily transformed into two edge-sharing four-rings. Note that the reverse process is equally 

likely, indicated by the equilibrium arrows for each step. A dynarnic equilibrium is therefore 

expected, and the chah to rapidly interconvert on very shon timescales between these two States 

in the synthesis mixture. Also note the terminai phosphate group that necessarily resides at the 

duminum atorn common to the two four-rings (Figure 4-ld). This phosphate cm remain on the 

chah or be cleaved off by hydrolysis, allowing another degree of freedom for possible 

transformation pathways. 

If the process shown in Figure 4-1 is not undone by the reverse process, hydrolysis will 

occur further d o m  the chain backbone at, for exarnple, the next four-ring of the parent chain. 

There are now several choices as to the manner in which the third four-ring connects with respect 

to the first ~WO, Figures 4-2 to 4-4. Each Al-O-P bond in the next four-ring is equaily likely to be 

hydrolyzed apart. Hydrolysis at sites 3 or 4 (Figure 4-2a) leads to an open chah type (see 

below). Ring-opening at site 1 and rotation about the remaining bridging oxygen in the direction 

shown (Figure 4-2b) will bring the Ai-OH group only within the P-OH group also labelled 1 

(note that in this perspective, P-OH group 1 is hidden behind P-OH group 2,). The third four- 

ring thereby connects to form a new section in which the three edge-sharing four-rings are "cis" 

with respect to the linking four-ring (Figure 4-2d). 

Altematively, for hydrolysis at site 2, rotation can bring the Al-OH group within vicinity 

of one of two P-OH groups, labelled 2, and 2?. Rotation in one direction ("+109S07') connects 

the chain ont0 phosphate group 2,, to define a section in which the edge-shanng four-rings are 

"trans" to each other, Figure 4-3. Rotation in the other direction ("-109.5"") results in 

condensation to phosphate group 2?, and a "zig-zag" chain that is bent back upon itself (Figure 4- 

4)- 

Subsequent four-ring "foldings" would continue down the chain, giving an infinite chain 

type with a new connectivity. For the trans chain, the process c m  continue down the chain 

without stenc hindrance (Figure 4-Sa). Similarly, the zig-zag chain can readily be fomed 

(Figure 4-5b). Note the necessity of an odd number of four-rings per leg (in this case, three). 

The reason for this is that the chain transformation must propagate through the aluminurn atoms 

in opposite corners of the four-rings down the axis of the parent chain. Therefore, the two four- 

rings cannot connect in the manner shown in Figure 4-5d. 

In the case of the cis chain, the chain must bend back in the opposite direction in order to 

avoid folding back ont0 itself (Figure 4-5c). In this way, an alternating, "cis-tram" chain is 



(b) 

OH" 1 H: 

-H20 

OH' 1 H: 
Hz0 

Figure 4-2. One possible pathway for the next step in the formation of three edge-sharing four-rings: a "cis" O,,<Cp),on 

section: (a) Hydrol ysis occurs at one of the four bridging oxygens of t he next four-ring. (b) Ring-opening 

hydrolysis at position 1 . (c) Rotation around the bridyitig oxygen brings the AI-OH yroup in vicinity of P-OH 
group 1 .  (d) Condensation and regeneration of a water molecule. 

C1 

W 
C1 







Figure 4- 5. Examples of fully transformed chahs. The terminal phosphate groups have been retained on each 

aluminum in these exam ples. (a) A trans chah secion, (T,,),. (b) A zig-zag chai n section, [Z(3,3 15,. 
(c) An alternatiiig cis-trans chain section, (C,),. (d) The zigzag chain of Figure 4-4d. The point of 
hydrolysis of the next four-ring inakes it impossible to create a zig-zag chain witli only two 
four-rings per leg. 
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fomed. An infinite connection of this type would be equivalent to the double-crankshaft chain 

that has been previously proposed as an aluminophosphate building b 1 0 c ~ ~  (section 1.1.4.2), 

except that in the present case, there are terminal phosphate groups on each aluminum centre. 

However, only small sections of the cis-tram chain type are necessary to rationdize 

aluminophosphate formation. 

There are yet many other degrees of fieedom for chain transformations. For exarnple, 

any number of corner-sharing four-rings can remain intact and be skipped in the hydrolysis 

process (Figure 4-6a-e). Another example is that no condensation and only ring-opening of the 

four-rings may take place, resulting in an "open" chain (Figure 4-6a,d). Each resulting chain 

type represents an infinite farnily: the different chain sections can be of any length, such as for 

the two chains shown in Figures 4-6b and c. Combinations of these processes can also occur on 

a single chain, allowing an unlimited number of mixed chain types, such as the chain of Figure 4- 

6e. These are but a few examples of the infinite number of possibilities. 

Additional intra-chain condensation of a transformed chain is equally probable to occur, 

resulting in, for example, capped six-rings (Figure 4-6f-g), or sections of five edge-sharing four- 

rings connected to sections of three corner-sharing four-rings (Figure 4-6h-i). It will be shown 

that this additional intra-chain condensation and the formation of a chain with phosphate-capped 

six-rings is an important pathway for many extended aluminophosphates. It should be pointed 

out that modeling studies show al1 chah types to be of high conformational stability. Al1 

tetrahedra rernain slightly distorted, as found in aluminophosphate solids, and bond lengths and 

angles do not need to be changed beyond their energetically accessible limits? 

While the chain transformations c m  be thought of as a chain "zipping", it is more 

probable that the various chah operations occur simultaneously or in short succession to each 

other, on parts of the chain or along its entire length. Indeed, the very short timescales expected 

for these processes make it not unreasonable that they are occumng during the extremely short 

synthesis times observed for many aluminophosphate materials, such as mere seconds for the 

high-temperature or microwave synthesis of A l ~ 0 , - 5 ? ' ~ ~  A typical chain transformation, such as 

the seerningly complicated transformation of Figure 4-la to Figure 4-6c, involves only a small 

number of hydrolysis, rotation and condensation processes per asymmetric unit. 

The chain mode1 quite readily accounts for the phosphorus to aluminum ratios that are 

observed in aluminophosphates. The extended ahminophosphate structures prepared 

hydrothermally contain a P:Al ratio between 2.0 and 1.0. This has been generally attributed to 







138 
the starting P:Ai rnolar ratios of the synthesis mixture. However, the largest value of 2.0 is 

present on what is proposed as the parent chain. By hydrolyzing terminal phosphates off 

transformed chains, the P:Ai ratio is gradually reduced. This allows virtually any chain 

stoichiornetry to be formed, and will necessarily be the sarne as the materials which they build 

up. The greater the degree of hydrolysis, the more phosphates that are removed, particularly in 

condensing to layen and fiameworks. This accounts for the generally lower P:Al ratios of the 

higher dimensionality aluminophosphates. 

As for zeolites, al1 alurninophosphates avoid direct AI-O-Al linkages between NO, 

tetrahedra according to Lowenstein's Recent energy of formation calculations show this 

mle to be strictly obeyed for aluminophosphates? niere are also no P-O-P linkages in the non - 
metal-substituted, tetrahedral aluminophosphate frameworks, and the P:Ai ratio is therefore 

always 1.0. These rules are also obeyed by the parent chain, which initiates the altemating Al 

and P centres. It is interesting to note that the aggregation polymers of aluminophosphates prefer 

to form in solutions with P:Al ratio from 1 to 2,25'9'" which are also the ratios used for the 

synthesis of chain, layer and framework aiuminophosphates. 

4.2.4 Chain to Chain Transformations 

Having introduced the various chain types and the way in which they fom,  examples will 

be given that illustrate how they comprise the architectures of aluminophosphate materials, 

beginning with the lower dimensionality structures. The above hydrolysis, rotation and 

condensation processes in thernselves represent chah to chain transformations. However, there 

is only one actual example of such a transformation, owing to the simple fact that there are only 

two known chain aluminophosphate crystal structures to date, namely the parent chain and the 

chain of UT-2 and UT-7. This transformation was s h o w  in Figure 4-6h-i (cf. Figure 3-Sa). The 

chain of Figure 4-6h may be formed by transformation of the parent chain to a partial cis-tram 

chain, O,(C,),, in a like manner to Figure 4-2. 

Notabiy, the chain of UT-2 and UT-7 was predicted to exist by this mode1 prior to 

obtaining its crystal structure. UT-2 rnay be considered as a trapped kinetic intermediate, where 

the typically unstable singly-bridging, triply-terminal P(O,),O, phosphates interact with those of 

the neighbouring chains via hydrogen bonds, not allowirig the chains to covalently cross-link io a 

layer or framework. This is the case when the conditions are not too rigorous; at higher 
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temperatures or hydrolytic conditions, a layer or framework is the product (see below). Note the 

location of the terminal phosphate groups on the edge-sharing four-rings, as expected (Figure 4- 

6i). UT-2 is the first example of an extended aluminophosphate stmcture to contain such a 

group. The only other aluminophosphates that contain a singly-bridging phosphate group are 

monomeric ~lusters.'~*"'*'~'~ The arnphiphilic property of the cycloalkylamine molecules may 

have also been important in obtaining this structure (section 4.3.4). 

43.5 Chain to Layer Transformations 

Numerous aluminophosphate layers are now known, where many possess the sarne 

layered architecture and differ ody in the species present between the layers (section 1.2.1). 

Consequently, the four examples that will be shown in this section encompass almost al1 of the 

layered aluminophosphates known to date. 

The first example is the AlP0,-5-like layer, [AI,P,O,,]~'[R'],, which is found in UT-1" 

and other p o l y t y p e ~ . ~ * ~  Intra-chain condensation of the O,(T,), chains (Figure 4-7a) creates 

[Al,~,0,,]' chains containing capped six-rings (Figure 4-Tb). These further condense to create 

four-rings and twelve-rings, defining the two-dimensional net* (Figure 4-7c). The resemblance 

of the Iayered structure to AlP0,-5 itself is likely not a coincidence (section 4.2.6). 

Another chain to layer transformation is given in Figure 4-8. The [AI,P,O,,]~- layer 

structure- ha .  been isolated from several non aqueous systems, such as UT-8 from TEG. As 

was shown in Figure 4-6f-g, the [AI,P,O,,I~- chain of Figure 48a  is formed from an all-tram 

(T,), chain by loss of terminal phosphate groups and additional intra-chah condensation. 

Connection of these chains foms the layered architecture (Figure 4-8b). 

The third example is the recently reported layered aluminophosphate of Williams et al.' 

Its novel layered structure may be accounted for by the 0Zm3 chain of Figure 4-9a. The OLT), 

chains connect together to form six-rings and create the layer (Figure 4-9b). Interestingly, in 

light of the present discussion, the authors proposed a new "double-diamond" secondary building 

unit (SBU), which is two corner-sharing four-rings connected at the aluminum centre. However, 

they must be arranged correctly in an anay to fully define the layer structure. Their proposed 

SBU may be considered as just a smail section of the 02m3 chain. 

The final chain to layer example is the previousty discussed UT-2 to UT-3 transformation 

(section 3.7). Prior to discovering the structural relationship behveen the two phases, the 



Figure 4-7. Formation of the capped AiP0,-5-like layer. (a) The 03(Tp), chah. 

(b) Intra-chai n condensation. (c) Inter-chah condensation. 
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building chain of the UT-3 layer (Figure 3-7a), as well as those of UT-4, UT-5 and the sec- 

BuNH,'-templated layer,JO was thought to be an open 0,(0), chain. However, this tumed out not 

to be the case, since the layer is directly formed by the solid state transformation of the UT-2 

chain, and this almost certainly occurs in the synthesis of UT-3. The actual rearrangement that 

must occur, comparing the two structures, is rather complex and will not be s h o w  here. One 

possible pathway was worked out, and is not unlike the chah transformations that are shown 

above. It involves a series of hydrolysis, translation, rotation and condensation processes, where 

the chains also link together to form layers. 

The source of UT-2 appeared to be an open, amorphous phase 01-130 to 11-132). Judging 

by the observed UT-2 to UT-3 transformation, it strongly implies that such a process is occumng 

for the other aluminophosphate layers. Therefore, chain species initidly exist in solution, which 

aggregate together to form a soiid-state precursor of a layer of chains, which subsequently 

transforms to a layered structure. This would be in agreement with the in situ studies of othen, 

where an unknown, open "layered" aluminophosphate material is formed pnor to the appearance 

of a crystalline layer or f r a r n e ~ o r k . ~ ~ - ~  The crystalline product will be a one-dimensional chain 

only if the conditions and the template properties are correct. Othenvise, the chains cross-link to 

form a layer or frarnework and the initial chain structure is often obscured in the process. 

Consideration of the isostructurality arnong the UT-n chain and layered crystal structures 

also implies that the analogous chain to layer process is occumng for the other cycloalkylamine- 

related phases, as discussed in chapter 3. Just as UT-2 transforms to UT-3, and UT4 is 

isostructural to UT-3, there is likely a cyclohexylammoniurn-related aluminophosphate chain 

structure that is isostructurd to UT-2. Similarly, since UT-7 is isostructural to UT-2, there 

should exist a cycloheptylarnmoniurn-related layer that is isostructural UT-3, as implied by the 

VT-PXRD of UT-7 (Figure 3-14a, section 3.1 1). 

4.2.6 Chain to Layer to Framework Transformations 

As previously mentioned, the similarity of the structures of the AIP0,-5-like layer and 

AiP0,-5 framework already implies that the phases are related. An obvious way to account for 

the formation of the framework is by removal of the capping phosphate groups present on the 

six-rings of the layer, followed by interlayer condensation to define the küPO,-5 framework. 

However, there is linle reaçon for the capping phosphate groups to be the most susceptible to 
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removal. Moreover, no evidence has shown that any of the AlPo,-5-like layers transfomi even 

in part to the AIP0,-5 framework. 

Therefore, the pathway in Figure 4-7b-c need not be followed in the formation of the 

d P 0 4 - 5  framework. The O,(T,), chains of Figure 4-7a responsible for the AlP0,J-like layer 

could bypass the layer "intermediate" and undergo sirnultaneous chain to framework connection 

to create the fiamework (as will be shown below for the VPI-5 frarnework, section 4.2.8). The 

choice of AIPOC5 layer or AiP0,-5 framework is determined by the template that is used or the 

degree of hydrolysis that occurs on the chain-building species. Under more hydrolytic 

conditions, be it in ternis of temperature, P:AI ratio, reagent concentrations or water 

concentrations, extensive cross-linking occurs and a frarnework material is formed. This would 

account for the relative ease of synthesizing ~üP0,-5, which c m  be accomplished with a large 

number of different templates in both aqueous5' and non aqueous systems? In contrast, the 

AlP0,-5 like layer has been synthesized in a limited number of systems and with only a few 

possible templating agents. 

Worthy of mention in light of a layered versus framework MPOr5, are two metal- 

substituted MAPO-n fiarneworks? MAPO-46 is comprised of two capped AlP0,S-like layers 

arranged back to back, with the caps pointing in opposite directions. One layer is the phosphate- 

capped AlP0,d-like layer, while the other contains six-rings in which, instead, the phosphonis 

centres of the six-rings are capped by a metal atom. This "double-laye? connects to the next 

through the respective phosphate and rnetal caps to define the overall framework. The second 

MAPO-n framework, CoAPO-50, is compnsed exclusively of the AlP0,-5-like layer structure, 

where the tetrahedral cobalt atoms triply cap the opposite side of the six-rings, and connect to the 

phosphate caps of the next layer. While the predorninance of the MPO,-5 framework 

architecture is commonly noted:' it appean that the capped AlP0,-5-like layer structure is also a 

predominant architecîure arnong the AlP0,-n frameworks. This in tum underlines the important 

role of the 03(T,), chain of Figure 4-7a in the formation of duminophosphate chains, layers and 

frameworks. 

In this context, it is also noteworthy that the arrangement of four-, six- and eight-rings in 

the [AI,P,O,,]~- layer (Figure 4-8b) is identical to that of AlP0,-12 and AP04-25, where the six- 

rings of the [AI,P,O,,]" layer are again capped by a tnply-bridging phosphate." As for the 

AlP0,-5-like layer, the [AI,P,o,,]~' layers can cross-link to f o m  the AlPO,-Iî or küPO,-25 
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framework by removing the capping phosphate groups, or the starting chains of Figure 4-8a 

could by-pass the layer to directiy form AlP0,-12 or APO,-25. 

4.2.7 Chain to Framework Transformations 

An example of the connection of chains directly to a framework is displayed by the 

example of JDF-20." This framework structure was obtained in the TEG-triethylamine system, 

in a mixed phase product also containing the parent chah (section 2.3.2.3). The structural 

similarities of these two phases led to the initial developmenf2 of the present model. The JDF- 

20 structure can be accounted for by two chain types, namely the 0, parent chain itself and the 

[2(3,3)], zig-zag chain of Figure 4-Sb. The On parent chain connects to two [Z(3,3)], zig-zag 

chains via six-rings, Figure 4-10a-b. Each of these two [Z(3,3)], chains is in tum connected to 

two [2(3,3)], chains, thereby forming two sets of eight-ring channels, Figure 4-10c-d. The 

presence of parent and zig-zag chains in the final product requires hydrolysis conditions that are 

less severe, making it not surprising that this material was discovered in the predominantly non 

aqueous tEG system. 

The one-dimensional building chains are arranged around the unidimensional elliptical 

channels containing the triethylamrnonium template molecules (see Figure 1 - l b). The empirical 

formulae of the building chains are [AiP,O,HJ for the 0, parent chah and [AI,P,o,,]'- for the 

[2(3,3)], zig-zag chain. However the latter are exactly double the length per formula unit than 

the former. Therefore, the chain fonnulae may be written as [AlP208H2]- and [A&P,~,,]". The 

ratio of the chains in the JDF-20 framework are 1 to 2, respectively, and the overall formula of 

the IDF-20 framework (after loss of water by condensation of the chains) is accordingly 

[AI,P,O,H]". 

4.2.8 Chain Encapsulation 

Just as two or more chain types can CO-crystallize to build up a structure, it is also 

expected that the chains will connect to any other inorganic species that CO-exist in the system to 

which it can condense, such as monomeric or oligomeric aiuminum oxide, aluminophosphate or 

metal oxide species. This wouid be the case for the "metal-substituted" MAPO-46 and CoAPO- 

50 frameworks, above. 

As discussed in Chapter 1, the coordination and aggregation state of aluminum ~ x i d e , ' ~ * ~  

aluminophosphate small r no l ec~ le s~~~"  and aluminophosphate aggregation polymersm' are al1 



Figure 4-10. Chain condensation to define the JDF-20 framework. (a) Two zig-zag chains, 
[Z(3,3)A, connect to a parent chain, O,, . (b) Formation of  six-rings on either side 

of the parent chain. (c) End-on view of three units from part b. (d) Connection 
of zig-zag chahs forrns to eight-ring channels. 
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known to be highiy dependent on pH. Therefore, under the correct synthesis conditions, other 

aluminum oxide and aluminophosphate species are anticipated to be present in solution. These 

species should end up in the structures that are isolated from such systems, surrounded (or 

"encapsulated") by and comected to the chains. This represents yet another degree of freedom 

for the present mode1 and accounts for a number of structure types. 

One exarnple of chain encapsulation is the UT-6 chabazite-like fluoroaluminophosphate 

framework (section 3.5). Its structure becomes easy to rationalize with the 0,0, chain (Figure 

4-lla). These chains surround one aluminum of partidly fluorinated Ai-(p-F')-Ai double 

octahedra, to f o m  the bottom six-ring of the hexagonal prisms (emphasized by the hexagon, 

Figure 4-1 lb). The other aluminurns of these double octahedra connect to the next layer of 

chains, below the plane of the page. Likewise, a plane of double octahedra above the plane of 

the page would complete the upper six-ring of the hexagonal prisrns (second hexagon, Figure 4- 

1 lc). In this way, the UT-6 fiarnework is constructed, containing a primitive array of hexagonal 

prisms. 

Another exarnple is AIPO,-tin~leyite,~' Figure 4-12. The build-up of the tinsleyite 

framework (section 3.4) can be rationalized by the (O$, chain of Figure 4-12a, which connects to 

Alto,, aluminum double octahedra on either side of the chain, Figure 4-12b-c. The aluminum 

centres of the (O,), chain are rendered octahedral by the terminai water ligands. This is 

commonly seen in other aluminophosphate frameworks, such as VPI-5,6L65 A ~ P O ~ - H ~ , ~ * ~  or the 

aluminophosphate hydrates." 

Similarly, chain encapsuiation accounts for some layered aiuminophosphates. For 

exarnple, the layered structure of ULM-13' can be thought of as the [AI,P,O,,]'- capped AlPo,- 

25-like layer of Figure 4-8b, where an extra aluminum is connected to the layer. The presence of 

an extra aluminum results in a molecular formula of [AI,P,o,,]'-, excluding the phosphate 

hydrogens and fluorines of the aluminums. 

The final exarnple, ais0 involving chain encapsulation of NO, octahedra, is VPI-5 

(Figure 4-13). The synthesis of this material has been the subject of many studies. 51-54,624i4.67-71 

Thus far, the reasons for the formation of such a large-pore material have not been fully 

elucidated. Here, an (0p)2T)1 chain is proposed to be the building chain of VPI-5. By loss of 

one quarter of the terminal phosphates, a less symmetric (0),~2(0)l(0,)l(T)2 chain type is 

formed (Figure 4-13a). Connection of these chains to N O ,  octahedra gives rise to the 18- 







Figure 4-13. Construction of VPI-5, by-passing any capped VPI-5-like layered "intermediate". 

(a) A low-symmetry (O),(T),(O),(O&, (T), c h a h  (b) Rotation around the linkages , 

as s h o w  in part a, surround aluminum octahedra with terminal phosphate groups. 

(c) Condensation to give the framework. 
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membered rings (Figure 4-13b-c). The aluminums are octahedrai due to the terminai waters that 

reside in the main channel.bz6j*" This pathway would be consistent with the difficulty of 

synthesizing V P I - S , ~ ~  as one must first age the gel, and îhen carefully control the pH. In order 

for the process of Figure 4-13 to occur, one must first leach aluminum oxide species into the gel, 

as well as build up the more cornplex chah type of Figure 4-13a. 

4.2.9 Framework to Framework Transformations 

There also exist a series of known aluminophosphate framework to framework 

transformations (section 1.1.4.4). Examples are &PO,-21 to A I P O , - ~ ~ , ~  AlPo,-C to AIP~,-D) 

VPI-5 to Al~0,-8"'" and UT-6 to AlP0,-CHA (section 3.5). These topotactic rearrangernents 

occur by heating the starting material. They are said to involve a series of hydrolysis, 

reconstructional and condensation processes. The chemistry that is occurring is identical to the 

various chain-related processes that have been proposed, as well as the UT-2 to UT-3 chain to 

layer transformation, or even the collapse of an open aluminophosphate to a dense phase. The 

only difierence is the dimensionaiity of the material or species that is being considered. The 

framework to framework transformations therefore provide supporting evidence for the chain 

model. 

The UT-6 structure thermally transfoms in the solid state to AIP0,-CHA, with removal 

of the bridging fluorines and extra-framework template cations (section 3.5). This suggests that 

this is the mode by which AlPOJHA is formed. Without the UT-6 "missing link" or precursor 

phase, it would be extremely difficult to rationalize the formation of the chabazite structure. 

Similarly, only with the knowledge of the structures of the two end-products c m  the VPIJ to 

NPO,-~"" transformation be pr~posed.' ' '~~ 

4 3  DISCUSSION OF SYNTHESIS RESULTS 

Now that the chain mode1 for the formation of extended aluminophosphates has been 

demonstrated, a discussion of the synthesis results of Chapter 2 can proceed. Several of the more 

important parameters will be discussed, and arranged into sections according to one particular 

parameter. As with most synthetic systems, this represents only a fraction of the large nurnber of 

variables that are responsible for the formation of the final product. However, it is hoped that the 

discussion will serve to sort out the large amount of results that were shown in Chapter 2. 
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43.1 Reactïon of Phosphate and Pseudoboehmite 

One important aspect of the chemistry that is O C C U ~ ~ ~  in the system is the phosphate- 

psuedoboehmite reaction. As mentioned previously, this reaction has been well studied.14 

Specîroscopic investigations of aged reaction gels showed that the reaction proceeds with time at 

ambient conditions."' With longer time, alurninophosphate complexes are produced by the 

reaction of phosphate with the pseudoboehmite. This would account for the necessity of gel 

aging in the synthesis of some aluminophosphate materials such as VPI-5. 53J.M)l 

Similarly, both the rate4$' and mechanism' of the phosphate-pseudoboehmite reaction 

have been s h o w  to be dependent on the phosphate concentration. Holding other variables 

constant, this equates to the P:Al ratio. Higher ratios produced more hydrolyzed phases in the 

TEG-Et,N system (11-47 to 11-53), This ratio also has a profound effea on the phases of the 

aluminophosphate minerals and hydrates that forni.'" Aluminum isopropoxide, on the other 

hand, hydrolyzes rapidly in solution and reacts immediately with phosphate to form 

aluminophosphate complexes." Consequently, no gel aging is needed for experiments with this 

source of aluminum. The fast reaction accounts for the generally lower crystal sizes and reduced 

crystallinity when using aluminum isopropoxide (e.g., II-54,II-93). 

Another factor affecting the phosphate reaction with pseudoboehmite would be any 

compound that complexes the alumina. For exarnple, waste-water treatment studies for the 

removal of phosphate have shown that organic anions such as citrate compete with phosphate for 

the adsorption sites of aluminum oxides." Alumina has been shown to react with ethylene glycol 

to fonn covalently linked aluminoglycolate anions." More importantly, "glycothemal" 

treatment of gibbsite with ethylene glycol forms boehmite with ethylene glycol intercalated 

between the layers and covalently linked to the aluminum  centre^.^^ The TEG solvent may 

therefore be competing with phosphate for the pseudoboehmite surface, resulting in a slow 

release of aluminophosphate species. This may be important in the formation of large crystals 

that were often obtained from TEG systems (e.g. UT-2, 11-132). In this respect, it is reasonabie 

that the lower solubility of the reaction gel in non aqueous solvents compared to aqueous 

solution is at least partially a factor." 

43.2 Concentration Effects 

The changing of concentration by altering the volume of solvent has a marked effect on 

the resuiting product. On the dilution side, dense phases prevail (e.g., 11-39, 11-40}, which can be 
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attributed to the reduction in effective concentration of template. In the absence of a template, an 

open structure cannot form and the aluminophosphate species simply connect to form a 

condensed structure which is most stable under the given conditions. Holding the volume of 

solvent the same and decreasing the moles of template has the sarne effect (e.g., 11-42 to 11-45, II- 

168 and references 39, 78,81). 

As for zeolite synthe~is,'~ more concentrated conditions result in a thick, high1y cross- 

linked reaction gel when water is the solvent. The products are often the expected phase for that 

template but are of low crystailinity and crystal size. In the TEG system, this was also the case. 

Certain amines caused the synthesis mixture to thicken to a greater degree even using the same 

reagent ratios, such as cyclooctylamine 01-165) or cyclododecylarnine (n-175). In these cases, 

the thickening of the mixture is due to the formation of an alkylammonium-phosphate solid. A 

gradual increase in viscosity of the mixture was observed for cyclopropylarnine through 

cyclododecylamine, as well as the n-alkylamines (Chapter 5). 

The use of ahminophosphates as source reagent or crystal seeds were unsuccessfu1. 

Large UT-1 crystals were placed into a TEG-10.0 H20-Et,N experiment of 11-25 However, the 

product was only the usual JDF-20 material. Evidently, the crystals simply dissolved and 

behaved as an additional source of aluminophosphate. Use of a larger arnount of a particular 

phase may give more interesting results, either by a controllable, slower release of 

aluminophosphate species, as in the formation of 10 um crystals of küP04-H4 from [AiPZO,HJ 

[Et,NH'] (III-8), or by inducing a transformation to a new or unsolved phase. 

Finally, the slow-reiease of other compounds from the TeBon liners may also occur due 

its porosity, such as the formation of UT-6, a fluoroaluminophosphate, without the addition of a 

fluorine source (11-105). In this way, not only does the liner behave as the source of fluorine, but 

it could be releasing the fluorine at a controlled rate to yield a small number of large UT-6 

crystals. A similar process could be occumng with the reproducible synthesis of UT-1 (II-70, II- 

71). The slow-release phenornenon cenainly warrants further study, and could be a procedure for 

the formation of large crystal sizes of both known and novel phases. 

43.3 Role of Solvent and Concentration of Water 

As was obsented, the type of solvent greatly influenced the phases and/or morphology 

that were obtained. For example, higher rnolecular weight polyethylene glycols resulted in 
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smaller crystais for the triethylamine system (n-81 to II-90, section 2.3.2.3.8). This may be 

attributed to the high viscosity of these solvents, which in tum deaeases the rate of convection of 

the overail reaction mixture. As a result, there is a higher yield of smaller crystals since the 

nutrient species quickly condense to the nearest growing crystal rather than being transported or 

diffusing to a large, growing crystal. A similar argument can be made for the difference in 

crystallinity of the UT6 product from a pyridine solvent venus a TEG solvent (II-109 and II- 

106, respectively, section 2.3.4.2). However, the solubility of the source reagents could also be a 

factor in this respect, as well as a chelating-effea of the polyethylene glycol solvent. This can 

only be elucidated with further experimentation. 

The higher polarity of the EG solvent accounts for the formation of A.lPO,-S (11-76, 

section 2.3.2.3.8) rather than the typical produa of the chain structure or JDF-20 using TEG. 

However, DEG (II-77) and tEG (II-78 to 11-80) each contain an ether linkage and therefore give 

results similar to TEG. The polarity of the solvent likely contributes towards the hydrolysis of 

the alurninophosphate species and/or solid interrnediates, resulting in a more hydrolyzed phase. 

The concentration of water had a major influence in al1 of the non aqueous systems. 

Examples are the sec-BuOH-H20-Et,N system (11-94 and II-95, section 2.3.2.3.8), the TEG-H20- 

Et3N system (section 2.3.2.3.2) and the TEG-H20-cycloalkylamine systems (section 2.3.5). To 

demonstrate this point, a qualitative plot of the resultant aluminophosphate phase versus water 

content is s h o w  for the TEG-HIO-Et3N system, Figure 4-14. The explmation of this effect 

follows directly from the chain mode1 introduced above. The higher the water content of the non 

aqueous solvent, the more hydrolysis that occurs on the aiuminophosphate chain precursor 

species, and therefore the more hydrolyzed the phase that is obtained. This is certainly reflected 

in the results obtained when only water is used as the solvent, for example with triethylamine (II- 

39,II-40) or cyclopentylarnine (II-145). 

Similar plots may be made for any of the other organothemal systems, and indeed it 

would be interesting to explore further the effect of water concentration on the non aqueous 

synthesis of extended inorganic materials in general. 

43.4 Role of Template 

The vital role of the template agent is clearly evident, since in its absence, only dense 

phase aluminophosphates or hydrates are formed in both organothermal (II-45, section 2.3.2.3.4) 

and hydrothermal ~ysterns.'''~*~' Similarly, the resultant structure(s) is (are) dependent on the 



14 TEG : 0.9 Al,OpH,O - - : 3.6 H3P0, : 5.9 Et3N : x H,O 

Figure 4-14. Dependence of the resultant aluminophosphate phases 
on the water content of the TEG-H,O-EsN - system. 
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template, where the organic amine occupies the interior pores, channels or interlayer space and 

stabilizes the openness of the materid. It also charge-balances the anionic duminophosphate 

architecture. In these ways, the organic assumes the role described by template theory. 39~7419 

However, the complete role of template is certainly nat fully understood. Generally, the template 

is believed to play a structure-directing role in pardlel with the gel chemistry that is occumng 

(section 1.1.4.l).- As for zeolites and other extended inorganic materials, there exist both 

template-dependent and template-independent structures, such as tinsleyite and AIP0,-5, 

respective1 y. 

Under the chain model, the final structure is controlled by both chain type and the 

template properties. For example, JDF-20 is built of two chain types that cm account for its 

structure. However, their arrangement into unidimensional elliptical channels follows the shape 

of the occluded triethylammonium molecules (Figure 1-lb). The latter must cooperatively 

arrange the chain building-blocks during the formation of the framework. Since triethylamine is 

the only organic amine known to allow the synthesis of JDF-20, this is an example of a template- 

dependent structure. 

The phenornenon of template-independence rnay be rationalized by the prevalence of a 

certain chain type. For example, the O,(T,), chain f o n s  the AIP0,-5-like layer or AiPo,-5 

framework. In faa, the 0,0, chain types are present in many of the examples that were s h o w ,  

such as O , 0 ,  for UT-6, or O z O ,  for the layer of Williams et al." This simplifies the rnodel by 

rninimizing the number of reconstructional processes necessary to incur on the parent c h a h  

Another reason for template-independence of the as-synthesized AIP0,-n frameworks is their 

electroneutrality. In these cases, the template exists in its neutral form in the interior channels, 

such as TPAOH for AIPO,-S," and there are only weak interactions between framework and 

template. Therefore, there is a greatly reduced dependence on a particular template. 

The template amphiphilicity will be important in direaing the formation of the 

alurninophosphate product. For example, the cycloalkylamines always fomed a bilayer in the 

interlayer region for the chain or layered UT-n aluminophosphates. This may separate the layers 

and prevent them from cross-linking to a framework structure. 

The chah or layered phases aiways contain doubly- or tnply-bridging phosphate groups 

that essentially cap the layen and terminate the connectivity along the interlayer mis. These 

phosphate groups necessarily contain terminal oxygens and are involved in hydrogen bonds with 
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the ammonium hydrogens of the template. Therefore, an amine with less alkyl groups, 

particularly primary amines such as ethylenediamine, are more effective in forming lower 

dimensionality aluminophosphates. Indeed, none of the layers to date are templated by tertiary 

or quatemary ammoniums, which are so commonly used for the synthesis of framework 

aluminopho~phates.~~ 

Findly, it is interesting to compare the results of different templates that contain similar 

functionalities. Cyclohexylamine formed two layers, UT-4 and UT-5, and other unknowns 

(section 2.35.12). However, N,N-diethylcyclohexylamine formed on1 y AlP0,-5 and dense 

phases (section 2-3-51). One explanation is that the tertiary nitrogen is sterically crowded and 

can only possess one hydrogen in its protonated form. Therefore, it cannot interact with the 

aluminophosphate layers as cyclohexylammonium does in UT-4 and UT-5, which has its primasr 

R-NH,' ammonium group pointing at the layers and involved in three strong hydrogen bonds 

(Figure 3-10b, Figure 3-12a). Similarly, N,N-diethylcyclohexy1amine differs with triethylamine 

in only one of its alkyl groups (ethyl versus cyclohexyl). However, the former is too sterically 

crowded to form any of the various phases that tnethylamine can lead to (section 2.3.2.3). 

Therefore, subtle differences in template structure have a profcund effect on the 

aluminophosphate structures that result. 

43.5 Solution Phase Studies 

The presence of at least some type of aluminophosphate solution-bound species was 

confirmed by boiling off the TEG solvent of the mother liquor of a typical TEG-triethylamine 

synthesis product (e.g., 11-13), Thermal treatment of the resulting black gum-Iike material in air 

ai Ca.  500°C resulted in a grey powder, whose PXRD pattern was that of aluminum phosphite. 

However, al1 attempts at crystallizing out a solution species by heating, cooling, solvent 

extraction or adding a chelating agent, were unsuccessful. 

Preliminary ''P NMR experiments (300 MHz Gemini instrument, referenced to 85% 

H,PO,) were performed to see if a solution-bound chain or any other ahminophosphate species 

could be identified. The spectrum of the starting mixture of the TEG-triethylarnine system 

contained only a singlet at approximately 0.0 ppm. Judging by the chernical shift and the mid- 

range pH values of the synthesis mixtures, this peak may be assigned to dihydrogen 

pho~phate.~'" The spectrum remained the same for synthesis mixtures aged for 1 to 4 months. 
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The mother liquors of the TEG-trieîhylamine experiments were mn, after filtering out the 

solid phase. M e r  2 to 4 days of heating, the strong peak at 0.0 ppm was still present, dong with 

a weak peak at Ca. -2.5 pprn. This more upfield peak is assigned to monohydrogen phos~hate.~' 

Agreeably, the mother iiquors from cyclopentylarnine experiments (which forrn a rnonohydrogen 

phosphate salt) showed only a singlet at -2.7 pprn. 

A third, weak, broad peak centred at -4 to -6 ppm was also present in the triethylamine 

mother liquor after 2 or more days. This more upfield peak is of similar chernical shift to the 

smdl molecule and oligomenc aluminophosphate species shown to exist in aqueous solution by 
31p m ~ . % l l . 8 l  However, these published specna contained a series of narrow peaks in these 

ranges and could be assigned to particular aluminophosphate complexes. The broadness of the 

peak in the present case could be due to an oligomenc duminophosphate species, since it should 

be rapidly converting and possess a distribution of chemicai shifts, as observed in short chain 

polymers as well as the lower condensed polyphosphates.n Further NMR studies, including 

solution, solid state and variable-temperature NMR, could be highly beneficial in elucidating the 

solution aluminophosphate species that are present in the systern. 

4.4 CONCLUDING REMARKS 

It is interesting to note that in a paper by Vaughan, the build-up of zeolite frameworks is 

discussed not only from sheet and columnar building units, but also a chain unit comprised of 

edge-sharing four-rings? The latter accounts the zeolite frameworks of offretite, mazzite, Linde 

type L, gismondine, merlinoite and phillipsite. Even more interesting is that the framework of 

analcime (which is isostructural to LüPO,-24) may be thought of as built of chains of corner- 

sharing four-rings. Indeed, it was discovered in the present work that the sodalite framework 

(isostructural to AlPo,-20) may be thought of as comprised of the parent chain, but this was not 

included in the examples given in this chapter. It is possible that the model developed in the 

current work is also applicable to extended structures of other compositions, including zeolites. 

In the proposed model of aluminophosphates presented in this work, the chain to layer, 

chain to layer to frarnework, chain to framework and framework to framework transformations 

often obscure the original shape of the building chain in the process. In the absence of the chah 

intermediates, one could not have proposed such a model by simply studying the final structures. 

It has been developed only through a series of crystal structures obtained by non aqueous 

methods. Particularly attractive to the model is that the proposed building units may be 



159 

crystallized from the synthetic systern, unlike any other mode1 previously put forth. 

Furthemore, it accounts for the existence of lower dimensiondity aluminophosphates and their 

structures. It is likely that new duminophosphate chah structures will be discovered in the 

future and will fall into the categories of the exarnples that have been given. The desired end- 

result of this (and any) mode1 is that it will allow for a more complete understanding of 

ahminophosphate formation and the structures themselves. With such knowledge, one is closer 

to the rational design of new structure types with desired materials properties. 
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CHAPTER 5: PRIMARY ALKYLAMINES 
AND ALKYLENEDIAMINES 

5.0 r n O D U C T I O N  

Only a limited amount of reports have been made to date for the synthesis of 

alurninophosphates using primas, dkylamines and alkylenediamines. This 1 s t  chapter will deal 

with the synthetic work that was performed with this type of organic additive, in order of 

increasing alkyl chah length, followed by the characterization of some of the more relevant 

materiais. The results showed a marked dependence on alkyl chain length, ranging from a 

typical srnall molecule that promotes the formation of crystalline duminophosphates to 

amphiphilic behaviour and the formation of a series of mesolamellar phosphates and 

al uminophosphates. 

5.1.1.1 Eth ylenediamine (en, H,NCH,CH,NHJ IV-1 to V-q 

This organic is an important reagent in inorganic chemistry in generai as a strong 

bidentate ligand.' However, in matenals chemistry, it is a common templating agent. For 

aluminophosphates aione, it forms one pentameric c~uster ,~ one chain stnicture: one layered 

material4 and two framework materials? A layered fluoroaluminophosphate is formed only by 

ethylenediamine, where the nitrogen is coordinated to the octahedral al~rninums.~ As was seen 

in Chapter 1, a vanety of other extended metal-oxide, metal-phosphate and metal-arsenate 

chains,' layers8 and frameworks9 are formed with ethylenediamine, as well as the salts of 

monohydrogen phosphate,IO dihydrogen phosphate," and a mixed trihydrogen phosphate 

dihydrogen phosphate. l2 

The choice of ethylenediamine (99%, Aldrich) was made due to its ternplating of the 

parent chain structure." The chain was synthesized aqueously, while the [AI,P,O,,]'-, AP04-25- 

like layered rnaterial was isolated from EG? Therefore, HZO, EG and TEG solvents were used 

(V-1 to V-6). The multiphasic products appeared to contain several unknowns, and could not be 

indexed to any of the known aluminophosphates. Examples are shown in the PXRD patterns of 
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V-1 and V-3, Appendix B. The monohydrogen phosphate salt was the product from a TEG 

solvent (V-6). 

5.1.1.2 (1 3)-Diaminopropane (H,N(CH&VH& m-fl 

This reagent (99+%, Aldrich) has recently been s h o w  to ternplate a fiamework 

aluminophosphateyu and forms a monohydrogen phosphate monohydrate salt" and dihydrogen 

phosphate salt.Is A TEG experiment in fact led to a 1,3-diammoniumpropane monohydrogen 

phosphate monohydrate as the only product (V-7); unreacted pseudoboehmite can also be seen in 

the PXRD pattern. Use of higher temperatures (195°C) gave the sarne phase, with slightly higher 

crystallinity. 

5.1.13 (1,4)-Diaminobutane (putrescine, H,N(CHJ,NHJ p-8l  

One of the several polytypes of the AiP0,-5-like layered material forms with this 

alkylenediamine,16 as well as a dihydrogen phosphate salt." An experirnent similar to that for 

1,3-diaminopropane was performed with 1,4-diaminobutane (99%, Aldrich), and gave a 

crystalline product (V-8). Higher temperatures of 195°C gave a slightiy more crystalline produa 

of the same phase. While the PXRD pattern did not match that of the dihydrogen phosphate sait, 

it is possibly that of the monohydrogen phosphate salt, judging by the results for 1,3- 

diaminopropane, above. Further work would easily clarifj this point, as the salt could be grown 

by recrystallization. 

5.1.1.4 (1,o)-Diaminohexane (H,N(CHJ,NH& w 9 1  

1,6-Diaminohexane (Sigma) is the template of a layered fiuoroaluminophosphate.18 The 

initial TEG-duminophosphate synthesis rnixiure displayed the presence of pseudoboehmite and 

a crystalline phase (V-9), which is undoubtedly a phosphate salt. However, after heating for 11 

days at 180°C, the product was pseudoboehmite and an arnorphous material. 

5.1.1.5 (1,8)-Diaminooctane (H,N(CH&,NH& [V-10 to V-Il] 

The tendency to form phosphate salts with alkylenediamines continues with this longer 

alkyl chain (98%, Aldrich). The product after heating for 5 days gave a multiphasic product 

containing plates, some large enough for SC-XRD analysis v - 1 0 ,  see SEM). The analysis and a 

subsequently projected PXRD pattern showed that the low-angle peaks at 13.5A and 12.2A and 
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the higher-angle peaks are due to a phosphate sait, 1,s-diammoniumoctane dihydrogen phosphate 

(DODP). The DODP structure is present in the intiai reaction mixture, and cm be recrystailized 

as a pure phase from water (V-1 1). 

The structure of DODP is shown in Figure 5-1. The phosphates are arranged into layers, 

with a rnonolayer of l,8-diammoniumoctanes arranged at an angle to the layers (Figure 5-la). A 

view of the phosphate layer reveals that the phosphates are hydrogen bonded into chains (Figure 

5-lb). Note the intriguing arrangement of the alkyIenediamines with respect to the z-axis, where 

the chains are inclined at opposite angles to its neighbour (Figure 5-lc). The space between the 

chains is occupied by a disordered 18-diaminooctane, which gave rise to residual peaks in the 

refinement. These are shown for visualization purposes in the view of one monolayer of 

alkylenediarnines (Figure 5- lc). 

The peaks at 16SA and 15.7A in the duminophosphate-based synthesis (V-10) are 

therefore likely due to one or more unknown aluminophosphate structures. The 16.5A phase 

agrees with an aluminophosphate material that was synthesized by othen in an aqueous system 

with 1,8-diarninoo~tane.'~ This was the longest alkylenediamine used in the present work. 

However, the cited authors grew aluminophosphate phases using longer alkylenediarnines, 

namel y 1,lO-decylenediamine and 1,12-dodecylenediamine, suggesting that further discovenes 

await to be made with these templates. 

5.1.2 PRIMARY ALKY LAMINES 

5.1.2.1 Ethylamine (CH3CH,NHJ [V-121 

The synthesis of AlP0,-21 frorn an EG solvent or a sec-butanol solvent was reported 

using ethylamine as tern~late.~' The same experimental conditions were used for an EG solvent 

(ethylamine: 70 W.% solution, Aldrich), but gave a pattern which could not be identified 01-12). 

5.1.2.2 Propylamine (CH3(CH&,NH& [V-131 

A similar experiment with propylamine (98%, Aldrich) and an EG solvent gave an 

amorphous product (V-13). Aluminum isopropoxide was used as the aluminum source, and 

perhaps a crystalline material could have been formed using pseudoboehmite, which had this 

effect in other systems (Chapter 2). Propylamine is used only in the synthesis of AIPO,-~I.~ 



Figure 5-1. (a) c-projection of DODP. (b) a-projection of a phosphate layer of DODP, 
where phosphates are hydrogen bonded into chahs. (c) A view of one monolayer 
of organics. The residual atoms have been included. 
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Isopropylamine would be an interesting choice, as it is a commonly used template among AlPo,- 

n, MAPO-n and gallium phosphate frameworks? 

5.1.23 Sec-Butylarnine (CH,CH,CH(CHJUHd CV-141 

Sec-butylamine is chiral at the alpha carbon, and templates a layered stnicture from a sec- 

butanol solvent systern.= The reagent used was a racemic mixture of the two isomers (99%, 

Aldrich). In TEG, the product was a poorly ordered material which diffracts at low-angle, with a 

small arnount of an unknown crystalline rnaterial p-14). It is interesting to compare this PXRD 

pattern with that of the cyclopentylamine systern at lower temperatures (II-131). 

5.1.2.4 Hexylamine (CH3(CH3,NH3 IV-15 to V-181 

The phosphate salt of this amine (99%, Aldrich) foms in the TEG synthesis mixture (V- 

15), which was also the case for al1 of the longer chain alkylarnines. Large crystals rnay be 

recrystallized, but were stacked, multicrystalline plates and did not allow for SC-XRD data 

collection. The material is most likely isostructural to the octylamrnonium and decylammonium 

dihydrogen phosphate structures, below. The phosphate salt was the produa after heating if no 

Al,O, was added to the synthesis mixture (e.g. 180°C, 12 days). 

In the presence of AllO,, the product (V-16) was the first in a series of mesolarnellar 

aluminophosphates (MLA). The material, "hexylarnine-MW, is of low crystallinity, but does 

show some degree of short-range order, as indicated by the presence of higher-angle peaks. It 

also forms at lower temperatures, but of much lower crystallinity (e.g. 80°C, 1 month). At 

180°C, the produa is similar to V-16, but a peak at 4.08A begins to appear (V- 17, and becomes 

highly prevalent in the 200°C product (V-18). This peak will be seen in most of the MLA 

products, and is attributed to the presence of AlP0,-tridyrnite, as evidenced by the accompanying 

peaks of this phase. The morphology of the hexylarnine-based products was small granules and 

platelets (e.g. SEM of V-17). 

Recently, Gao et al. used hexylarnine and a mixed solvent comprised primarily of EG to 

form the same materiaLu The authors make no mention of the beginning synthesis mixture or a 

hexylammonium phosphate salt. Only the second-order and third order reflections of the MLA 

peak were shown in their PXRD pattem, as it ends at 15" (28). Nonetheless, their report is 
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complementary to the present work, and shows that the MLA material may also be grown in 

other solvents. 

5.1.2.5 Octy lamine (CH,(CHJ,NHJ w-19 to V-231 

The slurry of the synthesis mixture in TEG (octylamine: 99%, Aldrich) contained a 

highly crystalline phosphate salt (V-19), which f o m s  very large crystals by recrystallization 

from water at room temperature. The morphology and crystal size of the phosphate salt are 

nearly identical to that of the hexylamine system, above (see SEM of V-15). The SC-XRD 

analysis (Table 5-1) showed the material to be octylammonium dihydrogen phosphate (ODP), 

comprised of dihydrogen phosphate arranged in layers (Figure 5-2a). One oxygen of the 

phosphate is static and the other three are shared equally beiween two sites. Each hydrogen of 

the ammonium headgroup donates a hydrogen bond to the terminal oxygens of the phosphates. 

The octylammonium molecules are interdigitated between the phosphate layers to define a 

hydrophobic interlayer region (Figure 5-2b). Again, if no A1203 is added to the synthesis, ODP 

is the only product after heating. 

Temperatures of 150°C gave an MLA product with two d-spacings, and a trace arnount of 

ODP 01-20). The 180°C product displayed a similar pattern, but with no ODP in the product (V- 

21). At 200°C, the larger d-spacing MLA was the major product, with a srnall amount of AlPo,- 

tridymite (V-22). The morphology was often plate-like (V-21), while surface impressions and 

holes could often be seen on some of the particles (V-22). For the synthesis at 180°C, material 

was also observed at the top and on the cap of the liner (V-23). PXRD of specifically this 

material showed what appears to be an M U  material of 2 2 . ~ 4  d-spacing and smaller peaks at 

28.2A and 19.6A. The SEM showed an extraordinary rhomobohedral mesh morphology 

continuing over the surface of the particles (V-23). 

5.1.2.6 Nonylamine (CH,(CH&,NH& fV-24 to V-281 

A nonylammonium phosphate phase (nonylarnine: 99%, Aldrich) was also formed 

initially in TEG (V-24). Results were very similar to the octylamine system, forming an MLA 

product of expectedly larger d-spacing, between 24A and 27A (V-25 to V-28). The higher-angle 

peaks are due to AiP0,-tridymite. No ordered surface patteming was observed in the products 

despite the results of octylamine, decylamine and larger alkylamines. This may simply be due to 

lack of experimentation in this system; a limited arnount of SEM work was performed on the 
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goodness of fit 1.165 1.135 
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parameters refîned 

Table 5-1. Summary of crystal data, details of intensity collection and least- 
squares refinement parameters for the solved phosphate salt structures. 
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nonylarnine-MLA products. Judging by the decylamine and undecylamine results below, 

interesting morphologies should be obtainable from this system with further investigation. 

5.1.2.7 Decy lamine (CH,(CHJmJ [V-29 to V-481 

Decylamine (95%, Aldrich) gave the most intriguing results, and was therefore the most 

explored system of the alkyiamines. The synthesis mixture contained pseudoboehrnite and 

decylarnmonium dihydrogen phosphate (DDP, V-29). DDP was recrystallized from water at 

50°C and its structure was solved by SC-XRD (Table 5-1). It is isostructural to ODP, above, but 

the phosphates in DDP are not disordered (Figure 5-3a). There are two crystallographically 

distinct phosphates and decylammoniums, as opposed to one phosphate and one octylammonium 

for ODP. Each dihydrogen phosphate donates two hydrogen bonds and accepts two hydrogen 

bonds to define a continuous, unintempted phosphate layer (P-0-OH-OP distances 1.54 A to 

1.80A Figure 5-3a). The primary ammonium head groups each donate three hydrogen bonds 

(N-H*mmO-P distances 1.89 A to 2.09 A). The decylarnrnonium chains are again interdigitated 

(Figure 5-3b, cf. Figure 5-2b). 

The DDP structure was still present in the TEG synthesis mixture at room temperature 

after aging for two months. It was the only observed product if no AZO, was added to the 

synthesis mixture, for example after heating at 180°C for 5 days. The PXRD pattern of the 

synthesis mixture (V-29) is identical to both the recrystallized DDP matenal and the projected 

powder pattem from Cerius' based on the SC-XRD structure. 

As for the products of other alkylamine systems, lower temperatures yielded a mixture of 

the MLA and DDP materials (V-30, V-31), while higher temperatures contained a trace amount 

or an absence of DDP and increasing amounts of AIP0,-tridymite (V-32, V-33). The interlayer 

distances for the MLA material varied between 26A and 30& with more than one often 

appearing in a given product (e.g. V-3 1, V-33). 

Many unexpected morphoiogies were observed for the decylamine-MLA products. A 

series of ten SEM micrographs for the 180°C product (V-32) is shown in Appendix C. A 

significant portion of the product was a powder consisting of small MLA plates (V-32A). The 

product also afforded a number of sphencal growths. They were 1 to 2 mm in size and could 

therefore be isolated from the rest of the product (V-32B) for separate characterization. PXRD 

showed them to be comprised exclusively of the MLA material, containing none of the DDP or 



Figure 5-3. (a) b-projection of DDP. The phosphates in this case are not disordered. 
(b) c- projection of DDP and its interdigitated structure. 
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APQ-tridymite impurities that are always present in the bulk product. Much of the surface of 

these spheres contain bowl-like impressions (V-32C), sometimes with a Qrcular arrangement of 

smaller platelets extmding h m  the surface (V-32D). Other areas contained smaller impressions 

of monodisperse size that were connected to define a honeycomb-like pattern (V-32E) or other 

patterns with hexagonal syrnmetry (V-32F). 

The surface of some spheres possessed hollow spheres (V-32G). These hollow spheres in 

mm contain a fine-structure of surface bowls (V-32H), often with a concentric arrangement of 

platelets (V-320. Hollow spheres were also observed as an aggregated plate-like collection on 

the lower portion of the walls or bottom of the liner (V-33 ,  which showed sirnilar patteming on 

their surfaces. 

Further experiments were conducted to probe this system and the conditions under which 

these pattemed particles occur. Temperatures above or below 180°C gave the MLA material, as 

previously shown (V-30, V-31, V-33), but only in the f o m  of the smdl plate-like morphology, 

as shown in V-32A. Increase in the molar ratio of decylamine resulted in a more phase-pure and 

strongly diffracting MLA material 01-34? V-35). However, the products were devoid of any 

patterned or hollow spheres. Decrease in the molar ratio of decylamine only served to yield a 

majority phase of berlinite (V-36 to V-38), with any trace of MLA or DDP absent at higher 

temperatures. 

Agitation by vigorously shaking the reaction chamber in the middle of the synthesis, after 

1 day of heating, was performed (V-39). The product after 3 days was the MLA phase, with 

hollow spheres as the dominant morphology (see SEM). Inspection of the hollow spheres 

showed their surface to be granular in appearance and not at al1 like those obtained from static 

conditions, above. Continuous tumbling of the autoclaves also gave small MLA platelets (V-40), 

with a solid cylinder of material, as observed for the triethylarnine-related tumbling experiments 

(Chapter 2). 

The solvent was changed from TEG to observe the role of the solvent. EG gave the MLA 

material (V-41), but with a stacked-plate morphology (see SEM). Similar results were obtained 

using a mixed EG-TEG solvent 01-42)? as well as with DEG and tEG solvents. Increase of 

molecular weight to PEG 400 (V-43) gave surface features similar to those obtained from TEG 

(V-434 V-43B). Further increase in molecular weight to PEG 1000 (waxy at room temperature) 

formed a highly viscous synthesis mixture, and yielded only MLA platelets (V-44). 
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Water was added to the TEG solvent, to give a solvent revened in terms of volumes of 

HzO and TEG (V-45). The product was still the MLA matenal, but devoid of any surface 

patteming sirnilar to V-32. What was initially thought to be patteming turned out to be large 

voids with a granular surface (see SEM of V-45). Fully aqueous conditions gave DDP as the 

majority phase under d l  temperatues (V-46). The MLA material may be prepared aqueously in 

pure phase by using more concentrated conditions and/or a lower P:Al ratio, also shown by 

others for the alkylamines spanning octylamine to hexadecylamine? 

Finally, the order of addition of phosphate and amine was reversed, adding the 

phosphoric acid last. The starting synthesis mixture in this case showed the presence of an 

entirely different phase 01-47), with a small amount of DDP. This new material is likely 

decylammonium monohydrogen phosphate (DMP), since only 1.8 moles of H3P04 were added, 

as the slurry was becoming extremely viscous with the addition of phosphate. The DMP 

structure remains unsolved to date, but an initial recrystallization from ethanol formed crystals 

which appeared to be large enough for SC-XRD. The aluminophosphate product of this reverse- 

order expenrnent was the M L 4  material, consisiting only of small granules (V-48). 

5.1.2.8 Undecylamine (CH3(CH&NH3 [V-49 to V-531 

The starting mixture with this alkylarnine (98%, Aldrich) also contained the phosphate 

salt (V-49). Recrystallization attempts to date gave only smaller crystals. Synthesis 

temperatures of 150°C to 220°C ied to an MLA material of 29 to 31A d-spacing (V-50 to V-53). 

Again, lower temperatures yielded a small amount of phosphate salt (V-50) and higher 

temperatures yielded no phosphate salt, but increasing amounts of AiP0,-tridyrnite (V-51 to V- 

53). 

The interesting patterns arose from the 180°C and 200°C products; no such patterns were 

observed for the 150°C or 220°C products. For 180°C (V-51), the particles of interest were 

plate-like aggregates of hollow spheres that grew on the lower wall of the liner (V-51A), very 

similar to their decylamine counterpart in size, shape and morphology. A close-up of these 

hollow spheres also shows a fine-structure of surface impressions (V-51B). The 200°C product 

(V-52) afforded a number of Ca. 1 to 2 mm diameter spheres (V-52A), also very similar to the 

decylamine-related spheres. Again, the PXRD of only the spheres gave a phase-pure MLA 

pattern. A mesh-like feature was present on most of the surface, whether on Bat regions (V-52B) 
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or on the interior of surface bowls (V-52C). The surface bowls appear to space-fil1 the surface 

(V-52D) and many of them contain an interesting growth feature at their centres (V-52E). 

5.12.9 Dodecylamine (CH,(CHJ, ,NH3 IV-54 to V-SS] 

Chenite et al. recendy prepared hydrotherrnaily an interesting coaxial cylindrical 

mesophase, comprised of an duminophosphate-dodecyiarnine c~rnposi te .~ The use of 

dodecylamine (99+%, Aldrich) in TEG led to a 34A M U  materiai 01-54, V-55). Some 

dodecylammonium-phosphate salt is present in the product (peaks at 22.5& 11.2A) as well as 

AlP0,-tridymite. The only noteworthy surface feature was large indentations (see SEM, V-54); 

the rest of the product consisted of small granules. 

5.1.2.10 Tetradecylamine (CH,(CHJ,NHJ Dr-56 to V-581 

The increase in d-spacing of both the phosphate salt (V-56) and MLA product (V-57) 

continued with tetradecylarnine (96%, Aldrich). The high viscosity of the synthesis slurry 

required a smailer amount of amine to be added. The morphology of the product was exclusively 

small granules. Since the alkylamine source is a solid when the alkyl chain is larger than twelve 

carbons, it becomes rather easy to mistake the produa as a mesolarnellar material when it is 

actually just unreacted amine. Tetradecylamine itself gives rîse to PXRD peaks at 39.8A or 

34.54 and a series of higher-angle peaks (V-58). However, the product of V-57 does not contain 

the peaks of the tetradecylamine reagent and is therefore considered as tetradecylamine-MLA. 

5.1.2.1 1 Hexadecylamine (CH,(CH& ,,NH& IV-59 to V-601 

This was the longest n-alkylamine used (90% tech., Aldrich or 99+%, Fluka), and gave an 

MLA product for al1 temperatures used 01-59). The "unpatterned platelets" are shown for the 

180°C product (see SEM). Unreacted hexadecylamine reagent 01-60} is not present in the 

aluminophosphate product, and was affirmed by washing the product with 1M HCl in methanol 

during filtration of the product. Extensive washing in this way aiso served to partially 

decompose the MLA and AiP0,-tridymite to an amorphous materiai. 

5.1.3 CETYL TRIALKYLAMMOMUMS fV-61 to V-651 

An aqueous synthesis using cetyltnmethylamrnonium bromide (CTAB, C,,H,,NMe,'Br', 

29 wt.% solution, Pfaltz & Bauer) gave poorly crystalline metavariscite and variscite at lower 



177 

temperatures (V-61) and AlP0,-H4 at higher temperatures (V-62) The bromide anion must have 

promoted the formation of AiPo,-H4, as reported by others? Both non aqueous TEG or semi- 

aqueous TEG-H,O solvents led only to berlinite at 180°C (V-63). Similady, cetylpyridinium 

chloride monohydrate (CPC, C,,H,,NC,H,'CI~~H,O, 98%, Aldrich) in a TEG systern led to 

AlPo,-H4 at 80°C (V-64) and berlinite at 180°C 01-65), 

5.1-4 SILICA-DECYLAMINE SYSTEM IV -Ga 
The cmcid role of alurninum oxide is indicated by the experirnents in which it was 

replaced by an equimolar amount of silica (EH-5 Cab-O-Sil, Cabot). Both the starting mixture 

and the produa 01-66) showed only the DDP rnateriai and arnorphous silica in its PXRD, at dl 

synthesis temperatures probed. interestingly, the product from 180°C contained large 

depressions in its particles (V-66A). A closer view of the walls showed them to be made up of 

fine crystals (V-66B). The EDX of these crystals indicated only the presence of phosphorus (and 

no silicon). Evidently, the walls are comprised of the DDP materiai. This was not the case for 

the MLA products of the duminophosphate syntheses, above. 

5.2 MATERIALS CHARACTERIZATION 

5.2.1 TEM of the Mesolarnellae 

The mesolamellar nature of the MLA material already indicated by PXRD was confimed 

by the TEM of sarnple V-32 (Figure 5-4). The mesolamellae displayed an approximate 

interlayer distance of slightly less than 30% as illustrated by the scale bar. It was also a direct 

observation of the excellent ordering of the layen over the long-range. 

5.22 MLA Thermal Properties 

The TGA of decylarnine-MLA is shown in Figure M a ;  the TGA of undecylamine-MLA 

was almost identical (Figure 5-Sb). The large weight loss between 150°C and 225°C appears to 

contain two overlapped events, with a final event around 350°C. These transformations rnay be 

followed in the VT-PXRD, Figure 5-6a. A gradual contraction of the interlayer spacing is 

observed from 29.0 A at 25°C to 27.6 A at 150°C. At 175'C, the MLA suddenly transforms to a 

mixture of AiPo,-tridymite and a new MLA material, with 100% peak at 24.5 A. The peak area 

is greatly reduced for this new phase, which agrees with the partial collapse to AlP0,-tridymite. 



Figure 5-4. TEM of the mesolamellae of the decylamine-related MLA. 
Scaie bar= 30nm. 





20 (degrees) 

Figure 5-6. (a) VI'-PXRD of decylamine-related MLA. @) SEM of the honeycomb-like 
morphology of V-32E after heating to 200°C. 
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This 24.5 A layer collapses somewhere between 280°C and 400°C, accounting for the last TGA 

peak. MS confirms the release of decylamine at these temperatures. Chernical anaiysis of as- 

synthesized decylamine-MLA showed it to contain 41.70 wt.% C, 4.62 wt.% N, 4.55 W.% Al 

and 10.49 W.% P, giving a molar ratio of AI,J?+,Cd,,,N ,-,. 
Heating the MLA samples in air gave similar results. Treatment of the solid (V-32) at 

200°C (7 hour rarnp, 2 hour soak) resulted in an approximately equal amount of a 25.7A and 

23.2A MLA, with a small arnount of AIPOctridymite in the product. The surface morphologies 

appeared to partially or completely decompose; the original sarnple used possessed the 

honeycomb pattern (V-32E), and after heating was barely recognizable (Figure 5-6b). After 

heating the MLA at 300°C (7 hour ramp, 2 hour soak), only AiPo,-tridyrnite and berlinite were 

present in the PXRD. The DSC of the MLA material showed an exothermic event at 

approximately 65°C (Figure 5 - 7 ,  which may be attributed tu a contraction of the layers, arising 

due to a loss of physisorbed water (srnall peak in TGA at C a .  60°C, Figure 5-5a). Presumably, 

the alkyl chains tilt with respect to the layers, as evidenced by the change in the PXRD patterns 

between 25°C and 100°C (Figure 5-6a). 

5.23 DDP and DMP Thermal Properties 

The DDP phase showed several unexpected thermal transitions. It was present and 

unaltered (100% peak, 19.9A) up to 80°C in the VT-PXRD (Figure 5-8a). By 100°C, a new 

crystalline phase appears, with d,,,, peak expanded to CU. 24.0 A and a series of new, distinct 

higher-angle peaks. This new phase in turn transforms by 125°C to a phase with interlayer 

distance increasing further to Ca.  25.7 where the only other peaks present are the second- and 

third-order reflections. It remains in the VT-PXRD until it decomposes in the 350°C region. 

The TGA of DDP remains unaltered with little or no weight loss up to 300°C, and then 

undergoes rapid weight loss. 

Each of the transitions were found to be completely reversible. Cooling the sarnple after 

each shows the sample to reven back to its original state, with an hysteresis of approximately 10 

to 20°C. For example, the crystal to crystal transformation occurs at 90°C in the forward 

direction and sornewhere between 80°C and 50°C in the reverse direction (Figure Wb) .  The 

second transformation is also reversible (Figure 5-8c). The three transformations may in fact be 

continuously performed, with increase in ordering of the DDP phase after each cycle (Figure 5- 

8d). 
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Figure 5-7. DSC of decylamine-MLA. 
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Figure 5-8. (a) VT-PXRD of DDP. (b) DDP crystal to crystal transition. 
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Figure 5-8 (Cont'd). (c) High-temperature crystal to liquid crystal transition. 

(d) Increase in order of DDP with cycling. 
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These transformations may be followed in the DSC (Figure 5-9a). The reversibility and 

hysteresis can be seen in the three cycles shown. The first, sharp transition conesponds to the 

first transition in the VT-PXRD. The VT-PXRD showed only a second transition. However, 

there appean to be both a second and a third transition in the DSC, the second being the broad 

peak which begins before 90°C, and the third being the sharp peak at Ca. 95°C (Figure 5-9a). 

These two peaks are overlapped during increase of temperature, but appear to occur at different 

temperatures during cooling. The DSC of what is considered as decylammonium monohydrogen 

phosphate (DMP, V-47) was collected for cornparison (Figure 5-9b). There are two weakly 

exotherrnic, reversible events at ca. 50°C and 60°C. 

5.2.4 Solid State NMR 

The "P MAS NMR of DDP showed two sharp resonances of equal intensity at 1.13 and 

-0.65 pprn (spiming rate 6 kHz, referenced to NH,HZPO,), one for each of the two 

crystallographically unique dihydrogen phosphates. The "P MAS NMR of decylamine-MLA 

(spinning rate 10 kHz, referenced to NH,H2P0,) displayed at least four distinct peaks in the O to - 
20 pprn range (Figure 5-10a). The MLA and DDP spectra agree with the recently reponed 

dodecylamine-MLA and what was termed as a "template-phosphate cornp~ex".~ While the 

authors did not know the nature of the alkylammonium dihydrogen phosphate (ADP) phase, a 

synthesis with P:Al ratios of 1 : O gave a product with only one peak in the 0.0 pprn range, which 

they assigned to the "cornplex". This peak gave way to a series of more upfield peaks at 

intermediate P:Ai ratios of 1 : 0.6, which was shown to be the MLA material. 

The "Al MAS of decylamine-MLA shows wo peaks at 48.7 and 0.0 pprn (spinning rate 

13.0 kHz), corresponding to tetrahedral and octahedral aluminum, r e ~ ~ e c t i v e l y . ~ ' ~ ~  A third 

peak was also observed between these two, at 23.9 ppm, and was of much srnaller peak area. A 

similar third peak was also observed for the published dodecylarnine-based MLA, and was 

attributed to excess amorphous dumina? This was based on the fact that it was the only peak 

observed when no phosphorus was used in the synthesis (Le., P:AI = O : 1). Therefore, this 

middle peak in the present case is best attributed to unreacted pseudoboehmite. 

The 13c CP-MAS NMR of the DDP and MLA solids showed peaks in the regions 

expected for decylammonium:' downfield of TMS. For DDP (Figure 5-lob), the broadness of 

the peaks increases fiom the methyl end of the alkyl chah (13.66 ppm) to the alpha carbon 

(40.46 pprn). Decylamine-MLA displays a similar effect, but al1 of the peaks were broader than 
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Figure 5-9. (a) DSC of DDP. @) DSC of DMP. 
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Figure 5-10. (a) ''P MAS NMR of decylamine-MLA. @) 13c CP-MAS NMR of DDP. 

(c) 13c CP-MAS NMR of decylamine-M'LA. 
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for DDP, particularly for the alpha and neighbouring carbons (Figure 5-10c). The relationship of 

the '-'c NMR spectra of decylarnine-MLA to decylamine iîself is, for the most part, identical to 

the relationship of the recentiy published hexylamine-MLA~ to hexylamine. 

53 DISCUSSION 

53.1 DDP: Liquid Crystal Formation 

As discovered in the SC-XRD andysis, the initial DDP phase has its alkyl chains 

interdigitated (Figure 5-3b). Such an arrangement is favourable when a relatively larger space 

needs to be filled by the alkyl chah, such as the ionic salt containing interdigitated CPC 

molecules and large chlorometalate(II) anions?' In the case of DDP, this o u r s  in order to 

maintain electroneutrality with the anionic dihydrogen phosphate layers. 

The thermal processes that were observed in seaion 5.2.3 for DDP as a solid are 

illustrated schematically in Figure 5-1 1. The first strongly exothermic thermal transition of DDP 

involved the formation of a second crystalline phase of a larger interlayer spacing. This is 

attributed to the de-interdigitation of the DDP phase, Figure 5-11b. This step is not gradua1 but 

rapid, as indicated by the sudden change of VT-PXRD patterns and the narrowness of the DSC 

peak. The transition to a second crystalline phase was observed (Figure 5-llc), followed by a 

transition to a disordered lamellar phase, which is anributed to a thermotropic liquid-crystal 0.c.) 

phase (Figure 5-lld). Interdigitated to bilayer liquid crystal phase (and reverse) transitions 

commonly occur for phospholipid membranes and v e s i c ~ e s . ~ ~ ~  Often, these observations are 

also made by DSC and VT-PXRD. 

The unique stnictural aspects of DDP are the reasons for its thermal propenies. Firstly, it 

is the first alkylarnmonium phosphate to contain an amphiphile, which is necessary for liquid 

crystal formation. This would not occur for the phosphate salts of other amines, such as 

triethylamine (Figure 2-3). Secondly, other phosphate salts, such as cyclopentylammonium 

monohydrogen phosphate (Figure 3-4a,b) or ethylenediarnrnoniurn monohydrogen phosphate 

(Figure 1- 1 1 a), contain disjointed phosphate layers, hydrogen bonded into dimers or chains 

(section 1.5). In DDP, however, a continuous hydrogen bonded sheet exists, where each 

phosphate donates and accepts two hydrogen bonds to define a layer of "four-rings" (Figure 5- 

3a). 
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The DDP solid becomes a soft, semi-translucent paste when heated above its transition 

temperature. It was aiso observed that by simply heating the synthesis mixture (i.e., the opaque, 

white, viscous TEG-pseudoboehmite-DDP slurry) in a beaker to ca. SOC, the mixture separated 

into an orange-brown Iiquid with a ciurnp of soft material present in the solvent. The soft DDP 

present in the heated TEG slurry is therefore attributed to the liquid crystal phase, where it 

undergoes the same processes shown in Figure 5-11. Accordingly, the soft DDP hardens upon 

cooling to room temperature in both cases. This also occurred for solid DDP itself. 

It should be noted that since the DDP transitions are completely reversible, the thermal 

investigations had to be in situ to observe these effects. These transitions must have occurred, 

but were not observed, for the aqueous experiments of V-46, the TEG-silica-DDP experiment of 

V-66, and the experiments identical to V-31, V-32 or V-33, but without the addition of 

pseudoboehmite which gave only DDP products. 

53.2 Alkylamine Concentration and Alkyl Chain Length 

The MLA material may be synthesized with primary alkylamines of carbon chain length 

six or greater, frorn aqueous, non aqueous or mixed solvents. As was observed in the previous 

chapters, the type of solvent and conentration of reagents wi11 influence the arnount of hydrolysis 

that occurs and therefore the relative yield of ML& DDP and dense-phase products. The MLA 

material f o m s  under higher concentrations of alkylamine and/or inorganic reagents, be it under 

non aqueous (e.g. V-31 to V-35) or aqueous  condition^.^' Lower concentrations of alkylarnine 

gave the DDP matenal and unreacted pseudoboehmite under aqueous conditions (V-46), and 

berlinite from TEG (V-37, V-38). 

The resultant phases were highly dependent on the alkylarnine chain length. While a 

phosphate salt rnay be formed for any chah length under the correct conditions (Figure 5-12a), 

the alurninophosphate products range from crystalline molecular sieves for ethylaminez0 and 

propylamine: to lamellar phases with decreasing short-range order and increasing interlayer 

distance (Figure 5-12b). The different symbols in Figure 5-12b represent the second andfor third 

MLA d-spacing that was observed in the PXRD of the aluminophosphate produa, as was the 

case for many of the alkylamines (section 5.1.2). 

The important role of the terminal methyl of the aikyl chain is directly observed by 

considenng the results obtained using an alkylarnine versus an alkylenediamine template. 1,8- 

diaminooctane, for example, formed a phosphate salt containing a monolayer of template 
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Figure 5-12. Interlayer spacing venus carbon chah length. 
(a) ADP. (b) MLA. 
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molecules. In contrast, octylamine formed the MLA material containing a bilayer of 

ocytalmmonium molecules. The presence of a terminal rnethyl is necessary for formation of a 

bilayer or even an interdigitated configuration, as in ODP. 

5 3 5  MLA Morphologies 

Much data has been collected for the alkylamine systems, and the MLA and ADP 

matrnals. However, by what means do the macroscopic MLA surface patterns form? 

Unfominately, this represents the fint exploration of the TEG-ahminophosphate-aikylarnine 

system, and there is no precedence for the synthesis of these aluminophosphate morphologies. 

However, much is known conceming emulsions, which are mixtures of two immiscible liquids, 

stabilized by an ernulsifier. This will be the ba i s  for a preliminary mode of formation that will 

be offered here. 

Two types of emulsions exist, a microemulsion, which is thermodynarnicaily stable, and a 

rnacroemulsion, which is thermodynarnically unstable? As their prefur implies, the latter 

involves larger length scaies. A microemulsion is stabilized only by a surfactant, while a 

macroemulsion can be stabilized by a surfactant, polymer or srnail particles. These species 

prevent the discrete drops of the emulsion from reaching molecular contact and undergoing 

coalescence. The most common exarnple of an emulsifier is a monolayer film of surfactants that 

reside at the polar-apolar interface." However, Friberg et al. have prepared macroemulsions 

where the emulsifier is a lamellar liquid ~rystal.**~' 

Therefore, the following is proposed for the formation of the MLA morphologies: 

Polyethylene glycols (PEG) of a wide range of molecular weights are known to be water soluble 

at moderate temperatures, but undergo phase separation at higher temperatures."" At the same 

time, the DDP was shown to form a liquid crystal phase at these temperatures. Therefore, a 

macroemulsion can exist, where the polar component is water, the apolar component is TEG and 

the DDP liquid crystal exists at the interface and stabilizes the rnacroemulsion. Subsequent 

aluminophosphate growth at the interface would result in an MLA material with a pattemed 

surface, such as the surface bowls (e.g. V-32C, V-52A). This would necessarily occur at the 

particle surface, since it is where aluminophosphate growth is occurring and water is produced by 

condensation polymerization. The growth of the surface pattern ends by the exhaustion of the 

source reagrnts or by the quenching of the reaction. 
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Since the above mode1 involves a water-in-oil (W/O) type of rna~roemulsion)~ it would 

explain the lack of pattern formation under aqueous conditions. Likewise, a reverse 

microemulsion experiment, TEG in H20 (V-45, 134.4 H20 : 0.58 TEG), gave the MLA material 

but wîth no such surface patterning. If an emulsion indeed exists, the results would be expected 

to be sensitive to agitation. This would account for the lack sf observation of such surface 

patterns under dynamic conditions (V-39, V-40). 

It would appear that another process is occurring for formation of the hollow spheres. 

One explmation is the existence of bubbles in the solvent, which is well understood for one- 

component or rnany-component systems.lu7 Bubbles are known to coagulate and adhere on a 

surface, which would account for their occurrence o d y  on the bottom or sides of the Teflon liner 

(V-321, V-51A), or on the surface of a solid sphere (V-32G). The deposition of MLA material 

around these bubbles would lead to the growth of a hollow sphere. Once it has begun to develop, 

it should undergo the same type of macroemulsion patteming process as occurs for the solid 

spheres. Their respective surface patteming are certainly quite similar (cf. V-32H, V-32D). 

Finally, some of the undecylamine-MLA patterned spheres were cross-sectioned to 

observe the nature of the underlying materid and if any patterns or voids were present under the 

surface. The SEM micrographs of the cross-sections are shown in Figure 5-13. The larnellar 

rnorphology follows the outer contour of the sphere in some areas, but is tomious in others 

(Figure 5-13a,b). Similar results were observed for the decylamine-related spheres. The '%burial" 

of a surface feature may be observed in Figure 5-13c; what likely was once a surface bowl, in the 

bottom right of the micrograph, has been deposited over (the outer surface of the sphere is on the 

lower half of this view). 

5.4 CONCLUSIONS 

The preliminary work involving alkylarnines has led to a series of new mesolamellar 

phosphates and aluminophosphates. The mode of formation of the aluminophosphate 

morphologies warrants further investigation. The morphologies are unprecedented within the 

aluminophosphate domain and bear resemblance to biomineral forms.* The synthesis of 

inorganics with natural form is certainly not a new notion.4930 However, in recent years, it has 

become an area of developing interest, known today as biomimetic materials ~ h e r n i s t r y . ~ ' ~ ~  This 

is one area with which the work of this chapter overlaps. Another is the area of hierarchical 



Figure 5-13. Cross-sectional SEMs. (a) Undecylamine panenied sphere. (b) Close-up 
of the surface of a cut sphere. (c)  Another close-up of a cut sphere, 
showing the nature of the underlying material. 
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inorganic materials c h e m i ~ t r y . ~ ~  The MLA composite is mesoIamellar, while the MLA fabric 

is sculpted into macroscopic shapes and patterns. 
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CHAPTER 6: FUTURE WORK 

The volume of data that was compiled in this course of this work led to many new 

discoveries that contribute to the area of duminophosphate materiais. At the same time, there is 

much future research that could be pursued, on the long or short term. Some suggestions will be 

offered here, which of course represent only a fiaction of the possiblities. 

Firstly, new aluminophosphate crystal structures await discovery. Many of the products 

from tetraethylene glycol were comprised of one or more unknown phases, with crystals often 

sufficiently large for single crystal XRD. Other systems could be optimized to increase crystal 

size, as was accomplished in the isolation of large crystals of UT-3. The discovery of additional 

ahminophosphate structures was not essentiai to the present work and effort was instead 

concentrated elsewhere. Nonetheless, such work could quickly and easily lead to a series of new 

stnictures. Furthemore, the amines that were chosen represent only some of the possible organic 

templating species. It would also be interesting to see if transition rnetal coordination complexes 

could be successful as templating agents, as was ody  shown very recently for aqueous systems.'' 

It should be straightfonvard to discover a large number of new phosphate salt structures. 

They formed spontaneously in most solvents by simply adding phosphoric acid and the 

alkylamine in the proper amounts. Large crystals may be grown by recrystallization, or 

solvothermally, as for DODP. In many cases, there exists more than one structure type for a 

given aikylarnine due to the polyprotic nature of the phosphate anion." Of the limited nurnber of 

phosphate salt structures reported to date, some are of interest as a mode1 for understanding the 

interactions of amines with nucleic acids.' Others have s h o w  that alkylammoniurn dihydrogen 

phosphate salts display second harmonic generation (SHG) a~tivity.~ The main advantages of an 

ADP phase over related materials, such as LiNbO, or KH,PO,,' are, firstly, the organic amine 

may be chosen from a wide range of possible species, which in tum determines the optical 

properties and photostability of the compound, and, secondly, they are in many instances much 

more soluble. Therefore, they are easier to process and can be incorporated into, for exarnple, an 

organic polymer to form an SHG-active cornpo~ite.~ They are also transparent in the visible 

region. Investigation of the SHG properties of the ADP and AMP cornpounds are therefore a 

candidate for future work. 

The more detailed materials characterization of the aluminophosphate and phosphate 

solids represents a large area of possible research. Although there exists much spectroscopic data 
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on the aluminophosphate f r amework~ ,~  the data for the lower dimensiondity matenals is rather 

scarce. For example, IR spectra were not collected for any of the UT-n or phosphate matenals. 

Solid state NMR was performed on only a limited number of the discovered materials. This 

could also be done for the unknown compounds, which would reveal the coordination state and 

nurnber of crystallographic sites of aluminum and phosphorus, and could be compared to those 

of known structures. 

The Raman spectra of only a few aluminophosphate frameworks have been published and 

displayed many non-template bands, attnbuted to aluminophosphate four-rings and the larger 

rings of the main ~hannel.'~*" It would be interesting to compare these to the lower- 

dimensionality chah and layered alurninophosphates, such as the AIP0,5 framework versus the 

AIP0,-5-like layer. Preliminary Raman data collected for UT-2, UT-3 and others showed 

promising results and warrants further study. 

More in-depth thermal studies of the aluminophosphate solids could elucidate some 

unanswered questions. For example, is the chain to layer transformation that was observed for 

the cyclopentylarnmonium-related phases indeed occumng for the other cycloalkylarnine-related 

materials? This would confirm the proposed isostnicturdity arnongst the unknowns of these 

systems, without the need for SC-XRD andysis. Thermal studies of the n-alkylarnine ADP 

phases could also be studied by, for example: DSC, VT-PXRD, hot-stage polarizing optical 

microscopy (POM) and variable temperature 13C and "P MAS NMR. This muid reveal the 

range of carbon chain length that leads to a thermotropic liquid crystal and therefore possibly 

account for the narrow range of alkylarnines that lead to macroscopic surface patterning. 

Further synthetic work with alkylamines could also be performed to better define the 

conditions necessary for pattern formation, by the systematic variation of synthesis parameters 

such as TEG/H20 concentration, P:Al ratio, temperature, time and othen. There should also 

exist further interesting morphologies, such as geometric variations of the honeycomb or 

rhombohedral rnesh. More importantly, emphasis could be placed on the isolation of one 

particular morphology, which would be necessary for any potential applications. However, a 

more developed mode1 for their mode of formation would likely be more helpful in this regard. 

Further development of the mode of formation studies of Chapter 4 could be beneficial, 

since a better understanding brings one closer to the rational design of structure types for specific 

applications. Further examples of the build-up of other chain, iayered and framework structures 

were derived but not included in this wnte-up. Perhaps there are other chain transformations that 
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could better account for certain stmctures. More experirnental work is certainly necessary, and 

some possibilities include: 

Solubilization and recrystallization of the parent chah or any other chain species. The 

isostnictural zinc phosphate chain was believed to exist in solution." This chah undergoes 

different solution chemistry since there were no template molecules in the stnicture, as the 

phosphate groups contain terminal ethoxy groups which solubilize the chain. Nonetheless, 

the reversible dehydration-hydration of the solution-bound aluminophosphate aggregation 

polymers, from a viscous liquid to a solid and back, suggests that this is quite possible. 

Indeed, this was how the crystal structure of the N(H2PO4), chain was obtained? In the 

present work al1 attempts were unsuccessful, although only a limited number of such 

experminets were conducted. 

"Capping" of a solution-bound chain, thereby precipitating it out of solution. An example of 

a cappinp agent would be trimethylchlorosilane, which is commonly used to precipitate out 

silicate solution species by "trirnethylsilylation".t4'5 Another possibility is to connect an 

alkyl group to the phosphate groups by condensing terminal P-OH groups with an alcohol. 

This would render the chah reversibly soluble and crystaIlizable due to the terminal alkoxy 

groups, as for the zinc phosphate chain. The ideal case would be to crystallize out the 

various known and theoretical aluminophophate chain types. 

Gel phase chromatography, a common technique for determining molecular weight and 

molecular weight distribution of polymers and in fact for the trimethylsilylated silicate 

oligomers and cl us ter^'*'^ and higher length oligomers of condensed polyph~sphates.'~'~ 

This could be performed for various mother liquors, which may lead to evidence of a chain 

species and its MW and distribution. 

Real-time in situ PXRD of reaction gels heated under synthesis conditions. Recently, O'Hare 

and coworkers have shown this to be an excellent and powerfd technique for monitoring 

intercalation chemistry and the hydrothermal syntheses of molecular ~ieves.'"~ Advantages 

include the observation of the formation of a particular phase under actual synthesis 

conditions, as well as that of any solid intermediates and their transformations, and direct 

observation of the effect of varying synthesis parameten. This would corroborate many of 

the observed solid state transformations and allow observation of any precursor phases, such 
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as the poorly crystalline phases that diffiact at low-angle, often observed prior to the 

crystalline alurninophosphate producî. 

Since the Teflon linen contain impurities that appear to be responsible for the isolation of 

large crystals such as UT-6, this warrants further study. Such research could lead to other new 

phases and large crystal sizes of either known or unknown phases. Some degree of control of 

this process could be obtained by adding to the synthesis mixture a piece of Teflon impregnated 

with a chosen "impurity". 

The use of fluorine in any of the synthesis systems should lead to new 

fluoroalurninophosphate phases. Very small amounts made a marked difference in the results, 

such as one drop or more, and demonstrates the power of its effea. For any such future work, a 

micropipette should be used to quantitatively measure the volumes of fluorine that are added. 

The structural modification of any of the duminosphosphate solids is another area which 

could be of interest. Ion exchange of the extraframework pyridinium cations of UT-6 is a 

definite possibility. There is an entire sub-discipline of intercalation chemistry for layered 

inorganic c o m p o ~ n d s , ~ ~  which could be relevant to the layered aluminophosphates. It would dso  

be interesting to exfoliate the layers of, for exarnple, UT-3, as s h o w  for many layered inorganic 

compounds by Mallouk and coworkers?" The layers rnay then be deposited epitaxially ont0 a 

film from solution to form various superstmcturred multilayered films. Similarly, thin film 

growth has been demonstrated for oriented films of !iiP04-5 and zincophosphate molecular 

sieves? However, the film consisted of discrete, pregrown crystais. Performing this type of 

chemistry with the various layered aluminoph~sphates~ most of which already possess a plate- 

like morphology, would be much more sensible in trying to grow a smooth, continuous film, as 

is essential for any thin film device applications. 

There is a previously unexplored world of aluminum organophosphates and aluminum 

organophosphonates, where one of the phosphate oxygens is connected to or replaced by the 

carbon of an organic group, respectively. As for the zinc organophosphates, the organic group 

would serve as the void space filler and separate the inorganic species, eliminating the need of an 

organic amine. Indeed, two aluminurn methylphosphonate frarneworks- and one laye?6 were 

recently prepared hydrothermally using methylphosphonic acid as the P2O5 source and no 

template. Haushalter and coworkers hydrothermally synthesized a layered vanadium 

~rgano~hos~honate ,~ '  where the inorganic layers are joined altemately by bilayers of phenyl 
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phosphonates and monolayers of dialkyiamrnonium tempiate molecules. The well-established 

area of layered zirconium and metal phosphates and phosphonates- is also a good area upon . 

which to build. 

Finally, the non aqueous synthesis and characterization of other metal phosphates or 

metal arsenaies is a candidate for future research. The number of reported chain, layers and 

frarneworks of this class of material continually increases. To date, most are synthesized 

hydrothermally. However, a layered indium phosphate prepared from an ethylene glycol solvent 

was recently reported? As was found for aluminophosphates, the organothemal synthesis of 

other metal phosphates could be very rewarding. 
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Appendix A. Tabular summary of synthetic systems and results. PXRD and SEM 
data are shown for selected products in Appendices B and C, 
respectively, as indicated in the Iast two columns. 
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23.7 MeQI Abmimphuspùate and Metai Phosphate Systems 
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~i soirriet sîmct ~ddtaivt  O MO- n M 
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5.14 Sb-Decyiamine System 
14TEG 1.8 SiQ 3.6 H3P0, 3.0 D e c y M 2  180 3 days DDP FibnnrsoEOdIa 4 

V-62 151 H20 0 . 9 A 2 û , w  3.6 H3P04 050 CTAB 150 3days AlPOrH4 

eacIosing surface 

dcprrssiotrp 

V-63 14TEG 0.9 A12û,=nH20 3.6 H a  O S  CTAB 1ûO 3 days Minite Smali, faated 
(+ 134 H20) crystrls 



Appendix B. PXRD Patterns of Selected Products. 
Reference numbers are the same as those 
given in Appendix A and in the main text. 
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Appendix C: Scanning 
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Zlectron Micrographs 
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Appendix D. Fractional Atomic Coordinates, Theoretical PXRD 
Patterns and Tables of Relative Intensities versus d-spacing 
for the Novel UT-n and ADP Single Crystal XRD Structures 

Order of Presentation: 

(vi) UT-6, [Ai3P30Ufl'[CSHsNH+] a0.15(H20) (xii3 Decylammonium Dihydrogen Phosphate 

ID DP) , [CH,(CH3W3+1 IH,m-1 

For al1 structures, U(eq) is defined as one third of the trace of the orthogonalized Uj,i tensor. 

For (i) and (x), residual electron density h a s  been included as leftover atoms. 

For (x), standard deviations and thermal parameters are not included, as  the data set was of poor 

quality. 

Ail PXRD data were produced by the Cerius' software program. 

Calculated peaks with relative intensity below 0.5% were ornitted from the tables. 



Fractional Atomic Coordinates (x 104) and Equivalent lsotropic 
Displacernent Parameten (A2 x 1@) for UT-1 

20 (degrees) 



Fractional Atomic Coordinates (x 104) and Equivalent Isotropic 
Displacement Parameten (A2 x 10') for UT-2 

Hydrogen Fractional Coordinates (x 10') and Isotropic 
Displacernent Parameters (2 x lC?) for UT-2 





(iii) UT-3, [ A ~ ~ P ~ O , ) T ~ ~ ~ C , H W ~ + I ~  

Fractional Atornic Coordinates ( x  10') and Equivalent Isotropic 
Displacernent Parameters (A' x 10') for UT-3 

Hydrogen Fractional Coordinates (x 10') and Isotropic 
Displacement Parameters (A' x lC?) for UT-3 
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Fractional Atomic Coordinates ( x  101) and Equivalent Isotropie 
Displacernent Parameters (A' x 10)) for üT4 



Hydrogen Fractional Coordinates (x 10') and Isotropie 
Displacement Parameten (A' x le) for UT-4 



Fractional Atomic Coordinates ( x  10') and Equivalent Lsotropic 
Displacement Parameîen (A2 x 10') for UT-5 

Hydrogen Fractional Coordinates (x 10") and htropic 
Displacement Parameters (A2 x 10') for UT-5 
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Fractional Atomic Coordinates (x 10') and Equivalent Isotropic 
Displacement Parameters (A2 x 10') for UT4 

Hydrogen Fractional Coordinates (x 104) and Isotropic 
Displacernent Parameten (2 x 10)) for UT-6 
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Fractionai Atomic Coordinates (x 10') and Quivalent lsotropic 
Displacernent Parameten (A' x 1@) for UT-8 

Hydrogen Fractional Coordinates (x 104) and lsotropic 
Displacernent Parameters (A2 x lu) for UT-8 
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(ix) Cyclopentylammonium Monohydrogen Phosphate (CMP), [C,H&H3*],[HPO~-] 
Fractionai Atomic Coordinates (x 10') and Equivalent Isotmpic 

Displacement Parameters (A2 x ld) for CMP 

Hy drogen Fractionai Coordinates ( x  10') and Isotropie 
Displacement Panmeters (2 x 1@) for CMP 
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Fractional Atomic Coordinates ( x  10') and Equivalent lsotropic 
Displacement Parameters (A2 x le) for DODP 

Hydrogen Fractional Coordinates ( x  10') and Isotropie 
Displacement Parameters (A' x 1@) for DODP 
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(xi) Octylammonium Dibydrogen Phosphate (ODP), [CH,(CH3,NH3+] [H,PO;] 

Fractional Aiornic Coordinates ( x  10') and Equivaient Isotropic 
Displacement Parameters (A' x  101) for ODP 

Hydrogen Fractional Coordi nates ( x  10>) and Isotropic 
Displacement Parameten (A' x 10>) for ODP 

28 (degrees) 



(~5)  Decylammonium Dihydrogen Phosphate (DDP), [CH,(CH&.NH,+]~,PO,'I 

Fractional Atomic Coordinates (x 10') and Equivaient Isotropic 
Displacement Parameters (A' x 103 for DDP 

Hydrogen Fractional Coordinates (x 1@) and Isotropic 
Displacernent Parameten (A2 x 10') for DDP 



20 (degrees) 
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