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Abstract

Abstract

This thesis describes investigations performed tinéoion exchange and intercalation
properties of aluminium triphosphate, AP{O,0-2H,0 (AITP). Materials synthesised were
characterised using a variety of techniques, inogowder neutron and X-ray diffraction,

Rietveld analysis, thermogravimetic analysis andrenmental scanning microscopy.

Monovalent ion exchange (with Na, K, Rb, Cs and Agye complete and facile
exchange of the host's hydrogen ions and gave atliy& products. A thermodynamically
favoured phase with two waters of crystallisatioaswobserved for all monovalent cation
exchanges. The alkali metals also showed metagtabkees with differing numbers of waters
of crystallisation, four for Na and one for K, RbdaCs. Unit cells have been assigned to the
exchanged phases, with all showing a more than Iohgubf the a parameter. Structural
characterisation of the rubidium and caesium phakew this to be a result of a change of
symmetry to C2/c causing adjacent layers to stailt & unit cell along [010] with respect to
one another. lon exchange with divalent cations {@u, Zn, Ca and Sr) has also been shown

to be possible, with phases showing altered XRBepad and decomposition products.

Intercalation with a range of increasingly compéerines was found to be possible in
AITP. Multifunctional molecules, including aminoids, were also found to intercalate into
AITP, with evidence in the intercalation of 6-am@xanoic acid that interactions between
intercalated molecules within the inter-lamellagiom are possible. Trends were found to be
similar to other layered phosphates with respetivédoamounts and angles of intercalation of
simple monoamines and the effects of,@0d sterics upon an amines ability to intercalate
into AITP. In addition, intercalation with silverxehanged AITP was also found to be
possible. This was able to intercalate severallamamines to AITP, but showed its own

unique intercalation properties including the aypilo intercalate thiols.
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Chapter 1: Introduction

Chapter 1

Introduction

There is much current interest in inorganic hoatanals capable of accommodating
ions and molecules within their structure for apgifions such as ion entrapment, catalysis
and drug delivery. This thesis describes a detaitady into a family of layered triphosphate

materials, encompassing their synthesis, structomegxchange and intercalation properties.

1.1 Introduction to Phosphate Materials

‘Phosphate’ is the term used to describe oxyanmnphosphorus (V), which can
range from simple orthophosphate units, to chamt reangs, through to infinite networks.
There are a large number of known phosphates bgithesised and found as natural
minerals in rocks and living organisms. The divgrsind chemistry of phosphates results
from variations of the phosphate species, theilitglio coordinate with a large number of

cations and their tolerance for other anions oramgks, such as water or ammonia.

Three main classes of phosphates exist: monophtegphcondensed phosphates and
oxyphosphates. Monophosphates, also known as drtisppates, are salts derived from
phosphoric acid (§P0,). They are characterised by isolatedsP@nions groups, consisting
of four oxygens atoms surrounding a central phogsghon a tetrahedral arrangement.

Condensed phosphate species contain a condenssphphic anion which has at least one

1



Chapter 1: Introduction

P-O-P linkage; these types of phosphate are destcrib more detail in Section 1.2.
Oxyphosphates, which were incorrectly referredgdlmsic phosphates” for a time, include
oxygen atoms not belonging to the phosphate gnodlpeir crystal structure. The phosphoric
anion is an isolated RQetrahedron in all such compounds reported to, dateexample
Co(VOX(POy),*. Oxyphosphates may therefore be defined as phtespheith a general

formula containing an oxygen to phosphorus rateatgr than 4:1.

Phosphates are often comparable to solid silicdtes is largely due to both the
phosphate anion (R®) and silicate anion (Si)) (also the sulphate (S& and perchlorate
(ClO4) anions) having similar tetrahedral configuratiof®assical valency formulations
show these X@ ions to form a series with decreasing amountsogfient character going
from chlorate to silicate. It is generally recogrsthat all four bonds within the tetrahedra
are equivalent and modern theories describe thg gP@up in terms ok bonds formed

through sp hybridisation and-bonding using the d orbitals.

Many phosphates are resistant to chemical attak taermally stable to high
temperatures, in excess of 1400 °C in some taSash properties have lead to much interest
and attention over the past 60 years, in manydi@idluding dye¥ detergents fertilizers
and molecular sievlsin recent years the interest has shifted to bieries, phosphate
glasse¥ magnetic phosphatesferroelectric properties in phosphates such asPh°
non-linear optics in phosphates such as KTahd the discovery of the first stoichiometric

laser in the ultraphosphate fanifly

1.2 Condensed Phosphates
Condensed phosphates form an important and itérigart of phosphate chemistry.
The chemistry of condensed phosphates, when coohpathat of condensed silicates, is still

relatively poorly understood. A condensed phospbatebe defined as any phosphoric anion
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which contains one or more P-O-P bonds, or altemlgtany phosphoric anion containing an
oxygen to phosphorus ratio of less than 4:1. Tai®ris a result of condensed phosphates
being built up of basic PCetrahedra units. The P-O-P bonds can be formedvariety of
ways, the simplest of which is the elimination oater when combining two hydrogen

monophosphates units, Figure 1.1.

T ! T 7
'O—|I|’—O--H H—O—-ﬁ’—(‘f—> 'O—lfl’—O—Ill’—O' + H\()/H
O O O O

Figure 1.1 Schematic representation of two monophosphateserwintg to form a condensed phosphate

This type of condensation is capable of generalamge numbers of phosphoric
anions, with numerous geometries, with the threeannfailding units of condensed

phosphates shown in Figure 1.2.

0] ) (l}
—0—1'*—0' —0—1'*—0— —0—1'*—0—
] ) )

End Unit Middle Unit Branching Unit

Figure 1.2 The three main building units of condensed photgsha

These different phosphate environments can eésilylistinguished by techniques
such as’’P NMR spectroscopy, or sometimes simply via theidigy. Combinations of the

three units give rise to four main types of coné@enghosphate:

1. Finite chain phosphatesbuilt of linear linkages with the general formula
[PrOsn:d ™2 These have been isolated for n = 1 to 16, withlthwer members of

the series (n = 2 to 5) commonly labelled oligogithades.
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2. Infinite chain phosphatesith the general formula [(PR]"".

3. Cyclic metaphosphatealso with general formula [(R§]™, with n > 3. These
phosphates often form®s, rings and are often referred to as cyclophosphates

4. Ultraphosphates.These are a class ob@® rich phosphates containing branching

units. BROyo is considered the ultimate ultraphosphate comtgionly branching units.

As mentioned in Section 1.1, the condensed phosphate relatively stable to
chemical attack, as they contain fully oxidised gftmrus atoms. They are, however,
vulnerable to hydrolysing reactions. The condernseasphate anion dominates most of the
chemical and physical properties of these materialg the cations present may play
important roles, for example influencing the natofereactions occurring during thermal
decomposition leading to variations in the anigmeducts formed from a given phosphorus

anion.

1.2.1 Structure Types

When combined with metal cations, the four typdscondensed phosphates,
described in Section 1.2, can adopt various stractiypes, varying in framework
connectivity and this has significant influenceahemical properties. The most common are
those in which the phosphate anions link to megions in such a way to build a rigid
three-dimensional framework (see Figure 1.3a). Migds common is a structure type in
which the metals and phosphate anions connecthegét a two-dimensional array, with
these held together in the third dimension by netff weak bonding, often hydrogen

bonding (see Figure 1.3b).
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b)

Figure 1.3 a) Three-dimensional structure of %P1,0s5)", purple octahedra V§) blue tetrahedra PQand
orange spheres caesium b) Two-dimensional layeredtare of Na(NH)(Nis(P,05),(H-0),)*, purple
octahedra Ni@, blue tetrahedra P§) blue spheres nitrogen, yellow spheres sodiumverite spheres hydrogen
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1.2.2 Triphosphates

The simplest condensed phosphate is the diphaspb@;*. However in this thesis
study will focus on the next in the series, thehdsphate .. Somewhat surprisingly,
there was formal dispute over the existence ofopligpsphates above n = 2 for over 60 years
after the initial report of sodium triphosphatel®95 by Schwarz. This was despite Morey
and Ingerson producing equilibrium phase diagraanstie NaP@ — NaP,O; system®*®
which clearly showed the existence ofsR#1. The resolution of the crystal structure of one
of the forms of NgP;0O;0, with XRD analysis and paper chromatography by i®and
Corbridge in 1958 ended this dispute. Triphosphates have receiviedeist since, with an

increasing number of crystal structures being sBR7@.

Most of the well characterised triphosphates hasen discovered by investigations
of their various systems by flux methods at reltivhigh temperatures, which may be
explained by the fact that most triphosphates #fiewt to crystallise in aqueous media. One
notable exception is the 'MH,P:010- nHO family (the aluminium member of which is the
focus of this project), several of which can beaot#d through aqueous acid fluxes at

relatively low temperatures. This family is discedsn greater detail in Section 1.6.

1.2.2.1 The Triphosphate Anion

The ICSDBP® currently has over 70 crystal structures contajriie ROy, triphosphate
unit, with others reported elsewh&ré® There are three main features used to descgbg P
groups, the P-P distances, the P-O-P angles andP4Rd® angles, which are shown in
Figure 1.4. Values reported in the literature faP Eistances range from 2.82 to 2.99 A. The
literature values for P-O-P angles have a largdatran ranging from 112.6 to 142.5 ° with
the P-P-P values having an even larger variatianging from 84.5 to 151.3 °. These large
variations result from the different sizes and bogdoreferences of the large number of
cations forming the triphosphate phases (over 3@ported crystal structures, from all four

6
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blocks of the periodic table, examples including Be?*, C&*, Cs, Ni**, CU*, Y**, cdf,

T2, A, In*, P, Bi**, PP, YB*, Th*, U*", U®* and NH"), and are consistent with long
chain phosphates and large ring anions such ashsphosphate. Around half of the
reported triphosphate crystal structures exhildtfald symmetry of the triphosphate anions,

with the others displaying no internal symmetryg B&ure 1.4.

Figure 1.4 Geometry of a triphosphate unit showing the P-&dBle (blue), P-O-P angle (green) and P-P
distances. The internal axis of symmetry is alswsh

1.2.3 History of Condensed Phosphates

The present knowledge of the geometry and typesndensed phosphate anions is a
result of nearly 200 years of research into thigl fiBerzeliug® described the changes to the
properties of phosphoric acid after ignition in 68Wwhich was the first observation of
condensation of the acid, thus isolating the fiepiorted condensed phosphate. Over 30 years
later, in 1848, Fleitmann and Henneb®myoposed the following reaction scheme, to explain

their own results:

I’]H3PO4 - Hn+2PnO3n+1 + (n'1)|‘b0
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This scheme lead to the general formula of polgphates. The first report of a
triphosphate (as mentioned in Section 1.2.2) camm fSchwarz in 1898 who reported
several mixed triphosphates and sodium triphosphdtieh was later characterised as having

the RO.¢” polyphosphate anion.

In 1900, Knorr&" published a detailed review of all the work toedtto condensed
phosphates and reported results from his own ilgagins into the preparation of sodium
cyclophosphate. Boulle also worked in the areaysfaphosphates and in 1938 reported a
procedure for the preparation of water soluble ayighosphate®. Boulle’s procedure has
been extensively used to synthesis cyclotriphogshand many other classes of condensed
phosphates, and remains a key process for the rptepa of these types of phosphate.
Around the same time, Bonneman-Befhiaundertook a detailed investigation into
triphosphate chemistry using the latest methodsyothesis and X-ray diffraction. This study
confirmed the existence of the previously repotigohosphates and detailed a number of

new examples.

The development of X-ray structural analysis gidamyed a significant role in the
development of the condensed phosphate field. Blesgeometric conformations had been
suggested for condensed phosphate anions in thetpemigh various techniques, but had
not been confirmed. The application of diffractisias slow to be realised in this field,
however, with the first crystal structure of a censed phosphate, 22,0, only reported in
1935 by Levi and Peyrorid] while by that time many silicates had been stmatly

characterised.

The 1950s saw a true resurgence of condensed lpdtesghemistry, with the
discovery of thin-layer chromatography by Westmad Scotf®> and Ebel® and increased use

of X-ray structural analysis. These techniquesvalh easy establishment of the degree of
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condensation possible, and showed several preyigeplorted compounds to actually be
mixtures of condensed phosphates. This also alldaivedeginnings of well controlled and

reproducible preparation methods to be established.

Recognising the possibilities these methods affefdilo®” undertook a detailed and
systematic investigation into condensed phosphatienmals. This produced a large number
of fundamental results, which have formed the bagiemical foundation for many
subsequent investigations into the condensed phtsphield. Around the same time
van Wazer and Griffith§ undertook a significant investigation into the pedies of and
reproducible synthetic routes to condensed phosphdhis provided several new synthetic

routes to various condensed phosphates.

In more recent years interest in condensed phtsphes remained constant, with
groups such as that of Selevich and Lyutsko ingattig many of the triphosphates
discussed in Section 1.6, and detailing crystaucsires for many other condensed

phosphate¥™®

1.3 Aluminium Phosphates

There is a large diversity in composition of alamm phosphates, with examples
existing from all the types of phosphate anion dbsd in Sections 1.1 and 1.2, leading them

to form a large and complex family.

This large composition range leads to a rich stmattchemistry, currently with over
100 reported crystal structures in the ICSD comgifjust the basic Al, P and O required to
form an aluminium phosphate. This number jumps verol50 with the inclusion of
hydrogen and over 560 when the other elements renleded. The crystal structures of
aluminium phosphates are highly diverse (see Figusg ranging from three-dimensional

frameworks built from simple mono or oxyphosphagesh as A(POs),(OH)s(H.0)e*
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(Figure 1.5b), phosphate chains (for example A¥E® Figure 1.5e), phosphate rings
(for example A}(Ps0:5)*® Figure 1.5a) or even oxygen deficient phosphaesh as
Al4(POsH)s* (Figure 1.5f), to layered phosphates such as >RBho2H0
(see Section 1.6.1) or &0s,* (Figure 1.5¢), to zeolitic type open frameworkstsas that

of Al(PO,)(H-0),.1* (Figure 1.5d).

Their diversity in composition and structure meahsninium phosphates are able to
display a range of properties such as ion exchdniggercalatior, ionic conductiorf and
catalysis®. These properties in turn lead to a wealth of iappbns with aluminium
phosphates being used in environmental remedidfi@s additives in baking powdets
anti-corrosive agents in paints dental and biomedical implants implaitand as fire

retardant$,

10
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Figure 1.5 a) AL(PsO15)*%, b) A(PO,)2(OH)3(H,0)6™, ¢) AbPgOs,™, d) Al(PQ)(H,0).1*, ) Al(PQ);" and
f) Al4(PO;H)s"". Blue octahedra Alg) dark blue tetrahedra Al light blue tetrahedra P§) red spheres oxygen
and white spheres hydrogen.

11
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1.4 Layered Materials
Layered phosphates are the focus of this thedist bsi important to be aware that
several other forms of inorganic layered matemxist, which share many similar properties

to and chemistry with layered phosphates.

1.4.1 Clays

Clays are natural layered ceramic materials coegbosainly of silicate, alumina and
water. Many types of clays exist, which are clasdifby their structure type as one of:
allophane, kaolinite, halloysite, illite, chlorite, vermiculite, smectite and

attapulgite-palygorskite-sepiolite or as containmiged layers.

The crystal structures (see Figure 1.6) of thésgsaonsist of layers built of a central
sheet of magnesium or aluminium octahedra betw&ersheets of silica tetrahedra, with the
connectivity of these determining the structureetyphese negatively-charged sheets are
separated by inter-lamellar regions occupied byrditgd cations, which provide the clays
with high ion exchange capability, and are heldetbhgr by weak dipolar or van der Waals
forces. These weak forces allow the intercalatibotber cations, extra water molecules or
even organic molecules, causing expansion in thiecdaparameter perpendicular to the

inorganic layers.

Smectic clays have received the most attentiontdubeir large surface area, high
swelling capacity and high cation exchange capadsli Clays and their nanocomposites are
used in numerous applications ranging from foodkaging to automotive components, and
numerous catalysis reactions are able to occuneastirface of different clays, such as the
nucleophilic substitution of hydroxyl groups iraryl alcohols being catalysed by tin ion
exchanged montmorillonité¢ Catalysis reactions show a significant weakndsslays, as

only relatively mild conditions are possible to eresthe structure of the clays remains intact.

12
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Figure 1.6 Crystal structure of Gs(Lio.dMgs.4)(SiO10)F.". Blue octahedra Mg&F,/LiO.F,, yellow tetrahedra
SiQ, and grey spheres Cs

1.4.2 Layered double hydroxides

Layered double hydroxides are an unusual familyagéred inorganic materials, in
that the layers are positively-charged with balag@anions residing within the inter-lamellar
region. The layers are similar to those of brd&jtbeing built up of M(OH) octahedra of
single layer thickness, with the hydrogens directed the inter-lamellar region towards the
anions and water molecules residing there (seer&igjlr). Most layered double hydroxides
can be represented by the formula?fMM>"(OH):]* (A™)wn- yH.0, where M* includes
cat, Mg®*, Mn**, Fé*, Co**, CU#*, Ni** and 24", M* includes Af*, G&*, Cr**and F&" and

A" can be either organic (such as carbonates) ogamar (such as halides or nitride).

13
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Figure 1.7 Structure of [Zgs:Alo.s5(OH),] Cl o336 0.336H0%. Orange octahedra ZrngAlOg, blue spheres H
and green spheres patrtially occupied Cl sites,ritdenellar H,O not shown

Layered double hydroxides exhibit a number of @éd& properties, such as
intercalatioft®, catalytic activit}* and ion exchan§@ based on the exchange of negative
ions. They have a number of applications in biolagyd medicin®, as additives in

polymer§” ®® environmental remediatiBhand as precursors to magnetic matefidfs

1.5 Layered Phosphates

1.5.1 Zirconium Phosphates

The zirconium phosphates are one family of layeoettho-phosphates to receive
considerable interest. The two main forms aweZr(HPOy),-HO (a-ZrP) and

v-Zr(POy)(H2POy)- 2H0 (y-ZrP), with others existing but of less relevanzéhis project.
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1.5.1.1a-ZrP

a-ZrP forms the structural archetype for a familynoétal phosphates consisting of
Zr Ti" Hf®, GE° Sr’, PY’ or a mixed metal framewofk The structure of-ZrP"® is
built upon a monoclinic unit cell with space gro&&/c and unit cell parameters of
a=9.076(3) Ab =5.298(6) Ac=16.22(2) A an@ = 111.5(1) °. The structure (Figure 1.8)
consists of layers built up of corner sharingsR&rahedra and Zoctahedra, with each
PO, sharing three corners with Zg@roups, with the fourth corner containing a hyadldex
group which protrudes into the inter-lamellar regidhis gives the phase clay-like layers
with a thickness of 6.4 A. Each inter-lamellar wataly participates in intralayer hydrogen
bonding with the terminal hydroxyl group from aglmlayer, as a result the layersohZrP

are held together through van der Waals forcese&idfi

Figure 1.8 Structure oix-ZrP. Yellow octahedra Zr§)blue tetrahedra Pg) unit cell shown

15
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The interlayer spacing @f-ZrP measures ~7.55 A. The inter-lamellar region ba
considered as a zeolite-like cavity, with passagsweetween oxygens measuring 2.62, A
which gives relatively easy access to the protrydindroxide group. Most of the chemistry
of a-ZrP exploits this ease of access manipulatingptbéon or hydroxide, through processes
such as ion exchan§é® and intercalatiofi®® which are discussed in more detail in

subsequent chapters.

1.5.1.2y-ZrP

v-ZrP also forms the structural archetype for a farof metal phosphates consisting
of zr*°, Ti® and HP’. The structure of-ZrP (Figure 1.9) has a monoclinic unit cell with
space group R2and unit cell parameters cd = 5.3825(2) A,b = 6.6337(1) A,
c = 12.4102(4) A an@ = 98.687(2) #°. The layered structure is built up of Z6ctahedra
corner sharing with two PQetrahedral environments. One P@it is situated in the centre
of the layer and shares all four corners with feeighbouring Zr@ octahedra, the other RO
unit is situated on the edges of the layer shawmgcorners with adjacent octahedra, with the
other two protruding into the inter-lamellar regias hydroxyl groups, each being only half
as acidic, on average, as the terminal hydroxide-ZmP. This structural arrangement gives
y-ZrP a greater layer rigidity and thickness tha#rP, being 9.3 A thick. Both hydroxyl
groups participate in hydrogen bonding with waterthe inter-lamellar region, which in turn
form hydrogen bonds to other inter-lamellar watansl the adjacent layer. This hydrogen
bonding network, which holds the layers together, ai result ofy-ZrP having two
inter-lamellar waters per formula unit, whilstZrP only has one. The interlayer spacing of

y-ZrP is also larger than that @fZrP at ~12.2 A.

16



Chapter 1: Introduction

Figure 1.9 Structure of-ZrP. Yellow octahedra Zr§)blue tetrahedra P9 Hydrogens bonds and unit cell
shown

1.6 MH,P30;¢: nH,O Family

Aluminium triphosphate, AlbP;O10-2H,0O (AITP) belongs to a family of layered
tertiary metal triphosphates with the general fdarM" H,P;00-nH,O where M = Al, Ga,
Cr, V, Mn and F&* and n = 0, 1 or 2. The aluminium phase was fidgstified by
D'Yvoire in 19622 who noted the existence of two forms of ARO;q the first a layered
structure with two waters of hydration denoted typand the second an anhydrous form
with a three-dimensional framework denoted typdXIYvoire also made note of two iron

phases isotopic to the two aluminium phases.

Numerous reports of other members of this familiofeed over the following years,
with the type-1 layered phases of Ga being repobgdvel’nikov®®, Mn by Selevich and

Lyutsko’’ and Guzeev& and V by Lyutsko and Selevith but no crystal structures were
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reported in these early studies. There have alsm Iseveral reports of the type-Il with
isostructural crystal structures being reportedAb¥ (see Figure 1.10), &8 Cr'®% Fe%,

V1% and It with other reports but no crystal structures farHigP;O0.o° " %8

Figure 1.10 Structure of type-1l AlEP;0;,. Dark blue octahedra Alg)light blue tetrahedra P£) unit cell
shown

The crystal structure of the layered type-I trightestes remained unknown for over

P"3 8 until the structure of AITP

40 years, with only implied structural similaritiés o-Zr
(see Section 1.6.1) was solved by Rishi in 2806This was quickly followed by the
elucidation of the crystal structures of the Ga & phases’ ?® showing these to be

isostructural to AITP.

There are also crystal structures for two phasesagung one water of hydration.
The first an iron phase discovered by Averbuch @nief*°® has a three-dimensional crystal
structure similar to that of the anhydrous irong#haut expanded to allow the incorporation
of water molecules. The second, a vanadium phagertegl by Ristf, has a layered

structure (see Figure 1.11) different to thoséheftype-I dihydrate members of the family.
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Figure 1.11 Crystal Structure of VHP;0,¢: H,0?®. Green octahedra ViQblue tetrahedra P unit cell shown

1.6.1 AITP Structure

The crystal structure of AITP is built upon a ucedl of monoclinic symmetry, space
group P2/c with parameters af= 7.9497(2) Ab = 4.9302(1) A,c = 11.6564(2) A and
B =95.72(2) °. The structure (Figure 1.12) congistiyers in théc plane built of HP;O;0
spanning across the layer connecting to AtOtahedra. Each ADoctahedron connects to
four triphosphate units, two sharing a corner friooth a terminal and the central R@ith
the second terminal RQunit attaching to a neighbouring Al cation, and two more
connecting through only a terminal P®etrahedra with the other two phosphate units
connecting to neighbouring &l cations. The hydroxyl groups from the terminal,R@its
protrude into the inter-lamellar region and pap#te in hydrogen bonding with the
inter-lamellar water molecules which in turn hydeagbond with the adjacent layer, this

hydrogen bonding network holds the layers and &iradogether.

The terminal PQ units protruding into the inter-lamellar regiornvgiAITP similar
structure properties t@-ZrP, most importantly the terminal hydroxide grqutruding into

the inter-lamellar region. As mentioned in Sectioh.1.2, manipulation of this hydroxide is
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involved in most of the chemistry ofZrP, so the presence of a similar hydroxide in AIT

implies similar chemistry may be feasible in thiepe.

Figure 1.12 Structure of AITP. Dark blue octahedra AJdght blue tetrahedra Pg) unit cell shown

In spite of only recently being structurally cheteaised, AITP has been commercially
available for a number of years with numerous ma&onal patents for its industrial
applications. It is commonly used as an anticomosidditive in paints and metal surface
coatings, preferential to less environmentallyrfdly lead and chromium alternatives, with
several patents existing for its use as SUef° A number of patents also exist for the use of
composites of AITP as catalysts for exhaust gasipation**°, hardening agents for restfrs
and as chemical absorbents in odour eaters remadogrs like ammonia and hydrogen

sulphidé*?

AITP displays a trait common to many inorganic €iaad materials, especially
phosphates, in which the g reflection (or gio or thos depending on the orientation of

inorganic layers) in the XRD pattern is a direct asige of the interlayer spacing
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(Figure 1.13). This provides an easy method of mooimg any changes occurring as a result

of intercalation or ion exchange reactions.

d 100

10 15 20 25 30 35 40 45
20 / degrees

Figure 1.13 Schematic of @, peak directly showing interlayer spacing

1.7 Project Aims

The primary aim of this project was to investigdte properties and potential of the
M"' P30.0- 2H,0 family, with the focus on the aluminium membertioé family as this was
the easiest member to synthesis and the most watletijed. Results from the investigations
with AITP could then be expanded to study other imemrs of this isostructural family of

layered triphosphates.

The initial aim was to study the ion exchange proge of AITP, expanding upon the

d'** 114 and knowing the structural similarities betweed”A

few studies already report&
anda-ZrP, utilise the wealth of knowledge @fZrPs ion exchange properties to attempt to
optimise exchange in AITP. Resulting products weyehave the amount of exchange

guantified, then attempts would be made to stradijucharacterise these phases.

Another aim of the project was to investigate thiericalation potential of AITP, as
with ion exchange, exploiting the similaritiesdeZrP and making use of the understanding
of intercalation intoa-ZrP and similar phases. These investigations werassess the

diversity of possible intercalated molecules anthpare with other known host structures.
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Of particular interest were complex molecules tid potential to offer unusual properties.

It was also hoped to determine the structural iogpions of these intercalation reactions.
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Chapter 2

Experimental Techniques

2.1 Synthesis

AITP was synthesised using an acid flux technigse described previously?
Aluminium oxide was swirled in phosphoric acid [86%, Sigma-Aldrich] in an alumina
crucible, with a phosphorus to aluminium molaragadf 6:1. This mixture was heated to
240 °C for 24 hours then allowed to cool to roommperature over a 48 hour period. The
resulting white powder was collecte vacuum filtration and washed with copious amounts

of water.

The synthesis techniques used for ion exchangmiatercalating AITP will be

discussed in their relevant chapters.

2.2 Diffraction in Solids
Crystalline solids are capable of diffracting wava both X-rays and neutrons. A
basic understanding of diffraction and some basiccples of crystallinity is required to

explain how this occurs.
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2.2.1 Diffraction

Waves travelling through the same medium canactewith each other and undergo
the process of superposition, which can give riseboth constructive and destructive
interference. For two waves, of the same wavelengavelling in the same direction, the
observed intensity at any one point is determingthke phase shift between the two waves
(Figure 2.1). This is normally a linear shift, in the length units of the wavelength. A phase
shift of zero results in completely constructivéerference, showing as increased intensity
(Figure 2.1a), while a phase shift of a half thev@langth results in completely destructive

interference, showing as no intensity (Figure 2.1b)
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Figure 2.1 Superposition of two waves (red and blue) givingné@rference wave (green). a) zero phase shift,
b) half wavelength phase shift and c) one third afavelength phase shift

Diffraction in crystalline materials occurs wherawes are scattered from atoms at
different positions within the material. There iplaase shift between waves, created by the

different path lengths to different atoms, whicluses superposition of the waves and thus
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differences in observed intensity. This can thes gnformation about the positions of atoms

within the crystalline material.

Diffraction is only able to occur when the wavejdnof radiation is consistent with
the distance between the scattering atoms. The larayths of X-rays and neutrons
(see Sections 2.3 and 2.4 respectively) can beecddme order of scale as atomic separations

so are ideal for diffraction of crystalline matésia

2.2.2 Fundamental Crystallography

The atoms making up a crystalline solid adoptgula arrangement with respect to
each other through three dimensions, building uptvidrknown as a crystalline lattice. The
smallest repeating unit which contains all the swtrgnof the crystal structure is called the
unit cell. This cell is built up of three axes, d¢dlbed a, b andc, and three angles, labelled
a, B andy, arranged such thatlies betweerb andc (oppositea). Variations of these axes
and angles give rise to seven crystal systems dccuietragonal, trigonal, hexagonal,
orthorhombic, monoclinic and triclinic), of whicthé monoclinic system is of primary
interest in this project, in which # b # ¢, o =y = 90°# . Combination of these crystal
systems with lattice centring gives a total of &tite types, known as the Bravais lattfces

(Figure 2.2).

29



Chapter 2: Experimental Techniques

Cubic
a=b=c¢ p I . Fle

Tetragonal
a=bFc P I .

Orthorhombic [ A =
azb#e P | * Flol & |of C
a= B =y= 903 [ ]

Hexagonal Trigonal

a=bFc p a=b=c o
o=p=90° y=120° a=p=vy#90°
Monoclinic S A Triclinic

a¥b#Fc P c/’z 7] arbh#Fc P
a=y=90°#p g, azfzys90°

Figure 2.2 The 7 Crystal systems and 14 Bravais lattices géethfron’)

With the addition of atoms to the unit cell, whgsesitions are given as fractional
coordinates for each of the three axes from oneecaof the unit cell, it becomes apparent
further translational symmetry is required alongsildat describing the Bravais lattice. The
addition of these extra symmetry elements, sucylide planes and screw axes, to those of
the Bravais lattices in all possible arrangemeritesgrise to 230 spacegrodpsThese

spacegroups completely describe the symmetry ofsiat structurg

Crystals can be described in terms of a serieattite planes, which provide a
reference grid on which the atoms making up a ahgtucture may be referred. Each plane
cuts through the three cell axes and is definetthesraction of the cell edge. The planes are
labelled in terms of the reciprocal of these ingpis, and are referred to as Miller indices and

labelled asl{kl) for the plane (Figure 2.3).
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Figure 2.3 Examples of lattice planes and their Miller indsc® marks the unit cell origin

Dependent upon the symmetry of the system, somtheoflattice planes will be
equivalent, such as (100), (010) and (001) in acclattice, with the number of equivalent
planes known as the multiplicity. Lattice planes asually defined as a plane in a single unit
cell, but they exist as an infinite number of e@liwnt parallel planes running throughout the
whole crystal lattice, which are separated by g@mdicular distance known as d-spacing
often denoted ;. For a monoclinic system, such as those in tlogept, the d-spacing of any

set of planes can be calculated through Equation 1:

1 1 (h* k?sin®B [* 2hlcosp Equation 1
—_ - + —_—
a? b2 c? ac

% N sin?f
2.2.3 Bragg’'s Law

Bragd derived his equation describing the relationstiiefiected neutrons or X-rays
by lattice planes shortly after the discovery ttrgstals could diffract X-rays, and this is now

used universally as the basis to describe difioactBragg’s law describes a crystal in terms
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of reflecting lattice planes, and treats diffrantias the reflection of X-rays from lattice

planes of the same Miller indices (Figure 2.4).

Figure 2.4 Schematic representation of Bragg’'s Law

For two X-rays scattering from adjacent planeg(Ffe 2.4) the second must travel a
longer path (from C to B to D). Bragg’s law givésstpath difference in this in terms of the

radiations incident angl®) and the plane separationlgiving the equation:

CB + BD = 2dyy,; sin @ Equation 2
Constructive interference from superposition oodgurs for this equation if the path
difference is equal to an integer number of wavglles (i.e. the waves are in phase), with
non integer numbers of wavelengths leading to detwe interference. This allows

Equation 2 to be modified to the Bragg equation:

niA = Zdhkl sin @ Equation 3
2.3 X-Ray Diffraction
X-ray diffraction (XRD) is one of the most fundamal and important techniques

employed for characterisation of crystalline malsti It is able to provide phase
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identification and assess sample purity using aliete of known XRD patterns (such as the
JCPDS), as well as much more complex interpretations Emvestigations allowing full
structural determinations of materials of interedRD was the primary technique used to

characterise materials synthesised throughouptiigct.

2.3.1 Generation of X-rays

Laboratory X-ray diffractometers use an X-ray talsehe source of their X-rays. This
tube is an evacuated enclosure in which an electrient is passed through a tungsten wire
filament, producing electrons which are acceleréitedugh a potential difference of ~40 kV
and collided with a metal anode target. This targeisually copper (used exclusively in this
project), but other metals such as molybdenum, rchnm, iron and cobalt are also
commonly used. This electron beam ionizes cordreles from the K shell (1s) of the copper
atoms, causing vacancies which are filled with tetexs from higher L (2p) or M (3p) shells,
the relaxation of which produces X-rays of a chmastic wavelength, Kand K radiation
respectively for L and M (Figure 2.5a). The two sib&e spin states of the relaxing electrons
creates two different wavelengths from each sleed). (K1 = 1.5406 A, K, = 1.5442 A) in a
2:1 ratid™*° Alongside these characteristic X-ray peaks ismtinuous background which is
known as the Bremsstrahlung (“brake radiation”) seali by X-rays released from the

deceleration of the high energy electrons aftey tatlide with the metal target (Figure 2.5b).
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Figure 2.5 a) X-ray produced through vacancy filling b) X-rsggectrum for copper

2.3.2 Powder diffraction

X-ray diffraction of a single crystal results inpattern containing spots of intensity
which can usually be assigned to a singtévalue (Figure 2.6a). A powder sample, being
studied with powder X-ray diffraction, containsubstantial number of crystallites randomly
orientated, covering all possible angles of latptanes. This means X-rays are diffracted at
all possible angles defined by Bragg’s law causiregspots observed in single crystal XRD
to be smeared into rings (Figure 2.6c), with eah being a peak in the XRD pattern. This
causes a loss of direct data compared to singlstair)XRD, but different aspects of the
powder XRD pattern still contain amounts of datag@fe 2.7) which can aid in

understanding the crystal structure of the matéeatg studied.

a) b) c)

Figure 2.6 a) single crystal giving XRD spots, b) severafatigntly orientated crystals causing extra rotated
XRD spots, c) large number of crystals giving XRBgs
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Figure2.7 Aspects making up an XRD pattern

The Backgroundof an XRD pattern has an element caused througfrumental and
experimental factors such as detector noise anddhgle holder. The rest is a result of
sample effects including things such as amorphoatemals, incoherent scattering, local
effects and X-ray absorbance and fluorescenceb@bkground is usually disregarded during
analysis of XRD patterns, although Pair DistribatiBunction analysis (see Section 2.6)

utilises the diffuse scattering component.

The peak positionsare determined by the phase’s unit cell size aymdnsetry.
Following Bragg's law the positions correspond be tseparation distances of the lattice
planes within the unit cell. The zero point errbitiee diffractometer used also has an effect

on the peak position.

There are a number of contributing factors to akpeprofile shape The
diffractometers setup and radiation source haveftatt, as does the phases crystallite size.
For Bragg's law to be completely true the crystalBize must be effectively infinite, a finite

sized crystal will spread the diffracted intensityer a small region related to its size and
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shape. The amount of broadening resulting fromd&mple can be used to estimate the

crystallite size using equations such as the Sehetuatioh*™**

K2 Equation 4
te B cos @

Where K is the shape factor (typically around 0®)}the X-ray wavelengthp the line
broadening at full width half maximum of the diffteon peak,0 the Bragg angle of the

diffraction peak and the mean size of the crystallite.

Thepeak intensitys affected in several ways by many differentdest The intensity

can be expressed by various forms of the equi4tian

Ihkl = KF,fklmALP Equation 5

Where:

Fne Is the structure factor, the most important faciffecting the intensity of a

diffracted peak. It represents the sum of the egaty power of all the atoms present

within the unit cell.

» Kis a proportionality constant

* m is the multiplicity of thehkl planes, accounting for the number of planes
contributing to the same reflection, e.g. (100},00and (001) in a cubic system have
the same d-spacing and contribute to the sameipeakXRD pattern

* Als the absorption factor, accounting for the antaf incident and diffracted X-rays
that are absorbed by the crystalline material. Bm®unt depends on a number of
factors, such as the thickness of the sample dfrdation geometry

« L is the Lorentz factor, a geometric factor varyimgth 6, correcting for the

diffractometer geometry
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* P is the polarisation factor, accounting for théapeation of the X-ray beam. This is

often combined with the Lorentz factor.

There are still, however, other factors influegcihe intensities observed in XRD
patterns. As mentioned previously a small crystabize broadens a peaks profile shape, this
in turn causes a reduction of the peaks intendity phase consists of crystallites containing
one long crystal axis, often giving it a needleptate like appearance (such as AITP), the
crystallites may align with each other, rather thaning a completely random orientation as
expected in a powder. This phenomenon is knowrnrefenped orientation and increases the

amount of diffracted intensity from lattice plarniegshe aligned crystallographic axis.

Experimental factors such as the collection timehef data and the intensity of the
radiation source will define the absolute intensityand XRD pattern. Multi-phased samples
will have relative intensities of one phase to aeot which will be dependent on the

abundance of each phase.

2.3.3 Laboratory Diffractometers

Three different laboratory diffractometers wereedisthroughout this project. A
Siemens D5000 and a Bruker D8 were used routinely the characterisation and
identification of samples. For both diffractometéne sample was mounted on ScSt@M
magic tape™, which gives negligible X-ray scattgrimhich was in turn attached to the
diffractometers sample holder. A Siemens D5005 used for variable temperature XRD
studies. For the D5005 the sample filled a shaldwmina boat, which was inserted into the

diffractometer furnace.

2.3.3.1 Siemens D5000

The D5000 operates with a copper X-ray tube argkrmanium monochromator

providing Cu Ka (. = 1.54056 A). The diffractometer is set up in simission geometry, in
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which the X-ray source is held in a constant positand the position sensitive detector
(PSD) and sample are rotated through a circumferefidetween 5 — 100°02The PSD
itself covers 8° @ and rotates with a step size of 0.02° Zhe samples were rotated in the

plane perpendicular to the X-ray beam whilst dataewbeing collected.

2.3.3.2 Briuker D8

Much like the D5000, the Briker D8 operates imsraon geometry, with a copper
X-ray tube and germanium monochromator providingkGuradiation. The PSD is a more
advanced solid state Linxeye model covering 8%ad having a variable step size (around

0.02° was used for this project) and rotating tigtoa circumference of between 2 — 96? 2

2.3.3.3 Siemens D5005

The D5005 again contains a copper X-ray tube mpgleys a G6bel mirror as a wide
beam monochromator. This removes the bremsstruhhutgs unable to strip away the XK
giving a mix of Cu K; and K, with an average wavelength af = 1.5418 A. The
diffractometer operates in a reflection @) geometry in which the sample is held in a
constant position and the X-ray source and detentore synchronously through a range of
20. The static sample allows the D5005 to be fittdthwarious sample stages allowing
diffraction to be carried out in different enviroents. In this project a high temperature
Anton-Paar HTK 1200 stage, capable of temperatupeto 1000 °C, was used to monitor

XRD ‘in-situ’ at varying temperatures.

2.4 Neutron Diffraction

Neutrons that possess wavelengths of similar nhadmito the separation of atoms
will undergo diffraction from crystalline materidisllowing Bragg’s law in a similar manner
to X-rays. However, there is one significant diffiece, in that where X-rays interact with the

electron cloud surrounding a nucleus, neutrons gumaaately interact with the nuclei
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themselves. As a result neutron scattering powes ot vary linearly with atomic number
but follows a complex patteth This can lead to significant variation in scattgrpower

between elements of similar atomic number and different isotopes of the same element,
especially in the case of hydrogen and deuteriums fhakes neutron diffraction an excellent

probe for light atoms, such as hydrogen and oxygeer in the presence of heavier atoms.

Neutrons possess a spin and therefore a magnetientpmeaning they can undergo
magnetic scattering from paramagnetic atoms (atsitisunpaired electrons), resulting from
interactions with the electron cloud. This magnetattering of neutrons gives information
about the alignment of electron spins allowing dateation of the magnetic unit cell and

magnetic ordering of a crystal structure.

Neutrons are produced in two different ways leadimgwo types of experimental
facilities. The first produces neutrong spallation, a process in which a metal target is
bombarded with high energy protons generating agauheutron beam, commonly used in
time of flight(TOF) neutron experiments. TOF experiments usieadiion from a range of
wavelengths of the neutrons and detectors at fexagles §) a known distance from the
sample. The intensity of diffracted neutrons isntliecorded as a function of the time of

flight.

The second method involves the fission of uraniam nhuclear reactor, producing a
continuous beam of high velocity neutrons, whiclechéo be slowed with heavy water to
produce wavelengths suitable for diffraction stedi@pecific wavelengths can be selected by
passing the beam through a monochromator (Cu, (&&)or his gives a continuous beam of
neutrons with a constant wavelength and diffractan be measured as a functionfof
These are known a®nstant wavelengtfCW) experiments. This method of diffraction has a

high loss of neutrons through the monochromati@tess, meaning longer periods of data
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collection are often required to compensate forldleintensity of the neutron beam. All the
neutron diffraction studies performed during thi®ject were from constant wavelength

experiments.

Both of these methods are expensive and therefdyeawailable at national facilities.
Neutron diffraction studies also require a largeoant of sample, often using around 5g for

each experiment.

Neutron diffraction studies in this study were pemnied at the Institut Laue Langevin
(ILL) in Grenoble, France on the D2B high-resolatiawo-axis diffractometer. D2B
(Figure 2.8) is fitted with a Ge monochromatorpw@afing the selection of wavelengths in the
range 1.05 A to 2.4 A (a wavelength of 1.59432 Aswmed during experiments in this

project), and 64 detectors spaced at 2.5° intervals

Gru?hiie Collimator Neutron flight tube
iter| N P

Monochromator :
Adjustable slits : :

" .'..!-».-3\..‘-\* Ay
Monitor 1357 20 Cample

Adjustable slits \o Beam stop

Collimator ===
I
Detector He ‘1\ %

Multidetector

Figure 2.8 Layout of instrument D2B at the It

2.5 Rietveld Analysis
Until the late 1960s unless a material possesggddymmetry with no overlapping

Bragg peaks in its powder pattern, or single ctydiféraction could be preformed, detailed
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structural analysis was often problematic and Behito simple pattern matching. This was
overcome in the late 1960s when Rietveld proposdaécanique to refine nuclear and
magnetic structures from neutron powder diffractitand® % which was afterwards adapted
for use with powder X-ray diffraction data and mancommonly known as Rietveld analysis

or the Rietveld methdd

The Rietveld method requires a full structural elpdcontaining a unit cell,
spacegroup and atom positions, which is combineith wistrument parameters such as
wavelength to calculate a powder pattern. This rhisdhen modified and refined to obtain
the best fit between the calculated powder pateadhthe real observed pattern. The method
uses nonlinear least-squares refinement to fitrebdeintensitiesy;, for all data pointsi, in

the powder pattern through:

E ti
Sy = Z w; (Vi = Yer)? quation 6
i

Where § is the residualy; is the observed intensity of th® data point andy is the
calculated intensity of thé" data point andw; is the weight assigned to tfi8 data point

which is equal tgy; * in the absence of a background.

The quality of fit of a Rietveld refinement can agsessed visually with a difference
plot of the observed and calculated powder pattevhgh ideally should be a flat line. There
are also a number of statistical Figures of mémpwn as R-factors, used to evaluate the

quality of fit including the Bragg residualgR

_ 2k — Ienial Equation 7
2 i
Whereln andlgny are the observed and calculated intensity of Braegks respectively. The

Rg

Bragg residual is based upon the intensity of tregB peaks determined by the unit cell, and
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is therefore a good indication of the accuracyha staring model. There are also several

R-factors based on the whole pattern such as Riqarof

_ 2y =yl Equation 8

R. =
P XY

And R-weighted profile:
1 Equation 9
R = [Z wi (y; — yei)?]?
P 2w (y:)?

And the R-expected:

N—p— C]% Equation 10

X w;(yi)?

Wherey, andy; are the observed and calculated intensity of'tritata point respectivelyy;

Rexp =

is the weight assigned to tifedata point, N is the number of observables, Résnumber of

refined parameters and C the number of constraed.u

Combining R, and Ry, gives the ‘goodness of fit’ valug?, which in a perfect

refinement would equal one, but in reality thisat achieved.

wp

[R r Equation 11
X’ =
Rexp

There are a several pieces of software availal@ddorming Rietveld refinements.
The most widely used are the freely available GSA of progrants, which were used in
this project. Other programs include Fullgfofand the newer commercially available

Topag®.

2.6 Pair Distribution Function Analysis
While XRD and Rietveld analysis are effective ®dbr analysing crystalline
material, they are much less effective for materialth poorer long-range order such as

glasses, nanocrystals and amorphous materialsdBaibution function analysi§?® (PDF),
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however, is a total scattering technique combirooth Bragg and diffuse scattering, which

enables probing of the short and medium range arfdess crystalline materials.

PDF uses the Fourier relationship between thegmate arrangement of atom pairs
and diffraction intensities. It can be defined ertas a Fourier transform of scattered X-ray or
neutron intensities, or directly defined in reahsp in terms of atomic coordinates. This latter
definition makes PDF an intuitive function as PDéaks result directly from the distances
between atom pairs, i.e. a peak withraralue of 2 A represents a distance of 2 A between

two atoms.

Both X-rays and neutrons can be used in PDF exyets, although the X-ray
experiments are almost exclusively preformed withchrotron X-rays. This is because to
provide high accuracy and adequate real-spaceutesobf the PDF peaks, it is important to
measure data over a wide range of g-space (QkaWpi25-50 A!, and as) = 4msin 6 /A
(for elastic scattering), high energy, short wangth X-rays or neutrons are required. X-rays
betweem\. = 0.12 A and\ = 0.27 A (100 keV and 45 keV respectively) areidgfly used,
thus mostly ruling out laboratory X-ray sourceyuph lab based diffractometers are being

developed using Mo and Ag X-ray sources to alloskanise PDF.

The atomic PDF, @], can be defined from the atomic pair densi{y), the average

atomic numbery,, and a radial distance,through the equation:

G(r) = 4nr[p(r) — po] Equation 12
It is also possible to obtain G(experimentally as it relates to the measured ytra

neutron diffraction pattern through the Fouriensfarm:

Qmax Equation 13
G(r) = (2m) f QIS(Q) — 1] sin(Qr)dQ
Q=0
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Where S(Q) is the total scattering structure fuorgticontaining the measured intensity from

an isotropic sample, which is in turn calculatedtigh the equation:

_IMQ) = X ailfi (@I Equation 14
SO =""serr !

Where f°(Q) is the measured scattering intensity from aparwhich has been corrected

for experimental effects and normalised by the #imd number of atom in the sampieand

fi are the atomic concentration and X-ray form facespectively for the atomic species
For neutron experiments théerms are replaced liyterms which are Q-independent neutron
scattering lengths and the sums are run overabpes and spin states in the sample as well

as the atomic species.

Structural models can be refined againat) @( a similar fashion to that of Rietveld
refinement with X-ray diffraction. Various prograffié’ exist to do this, such as PDFFIT
which uses least-squares refinement similar toveigt Unlike Rietveld refinement, which
can only use long range order to give an averagetate, PDF can be used to refine long,
medium and short range order by refining differemmges ofr. This allows structural
refinement of local as well as average structumnd,alows structural probing of local defects

within a material, and of glasses and amorphougmadg with no long range order.

PDF data for this project were collected at statid-ID-B at the Advanced Photon
Source (APS), Argonne in Chicago by Dr. JosephjatrilDr. Jennifer Readman and Victoria
Burnell. The instrument is capable of deliveringnadyotron X-rays at a range of
wavelengths X = 0.13702 A was used for this project) and isefittwith a silicon

monochromator and germanium amorphous silicon inpégje detector.
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2.7 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a techniquedufor monitoring mass changes
of a material as a function of temperature. TGAlys&s themselves are, effectively, very
accurate weighing balances (x0.000059) inside @afte, which continually record the mass
of a sample as the temperature is increased, dscea held constant over a period of time.
Analysers are capable of operating under a numbeifferent environments such as normal

air, N, O,, H,, etc, or under vacuum.

Most TGA analysers also have a differential thdranaalysis (DTA) unit, which
monitors heat flow and energy changes within théens being studied. This is achieved
through comparison to a reference material (such-AkQO3) throughout the experiment.
DTA can be used to monitor phase changes in a rabter a function of temperature and is
particularly useful for polymorphic phase changdwme no changes in mass are observed
but endo- or exothermic events occur. The technicpre be calibrated to give accurate
guantitive values for thermal events, or, as indase of this project, simply to indicate if a

thermal event is exo- or endothermic.

All measurements in this project were performethva small amount of sample
(~20-40 mg) placed in an alumina boat, which waguim mounted on a fine platinum
balance within the TGA analyser. This was thendwhan an atmosphere of air, at a rate of
3 °C/min to a set temperature where it was held av@0 minute period. The measurements
in this project were performed using a Rheometae&ific STA 1500, and the changes in

mass of the ion exchanged AITP samples used talatdcthe content of water in each phase.

2.8 Scanning Electron Microscopy
The study of the topology of a material’s surfe&ceften important in many fields of

science. Optical microscopy is the classical metbbdtudying surfaces, but has limited
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resolution. Scanning electron microscOp{SEM) allows a greater depth of focus and better

resolution allowing materials to be viewed at o1/20,000 times magnification.

A high energy electron beam (typically above 10k/$canned across the surface of
a material, causing the generation of low energpmsaary electrons, many of which escape
the surface. These secondary electrons are attraxt® phosphor screen, causing it to glow.
The intensity of this light is measured by a phattirplier tube and converted into an image.
Samples which are good electron conductors arestas study as the unimpeded flow of
electrons aids the process. Poorly conducting sesnphy be coated in a thin film of gold or
carbon to aid their conductivity, but there is dice balance between the thickness of this

coating and obstructing the surfaces features.

SEM units operate under high vacuums (typically Torr or less), as the molecules
in an atmosphere would scatter the secondary etectiffecting the images being produced.
This causes problems for hydrated samples suchlB8 As the high vacuum can cause
decomposition of the sample. These problems haga beercome with the development of
environmental scanning electron microscgpy (ESEM), which operate under low vacuum,
allowing vapour pressure of up to 10 Torr and reéathumidity of up to 100%, allowing

hydrated samples to remain stable.

Samples observed in this project were thinly agapto a sticky carbon pad and coated
with a thin layer of carbon. These were then obe@rusing a Philips XL30 ESEM-FEG
operating at 4.6 Torr with a 15.0 kV electron beainthe Electron Microscopy Centre at the

University of Birmingham.

2.9 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectrosc8pYEDX) is a technique to determine the

elemental composition of a material using X-rays. BDX system can be attached to both
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SEM and ESEM systems, allowing the microscopesetaldéscribed as analytical electron

microscopes (AEM).

An electron beam, typically in the energy range200kV, is scanned across the
surface of the material under investigation, cayisire elements making up the material to
emit X-rays. These X-rays strike the SiLi semicartdu detector, which generates a pulse of
current proportional to the energy of the X-raygfallowing an X-ray spectrum to be created

giving information on the materials elemental cosipon.

The silicon-lithium detector is usually protectbg a beryllium window, which
absorbs X-rays produced by elements with an atonmmicber below 11, making detection of

elements below sodium difficult.

2.10 Flame Emission Photometry

This technique has its basis in the simple flags and the century old knowledge
that flames produced from the combustion of gasesapable of exciting elements to emit
characteristic radiation. It uses a flame as acsof energy to first vaporise a compound
into a molecular gas and then dissociate thisangas of free atoms. A fraction of these free
atoms then absorb further energy and enter aneekstiate. When the atoms return to the
ground state they re-emit this energy as a charsiteatomic line spectrum (Figure 2.9). If
the excitation conditions are kept constant, thtenisity of the emission of characteristic

wavelengths is proportional to the concentratiothefelement.

.| |}
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Figure 2.9 Atomic line spectra for lithium and sodium (adapteont®)
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Flame photometry instruments (Figure 2.10) usuatlysist of a nebuliser/flame unit
which draws sample solutions from a reservoir aagbps them through a mixing chamber to
convert them to an aerosol, before spraying theémthe flame. The emitted light is focused
and passed through an element specific filterr aftach it falls on a photodiode detector
which produces an electric signal proportionalhte tadiation’s intensity. This signal is then
amplified and passed to a readout system. In tioeg, lithium and sodium ion exchanged
species were dissolved in 0.1 M Hh@nd measurements were taken using a Corning 400

flame photometer.

Photodiode
Filtey L'etector Feadout
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Figure 2.10 Layout of a flame photometer

2.11 HCN Elemental Analysis

HCN elemental analysis is a technique used to whéter the amounts of hydrogen,
carbon and nitrogen within an organic or inorgasaenple. The technique combusts small
amounts (5-20 mg) of a solid sample, at temperatal®ve 900 °C, under a flow of pure
oxygen gas. This converts hydrogen, carbon andggtr to their respective oxides, which
are passed into a gas chromatographer which asalysemounts present, giving results as a

percentage of the original sample.
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The measurements in this project were performed p&E Instruments EA1110
elemental analyser and used to determine the asmofirganic molecules intercalated into

AITP phases.

2.12 Fourier Transform Infrared Spectroscopy

Infrared spectroscopy involves exposing a sampla beam of infrared radiation,
which has energy of the order of magnitude requicedause vibrations in chemical bonds.
When the energy of an incident photon is equah&b of the energy gap between vibrational
states, it may be absorbed causing the molecuwlibtate. For these vibrations to be infrared
active they must cause a change in the moleculpolai moment of the molecule

(Figure 2.11).

0=C=0 O0=C=0 O0=C=0
No Dipole — No Dipole
Change

Figure 2.11 Different vibrations affecting the molecules dipolement

The absorption of IR is measured in reciprocal ioegtres (crit), with typical IR
spectra recorded over a region of 400 to 4000.chme IR spectrum is affected by several
factors such as molecular symmetry which can resdare vibrations forbidden, whereas
others are caused to be degenerate. The frequémeyions occur at, relates to the strength
of the absorbing bond and the mass of the atonmsirfigrit, which allows these absorptions

to be assigned to specific chemical groups.

Fourier transform infrared (FTIR) spectroscopy iwes exposing a sample to all
wavelengths of infrared radiation simultaneouslgufer transform calculations are then
performed upon the resulting waveform, separatinoto its component wavelengths to

provide a spectrum.
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FTIR measurements in this project were recordadgua Varian 660-IR FTIR
spectrometer fitted with a Pike MIRacle attenuatsdl reflectance (ATR) attachment. This
spectrometer uses a ceramic Mid-IR source, capabldelivering a spectral range of
7900 — 375 cl, and is fitted with a KBr beam splitter and a DIGH (deuterated L-alanine
doped triglycene sulphate) detector. The IR beapagsed through a diamond prism in the
ATR unit, where it is reflected to penetrate a $rdatance into the sample clamped to the
prism’s surface. Absorption of IR radiation occogiin this arrangement is equivalent to a

transmission arrangement.
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Chapter 3

Monovalent lon Exchange in AIHPs044- 2H,0

3.1 Introduction

lon exchange was discovered to occur in soils @€ryears ago by Thompsaand
Way’. Later the active compounds were found to be &mliclays, glauconites and humic
acids" . For several decades it was believed to be a propmited to very few types of
inorganic compounds. As work progressed in the, arégcame apparent that many different
compounds possess ion exchange prop@riiesiuding a number of phosphates and layered
phosphates. The property has led to or become tanoin a large number of technologies
and technological research areas. These includer wafteners and molecular sieves, ionic

conductors for use in batteries and fuel cells)earovaste management and catalysis.

Of all the layered phosphatesZrP has received the most attention with regaritisto
ion exchange properti®& As mentioned in Chapter 1.5.1.&;ZrP contains terminal
hydroxide groups within its inter-lamellar regiomhich provide the potential for exchange,

with the topology of the inter-lamellar region affiag the kinetics and propertfe¥’

All of the alkali metals have been exchanged im@rP to varying extent$™

Sodium and potassium form two phases with half ange and full exchange achieveable
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shown by the plateaus in the uptake curves (Figutg Rubidium and caesium show no
significant exchange until higher pHs are reachwldere they first form a three quarters
exchanged form then a fully exchanged form at adooid 11. This difference in behaviour

between the different ions is explained by thecétme ofa-ZrP. The passageway between
oxygens in the inter-lamellar region is 2.62" fa space which is sufficient to readily allow
sodium and potassium ions into the inter-lamekaiaon to facilitate exchange, but the larger
rubidium and caesium ions ingression is limited: Fabidium and caesium to exchange, the
phosphate layers must first spread apart, the gnkng which is supplied by a base,

increasing pH and neutralising the lattice protdns

Percent of conversion

25 50 75 100
T T T

110
100

80

80

pH 70

60

50

1
10 20 30 40 50 60 70
uptake meq. Mrg Zr{HPO4), H,O

Figure 3.1 Uptake curves with pH for the alkali metalsoi#ZrP"’

Alberti also found the larger cations could belexgyed intou-ZrP at lower pH if
small amounts of sodium salts were added to théamging solutiolf. He found sodium
acted as a catalyst, by exchanging into the iterellar region and expanding it making it
easier for the larger cations to enter. These sodans are then replaced by the larger

cations and return to the exchange solution.
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Clearfield and Troup have studied lithium exchahgeto a-ZrP'® and found the
uptake occurred in several steps (Figure 3.1) amid the other alkali metal exchanges into
a-ZrP. Unlike these other alkali metals, which cdhfarm two phases of either half,
three-quarter or full ion exchange, lithium exchangas able to form all three phases.
Studies have also shown that lithium exchangedgshaan be reversibly formed through

exchange from other cation exchanged forms-&fP*> %

Clearfield and Cheng reported a silver exchang@dP phas&. They found reacting
a-ZrP with AgNQ; resulted only in a fully exchanged phase with ntermediate half
exchanged phase. Bernascenial successfully isolated a half silver exchangedrP?® by

exchanging from ZrNaH(P£{»-5H,0.

As discussed previously (Chapter 1.6.1), AITP skam number of structural
similarities to a-ZrP, most importantly, perhaps, the terminal hydie group in the
inter-lamellar region. The presence of this givéEFAsimilar ion exchange potential as seen
in a-ZrP, with a capacity of 6.35 mmol*gcomparable to that ef-ZrP (6.71 mmol g) and
zeolites (3-7 mmol ), and higher than a number of other types of iachangers such as
smectic clays (0.5-1.5 mmol™Y}y ferrocyanides (1.1-6.1 mmol™y or hydrous oxides

(1-5 mmol g")°.

A small number of studies have been undertakentiid ion exchange properties of
AITP. The original report of AIT® made reference to two sodium exchanged phases,
AlNa,Ps010- 4H,0 and AlNaP;O.o2H,0. These were again studied by Lyutsko in 7883

but details of how the ion exchange was achievediaclear.

The ammonium ion has also been exchanged into .Allliere have been two
different phases reported with this ion, AlMHP;0.¢*° and Al(NH.),P;0:¢%’. The half
exchanged form reported was formed directly withaard flux using (NH),HPQ, rather
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than through ion exchange. This allowed Averbuchdhot to obtain a single crystal large
enough to provide a full crystal structure of thisasé®. The fully exchanged form reported
by Lyutsko was synthesised through ion exchangiefsodium phase and has no reported

structural characterisatioh

There have also been reports of silver exchand@®.AHayashiet af® synthesised
the phase with a view to intercalating small gasdbiols and sulphides. They quantified the
amount of Ag exchanged by analysing the supernatant solutier afquilibrium and
determined up to 87% of the potential exchangelesh achieved. They also concluded the
amount exchanged was dependent on the concentrattitihe aqueous AgNfOexchange
solution. No attempts were made in this study tivjgle any structural characterisation of the

exchanged phase.

The silver exchanged AITP phase has also beesstigaged by Ris#f, who made no
attempt to quantify the amount of silver exchangatimpting instead to gain insight into the
structural details of the phase. He assigned ailgessionoclinic unit cell to the phase with
parameters of = 8.5679(8) Ab = 4.9268(5) Ac = 11.5048(12) A ang = 96.14(1) °. This
unit cell is consistent with that of the original®*° (a = 7.9381(3) Ab = 4.9188(2) A,
c=11.6286(4) A ang = 95.739(2) °) but was unable to index a numbgyeaiks in the XRD
pattern, including a few of significant intensifgishi suggested this may be a result of the

incomplete exchange resulting in the silver arraggn an incommensurate manner.

Rishi has also studied lithium exchange into AfTBtirring AITP in LiINO; solutions
varying the Li:Al ratio and monitoring the lithiummptake using X-ray diffraction and flame
photometry. After the exchange reactions he obsgeclhanges in the XRD patterns, most

notably a shift in the do peak to lower @ values indicating the interlayer spacing had
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increased. This peak occurred at differeitvalues for the exchanges performed at 5:1 and

25:1 LiagyAl ) ratios, with the intermediate ratios displayingjtgpeaks, Figure 3.2.

——AITP
—5:1 Li:Al
——10:1 Li:Al
——15:1 Li:Al
20:1 Li:Al
——25:1 Li:Al

Intensity / arb units

10.6 10.8 11 11.2 11.4
20 / degrees

Figure 3.2 XRD plots showing,g, peaks for AITP and various Li:Al ratio exchangaddpted frorft)

Rishi concluded from this that the lithium excharagxcurred via two steps, with the
amount of lithium incorporated dependent upon thallgiving a ‘high loaded’ and a ‘low
loaded’ phase, with the intermediate ratios givangnix of the two. This conclusion was
validated by flame photometry which showed the15:Al ratio to give around 3.9% of the
maximum possible exchange (6.35 mmdi),gwhereas the 25:1 Li:Al and above ratios
showed around 10% exchange. The observation oérdiif levels of lithium loading is
inconsistent with other exchanged cations in AIB&, is consistent, albeit it at much lower

loadings, with lithium exchange inZrP"".

Rishi indexed unit cells to the two different lealdphases, shown in Table 3.1. These

showed an increase in thgparameter as would be expected from exchangiadanger ion.

Table 3.1 Unit cells for lithium exchanged AITP phaSes

Phase alA b/A c/A B/° Volume / &
AITP 79381(3)  4.9188(2)  11.6286(4)  95739(2)  43(3]
Low loaded  7.968(3) 4.928(1) 11.656(4) 95.78(1)  .45B)

High loaded  8.1373(4) 4.9110(2)  11.5652(4) 96.44(2) 459.3(2)
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This chapter initially focuses on a detailed stuttp the reported sodium exchanged
AITP phases to clarify their formation via exchangethods. Then the focus moves to the
synthesis and characterisation of a wide range ohawalent exchanges in AITP. This
includes further studies on increasing the amodidittoum incorporated into AITP. In all
studied exchange reactions the products are indexgdovide unit cells in order to better

understand the structural implications of the ergea

3.2 Experimental

Sodium and potassium exchanges were achievedrbgg0.5g of AITP in 50ml of
an aqueous solution of MCI and MOH containing a Mrétio of 25:1 with a 9:1 CI:OH
ratio. Rubidium, caesium and potassium exchanges aehieved by stirring 0.5g of AITP in
50ml agqueous solutions of MCl and.®10; also with a M:Al ratio of 25:1 and 9:1 M:M ratio
for the chloride and carbonate respectively. Sileechange was affected by stirring 0.5g
AITP in a 50ml solution of AgN@with a 25:1 Ag:Al ratio. The ratio of 25:1 is basen
Rishi’s findings with lithium showing this to beeHowest ratio to give the higher loadfg
For all these systems it was found that reactianusgdcbe scaled to >5g of AITP but required

extra time (often several days) before completdamge was achieved.

A number of different methods have been undertagezxchange lithium into AITP.
These included adding base to the exchanging ealutefreshing the exchanging solution,
increasing the concentration of the exchangingtmwiiand varying the Li:Al ratio. The exact
methods will be discussed alongside their resulitgum uptake in Section 3.8. All
experiments involved stirring 0.5g of AITP in a S0exchanging solution, with 25:1 Li:Al,

unless otherwise stated, for 24 hours.
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3.3 Sodium Exchange

Initial attempts to obtain a sodium exchanged ehasolved stirring AITP in NacCl
solutions, however this provided no evidence ofhexge in resulting XRD patterns.
Following success in-ZrP, it was decided to add a base into the exahaotution, with the
belief that a higher pH would facilitate the rembgaH" from the layers, thus facilitating a
more facile exchange reaction. The addition of Na@ithe solution had an immediate effect
upon the XRD pattern (Figure 3.3) (see Appendixofl domparison to other exchanged

phases), showing only the reported AIR#: - 4H,0** (AITP-Na-4) with no residual AITP

present.

——AITP-Na.4
—AITP
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Figure 3.3 XRD patterns of red) AITP-Na-4 and black) AITP

To confirm the amount of sodium exchanged into ghase, flame photometry was
undertaken. This confirmed that the phase had tefedg undergone complete sodium

exchange (for details see Appendix 2).
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Attempts were made to index a unit cell to thisgghwith the aid of the computer
programs Crysfiré, DSPACE? and CELL*®. Despite humerous attempts, these failed to

provide a feasible unit cell for this phase.

Thermogravimetric Analysis (TGA) and Differenti@hermal Analysis (DTA) were
preformed to ascertain the water content of thes@ligigure 3.4). This showed the water loss
occurs in two steps. The first, with an associatedmal event at around 70 °C, corresponds
to the loss of two formula waters losing 8.7 wt% w®%6 calculated for two waters per
formula unit). The second at around 170 °C was atstsistent with two formula waters
losing 8.96 wt% (9.06 wt% calculated). This coupkath the flame photometry, confirmed

the phase’s stoichiometry to be ABRPaO10- 4H,0.
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£ 92 - ~
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.20 ®
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84 -
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50 100 150 200 250 300

Temperature / °C

Figure 3.4 TGA & DTA plot of AITP-Na-4

Given the earlier repoftsof a second sodium phase with a different watertest
and the clear plateau between the two water loséisel TGA data, attempts were made to
isolate the second phase. This was achieved byngeakTP-Na-4 to 100 °C for 12 hours,
the resulting product, with XRD pattern shown igute 3.5, being confirmed with TGA and

flame photometry to be AINB;O;0: 2H,0 (AITP-Na).
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——AITP-Na

—AITP
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Figure 3.5 XRD pattern of red) AITP-Na and black) AITP

A sample of AITP-Na was then dehydrated at 250f61C12 hours, giving a third
phase with a different XRD pattern, and left expbs® the atmosphere. After 3 days this
sample had completely rehydrated to the AITP-Naspharolonged exposure to the
atmosphere did not result in the original four-wateAlITP-Na-4 phase being reformed, even
after several months. In addition, submersion affANa in water and refluxing for 7 days,
failed to rehydrate to the level of four watersnfaning the initial loss of water is
irreversible. This shows the AITP-Na-4 phase tonmastable, with AITP-Na being the
favoured phase in the system. AITP-Na-4 may proaideore readily exchangeable material
for subsequent ion exchange reactions given thieehigzater content, increased inter-layer

spacing and its limited stability.

Using the aforementioned methodology, a monoclunt cell, with parameters
a =17.625(5) Ab = 4.916(1) Ac = 11.620(4) A and = 107.89(1) °, was indexed for the
AITP-Na phase (see Appendix 3-1 for full CELL refment). Having indexed a unit cell, the

program Checkcelt was used to suggest potential spacegroups fgutthse. This suggested
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C2, CM, C2/c or C2/M. This cell shares similaandc parameters with the original AITP
cell, but thea parameter has been more than doubled. To ensarartger cell was justified,
and that cells similar in size to the parent AlITErevnot viable, a study of significant peaks
with odd values oh was undertaken. In essence, any odd vallepsbvide evidence of the
more than doubling of the parameter. Table 3.2 shows a list of reflectioith wddh values
and their intensity, confirming the validity of tlemlarged unit cell along as compared to

AITP.

Table 3.2 XRD peaks with confirmed odd h values in the imdp&f AITP-Na. Intensity (%) is in comparison to
the most intense peak

Observed B (°) hkl Intensity (%)
18.818 -110 18.9
23.649 112 17.9
25.811 112 58.6
26.120 312 53.2
30.580 -313 20.5
31.679 312 19.6
32.253 -510 40.0

Having successfully exchanged sodium into AlTRerapts were made to determine
if this could be reversed as is reportechi@rP with several different catiotfs*t Stirring
AITP-Na in 0.1M HCI for 24 hours proved to be afeefive method to achieve this, resulting
in the reformation of AITP, albeit in a less crytee form. The lack of any AITP-Na present
in the XRD patterns and the fact that flame photoynshowed no evidence of sodium,

indicated this reverse process resulted in comgbetbange back to the parent AITP.

ESEM images of AITP-Na (Figure 3.6b) show it catsiof flat blade-like crystals.

These are similar to the needle/plate shaped ¢systan in the AITP host (Figure 3.6a).
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Figure 3.6 ESEM images of a) AITPb) AITP-Na

As the thermal decomposition of AITP directly involvb®e terminal hydrogen, it we
decided to perform thermal studies on A-Na to investigate how the replacement of

hydrogen affected the decomposition. The decompasif this phase proceeds thro the
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dehydrated phase mentioned previously and beginshémge again at around 450 °C
(see Figure 3.7). Here a sodium detaches a phasphdtto form AINaRO; and NaP@ The
pyrophosphate is stable until around 500 °C whiede¢omposes to give another NaR@d

AIPQO,. This gives a possible overall decomposition patw

~70°C ~170°C ~450 °C
AlNango]_o' 4H,0 m A|N82P3010' 2H0 m A|N3.2P30]_0 — A|NaP207 + NaPQ
-2H2 -2H2

~500°C

—— AIPO4 + 2 NaPQ
This decomposition to pyrophosphate and orthophatspis in complete contrast to
the pathway observed in AITP where water is ejeatetithe phosphates condense to infinite

chains and form Al(P¢)s.

——248°C
——448°C
——498°C

Intensity / arb. units
4
*
*
2 d
*
E.
‘>0
S

10 15 20 25 30 35 40 45 50 55 60
20 / degrees

Figure 3.7 XRD patterns showing thermal decomposition praslo€tAITP-Na at various temperatures.
«NaPQ;, s AINaP,O; and* AIPQ

Finally attempts were made to produce a half exgbd phase as has been shown to
be possible im-ZrP*®* and suggested for ammonium in AFfPReducing the amount of
sodium in the exchange solution failed to produgghase with a lower sodium content,

instead the XRD patterns showed a mix of AITP aftiPANa- 4. This coupled with the lack
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of exchange in the NaCl solutions suggests thaé dine activation barrier to exchange has
been overcome, complete exchange is achieved witintermediate partially exchanged

phases.

3.4 Potassium Exchange

Following the success of the sodium exchangematie were made at potassium
exchange using the same technique. This resultadchew phase being obtained with a new

XRD pattern shown in Figure 3.8.

——AITP-K

—AITP

Intensity / arb units

L

5 10 15 20 25 40 45 50 55 60

238 / deg?ges
Figure 3.8 XRD pattern of red) AITP-K and black) AITP
Attempts were also undertaken to establish whetleaker bases were also able to
achieve the same exchange resultC®; instead of KOH also resulted in the same
exchanged product being formed, implying while basonditions are required for ion
exchange into AITP, less severe conditions arenaftgficient and this lowers the risk of

structural damage to AITP framework from the exg®asolution.

A third attempt at forming this phase was undenmtaksing AITP-Na-4 as the

exchangeable host. This resulted in exchange tamemtical potassium phase as reported

64



Chapter 3: Monovalent lon Exchange
in A|H2P3010'2H20

above, with no residual AITP-Na-4 as evidenced WDXdata. Analysis of the sodium
content via flame photometry confirmed that no sodremained in the host after potassium

exchange, and therefore it may be assumed thahthee is fully potassium exchanged.

TGA and DTA were performed to determine the watartent of the AITP-K phase
(Figure 3.9). This showed it to contain two moldswater per mole of triphosphate
(9.24 wt% observed mass loss, 9.14 wt% calculafBlag. accuracy of the calculation also
confirms the assumption of complete potassium exghdo be correct, giving the phase a

stoichiometry of AlkP3;010- 2HO (AITP-K).
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Figure 3.9 TGA and DTA plot of AITP-K

A monoclinic unit cell with parameters = 18.664(8) A,b = 4.885(1) A,
c = 11.701(3) A ang = 91.87(2) ° was assigned to this phase (see Afpeh2 for full
CELL refinement). Once again Checkcell was useidéatify potential space groups for the
phase. This suggested that the cell may be eitBgr & P2/c, and therefore different to
those suggested for the sodium cell, but consistéhtthe AITP host. Importantly, the unit
cell is fairly consistent with the AITP-Na unit telith a greater than doubling of tree

parameter evident and tlheandc parameters being consistent with those of the Al©Bt.
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The main difference being tifieangle is nearly 20 degrees smaller in AITP-K. Tégson for
this is unclear, but may relate to the differentesize of the exchanged cation forcing the
phosphate layers into slightly different relativeeatations, also resulting in the different
potential space groups between the sodium and gpotagphases (see Chapter 4 for a more

detailed discussion on structure following exchange

The TGA plot (Figure 3.9) shows the water loss évenaccompanied by two
endotherms suggesting the presence of a seconé phtislower water content. The close
proximity and lack of a plateau in the mass los& daiggested this second phase may be
difficult to isolate. To attempt isolation of théagse, a sample of AITP-K was heated to 80 °C
the suggested dehydration temperature from the P& Whilst a second sample was
heated to 150 °C to dehydrate it completely thénebegposed to the atmosphere for 3 days to
monitor rehydration. Both routes produced the samueluct, with a typical XRD pattern

shown in Figure 3.10.

——AITP-K.1
—AITP
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Figure 3.10 XRD pattern of red) AITP-K-1 and black) AITP
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TGA and DTA result showed the phase to contain mioée of water per mole of
triphosphate, giving the phase a stoichiometry & R;0.0 H,O (AITP-K-1). Leaving a
sample of AITP-K-1 exposed to the atmosphere feersé weeks showed a rehydration to
AITP-K and therefore indicated that the loss of evdietween the two phases is reversible.
This is contrary to the behaviour shown betweerltesodium phases, where the initial loss
of two waters is irreversible. This suggests thahase with two waters of crystallisation is
the thermodynamically favoured phase within the @aohanged AITPs and any other water
content phases are only metastable and will reltiveadily convert to phases containing

two waters of crystallization.

AITP-K-1 was indexed to a monoclinic unit cell wiparameters = 17.004(9) A,
b = 4.880(2) A,c = 11.711(5) A andg = 91.23 ° (see Appendix 3-3 for full CELL
refinement). This is again consistent with the aellexed for AITP-K, the only difference
being a reduce@ parameter and slightly small@r angle resulting from the loss of an

inter-lamellar water.

ESEM showed AITP-K to consist of long thin angutaystals (Figure 3.11), similar
to those observed in AITP-Na, implying a similarustural motif between the phases

alongside the similarities in unit cell dimensions.
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Figure 3.11 ESEM image of AITP-K

The thermal decomposition pathway of AITP-K wasnduto be similar to that
observed in AITP-Na. There was evidence of a dedtgdrphase, resulting from the loss of
all inter-lamellar water from around 100 °C. At and 550 °C, this begins to decompose to
form AIKP,O; and KPQ (see Figure 3.12). The pyrophosphate is thenestablil around
750 °C where it decomposes to give more KR{Dd AIPQ. Thus a possible overall

decomposition pathway is:
~80°C ~100°C ~550°C
A|K 2P3010' 2H20 W A|K 2P3010' Hzo W A|K 2P3010 — A|KP207 + KPQ
-H2 -H2

~700°C

— AIPO; + 2 KPGQ
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—098°C
——548°C
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Figure 3.12 XRD patterns showing thermal decomposition praslo€tAITP-K at various temperatures
*KPG;, s AIKP,0O7 and* AIPQ

3.5 Rubidium Exchange

Attempts at rubidium exchange were undertaken withdium carbonate using the
AITP host and also exchanging from AITP-Na-4, athvgotassium in Section 3.4. Both
methods were successful in providing a new phatetiwe associated XRD pattern shown in
Figure 3.13. The lack of any sodium remaining aféacchange from AITP-Na-4, as
determined by flame photometry (Appendix 2), imglieomplete exchange had occurred.

This was subsequently supported by Rietveld arslggie Chapter 4.4).
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——AITP-Rb
—AITP
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Figure 3.13 XRD pattern of red) AITP-Rb and black) AITP

TGA and DTA (Figure 3.14) show the phase to contaio formula units of water
(7.66 wt% observed loss, 7.41 wt% calculated) gvihme phase a stoichiometry of
AIRDb,P3050- 2H,0 (AITP-Rb), consistent with the stoichiometry dfet other exchanged

phases.

The phase was indexed to a monoclinic unit cetwarameters ai = 19.506(15) A,
b=4.872(3) Ac=11.799(8) A ang = 91.73(4) °, with Checkcell suggesting possilplace
groups of P2/c or R& (see Appendix 3-4 for full CELL refinement). Thell is consistent
with those observed for sodium and potassium, W& angle and potential space groups
consistent with potassium, suggesting a differeoncthe sodium cell possibly as a result of

sodium ion’s smaller size.
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Figure 3.14 TGA and DTA plot of AITP-Rb

Again there are two endothermic events accompagntlie water loss process for
AITP-Rb, with a small plateau in the mass loss (Feg3.14), implying the rubidium
exchange also forms a second phase. This additjgmede could not be isolated despite
numerous attempts. XRD patterns collecedsity very shortly after heating the sample at
both 100 °C (the temperature of the first endotheamd 200 °C, which should fully
dehydrate the phase, showed only AITP-Rb presdms. Suggests that the rate of rehydration
is significantly faster than observed in both tbheism and potassium phases. There were a
few extra peaks around 256,2ndicating a second phase may exist but rehyalraiccurred
too quickly to allow isolation. Therefore, varialiEmperatureif situ) XRD (VTXRD) was

performed to study the phase in more detail (Figut8).

The dgo reflection is a good indicator of the phases preaeeach temperature. The
AITP-Rb phase is present from room temp to arouhd@ and the dehydrated phase from
148 °C upwards. The temperature range between ttvesephases clearly shows an
intermediate peak, showing AIEO010- H,O to exist, but is much less stable than AITP-K-1,

rehydrating almost immediately, and is hence osdyatedn situ.
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Figure 3.15 VTXRD patterns of thexg peak of AITP-Rb

As is the case with AITP-Na and AITP-K, ESEM showdd@P-Rb to consist of long

thin angular crystals (Figure 3.16).

-

ﬁ
s Agey' Spot Magn
15.0kV 40 bbbax

Figure 3.16 ESEM image of AITP-Rb

The thermal decomposition of AITP-Rb is also sanito those of the previously
observed exchanged phases (see Figure 3.17). Ahc&rb50 °C the dehydrated phase

decomposes to RbRB@nd an unreported phase. This is believed to RbRO;, which is
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not reported in either the JCPB%r ICSD’ databases, with this assumption based on its
decomposition to form AlPOand RbP@at around 750 °C. This is consistent with both the

sodium and potassium phases and gives an ovecalhrgmsition pathway of:

~100°C ~150°C ~550°C

AlengOlo' 2H20 W A|Rb2P30]_0' Hzo W AlengO]_o — AlePzO7 + RbPQ
-H2 -H2

~750°C

— AIPO; + 2 RbPQ@

No further attempts were made to isolate or furtharacterise AIRb®;.

Intensity / arb. units

10 15 20 25 30 40 45 50 55 60

35
20 / degrees

Figure 3.17 XRD patterns showing thermal decomposition praslo€tAITP-Rb at various temperatures.
*RbPQ, s AIRbR0O; and* AIPQ

3.6 Caesium Exchange

Caesium is of added interest as an ion exchangealion due to the need to safely
trap and remove it from nuclear wa&té® Caesium was exchanged into the AITP structure
successfully using the same two methods as dedcfibeubidium (Section 3.5), producing
a phase with the XRD pattern shown in Figure 3Al@me photometry again showed no
sodium remaining after exchange from AITP-Na-4 (8@pendix 2), implying complete

exchange was achieved, supported by Rietveld asdlykapter 4.5).
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Figure 3.18 XRD plot of red) AITP-Cs and black) AITP

TGA and DTA (Figure 3.19) showed the phase to hawe moles of water per
triphosphate (6.3 wt% observed mass loss, 6.2 w#leulated) giving the formula

AICS,P5010 2H,0 (AITP-Cs).
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Figure3.19 TGA and DTA plot of AITP-Cs

The phase was indexed to a monoclinic unit cethvparameters = 20.39(2) A,

b = 4.871(4) A,c = 11.677(9) A and = 95.28(6) ° (see Appendix 3-5 for full CELL
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refinement), consistent again with the other exgednphases. There were too few peaks to

assign potential spacegroups to the phase.

The DTA again shows two endotherms during the mlates process, with the TGA
showing a slight change in gradient implying caesiso has a second phase. As with the
rubidium phases, this second phase could not Batesbdue to rapid rehydration back to

AITP-Cs, so VTXRD studies were undertaken (Figug93

Using the gy peak as an indicator, the VTXRD patterns show likely
AlCs,P30,0- HO present at 98 °C, with AITP-Cs present below teimperature and the

dehydrated phase present above 147 °C.

Intensity / arb units

6 7 8 9 10 11 12 13 14
20 / degrees

Figure 3.20 VTXRD patterns of theg reflection in AITP-Cs

Taking the TGA and DTA data to higher temperatsfeswved the phase underwent a
sharp exothermic event at 525 °C (Figure 3.21)eratihan the broad endotherm observed in

the other alkali metal phases. This thermal evexst mot accompanied by a mass loss event.
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Figure 3.21 Partial TGA and DTA of AITP-Cs, showing large exoth at 525 °C

XRD patterns (Figure 3.22) taken after this evadrw that instead of decomposing to
a pyrophosphate and an orthophosphate as in thepsesystems, AITP-Cs converts into
another phase of stoichiometry ABsO.,. This phase has previously been repdftéd but
this route,via exchange reactions, is different to the directtlsgsisvia evacuated sealed
silica tubes previously reported. Chapter 4.5 caegand contrasts the structural differences

between these two phases.
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—— AITP-Cs
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Figure 3.22 XRD pattern of red) AIGB;0;, and black) AITP-Cs
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ESEM (Figure 3.23) shows AITP-Cs, like the restled exchanged phases, consists

of long angular crystals.

AccV Spo.’rﬁq_'t\jun gD — 5 um
10000x  SE

150kV 40 10.0

Figure 3.23 ESEM image of AITP-Cs

3.7 Silver Exchange

Silver exchange was achieved using AgN& reported previously *° and by
exchanging from AITP-Na-4. This produced a phagh thie XRD pattern shown in Figure
3.24. Full exchange is again assumed from flameqgohetry showing the removal of all the

sodium when exchanging from AITP-Na- 4.
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——AITP-Ag
——AITP
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Figure 3.24 XRD pattern of red) AITP-Ag and black) AITP
DTA and TGA (Figure 3.25) have confirmed the dwmmetry of this phase as
AlAg,P50:0: 2H0 (AITP-Ag), with an observed mass loss of 6.48 wtdmpared to the

calculated loss of 6.78 wt%.

The DTA plot shows a second small endotherm is pfiase as with all the other
phases produced. However unlike the others no ee&@®f a second phase with a lower

water content has been observed, with VTXRD onbwshg the dehydrated phase.
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Figure 3.25 TGA and DTA plots of AITP-Ag
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A monoclinic unit cell was determined, with paraseta = 17.237(7) A,
b = 4.924(1) A,c = 11.660(3) A and = 96.39(2) ° (see Appendix 3-6 for full CELL

refinement), with Checkcell giving possible spaceugs of C2, CM, C2/c or C2/M.

Rishi had previously indexed a unit cell to AITP?Aga = 8.5679(8) A,
b = 4.9268(5) Ac = 11.5048(12) A angt = 96.14(1) °). The cells are almost identical gtce
for thea parameter. The cell reported here haa parameter double that of Rishi’s, which is
consistent with the other unit cells indexed fornmalent cation exchanged AITP. It also

indexes all of the observed peaks in the XRD pattenlike Rishi’s cell.

Like the rest of the exchanged phases, ESEM shdWB-Ag consists of long thin

angular crystals shown in Figure 3.26.

AccV Spot Magn . Det wD ——/
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F

Figure 3.26 ESEM image of AITP-Ag
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The thermal decomposition pathway of AITP-Ag remsaiunclear. After the
dehydrated phase decomposes at around 420 °Coinlescamorphous and remains that way
until much higher temperatures, even through tihgel@ndotherm at around 470 °C. It is

possible that at these temperatures some silverhanag vaporised out of the sample.

3.8 Lithium Exchange

The initial attempt at lithium exchange using duson of LiCl concurred with
Rishi’'s observations showing the same XRD patterd kvel of lithium exchange. To
attempt to increase the amount of lithium exchanged the AITP host, the pH of the
exchanging solution was systematically increasethbyaddition of an increasing percentage
of LIOH. The addition of LiIOH to the exchanging stibn had an immediate effect with a
new phase observed with several differences apparets XRD pattern to that of the pure

LiCl exchange phase (Figures 3.27 and 3.28).

100% LiOH ——6:4 CI:OH
——1:9 CI:OH 7:3 Cl:OH

2:8 Cl:OH ——38:2 Cl:OH

3:7 Cl:OH ——9:1 CI:OH
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Figure 3.27 XRD patterns for the LiCI:LiOH solution series fxchange of AITP
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The most apparent change was thg deak shifting to an intermediat® 2alue of
8.03 A, between those of AITP (7.94 A) and 8.07AHe pure LiCl solution (Figure 3.28a).
This shows the interlayer spacing to have decreaseatdditional lithium has been inserted
into the inter-lamellar region (see Table 3.3 amitbiving discussion), which may result from
lithium’s high polarisation attracting oxygens froadjacent layers and pulling the layers

together.

—AITP

——100% LicCl

—9:1Cl:OH

Intensity / arb units

10.2 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8 12
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Figure 3.28 Shifting of the g, peak for different exchange solution

A unit cell was indexed for this new phase witle tharameters = 8.015(6) A,
b = 4.890(3) Ac = 11.586(6) A ang = 95.24(3) °. It is notable that tleeparameter has

increased but not doubled as was seen with the alkedi metals exchanging into AITP.

As the percentage of LIOH in the exchanging sotuiincreases the crystallinity of
the exchanged phases begins to reduce and othdentified phases begin to form, with
broad peaks appearing at lower values ®©frdem 40% hydroxide upward, until the phase

becomes amorphous.
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Flame photometry was performed on these phasdsteymine the lithium content
with results shown in Table 3.3 (see Appendix 2raw results). The results show that the
addition of hydroxide to the exchanging solutiogndiicantly increased the lithium loading
by around 40%, to give 50% loading. This, with tiferent XRD pattern and unit cell,

suggested there is a third phase with differeniuin loading in this series.

Table 3.3 Percentage lithium exchange of pH varied seri#&slithium exchange refers to the percentage of
potential maximum exchange)

Exchanging Solution Lithium Exchanged (%)

100% LiCl 11(1)
90:10 LiCl : LIOH 50(1)
80:20 LiCl : LiOH 55(2)
70:30 LiCl : LIOH 60(2)
60:40 LiCl : LiOH 50(1)
50:50 LiCl : LiOH 77(1)
40:60 LiCl : LiOH 59(2)
30:70 LiCl : LIOH 84(2)
20:80 LiCl : LiOH 86(2)
10:90 LiCl : LiOH 95(3)

100% LiOH 73(2)

Above 40% hydroxide the XRD patterns show extraleniified phases, so the much
higher values of lithium content observed are {ikel be unreliable, as the lithium cannot be
assumed to have entered the AITP host, possiblgimgsin unknown lithium containing

phases.

To attempt to increase the lithium content furthgarocess of solution refreshing was
undertaken using the 100% LiCIl and the 9:1 andL874 solutions. This involved reacting
AITP in the solutions for 24 hours then drainin@tbie solution and replacing it with a fresh
solution, with the hope that removing the exchanggttogen ions would allow more lithium
to enter the inter-lamellar region. The flame plhodtry results of this process are shown in

Table 3.4.
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Table 3.4 Percentage lithium exchange from solution refregh{@s lithium exchange refers to the
percentage of potential maximum exchange)

Exchanging Solution Lithium Exchange (%)
100% LiCl 11(1)
1 solution refresh 31(2)
2 solution refreshes 39(1)
3 solution refreshes 59(3)
90:10 LiCl : LIOH 50(1)
1 solution refresh 64(1)
2 solution refreshes 62(1)
3 solution refreshes 69(1)
80:20 LiCl : LIOH 55(2)
3 solution refreshes 74(3)

The solution of pure lithium chloride showed amrease from the initial 10% to
around 30-40% with 1-2 solution refreshes showingatteration to its XRD pattern and
therefore not indicating a change to the highedéabphase. After the third refresh the higher

loaded phase was formed with the lithium conteatslly increasing to around 60%.

The hydroxide solutions increased the lithium eanto around 60% after 2 refreshes
and around 70% after a third. The XRD patternsthis process (Figure 3.29), however,
showed an increase of amorphous background anctatecrof crystallinity suggesting a

breakdown of the host structure.

—— 3 refresh
—— 2 refresh
—— 1 refresh
—— 00 refresh

Intensity / arb units
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Figure 3.29 XRD patterns of solution refreshing for the 80:2CIL LiOH samples, showing a breakdown of
the crystalline structure
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As Rishi had found that altering the lithium toumlinium ratio gave a higher
percentage of exchange, studies were undertakarseothis method with the hydroxide
solutions, specifically the 9:1 Cl:OH. The flameoptmetry, Table 3.5, shows an increase of
lithium content as the lithium to aluminium raticcreased but this increase was coupled to a
loss of crystallinity observed in the XRD patterfisgure 3.30). The 50:1 Li:Al ratio
showed the largest lithium content achieved to gusit, at around 70% of the potential
exchange, whilst remaining crystalline and showingormation of other phases. The 100:1
Li:Al exchange solution caused an almost compledakdown of the host structure, its XRD
pattern being almost completely amorphous, theeetsrvalue of 95% exchange is likely to

be unreliable.

Table 3.5 Percentage lithium exchange from varying Li:Al cat{% lithium exchange refers to the
percentage of potential maximum exchange)

Li:Al ratio Lithium Exchange (%)
10:1 32(5)
25:1 50(1)
50:1 69(1)
100:1 95(4)

——100:1 Li:Al
——50:1 Li:Al
——25:1 Li:Al
——10:1 Li:Al
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Figure 3.30 XRD patterns of differing Li:Al ratio phases
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3.9 Mixed Cation Exchanges

It has been observed in Sections 3.4-3.7 that AV&P4 can be used as an exchanging
host to produce any of the other ion exchanged gshasxcluding lithium. With this
knowledge, experiments were preformed to investiglathis was a common trait in all the
exchanged AITP phases and to discover if any selgcdf AITP towards the exchangeable

cations existed.

Initially, attempts were made to reverse all of éixehanges with hydrogen, using the
method discussed in Section 3.3. This showed th#teaexchanges could be reversed and
proves the aluminium phosphate layers remain in@etl no irreversible structural

rearrangement occurs when ion exchange takes place.

It was found that, given an excess of another roar exchanging solution, all the
fully exchanged AITP phases could be interchangsith, a loss of crystallinity each time the
process was undertaken. No phases containing ranedne cation type were isolated, with
all exchanges going to completion. This is différenreports of cation-cation exchange in
a-ZrP. Alberti et al? reported being able to form ZrNaK(R)@ a half and half sodium

potassium zirconium phosphate, when exchangingspiotian into the sodium form afZrP.

AITP appears to show no selectivity towards any @aten when two or more cations
were present in the exchange solution, with the Xpddterns showing the presence of
several exchanged phases. This has implicationsafigr potential application requiring
selective uptake of one particular cation, foranse caesium removal from nuclear waste.
This is again different to-ZrP which shows a preference to smaller cationssipure form

and a preference to larger cations when excharfgny the sodium exchanged fofin

As other monovalent cation exchange forms of AhERe been shown to be able to
exchange cations readily, and lithium is able teersibly exchange with other cations in
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a-ZrP*, it was decided to attempt to exchange lithiuno iMTP-Na-4. This showed that
unlike in a-ZrP, or the other exchanged forms of AITP, lithiusmnot able to readily
exchange fully with other cations, with its XRD f@ah (Figure 3.31) instead showing a mix

of poorly crystalline AITP-Na-4 and patrtially lithin exchanged AITP.
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Figure 3.31 XRD pattern of attempt to exchange lithium into”ANa-4

3.10 Structural Comparison of Exchanged phases

Table 3.6 shows the indexed unit cells and d-sigacfrthe doo peak for all the fully

exchange phases with comparable water contentiffa units of water).

Table 3.6 Unit cells and d-spacing obg peak for exchanged AITP phases.

Phase alA b/A clA B/° Volume / &2 daygo/ A

AITP 7.9381(3) 4.9188(2) 11.6286(4) 95.739(2)  4B13) 7.94*
AITP-Na  17.625(5) 4.916(1) 11.620(4) 107.89(1) a%B) 8.42
AITP-K  18.664(8)  4.855(1) 11.701(3) 91.87(2) 10%0)7  9.36
AITP-Rb  19.506(15) 4.872(3) 11.799(8)  91.73(4) 1121 9.77
AITP-Cs  20.390(21) 4.871(4) 11.677(9)  95.28(6) 1254  10.18

AITP-Ag  17.237(7) 4.924(1) 11.660(3) 96.39(2) 9¢3)5  8.58
*This is the doo peak in the case of AITP

All the exchanged phases show a general similarithe AITP phase with respect to
their b andc parameters but no apparent correlatioft mngle. A general trend is apparent

with thea parameter, it having slightly more than doubledlirthe fully exchanged phases.
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The doubling of the unit cell alorgyis not a result of the inter-lamellar region donglin
size (as the d-spacing of theygpeak, which is directly related to the interlagpacing,
increases but does not double) but is likely tiseilteof adjacent phosphate layers somehow
becoming crystallographically distinct. This mayuk from either the exchanged cations
ordering in a way which requires two AITP layerddoe a suitable unit cell is formed or if
neighbouring phosphate layers are shifted with eelspo each other. As this more than
doubling of thea parameter occurs for every exchanged phase ekitepin, it suggests the
probable structural shift observed is dependennhupe size of the cation exchanged and

lithium is too small to effect such a change ondtracture.

It appears that the d-spacing of thgogeak is directly correlated to the radii of the
cation exchanged (Figure 3.32). The interlayer isigaelates to the size of tlaeparameter,
but the linear relationship does not extené {¢igure 3.33). This is likely due to the minor
difference inb andc and major differences ifi, so the unit cell volume is likely a more
reliable comparison. This shows a clear linear ti@ighip with the cationic radii
(Figure 3.34), implying all the exchanged phases @ther isostructural or have similar

cation sites in the inter-lamellar region.
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Figure 3.34 Unit cell volume against ionic radii of exchangeation* (lonic radii for 8 coordinate
cation used)

3.11 Conclusions

Alkali metals (Na, K, Rb and Cs) and Ag have beetcsssfully ion exchanged into
AITP, with complete exchange being achieved. Exgkanwere only possible with raising
the pH by the addition of a base to the exchangoigtion. Unlikea-ZrP a strong base is not
required for exchange, often a carbonate is sefiiciSo the AITP host is therefore a more

readily exchanged material tharZrP.

TGA and DTA data show all the alkali metal exchahgehases contain a
thermodynamically stable phase with two waters rgbtallisation and a metastable phase
with a different number of waters. Potassium, rubid and caesium have a monohydrate
phase reversibly formed from heating the more stalhydrate, with only the potassium
phase isolable at room temperature. In sodium’s tas second phase is formed first with
four waters and irreversibly forms the two wateagd upon heating. The sodium, potassium

and rubidium all decompose between 500-550 °Cnm fdPO; and AIMR.O; which further
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decompose to another MRGand AIPQ. The caesium phase transforms into another

previously reported layered phase with the samelstonetry.

Unit cells have been indexed for most of the felkchanged phases synthesised. All
showb andc parameters similar to the AITP unit cell and hawea parameter more than
double that of the original unit cell. This is likdo be a result of adjacent phosphate layers
becoming crystallographically inequivalent. Alseth is a linear relationship between the
d-spacing of the fo peak and cationic radii, and the unit cell voluara cationic radii,

suggesting the different exchanged phases are @tystructural or have similar cation sites.

Lithium has shown very different ion exchange @nies to other monovalent cations
with respect to AITP. It shows 3 different phaséslifiering lithium loading, two previously
reported and a third reported here. Unlike the rothenovalent cations lithium has not yet
been fully exchanged into the structure. The thoatling phase reported here was obtained
by adding hydroxide to the exchanging solution Wii@l:LiOH ratios of 9:1 or 8:1 and has a
unit cell of a = 8.015(6) A, b = 4.890(3) A, ¢ =.586(6) A and3 = 95.24(3) ° and a content
of around 50% of the potential maximum exchange [ithium content can be increased by
altering the ratio of lithium to aluminium to 50dt by refreshing the exchanging solution.
Increasing the ratio any higher or refreshing sohg containing hydroxide results in a
significant breakdown in the crystallinity of théngse and formation of other unidentified
phases. Refreshing the pure lithium chloride sofufpushes the resulting products into the

highest loading phase and increases its exchareyeund 60%.
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Chapter 4

Structural Determinations of lon Exchanged
AlH ,P301¢- 2H,0

4.1 Introduction

Solving the crystal structure of a newly synthedigohase can often be more
challenging than the synthesis itself. The host FAlimaterial for example was first
synthesised by D’Yvoire in 1982ut the structure remained unknown until 44 yeaiesr,

finally being solved by Rishi in 2066

Several routes are potentially available to deteentine crystal structure of a material.
The first and often preferred methodvis single crystal X-ray diffraction. This method is
able to produce an XRD pattern where spots of gitgican usually be related to a singld
value, rather than in powder patterns where a gpeak may contain several overlappirid
reflections. The location and intensity of thesetsgan then be used to identify a structural
model for the crystal by direct methods or otherthods such as Patterson methods. If
necessary, this model can be used to generate @epdRD pattern to confirm that a crystal
is representative of the whole sample. One sigmfidrawback to single crystal methods is
the need for suitably sized crystals of the malermd interest, which are often difficult to

produce.
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In powder data, the presence of overlapping peaigde a significant challenge to
structure determination. The most common methodvercome this detail is Rietveld
analysis. As discussed in greater detail in ChaptBr this technique requires an initial
model, the identification of which is often diffitubut may be found in one of several
structural databas&$. Once obtained the model can then be refined ttetbmatch observed
diffraction data, and techniques such as Fouriéergince and Patterson mapping applied to

locate missing or misplaced atoms within the model.

Ab initio methods are also possible; generally for phastsfew overlapping peaks,
often possessing higher symmetry and small units.céd number of computational
techniques also exist, using global optimisatiogoathms, for example the Differential
Evolution algorithm, which can use suitable fragments or moleculesh 13 an AITP layer
for instance, if present, to build and refine ptinmodels. In recent years these
computational methods have found increasing usenadelling and simulating layered

material§®,

This chapter describes attempts undertaken to sbiverystal structures of the ion
exchanged AITP phases synthesised in Chapter § u&itay and neutron diffraction data,

Rietveld refinement and Pair Distribution Functamalysis methods.

4.2 Experimental

lon exchanged samples were prepared as descnbechapter 3. To deuterate
samples for neutron diffraction studies, 6g of @xchange AITP were refluxed in,O for 48
hours under flowing nitrogen gas. After 24 hours ERO was replaced with a fresh solution,
while minimising contact with the atmosphere. Sasplvere then collecteda vacuum

filtration and dried over several hours under vaswn a schlenk line.
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4.3 Structural Determination

Several observations and assumptions about thetwste of the ion exchanged AITP
phases have so far been made in Chapter 3.10lyRhist exchanged cations likely sit in a
similar site in all the exchanged phases and ségdhdt the phosphate layers remain intact.
This second observation has been supported byCHstiibution Function analysis (PDF),
shown in Figure 4.1. The short range order sectibnhe PDF patterns, showing local
structure, shows the presence of a number of pe@kesponding to atom to atom distances
from within the phosphate layer. Utilising this atite knowledge that the unit cell now
contains two intact phosphate layers, several plessiodels for the layered framework were
constructed. These models were then analysed tlengietveld refinement method through
the GSAS suite of prografhswith a view to determine their accuracy as framéumodels
and to use difference fourier mapping to attempibtate cationic and inter-lamellar water
sites in the inter—lamellar region. The followirgcson will outline each of these models and

the analysis they underwent.

G(r)
b N kB o kB N W oA~ »

Figure 4.1 PDF plots for AITP and ion exchanged phases agdrl&ragment showing inter-atom distances.
Purple spheres aluminium, green phosphorus andrgden.
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4.3.1 Framework Models

The AITP-Rb system was chosen for initial studieghe X-ray diffraction scattering
from the Rb cations would dominate the scattermognfthe phosphate framework, making
them easier to locate using fourier mapping. Intiamt, the neutron diffraction data collected
should give a more equal scattering intensity betwghosphate layer and cation, helping to
more accurately confirm P and O positions. Thisrepgh was viewed as giving a sensible
route to determining how the host AITP structurel lieeen altered by the ion exchange
process. The AITP-K phase displays a more equéiesitey between host and cation in both
X-ray and neutron and the AITP-Cs displays lowgstilinity. In addition Chekcelf results
of the initial CELL** refinements suggested that AITP-Rb may adopt éineesspace group
(P2/c) as the host material, which makes altering host structure to produce new

framework models initially easier.

4.3.1.1 Model 1: Ordered lon Exchanged Cations

The first model attempted assumed that there washange in the relative orientation
of the phosphate layers and that the doubling efutht cell resulted from the inter-lamellar

cations ordering in alternate sites within theriiéenellar regions.

To create the model, the original AITP structGreas placed into the expanded
AITP-Rb unit cell and all the co-ordinates modified to keep the layer thickndsstical to
that of the original AITP. The Al site was then mnedvto the origin for convenience, and a

second layer added at half a unit cell along [@@ddel shown in Figure 4.2).
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Figure 4.2 Framework model containing no inter-layer displamnt. Dark blue octahedra AiQight blue
tetrahedral PQ and red spheres are oxygen, unit cell shown

The Rietveld refinement of this model resultegaor fits for both X-ray#* = 285.0,
Rwp = 42.47% and R= 30.75%) and neutron diffraction®(= 82.99, R, = 10.57% and
R, = 6.52%), Figures 4.3 and 4.4. Although reflectioarkers matched all the observed
peaks, substantial intensity mismatches, especiallihe X-ray refinement were evident.
Given the model was missing the strongest X-raytes¢ag ion, this was not unexpected and
numerous fourier maps were produced to searchmtbelamellar region for the cations and
water molecules. However, these failed to providg @otential suitable sites for the

exchanged cations so this model was rejected.
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Figure 4.3 Observed+), calculated {) and difference-§ X-ray powder diffraction refinement of framework
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Figure 4.4 Observed+), calculated {) and difference-J neutron powder diffraction refinement of framelwvor
model containing no inter-layer displacement. Reifte positions are also markef (

4.3.1.2 Model 2: Layer displaced half unit cell alog [001]

The second model attempted, involved displacingr@édtive AITP layers along the
c axis direction by half a unit cell; the model [®®n in Figure 4.5. This movement creates

no topographic movement with respect to the ortemaof terminal oxygens group of
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adjacent layers, but changes the orientation oAl octahedra in every other layer. This
creates two crystographically distinct layers witthie unit cell, justifying the doubling along

thea axis.

Figure 4.5 Unit cell of the framework model containing a lagéesplacement half a unit cell along [001],
showing the different tilt orientation of the bla#Og octahedra. Green spheres phosphorus and red oxygen
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Figure 4.6 Observed+), calculated {) and difference-J neutron powder diffraction refinement of framelwvor
model containing a layer displacement half a ueit along [001]. Reflection positions are also meak()
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A Rietveld refinement using this model gave vemnigr results as model 1,
(x* = 92.75, Rp = 11.16% and R= 7.22%) (Figure 4.6). All peaks were successfuitlexed
and therefore fourier mapping was performed. Howea® with model 1, no cationic

positions were located, resulting in this modebddsing discarded.

4.3.1.3 Model 3: Layer displaced half unit cell alog [010]

The next model developed involved displacing aleenAITP layers in a direction
half a unit cell along thbk axis. This gave a noticeable framework changeoasthe terminal
oxygens protruding into the interlayer region aogvrstaggered in thiec plane as well as the
ac plane, Figure 4.7. This model gave similar restdtiowing Rietveld refinements as had
the previous modelg{ = 87.54, Rp = 10.85% and R= 6.98%) and no cationic sites were

established after fourier mapping was attempteds iftodel was therefore also rejected.

Figure 4.7 Framework of model containing half unit cell despément alon¢010], highlighted area showing
staggering of terminal oxygens in both a) ac pland b)bc plane. Purple spheres aluminium, green
phosphorus and red oxygen
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4.3.1.4 Model 4: Layer displaced half unit cell alog [011]

The previous two models were then combined toteraaother model containing
both alternating AITP layers with alternating Al@It angles and also staggered oxygens.
Unfortunately, this model also failed to provide aoteptable fit following Rietveld analysis

(x* = 88.64, Rp = 10.92% and R= 7.05%) and was therefore rejected.

4.3.1.5 Model 5: Layer displaced quarter unit celalong [001]

This model displaced alternate AITP layers by artgr of a unit cell along theaxis.
This alters the framework so the terminal oxygemsezlipsed in both thac andbc planes,
Figure 4.8. The Rietveld refinement and attemptediér maps, similar to the other models,
failed to provide an acceptable fif?(= 98.48, Rp = 11.5% and R= 7.55%) or cation

positions, and was therefore also rejected.

Figure 4.8 Framework of model containing quarter unit cebglacement along ¢ axis, highlighted eclipsed
formation of terminal oxygens in a) the ac plangthe bc plane. Purple spheres aluminium, greersphorus
and red oxygen
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4.3.1.6 Model 6: Layer displaced quarter unit celalong [001] and half along [010]

The next model attempted for the AITP-Rb phaseedalternate AITP layers by half
a unit cell along thé axis and quarter of a unit cell along thaxis. This moved the terminal
oxygens into an eclipsed formation in theplane but a staggered formation in the bc plane.
Again the Rietveld refinement and fourier maps wenable to provide an acceptable fit
(x* = 100.4, Rp = 11.61% and R= 7.66%) with the diffraction data and so this miotbo

was rejected.

4.3.2 Alternate space group models

Having been unsuccessful with models based on, RB& space group used to
generate models was reconsidered. In revisitingittiiecell determination from Chapter 3, it
was noted that C2 was a possible space group fbP-Ala and AITP-Ag. As C2 possesses
lower symmetry than space group P2/c it was deenredsonable starting point for building

framework models for the phase.

4.3.2.1 Model 7: C2 AITP-Rb Model

Moving the origin and taking careful account of gpresence of C-centring allowed
the building of a model equivalent to P2/c withealtate layers displaced half a unit cell
along theb axis. Rietveld refinement of this model showed thedel was clearly not
complete yet, but was a significant improvementrugwse attempted with P2/c. Possible
cationic sites within the inter-lamellar region wedentified using fourier mapping, followed

by possible sites for the inter-lamellar watergy(ie 4.9).

102



Chapter 4: Structural Determinations
of lon Exchanged AlH,P3044°2H,0

A@J (

+04p

Q'@
ﬂ

Figure 4.9 Fourier map of C2 AITP-Rb model, showmg potergitd for inter-lamellar water positions

Adding the oxygens to the model allowed it to ékned further (Figure 4.10), giving
values, for the neutron refinement,)§f= 16.27, R, = 4.67% and R= 3.5%. This was a
clear improvement on those of models 1-6. Despughér attempts no significant

improvements were possible.
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Figure 4.10 Observed+<), calculated {) and difference-J neutron powder diffraction refinement of C2
AITP-Rb model containing inter-lamellar oxygensfl&gion positions are also markeg) (
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4.3.2.2 Model 8: C2/c AITP-Rb Model

On reconsidering the host structure, it was naked each AITP layer possessed a
c glide plane as an integral part of its symmetiyveé consider that each AITP layer was still
intact after the exchange, it is a reasonable gssomthat it may have retained theglide
plane symmetry. In view of this it was decided tonbine thec glide with theC centring of

the C2 model and create a new model for the pmageispace group C2/c.

The model involved moving the aluminium site te thversion centre of theplane
at the origin of the unit cell. Application of thimodel improved the Rietveld refinement fit
of the neutron diffraction data and facilitated tlweating of the inter-lamellar water
deuterium positions. Adding these to the model rafithing the amount of deuteration gave
the refinement fit shown in Figure 4.11 with valueky® = 3.288, Rp = 2.09% and
Ry = 1.62%, and the final structure for the AITP-Rimpe, with refined unit cell values of
a=19.482(1) Ab = 4.8639(4) Ac = 11.6594(8) an@ = 91.899(6) °, which is discussed in

Section 4.4.

Intensity / arb. units
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Figure4.11 Final observed«), calculated {) and difference-f neutron powder diffraction refinement of
AITP-Rb structure. Reflection positions are alsaked ()

4.4 AITP-Rb Structure

Atomic coordinates for the AITP-Rb structure areeg in Table 4.1, Figure 4.12

shows the crystal structure and selected bondndissaand angles are shown in Table 4.2.
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Table 4.1 Atomic coordinates for AITP-Rb and equivalentrispic displacement parameters?(A 107).
Space group C2/c, a = 19.482(1) A, b = 4.8639(4y A,11.6594(8) ang = 91.899(6) °

Atom X y z U(ed) Occupancy Multiplicity
AZx 10
Al 0 0 0 0.012(8) 1 4
P1 0.0905(3) 0.504(1) 0.5860(5) 0.2(1) 1 8
P2 0 0.255(2) 0.75 1.6(2) 1 4
o1 0.0555(3) 0.307(2) 0.4997(5) 0.69(7) 1 8
02 0.9709(3) 0.083(1) 0.6512(5) 0.69(7) 1 8
O3 0.0745(3) 0.805(1) 0.5603(5) 0.7(1) 1 8
04 0.1636(3) 0.452(1) 0.6039(5) 2.1(2) 1 8
05 0.0597(4) 0.430(2) 0.7131(6) 4.4(2) 1 8
Rb 0.1746(3) 0.054(2) 0.3710(6) 6.1(2) 1 8
Ow 0.7378(5) 0.448(2) 0.6364(9) 5.8(3) 1 8
D1 0.6959(9) 0.283(3) 0.605(1) 6.3(5) 0.664(4) 8
H1 0.6959(9) 0.283(3) 0.605(1) 6.3(5) 0.336(4) 8
D2 0.7047(8) 0.580(4) 0.635(2) 6.3(5) 0.664(4) 8
H2 0.7047(8) 0.580(4) 0.635(2) 6.3(5) 0.336(4) 8
Table 4.2 Selected bond lengths (A) and angles (°) for AREP-
Bond Lengths (A) Bond Angels (°)
Al-O1 1.847(5) 0O1-Al-03 87.9(3)
Al-O2 1.913(6) 02-Al-03 90.6(2)
Al-O3 1.853(6) 01-P1-04 113.6(6)
P1-O1 1.531(7) 01-P1-05 106.6(5)
P1-0O3 1.525(8) 04-P1-05 102.5(5)
P1-O4 1.454(7) 02-P2-05 104.7(3)
P1-O5 1.656(8) 05-P2-05 111.7(9)
P2-02 1.517(7) 01-Rb-02 52.1(2)
P2-0O5 1.516(9) 0O1-Rb-03 48.1(2)
Rb-O1 3.06(1) 0O1-Rb-0O4 136.9(3)
Rb-0O2 2.919(9) 0O1-Rb-Ow 141.8(4)
Rb-O3 3.23(2) 02-Rb-03 50.7(2)
Rb-O4 3.154(9) 02-Rb-04 166.0(4)
Rb-O4 3.35(2) 02-Rb-Ow 111.2(4)
Rb-O4 3.93(1) 02-Rb-Ow 138.1(4)
Rb-O4 3.97(2) 03-Rb-04 66.8(2)
Rb-O4 4.01(1) 0O3-Rb-04 123.8(3)
Rb-O5 3.70(2) 0O3-Rb-Ow 152.3(4)
Rb-O5 3.79(1) 0O4-Rb-04 91.3(3)
Rb-Ow 2.99(1) 0O4-Rb-Ow 50.8(2)
Rb-Ow 3.33(1) 0O4-Rb-Ow 140.6(4)
Rb-Ow 3.04(1) Ow-Rb-Ow 72.9(4)
Rb-Rb 4.80(1) Ow-Rb-Ow 133.4(4)
Rb-Rb 5.854(2) Rb-Ow-Rb 88.7(3)
Ow-H1/D1 1.19(2) Rb-Ow-Rb 133.6(4)
Ow-H2/D2 0.91(2) H1/D1-Ow-H2/D2 89.7(2)
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Figure 4.12 Structure of AITP-Rb. Dark blue octahedra Altight blue tetrahedra Pg) red spheres oxygen,
light blue spheres hydrogen/deuteritand grey spheres rubidium
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4.4.1 AITP layers
The overall connectivity and structure of indivadiypphosphate layers remains intact
and equal to that seen in AITP. There are diffegenn bond lengths and angles, but this is

not unexpected due to the addition of rubidiumarsdito the structure.

The AlQ; octahedra was found to be distorted by Rfsttontaining 2 shorter Al-O
bonds and 4 longer ones, with the ideal 90° angjsrted by up to 1.5° in AITP. The AO
octahedra in AITP-Rb now contains 4 shorter bods {.847(5) A and 2 x 1.853(6) A) and
2 longer ones (2 x 1.913(6) A) with distortionsugf to 2° from the ideal O-Al-O angle of

90°.

The range of P-O bond lengths was found to be {754 to 1.656(8) A and is
unchanged from that of AITP. The distribution diffeslightly with the terminal P1-O4 now
being the shortest length, as opposed to the Plt@a@ O2 which are now intermediate
lengths (Table 4.2). The bridging O5 still has kvegest P-O bond lengths but, opposite to
that in AITP, the P1-O5 length is now greatest\aird..6 A. This change is consistent with
other triphosphates, where those with hydrogen rensining on the triphosphate, such as
YbH,P;0:¢™ have longer P-O bonds on the central phosphorislstwthose without
hydrogen ions, such as Li¥0.0™* have longer P-O bonds on the terminal phosphorus
group. The O-P-O angles range from 102.5(5)° ta@(63° (109.5° is ideal tetrahedral angle)
which is ~5° narrower than the range observed inPAIFinally the P-P distances, P-O-P
angles and P-P-P angles are 2.907(8) A, 132.8(%)° 180.84° respectively. These are
consistent with AITP with values of 2.901(4) A, 18(5)° and 127.0(5)°, and other known
triphosphates such as Al(N#P;01¢™with values of 2.919 A, 132.2° and 127.7°.

Where the phosphate layer structure in AITP antPARDb differs significantly is the

orientation of adjacent layers. AITP possessestagyaphically identical phosphate layers,
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whereas AITP-Rb has an alternating arrangementdeftical layers but displaced with
respect to each other. This means for the hosth¢h@ane has an eclipsed arrangement of
terminal oxygens. In contrast, AITP-Rb has layaspldced by half a unit cell along tie
axis creating a staggered formation of the termixggens in thdc plane (see Figure 4.12).
The terminal oxygens are also arranged in a staggmrangement in thec plane, as is the
case in AITP.
4.4.2 Inter-lamellar region

The inter-lamellar region has three elementsP@& terminal oxygens, discussed in
Section 4.4.1, the inter-lamellar water moleculed the exchanged rubidium cations. Both
the water molecules and rubidium ions exist in zag- positions running along tleeaxis.
The water molecules are located in close proxiratg given phosphate layer between two
adjacent terminal oxygens (O4) in thle plane with Ow-O4 bond distances of 2.8306 A and
an 04-Ow-O4 angle of 117.26°. The hydrogen/deutesiof the water molecules are
directed towards each of the terminal oxygens ensdime phosphate layer, implying the
inter-lamellar water molecules now have intra-lajlgdrogen bonding across the face of
layers (Figure 4.13) rather than inter-layer hy@modponding that exists in the AITP host

structure.
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Figure 4.13 Hydrogen bonding arrangement in AITP-Rb (rubidiwngtted for clarity)

The single rubidium site is described in detaiSiection 4.4.3. The rubidium ions are
located in chains alonig and in alternate positions with the water moleswa®ngc. In this
way the large rubidium ions are positioned withie tidges of the AITP layers in both the
andc directions.

Both the rubidium ions and water molecules havegelatemperature factors,
suggesting some disorder on their sites. This isumexpected given that their positions
result from a room temperature exchange process.

4.4.3 Rubidium site

Figure 4.14 shows a fragment of the structure coinig the local structure of the
rubidium cation. The rubidium has a large coordovathumber of 14, supported by bond
valence sum calculations (see Appendix 4). It foardistorted square based pyramid with

four terminal oxygens from one layer and a fiftonfr the adjacent layer. The rubidium sits
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off-centre in this arrangement giving a number dfedng bond lengths (3.35(1) A to

4.01(1) A) the shortest being that to the adjataydr oxygen at 3.154(9) A. The bond angles
0O4-Rb-04 in this arrangement range from 75.97(8)°96.23(2)°. An oxygen ‘well’ is

created above the four terminal oxygens by bridgixggens attached to the terminal
phosphorus atoms and topped by the O2 bridging deetwan aluminium and P2. The
rubidium sits to one side of this well, having skoibond distances to O1 and O3 (3.06(1) A
and 3.23(1) A) than to the two O5 sites (3.70(1ad 3.79(1) A). The O2 is closest to
rubidium in this well, with a bond distance of 2099) A and O2-Rb-O4(adjacent layer)
angle of 165.99(4)°. Finally the rubidium bondghe four surrounding inter-lamellar waters

with a narrow range of bond lengths of 2.96(1) 8183(1) A.

Figure4.14 Local structure around rubidium site. Grey sphengsidium, purple aluminium, green
phosphorus, red oxygen, blue inter-lamellar oxyged white deuterium
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4.5 AITP-Cs Structure

It was suggested in Chapter 3 that given the amuhit cells, the cationic site is
likely similar in all of the ion exchanged AITP mes. Utilising this assumption, the
structural model of AITP-Rb was used as a basishierAlITP-Cs phase. This resulted in the
refinement fit shown in Figure 4.15 wifi = 3.124, R, = 2.53% and R= 2.03%, and the
structure of AITP-Cs with refined unit cell paramrst ofa = 20.450(2) Ab = 4.8546(6) A,
c=11.701(1) A an@ = 94.893(7)°. Atomic coordinates are shown in €ahB and selected

bond lengths and angles in Table 4.4.
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Figure 4.15 Final observed), calculated {) and difference-J neutron powder diffraction refinement of
AITP-Cs structure. Reflection positions are alsaked ()
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Table 4.3 Atomic coordinates for AITP-Cs and equivalentrispic displacement parameters?(A 10°).
Space group C2/C, a = 20.450(2) A, b = 4.8546(6% A,11.701(1) A ang = 94.893(7)°

Atom X Y z U(edq) Occupancy Multiplicity
A?x 10
Al 0 0 0 2.9(8) 1 4
P1 0.0862(6) 0.483(3) 0.592(1) 1.8(3) 1 8
P2 0 0.257(3) 0.75 1.3(4) 1 4
O1 0.0555(6) 0.328(3) 0.507(1) 3.6(3) 1 8
02 0.9718(4) 0.071(2) 0.6440(8) 0.8(2) 1 8
03 0.0744(5) 0.794(2) 0.5674(9) 2.1(3) 1 8
04 0.1622(7) 0.458(3) 0.613(1) 4.3(4) 1 8
05 0.0603(6) 0.429(3) 0.717(1) 4.3(3) 1 8
Cs 0.1709(6) 0.072(3) 0.355(1) 5.3(5) 1 8
Ow 0.7294(7) 0.454(4) 0.613(1) 5.8(5) 1 8
D1 0.7021(9) 0.300(4) 0.610(2) 7.4(7) 0.895(7) 8
H1 0.7021(9) 0.300(4) 0.610(2) 7.4(7) 0.105(7) 8
D2 0.6951(7) 0.607(3) 0.614(1) 3.7(4) 0.895(7) 8
H2 0.6951(7) 0.607(3) 0.614(1) 3.7(4) 0.105(7) 8
Table 4.4 Selected bond lengths (A) and angles (°) for ATEP-
Bond Lengths (A) Bond Angels (°)
Al-O1 1.95(1) 0O1-AlI-02 88.2(4)
Al-O2 1.86(1) 0O1-AlI-03 91.8(6)
Al-O3 1.93(2) 0O1-P1-03 110.5(2)
P1-O1 1.35(2) 01-P1-0O4 117.8(1)
P1-0O3 1.55(2) 03-P1-04 104.1(9)
P1-O4 1.56(1) 04-P1-05 104.2(9)
P1-O5 1.62(2) 02-P2-02 111.4(2)
P2-02 1.60(1) 02-P2-05 110.3(5)
P2-0O5 1.56(1) 02-P2-05 104.7(5)
Cs-01 3.32(2) 01-Cs-03 46.1(4)
Cs-02 3.00(2) 01-Cs-04 135.2(5)
Cs-03 3.57(2) 01-Cs-05 92.6(4)
Cs-04 3.57(2) 02-Cs-05 43.3(3)
Cs-04 3.63(2) 02-Cs-Ow 144.0(6)
Cs-04 3.41(2) 03-Cs-04 121.1(5)
Cs-05 3.61(2) 03-Cs-05 72.2(4)
Cs-05 3.60(2) 04-Cs-04 92.9(5)
Cs-Ow 3.27(2) 04-Cs-05 87.3(4)
Cs-Ow 3.07(2) 04-Cs-Ow 48.6(4)
Cs-Ow 3.20(2) 05-Cs-05 84.6(4)
Cs-Ow 3.17(2) 0O5-Cs-Ow 160.3(5)
Cs-Cs 4.855(6) Ow-Cs-Ow 99.8(6)
Cs-Cs 4.88(3) Ow-Cs-Ow 134.1(6)
Cs-Cs 5.47(3) Cs-Ow-Cs 102.8(6)
Ow-H1/D1 0.93(2) Cs-Ow-Cs 135.3(6)
Ow-H2/D2 1.02(2) H1/D1-Ow-H2/D2 99.9(2)
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The AITP-Cs phase is clearly isostructural to AIRP, as shown in Figure 4.17a and
4.17b. There are a few changes in bond lengthsaagtts due to accommodating the larger
caesium ions. The Al octahedra now have four longer and two shorterdbon
(2 x1.95(1), A 2 x 1.93(1) A and 2 x 1.86(1) A)@mposed to two longer and four shorter
bonds. The P-O bond length range is larger forctesium phase ranging from 1.35(2) A to
1.62(2) A, with the P1-O1 bond becoming the shoresl the P1-O5 remaining the longest.
The range of O-P-O angles also increases to 104.10(917.8(1)° in the caesium phase. The
P-P bond lengths and P-O-P and P-P-P angles agtlshlter to 2.88 A, 129.6° and 135.2°

respectively, but remain consistent with the rulmdiphase.

As mentioned in Chapter 3, the AITP-Cs phase guks a transformation following
the loss of the inter-lamellar water at around 5@5the previously reported AlgR;0;™% 1
Figures 4.17 and 4.18 shows a comparison of thestruztures. It is clear that the caesium
phase undergoes a major rearrangement to forrmtih@eous phase as an apparent buckling
of the AITP layers appears to occur. This resuitsnfa change in the connectivity of the
AlOg and ROy chains; from the terminal phosphate groups attacto two adjacent Al
octahedra with the central phosphate connectinigoth in AITP-Cs (Figure 4.16a); to the
P3O, coordinating along one face of an AlGctahedra, with each phosphate sharing one of
its oxygens with the aluminium, and the remainihgred with neighbouring AlQoctahedra

in the anhydrous form (Figure 4.16b).

a)
Figure 4.16 Connectivity of Al@and ROy in a) AICsP;0,o-2H,0 and b) AlICgP;0,,. Dark blue
octahedra Al@, light blue tetrahedral Pg) red spheres oxygen
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A 2

Figure4.17 a & b) AITP-Cs, ¢ & d) AIC#50;,. Dark blue octahedra Alg)light blue tetrahedral PQ red
spheres oxygesnd orange spheres caesium
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The alteration in the AIPP;O0 connectivity modifies the layer structure
significantly. [AIP;O19]» chains now run along théc plane in a zig-zag formation
(Figure 4.18b), whereas the original AITP-Cs hasupe-chain regions of Aland BO;o
running along theb axis (Figure 4.18a). Along thab plane the phosphate layers have
become ‘buckled’ doubling the thickness of the tay@mpared with AITP-Cs. This buckling
also creates channels running alongdlais inside the layers which house caesium cations
in the anhydrous phase. This gives two differenésatan environments, one ten-fold
coordinated between the phosphate layers, sinuldre fourteen-fold site in AITP-Cs, and a

seven-fold site in the channels.

Figure 4.18 a) AITP-Cs viewed along bc plane b) AIR$;, showing [AIRO4q] ., chains running along bc
plane. Dark blue octahedra A{Qlight blue tetrahedral Pg) caesiums omitted for clarity

4.6 AITP-Na, AITP-K and AITP-Ag

Following success with rubidium and caesium, thisicsural model was used to
model sodium, potassium and silver exchanged phas#ertunately to date in all three
phases this has failed to give a satisfactory Rldtvefinement (e.g. AITP-K fit shown in
Figure 4.19).

Despite the inability to gain a fit in the C2/c spayroup it was still believed that all
the phases have similar structures. With this indrthe structural model was adjusted into

the space group C2 as this had shown early pramtbe work towards solving the AITP-Rb

115



Chapter 4: Structural Determinations
of lon Exchanged AlH,P3044°2H,0

structure. This did not improve the Rietveld fifis for AITP-Ag shown in Figure 4.20). It is

clear that more work is required to complete thecstire determination in these systems.
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Figure 4.19 Observed+«), calculated {) and difference-§ neutron powder diffraction refinement of AITP-K
structure. Reflection positions are also mark@d{ = 87.54, Rp=9.62% and R= 6.72%
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4.7 Conclusions

A series of models were developed in the struttdesermination of these ion
exchange phases (refinement statistics summansedhle 4.5). Eventually, these resulted in
the successful determination of isostructural alystructures of AITP-Rb and AITP-Cs. The
structures adopted the space group C2/c, with ptadsplayers staggered half a unit cell
along [010] with respect to each other. The intenédllar waters were located and are
positioned along the face of each layer, hydrogendimg occurring between terminal
oxygens on the same layer rather than to termirgljens on adjacent layers. The cations
were found to occupy 14 coordinate sites bondinigto terminal oxygens and five bridging
oxygens from one layer, forming an ‘oxygen welhdaa terminal oxygen from the adjacent

layer and four inter-lamellar water molecules.

Table 4.5 Refinement statistics for attempted models aral firystal structures

Model v Rup ! % R,/ %
1 82.99 10.57 6.52
2 92.75 11.16 7.22
3 87.54 10.85 6.98
4 88.69 10.92 7.05

5 98.48 11.5 7.55

6 100.4 11.61 7.66

7 16.27 4.67 3.5
AITP-Rb 2.288 2.09 1.62
AITP-Cs 3.124 2.53 2.03

a-ZrP is by far the most studied of the layered phases and to our knowledge only
has 3 reported structures for its ion exchangedes?®® Having identified numerous phases
and solved two structures for monovalent ion exgedn AITP has been shown to have just

as much potential asZrP as an ion exchange material.
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Chapter 5

Divalent lon Exchange in AIH,P;04o- 2H,O

5.1 Introduction

Many of the transition block metals form divalemthigher cations and have a wealth
of properties associated with them, such as magnetielectronic propertiésor even
catalysig. lon exchanging these into a structure may trarssfime of these properties into the
exchanged product. The alkaline earth metals @ @l interest due to their potential use in
biomaterial applications. Calcium phosphates, paldrly hydroxyapatite, are widely studied
as bone cements and bone replacement materialg wisignesium and strontium have
proved to provide beneficial properties, such @seiased replication of preostoblastic ¢ells
after being incorporated into these matetidlsAs with caesium, strontium is also of interest

in nuclear waste remediation.

The divalent ion exchange chemistry @ZrP has again received much intefést
Alberti et al. studied the uptake of alkaline earth metals inr@rP*® and found crystalline
a-ZrP was capable of complete exchange of bariumcandd uptake 70% and 80% of the
maximum potential exchange for calcium and strontitespectively. No exchange was
reported for magnesium and Alberti concluded tbibé the result of steric hindrance caused

by its large hydrated radius.
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Clearfield and Hagiwara further studied the exgeanf alkaline earth metals with
respect to the crystallinity of-ZrP'’. They found that crystallinity decreases with @asing
exchange. Like Alberti, they reported full exchargfebarium, but found full exchange of
magnesium was possible in less crystalir&rP, but the exchange required a long time at
elevated temperatures to proceed. Finally theyrtegaalcium and strontium both form two

phases, one with half exchange achieved and ohecattplete exchange.

Aberti found adding small amounts of sodium hyddexto the exchanging solution
enabled sodium to act as a catalyst and ‘spread #palayers allowing alkaline earth metal
cations to be exchang€d Clearfield also showed that starting with thelyfusodium
exchanged phase allowed the alkaline earth mataletexchanged inta-ZrP*. He also
noted that unlike with monovalent ion exchange, #xehange of divalent cations was

irreversiblé®.

The uptake of a range of transition metals (Mn, Bioand Zn) intoa-ZrP has been
studied by Clearfield and Kalnitts Clearfield found that for most of these metals190%
of exchange could be achieved, with the notablegxan of nickel where only 22% was
observed. He concluded that this was due to théagge occurringria insertion of the
dehydrated cation into the host, then rehydratibthe cations and host, and nickel has a
larger hydration energy than the other ions malkirey process energetically unfavourable,
thus reducing the nickel uptake. Arhlaatial®® found similar results and also noted that
a-ZrP showed an increased affinity for the trivaleation Cr(lll). He also observed an
extremely high affinity towards Fe(lll), though edtthis was being incorporated into the

a-ZrP matrix, so this was not simple ion exchange.

Unlike the monovalent exchanges, there have beepreaous reports of the ion

exchange of divalent cations into AITP. This chaptisscusses the attempts made to
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exchange a range of divalent cations into AITPp@is variety of methods including several

adapted from those successfully used in exchangtog-ZrP.

5.2 Experimental

Taking Alberti’s findings on using sodium as aatgst for divalent exchange into
a-ZrP'?, and Clearfield’s use of a fully sodium exchangedrP as a divalent exchange
precusor® into account, initial attempts at divalent ion kange into AITP involved the use
of sodium. AITP-Na-4 or AITP with NaCl (10:1 Al:Natio) were stirred in 50 ml solutions
of MCl, (M = Mg, Ca, Sr, Fe, Mn, Zn) or M(N§R (M = Cu), with a M:Al ratio of 25:1, for

24 hours.

Further attempts involved expanding upon Albeitisa of ‘spreading apart’ the host
layers?, by attempting the exchange using the same method,with AITP that had
previously been intercalated with 1,6-diaminohexamach increases the interlayer spacing
to ~14.7 A. AITP was intercalated with 1,6-diantiesane, by stirring 0.5g of AITP in

molten 1,6-diaminohexane at 70 °C for 24 hdurs

5.3 Copper Exchange

The initial exchanges using a sodium catalyst ¢6FPANa-4 failed to give any
evidence of copper exchange resulting in AITP an@iPANa-4 or just AITP-Na-4 being
present in the resulting XRD patterns. When theharge with Cu(ll) was attempted with
intercalated AITP, however, the resulting produetswound to have changed colour from
white to a light blue, a good indication that coppad been exchanged into the material. The
XRD pattern of this product (Figure 5.1) was nottchad in the JCPDS datab&sand
suggested that a new phase had been formed. Thsephabelled AITP-Cu herein, was
poorly crystalline, showing very broad peaks in4RD, indicating a loss of order within the

crystal structure. We can only surmise that théamgment of two hydrogen atoms with a
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single CG" has disrupted the structural order. The naturthefXRD pattern prevented the

determination of a unit cell and hence confirmatidma single phase ion exchanged product.
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Figure 5.1 XRD pattern of AITP-Cu

To attempt to quantify the copper content, therstadies were performed. These
indicated that the phase became amorphous abov&ClQ0is likely that this change to an
amorphous material is linked to the loss of waldris is supported by Thermogravimetric
Analysis (TGA) and Differential Thermal AnalysisTB) (Figure 5.2) which show the phase
to have a mass loss beginning at around 100 °®, avitassociate thermal event evident in
the DTA. The mass loss of 14.6 wt% suggested thesehad a water content of 3.25
(14.5 wt% calculated for 3.25 waters per formula)ugiving the phase a stoichiometry of

AICuP304¢: 3.25H0.

The phase remained amorphous until new crystajiimeses began to form above
600 °C. XRD analysis of heated samples (Figure St®)ws these phases to bel&0;,
Al(POs); and AIPQ. These decomposition products, while not a dineeasure of the copper
content of the phase, are stoichiometrically edamato fully exchanged AITP, and suggest

a probable decomposition pathway for the phase of:

~100°C ~600°C
2 AICuPs01¢-3.25H0 CETTIY 2 AICuRO0—— CwP,0; + AI(POGs)3 + AIPO,
-3.25H:
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Figure5.2 TGA plot of AITP-Cu
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Figure 5.3 XRD pattern showing AITP-Cu after heating to 70b¥€oming C#P,0;, =sAl(POs); and® AIPQ

ESEM showed the phase to consist of flat angulaiepl(Figure 5.4), similar to those

observed following monovalent exchange (see Ch&)ter
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Figure 5.4 ESEM images of AITP-Cu

Energy-dispersive X-ray spectroscopy (EDX), seeexulx 5, suggested that copper
had fully exchanged into the structure showing lamaium to copper ratio of around 1:1.
Multiple scans were taken from several differergaar of the sample, showing the phase

appeared to have a homogeneous composition thratigho

Attempts at reversing the ion exchange with 0.1 Fhiled to recreate AITP. This
inability to exchange back to the original hostnfra divalent exchanged form is consistent

with a-ZrP*,

5.4 Iron Exchange

Iron (II) exchange was also attempted into AMIR an intercalated host. The XRD
pattern for this exchange (Figure 5.5) is mosthogrhous with evidence of the intercalated
host material still present, but having lost crifstdy. This alone provides no evidence of
exchange having occurred but does not preclud@dbsibility of an amorphous exchanged
product. Indeed the few peaks that can be discefmmed the background are similar in
position to those seen in othefMexchanged systems. Thermal studies on the prodtice
exchange at 700 °C showed only AP present in the XRD pattern. AIR@ not the
expected thermal decomposition of AITP, but is csiest with the copper exchanged

phase’s decomposition route, indicating some iray fmave exchanged into the structure.
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There is no evidence of any iron containing phdskswing decomposition which suggests
that if iron is present it is in an amorphous foithe relatively high amorphous background
of the sample supports this. The high backgroung alao be a good indication of the
presence of iron, as iron has a high fluorescente eopper radiation. Further studies are

required to determine if iron has been exchangextire structure.

—— Fe exchange
—— AITP-1,6-diaminohexane
2
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Figure 5.5 XRD patterns of (black) intercalated AITP and (rattempted Fe exchange

5.5 Manganese Exchange

Manganese (Il) exchange resulted in an XRD pat(Ergure 5.6) displaying poor
crystallinity, but possessing similar featuresttose of the copper system, with no evidence
of the intercalated AITP precursor. As with the gepsystem, we can tentatively suggest an

exchange product, AITP-Mn, has been formed.

125



Chapter 5: Divalent lon Exchange
in A|H2P3010'2H20
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Figure 5.6 XRD pattern of AITP-Mn

This is supported by thermal treatment showing@othposition similar to AITP-Cu
with products of AIPQ, Al(POs); and MnP,O; observed in the XRD pattern (Figure 5.7) at
600 °C. These are stoichiometrically equivalentulty exchanged AITP and may therefore
indicate that full exchange has been achieved. éhpsoducts show a probable

decomposition pathway for the phase of:

~100 °C ~600 °C
2 AIMnPz01¢- nH,O -n—Hz()) 2 AIMnP;O;g—— Mn,P,O5; + Al(POg)3 + AIPOy

Intensity / arb. units

10 15 20 25 30 35 40 45 50 55 60
20 / degrees

Figure 5.7 XRD pattern at 700 °C, showing MHBO,, =Al(POs); and AIPQ
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5.6 Zinc Exchange

The attempted exchange of zinc into AITP resultedhe XRD pattern shown in
Figure 5.8. Analysis of this data suggested thegree of both intercalated AITP and AITP
itself, both of reduced crystallinity, but no defive evidence of a new phase. However after
being heated to 700 °C for 12 hours the XRD pattéfigure 5.9) shows 2ZR,0,
Al(POs)zand AIPQ products equivalent to decomposition of both AKT&-and AITP-Mn,

suggesting some exchange may have been achieved.

—— AITP-1,6-Diaminohexane
——2Zn exchange
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Figure 5.8 XRD patterns of: red intercalated AITP and blattempt at Zn exchange in AITP
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Figure 5.9 XRD pattern of attempted zinc exchange heate@@°C showing Zi#,0,, s Al(POs); and* AIPQ
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5.7 Magnesium Exchange

Alkaline earth metals were also attempted to bEhamged into AITP, with attempts
being made to ion exchange magnesium. The XRDrpatfégure 5.10) shows a reduction in
the amount of intercalated AITP and evidence alva ¢rystallinity phase similar to those of
copper and manganese. Thermal studies on this egel@oduct are similar to those of the
iron phase showing only AlPRQpresent in the XRD pattern (Figure 5.11) above 700
which is a product consistent with other exchangleases and contrary to that seen for the
decomposition of pure AITP. Note also the backgtbsnggests amorphous materials are

also present.

—— Mg exchange
——AITP-1,6-Diaminohexane
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Figure5.10 XRD pattern of: red attempt at magnesium exchamgkblack AITP-1,6-diaminohexane
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Figure5.11 XRD pattern of Mg exchanged AITP heated to 708F@ving AIPQ

5.8 Calcium Exchange

Calcium exchange resulted in a new phase beingerebd through XRD
(Figure 5.12), labelled AITP-Ca. In comparison te tother divalent exchanged phases
AITP-Ca is relatively crystalline, with somewhatasper peaks indicating a more ordered
system. This may be a result of calcium being latigan all the exchanged divalent cations

thus far, and may provide for a more ordered itgerellar region.

Intensity / arb. units

5 10 15 20 25 30 35 40 45 50
20 / degrees

Figure 5.12 XRD pattern of AITP-Ca
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The phase follows the trend of other divalent exgjed phases of being amorphous
between around 100 °C to 600 °C. At 700 °C a diffierset of products is formed,
B-Ca(PQ), and AIPQ (Figure 5.13). These products suggest full exchahgs been

achieved with their stoichiometry, suggesting asgme thermal decomposition pathway of:

~600 °C ~600 °C
AlcaP30]_0' nHO -n—Hz()) AICaFﬁOlo E— B-C&(PQ)Q + A|P04

Intensity / arb. units

10 15 20 25 30

40 45 50 55 60

35
20 / degrees

Figure 5.13 XRD pattern of calcium exchanged AITP showifigCa(PGO;), and* AIPQ

5.9 Strontium Exchange

The final divalent cation attempted to exchange WITP was strontium. The XRD
pattern (Figure 5.14) shows substantial amounésaatated AITP still present, but the rest of
the pattern is similar to AITP-Ca, albeit less tall;me with the exception of the peak at
around 15.3 ° @ Thermal treatment of the phase produces amorppbases between
100 °C and 600 °C with the XRD pattern at 700 °wvahg Sr(PQ), and AIPQ
(Figure 5.15). These products are equivalent tactth@um phase and the stoichiometry of a

fully exchanged AITP, giving a possible thermal @®position pathway of:

~100°C ~600 °C
AlISrP;019- NnHO m) AISrP;0Oyg — ST(PQ)Z + AIPOy
-nH:
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This indicates an exchanged phase may be formébP(&r), which as for the
monovalent cations forms a completely exchangedsehavith no intermediates
(see Chapter 3), but the exchange reaction seentakéolonger than the other divalent
exchanges leaving the residual intercalated AlTBenked in the XRD pattern. Further

studies are required to confirm if this is indeled tase.

——Sr exchange
—— AITP-1,6-Diaminohexane
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Figure5.14 XRD pattern of AITP-Sr with residual intercalatetfR still apparent
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Figure5.15 XRD pattern of calcium exchanged AITP showing Sgjfand* AIPQ
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5.10 Exchange Comparison

A comparison of the XRD patterns of all the attémdpexchanges (Figure 5.16)
shows similarities between them, notably the tlpeaks between 15-21 9.2While not in
itself strong direct evidence that ion exchangedsurring in all these phases, it is not
unfeasible that exchange has occurred given thiéasisize of ions involved and their similar

X-ray scattering powers which would result in prsaa&th similar XRD patterns.

Several of the attempted exchanges show residteicalated AITP remaining in
their XRD patterns implying, unlike with the mondeat ion exchanges described in
Chapter 3, a standard time of 24 hours is not emdagall divalent ions to exchange into
AITP. As the ‘slower’ ions range in size from theallest to largest attempted and come
from both the s-block and p-block metals it is @acl at present as to what affects the

reaction kinetics.

The reasons for the apparent increased crystallofitthe calcium and strontium
phases is unclear but may be a result of the iseckaize of the cations and differences in
coordination preferences which may more readilylifate order in the inter-lamellar region.
It is likely that some distortion of the AITP lagemay be necessary to stabilise the
replacement of two protons by one cation. Certaiioos may achieve this by locating in a
limited number of sites (hence more order), whereth®ers may be present in a more

disordered manner within the inter-lamellar region.
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——Sr exchange
—— Ca exchange
—— Mg exchange
Zn exchange
—— Mn exchange
——Fe exchange
Cu exchange
—— AITP-1,6-Diaminohexane

Intensity / arb. units

5 10 15 20 25 30 35 40 45 50 55
20 / degrees

Figure5.16 XRD patterns of attempts at divalent ion exchang® TP

Several exchange routes utilising monovalent ioncatalysts or precursors have
been reported fou-ZrP** =2 This is not the case with AITP, where the ussméll amounts
of sodium hydroxide as a catalyst in the exchangolgtion resulted in small amounts of
AITP-Na-4 being formed but no divalent exchangedeichieved. Similarly starting with
AITP-Na-4 and attempting to exchange out the sodihded no exchange from the sodium
phase. This suggests the stability of monovalecha&mnged phases is higher than that of

divalent exchanged phases.

5.11 Conclusions

lon exchange of CGii, Mn** and C&" directly into AITP displayed the most
convincing evidence of a successful ion exchangelikt) a-ZrP, exchange cannot be
achieved using small amounts of sodium as a catagsAITP has a preference for
monovalent cations and forms AITP-Na-4 instead. Mfé exchanged phases display
decomposition products that appear to indicateifsignt exchange has occurred and suggest

133



Chapter 5: Divalent lon Exchange
in A|H2P3010'2H20

that, as with the monovalent exchange, full exclkaisgachieved with no partly exchanged
phases being formed. ESEM shows AITP-Cu to comdistystallites similar to those of the
monovalent ion exchanged form of AITP, with EDX swhag the phase to have a

homogenous aluminium to copper ratio of around 1:1.

Strontium and zinc exchanges both show evidencerofexchange in their XRD
patterns and decomposition products, but the rakiohtercalated AITP suggests that the
exchanges are slower than with the other succedsfalent exchanges. Iron and magnesium
may have been exchanged into AITP, with both tK&D patterns showing similarities to
those of the successful exchanges, and thermahgmasition products differing from those
of AITP. However, further work is required to prdei more conclusive evidence of

successful exchange in these phases.
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Chapter 6

Intercalation in AlH ,P504¢ 2H,O Phases

6.1 Introduction

Modifying existing structures by intercalation &f§ the opportunity to create many
new materials with potentially important propertiegercalation is the process of inserting a
guest species into a one-, two- or three- dimemsibast structure In this thesis, the system
of interest involves AITP as a host for insertingianic molecules. Intercalation has been
observed in many different materials such as layeteuble hydroxidég’, many layered
phosphates® perovskite§ and even in simple compounds such as ZngSH) In layered
phosphates such as AITP andZrP, amines are the predominant subject of intatica
studied®*? though a wealth of studies into the intercalatidther organic molecules such

as alcohof¥" 3 acetate¥, organometallics and even anticancer ageffitsxist.

There has been much interest in intercalating an@oids, and other bio-active
molecules, into layered phases as a possible mischan therapeutic molecular delivéfy
L-amino acids have been intercalated int@rP andy-zZrP*" *®  With a-ZrP it was found
only basic amino acids such as histidine, lysinel amginine could be intercalatéd
6-Aminohexanoic acid is another amino acid to hheen intercalated into-ZrP?° and

clays™ % It forms both monolayers in-ZrP and clays (Figure 6.1a) and bilayers in clays
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(Figure 6.1b). The intercalation irZrP and the bilayer in vermiculite both form p#hto

the host layers, rather than at an angle to theseas in most other intercalations. They also
form a head to tail arrangement with the amine grpositioning next to the carboxylic acid;
Ding et al.?° showed that this allows the formation of nylonhiritthe inter-lamellar region

following heating to 260 °.

b) ¢

Figure 6.1 6-Aminohexanoic acid intercalated in clays formajgnonolayers in
(M2.626=€0.306Ti0.0MMo.009 (Al 1. 055 s6d€0.079 O10(OH):C g 343 XH,O?* b) bilayers in
(M2 367 €0.46Al0.19 (Al 265k 7 O1o(OH)2Mgop 32 XHO

Simple monoamines of the general formulas;@HH,)\NH, have been intercalated

2325 In the o type metal phosphates

into a range of layered phosphates®
(see Chapter 1.5.1), complete intercalation ocamhgre each P-OH present coordinates to
an amine moiety. This results in the amine moleciteming a bilayer in the inter-lamellar
region. Alberti’s investigation of monoamine intelation intoo-ZrP* found the amine to
have Lewis acid — Lewis base interactions with tveninal hydroxide group, becoming

NHs" and P-Q He suggested the amine then forms three PHIN" bonds to three oxygen

atoms on one face of the phosphate group (Fig@te Assuming the amine’s alkyl chain
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adopts a trans-trans orientation this would gitkemretical intercalation angle of 55 °, very
closely matching the angle of 54 ° observed expemiaily for intercalation of monoamine

into a-ZrP?*,

Figure 6.2 Schematic representation of amine bonding in irteteda-ZrP (adapted fror)

The apparent intercalation angle of intercalatedsps can be calculated by plotting
the d-spacing of the;h peaks (a direct measure of interlayer spacingihagthe number of
atoms in the carbon chain, with the gradient shgwire increase in inter-layer spacing per
carbon. Adding one extra carbon to a chain shouldease the chain length of a
perpendicular monolayer by 1.27 A (Figure 6.3a)aoperpendicular bilayer by 2.54 A
(assuming a C — C bond of 1.54 A and an angle @f)1Using trigonometry allows the
calculation of an intercalation angle (Figure 6.3b)bilayers this linear relationship between
interlayer spacing and number of carbons relietherbilayers forming in an ordered manner

as seen in Figure 6.4.
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= °

Sine 8 =— 2=
a) b) 127A

Figure 6.3 a) Increase of amine chain length with additionathon b) Intercalation angle calculation

Figure 6.4 Ordered bonding arrangements for monoamine intextbah

As with ion exchange, the structural similaritedsy-ZrP and AITP suggest AITP is a
worthy candidate for study of its intercalation pedies. There have already been some
studies into AITPs intercalation properfi€&. Checke?’ and Hayashet af® have studied
intercalation ofa,®-diamines into AITP. These are similar to the manimees mentioned
previously but possess a second amine group atthend of the molecule. Both Checker
and Hayashi found this additional amine group fetéd the formation of monolayers within

the inter-lamellar region, with the two amines biogdto both adjacent layers, with an
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intercalation angle of ~57 ° similar to the andl@smonoamine intercalation in other layered

phase¥ % 24

Tagayaet al. has successfully intercalated a small number af eampounds
(for example4-Phenylazoaniline)nto AITP?°. Despite the study occurring before the crystal
structure of AITP was known, Tagaya was interesteshodifying the inorganic surface by
covalently attaching the amine group in place eftdérminal hydroxide. He reported success
in his attempts between the temperatures of 200 30@ °C, after which the organic

molecules were lost from the system.

A large number of ion exchanged layered phosphwes been reportdt that may
also act as intercalating hosts. However, theresarprisingly few reports of attempts to
intercalate organic molecules into these ion exghdrphases. Hayas#i al. have performed
the only real study into intercalation in an iorckanged phag® They intercalated several
small short chain gaseous thiols and sulphides Aifd°-Ag. They found thiols with one
mercapto group intercalated at a 1:1 ratio withahmunt of silver in the phase, while thiols
with two mercapto groups only intercalated at &raf 1:2 and concluded that the gaseous
monothiols formed bilayer in the inter-lamellar i@gwhile the dithiols formed monolayers.
This is consistent with observations with amindgericalating in layered phosphates where

diamines form monolayetsand monoamines form bilayé?s

Chapter 1.6.1 described how thgedeflection in AITP is a direct measure of the
interlayer spacing of the AITP host. The procesmtdrcalation into AITP, or other layered
materials, causes an expansion of the inter-lamedgion, thus expanding the interlayer
spacing and moving thegd reflection to lower values o2 This is often coupled with a loss
of almost all other peaks within the XRD patterntlas intercalation has disrupted order

within the material leaving just the reflectionstetenined from the interlayer spacing
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dominating the pattern. As a result XRD patterngctvishow a large peak at low values 6f 2
after intercalation reactions are therefore a sgiriowlication that the intercalation has been

successful.

This chapter discusses work undertaken to invastithe intercalation potential of
AITP, starting with monoamines, investigating thenoaint intercalated and method of
intercalation, then increasing the complexity ofyawic molecules intercalated. It also
describes investigations into the effect basicfta anolecule has on its ability to intercalate,
using a range of amino acids. It finally investagathe intercalation of 6-aminohexanoic acid
into AITP, comparing it to the intercalation iRZrP and clays. The chapter also discusses
studies undertaken to investigate the intercalapiotential of ion exchanged AITP phases,
particularly the AITP-Ag phase, focusing on thesngllation reactions found to be successful

in AITP and attempts at the intercalation of sevinals.

6.2 Experimental

Intercalation reactions were achieved by stirrih§g of AITP or AITP-M, for 24
hours, in 50 ml solutions of pure amine or thishere the amine or thiol were liquid at
room temperature, or 0.5M solutions, where the anmom thiol was a solid at room

temperature.

6.3 Monoamine Intercalation into AITP

Intercalation of AITP was successfully attemptathva range of simple monoamines,
with carbon chain lengths ranging from 3-12. XRDt@as (Figures 6.5 and 6.6) for these
phases showed a significant shift in the d-spacihthe doo peak of theses phases from

7.94(1) A in the AITP host up to 33.5(5) A in lomgdained amines, Table 6.1.
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Figure 6.5 XRD pattern of heptylamine intercalated AITP
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Figure 6.6 dio peaks for intercalated AITP phases

Table 6.1 d;oo peak spacings for mono- and di- amine intercalgtledses

Number of Carbons d-spacing / A

in Chain Monoamines Diamines$’
3 15.0 (4) 11.1 (3)
4 17.6 (3) 12.1 (2)
6 21.8 (1) 14.7 (2)
7 24.3 (1) 16.9 (3)
8 26.1 (1) -
9 29.4 (2) -
12 33.5 (5) -
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Evidence for bilayer formation in the monoamineemtlations comes from a
comparison of the d-spacing of thegpeak, with carbon chain lengths of the amineswsho
in Table 6.1. As diamines are known to form monetayin AITP, their d-spacing forms a
good basis for establishing a baseline of monolayas and any d-spacing of an equivalent
monoamine significantly larger than the diamine ildobe evidence of the formation of
bilayers. All comparable monoamines showed a diamt increase in the d-spacing in

comparison to their equivalent diamines, suggestibdayer had been formed.

This comparison, however, relies on a consistaetcalation angle, as steeper angles
of intercalation will give larger increases in tinder-layer spacing than shallower angles. A
plot of d-spacing against number of carbons (Figui® shows an increase of ~2.10 A for
every carbon added to the amines carbon chain. iShmuch larger than the maximum
possible of 1.27 A allowed for a monolayer (seeti§ac6.1) and thus providing further
evidence of bilayer formation. These data also #gtm an intercalation angle of 56(2) °,
consistent with that of 57 ° observed in diamimeiTP?" ?® and angles of 60 °, 54 ° and
59 ° observed in monoamine intercalation in VOHR®HO?, a-ZrP** and a-TiP™

respectively.

36
34 - *
32 -
30 -

<28 -

226 -

® 24 -

20 A
18 -
16 -
14 T . . . T T T . . .

2 3 4 5 6 7 8 9 10 11 12 13
Number of carbons in chain

Figure 6.7 d-spacing of gg against number of carbons in chain for intercatatiof monoamines (best fit line
shown)
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The monoamines are believed to bond to the AITR imoa similar fashion to that
observed in-ZrP?°, where the amine gains the terminal hydrogen toime NH* and bonds
to all the oxygens on one face of the jP®trahedra through lewis acid — lewis base

interactions.

HCN elemental analysis (see Appendix 6) showedetipdsmses had intercalated to
around 95-100% of their maximum intercalation pts¢rof 2 moles of amine per mole of
AITP. The hydrogen results also indicated thatitliercalation process has driven out the

inter-lamellar waters, replacing them solely while amines, rather than the two coexisting.

6.4 Secondary Amine Intercalation into AITP

To increase the complexity of amine intercalasecondary amines with the general
formula (CH(CHy)x)2NH (where x = 1-3) were attempted to be intercalabto AITP. XRD
patterns (Figure 6.8) showed evidence of interimalatvith the doo peak shifting to lower
values of B. Diethylamine only partially intercalated into AfTwith the XRD pattern still
showing the host present, Figure 6.9. Attempts ubly fintercalate this with higher
temperatures and longer reaction times proved wesstul with host material always still
present. This is consistent with previous obseowatithat diaminoethane could not be

intercalated into AITP.
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—— Dipropylamine

2 ——Diethylamine

c

>

=

©

~

2

w

c

2

£

4 5 7 8

6
20 / degrees
Figure 6.8 XRD patterns of secondary amine intercalated AlfiRses
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Figure 6.9 XRD patterns of diethylamine intercalated AITP,lpat11.2 °is AITP host

The d-spacings of theig peak for these phases, 13.7(7) A, 16.8(4) A and(ay A
for diethyl-, dipropyl- and dibutylamine respeclive are substantially larger than the
equivalent chain length diamine, suggesting theorsg&ry amines intercalate in bilayers.
HCN elemental analysis (see Appendix 6) showed ratde0-55% intercalation had been
achieved, much less than seen with the primary moinoes. This may be a result of the
amine’s carbon chain ‘arms’ now branching outwaadsl blocking the adjacent terminal
hydroxide groups (Figure 6.10) and hindering congplamine intercalation. For example if
we consider dipropylamine as possessing an ‘arm:sgaaround 4.5 A (given a trans-trans
arrangement of the carbon chains), this contragtsthve host’s terminal oxygens which are
4.9 A and 5.9 A apart alortgandc respectively. This also explains the increaseddmess
of the doo peaks compared with their primary monoamine edenta, as this mode of

intercalation is likely to increase disorder withine inter-lamellar region.
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SRS

Figure 6.10 Proposed intercalation of secondary amines showtegc blockage of adjacent sites

ESEM images are consistent with the layered natitieese phases, Figure 6.11.

Figure 6.11 ESEM image of dibutylamine intercalated AITP

6.5 Tertiary Amine Intercalation into AITP
Increasing the complexity of the intercalating maenfurther, tertiary amines, with the
general formula (CE{CH,)x)sN (where x = 1-3) were next intercalated into AlTFhese all

intercalated successfully giving the XRD patterheven in Figure 6.12. The triethylamine
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showed consistent problems as with diethylamine amminoethane, only partially
intercalating into the phase, with host AITP stdlident in the XRD pattern after

intercalation.

Tributylamine

Tripropylamine

Triethylamine

Intensity / arb units

4 4.5 5 5.5 6.5 7 7.5 8

6
20 / degrees

Figure 6.12 XRD patterns of tertiary amine intercalated AITP

Also, as with secondary amine intercalation, thepdcing of the @, peak for tertiary
amine intercalation (14.1(4) A and 16.6(4) A fdptopyl- and tributylamine respectively)
was significantly larger than the equivalent diamimdicative of bilayer formation. HCN
elemental analysis showed around 40-50% intercalatias achieved in these phases. This is
again similar to secondary amine intercalationamy ive explained by steric factors causing

a blocking of neighbouring hydroxide groups.

ESEM images (Figure 6.13) of the tertiary amintencalation products show no

noticeable difference in morphology to secondarynanmtercalation phases.
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Figure 6.13 ESEM image of tributylamine intercalated AITP

6.5.1 N,N-Diethylaminoethanol

In a further increase to the complexity of intéatag molecules,
N,N-diethylaminoethanol was also attempted to her@alated into AITP; this is similar to
the triethylamine molecule but has gained a hydrgkgup on the terminal carbon of one of
its carbon chains. Analysis of the XRD data (Fig8r&4) suggests that some intercalation
has been successful given the small peak at 6183.6(6) A). This is at a similar position to
the peak described for triethylamine and suggesim#ar ability to intercalate and stacking
arrangement. The ability to intercalate such mutittional molecules in AITP is significant,
although the limited level of intercalation is esid from the presence of significant host

material in the products XRD pattern.
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Figure 6.14 XRD pattern of N,N-diethylaminoethanol (molecukeet) intercalated AITP, peak at 11.2 ° is the
AITP host

6.6 Trans-1,4-Diamino Cyclohexane Intercalation ira AITP

Previously reported intercalations in AITP haveadived diamineS or amines with
cyclic ring€®. As an extension to this, attempts were made terdalate trans-1,4-diamino
cyclohexane (T-1,4), which is essentially a cydi@mine. XRD data (Figure 6.15) suggested
the intercalation was successful showing a peakratind 6.25° @ around the region
expected for the interlayer reflection of inter¢cathAITP phases. The d-spacing of theyd
peak for this phase is 14.1(3) A, which is consisteith the value observed of 14.7(2) A for
diaminohexane intercalation into AITP. Howeverstis a somewhat surprising as although
this is consistent with a monolayer, we might ex@esmaller g with the cyclic T-1,4 as it
is closer in length to diaminobutane (d-spacingigalf 12.1(2) A for intercalation peak). We
can only surmise that the intercalation angle ef Thl,4 is much higher than those seen in

simple alkyl diamines
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Figure 6.15 XRD pattern of AITP intercalated with trans-1,4-timocyclohexane (molecule inset)

6.7 pK, Dependence of Intercalation

Previous reports have shown that the basicitynobi@anic molecule influences its
ability to intercalate inta-ZrP'°. Given the similarities betweenZrP and AITP it would
seem sensible to investigate how an organic masdwsicity affects its ability to intercalate
into AITP. Knowing the factors affecting intercatat success would greatly aid future
studies as it would enable simple predictions tonsde as to a molecules intercalation

capability, or even aid in designing moleculeséariiercalated.

6.7.1 Amines Unable to Intercalate in AITP

A number of aromatic amine intercalation reactitvase been attempted in AITP
which have proved unsuccessful, with XRD patterhghe resulting phases showing no
changes to the AITP host. The first of these wédutjdine (Figure 6.16a) containing methyl
groups on the ortho positions adjacent to the géno It was initially thought that these
methyl groups may be sterically hindering the amiability to bind to the phosphate layer,
SO intercalation was attempted with 3,4-lutidineg(ffe 6.16b) which has no such steric
issues, but this also failed to intercalate. Foitgvthis, a further range of amines

(Figure 6.16) were found to be unsuccessful inngtted intercalation. Importantly, these
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were all less basic than the amines that have imertalated into AITP thus far, indicating
as witha-ZrP', the basicity and pKof the intercalating molecule has a strong infaeeon

the intercalation potential of a molecule.

A

d) —==N ¢) N

Figure 6.16 Molecules unable to intercalate in AITP a) 2,6-inie b)3,4-lutidine ¢)2,2’-dipyridyl

d) acetonitrile e) 4-benzyl pyridine

6.7.2 Amino Acid Intercalations in AITP

As mentioned in Section 6.1, there is much intenes the intercalation of
biomolecules such as amino acids, which also drsplavide range of pKvalues. This
makes them a good series of molecules to use dannigvestigation of the effects of pK
upon intercalation potential into AITP. Intercatati reactions for a range of amino acids
(see Figure 6.17 and Section 6.8) were attemptedresults could be grouped into three
different intercalation behaviours. The first wehese that failed to show any evidence of
intercalation and these included alanine, cystame glycine (Figure 6.17a-c). These are all
weaker bases, with pkvalues above 9.5 (10.08, 10.28 and 9.58 for atarsgysteine and
glysine respectively) and their failure to inteatal is consistent with observations made in

Section 6.7.1 and previous reports witZrP"’.
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Figure 6.17 Amino acids attempted to be intercalated into AfijRlanine b) cysteine c) glycine d) lysine e)
arginine f) anthranlic acid

The second group of amino acids were observedtercalate into AITP. These
included lysine and arginine (Figure 6.17d & e)ying the XRD patterns shown in
Figure 6.18, and are also consistent with obsematin a-ZrP*°. These have lower pK
values of around 9 (9.16 andfér lysine and arginine respectively) implying aii to

intercalations in AITP, for organic molecules watlpK;, of below 9.5.

Lysine

Arginine

Intensity / arb units

3.5 8.5 135 18.5 23.5 28.5 33.5
20 / degrees

Figure 6.18 XRD patterns of lysine and arginine intercalated Rl
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We may also define a third group of amino acidsictv possess the apparent basicity
but steric factors limit their intercalation. Theselude Anthranilic acid (Figure 6.17f) which
has a pK value of 4.95, much lower than the perceived limitaround 9.5, but no
intercalation is observed into AITP. It is believdtat steric hindrance is created by the
positioning of the carboxylic acid group next te timino group on the aromatic ring, which
prevents interaction between the amine group aachtist phosphate layers. As we might
expect, this implies that sterics, as well as,pplay an important role in a molecule’s

intercalation potential with AITP.

6.7.3 Altering Basicity to affect intercalation

To further confirm the influence of basicity oretintercalation reactions, a study of
previously intercalated molecules with modified ibég was undertaken. Carbonyl groups
were added on the carbons bonded to the amine gmuyutylamine and 1,6-diaminohexane
to give butyramide and adipamide respectively, F@gb.19. Carbonyl groups are electron
withdrawing and lower the basicity and thus ralse piK, of neighbouring functional groups,
so the addition of these to previously intercalatealecules should prevent intercalation on
basicity grounds. This was indeed the case withntercalation observed into AITP with
either of these molecules. Although this suppdrésttend in basicity, we must also consider
whether the presence of the carbonyl group imparyssteric barrier to intercalation. This is
difficult to assess without some detailed modelliofy the guest-host binding in these
materials. Clearly designing and modifying orgamiglecules to optimise their intercalation
capabilities is needed to guide future studies,thigtis likely to be increasingly challenging

as the complexity of intercalating molecules in Rlihcreases.
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Figure 6.19 a) butyramide b) adipamide

6.8 6-Aminohexanoic Acid Intercalation into AITP

Attempts at the intercalation of 6-Aminohexanoicida (6AHA) have proven
successful in AITP, producing a phase (labelledF ABAHA) with the XRD pattern shown in
Figure 6.20. The XRD pattern is still dominatedtbg doo peak but is much more complex
than the intercalation patterns seen thus far, muttmerous peaks, suggesting increased order
within the inter-lamellar region. It was hoped thia presence of greater order would allow a

unit cell to be indexed to the phase, but attertgptho this have proved unsuccessful.

HzN W\)J\
OH

Intensity / arb. units

5 1 15 20 25 30 35 40
20 / degrees

Figure 6.20 XRD pattern of AITP-6AHA (6AHA molecule inset)

Unlike in a-ZrP, the intercalation of 6AHA into AITP appeacsform bilayers with
HCN elemental analysis (see Appendix 6) confirmiagpund 72% of the potential
intercalation was achieved. The d-spacing of thg geak has been reduced from 21.8(1) A
in hexylamine to 18.1(1) A for 6AHA. Previous steslion the intercalation of 6AHA into

layered materials have suggested either the foomadf bilayers parallel to the phosphate

154



Chapter 6: Intercalation in
A|H2P3010'2H20 Phases

layers (as seen previously in cl?®) or the formation of an angled bilayer (as seeth
monoamines in AITP). Thealue of 18.1(1) A would appear to support the tattethese
scenarios and this is supported by studies -aminobutanoic acid (Section 6.8.1). 1
potential for interactions between the 6AHA molesuin the inte-lamellar region ma
explain the reducedigh compared to hexylamine as it may result in the riay®coming
closer together. These interactions may be zwattsriforming in a head to tail arrangem

20-22 o1 a head to head

of 6AHA molecules (Figure 6.21a) seen previouslyother phase
arrangement of 6AHA molecules with the carboxylitda hydrogen bonding with each otl

(Figure 6.21b).

e o o o °
b)

o o o o

Figure 6.21 Possible 6AHA interactions a) head to tail b) héadheac

In an angled bilayer intercalati@rrangement, aseen with monoamines in AITP, t
head to head arrangement would seem more favo, freeing the amine groups to bond
both adjacent phosphate layers. The head to taihgement would requiia carboxylic acid
binding to the phosphate laye Such itteractions have been reporteds-ZrP** * but there
have been no reparin the literature of carboxylic acids intercaigtinto AITP in a simila
manner. Despite numerous studies, we have beerleutmlntercalate carboxylic acids
alcohols into ATP, without the presence of an amine group, sugggeshe interaction

between P-OH and G@8 (n = 1 for alcohol, 2 for carboxylic acid) aretrfavourable ir
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AITP. This therefore indicates the head to headrggment, seen in Figure 6.21b, is more
likely for 6AHA intercalating into AITP. To suppothis, FTIR spectroscopy (Figure 6.22)
showed an expansion of the OH stretch of the cattwoacid to higher wavenumbers from
around 2300-3000 ctto around 2300-3600 ¢ This is consistent with hydrogen bonding,
which effectively lowers the reduced mass of thel ®end and increases the wavenumber of
its stretch, typically extending the OH stretchnir@500-3000 ci to 2500-3500 cih in
carboxylic acid dimers. This supports the assertlmat 6AHA is intercalating in angled

bilayers in a head to head fashion.

—AITP
——6AHA
—AITP-6AHA

3650 3150 2650 2150 1650 1150 650
wavenumber / cm1

Figure 6.22 FTIR spectra of AITP, AITP-6AHA and 6AHA

ESEM images of AITP-6AHA (Figure 6.23) were simita the other intercalation

phases, and showed a morphology consistent wittayleeed nature of the phase.
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Figure 6.23 ESEM image of AITP-6AHA

Attempts at repeating the production of nylon ia thte-lamellar region, as reporte
in 6AHA intercalateda-ZrP*, proved unsuccessful in AITRAHA, with the amino aci
being decomposed rather than polymerising. Thisagpto further support a model wh
the 6AHA molecules are arranged head to head,rrétthe head to tail motif, thus limitir

chemical reactivity.

6.8.1 4Aminobutanoic Acid

In a continuation of related amino acid-Aminobutanoic acid (4ABA) has also be
intercalated into AITP, giving the XRD pattern shom Figure 6.24. As with the 6AH
phase, the resulting XRD pattern is more complex those of simpler amines previou:
intercalated, indicating increased order within lgers and the potential for identification

a unit cell which has not yet been achie
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Figure 6.24 XRD pattern of 4ABA intercalated AITP

The d-spacing of thesgh peak for this phase is 14.2(3) A and is much snahlan
that of 18.1(1) A observed in AITP-6AHA. We wouldpect these two amino acids to
exhibit similar dimensions perpendicular to theichdirection. Therefore intercalation in
bilayers parallel to the phosphate layers, as seelays?, would result in the same interlayer
spacing for both phases. The fact that the interlagparations are different shows further
evidence that these amino acids are intercalatingni angled fashion similar to that of
monoamines. With only two of these amino acidsroatkated there are not enough data to

calculate an accurate intercalation angle for tipbsses.

It is conceivable that having the acid groups, flwoth 6AHA and 4ABA, arranged in
a head to head manner may open the possibilitheifiting cations or other species between
the acid groups. Due to time constraints this watspursued during this project, but this
additional binding potential could allow for an exypled range of intercalation and ion
exchange species in AITP. The formation of metatl®xayers in the inter-lamellar region
has been reported inZrP** * and such hybrid phases would be of great inténetsie MTP

family given the ability to replace Al for othert@ans (e.g. catalytic or magnetic ions).
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6.9AITP-M Intercalation
All intercalation reactions so far presented apgearely on the interaction of the

guest molecule with the acidic proton availablegtmmetal phosphate surface. The synthesis
of a range of ion exchanged AITP materials, whéesé protons have been replaced by
mono- and divalent metals, offers an opportunitydedermine whether these protons are
integral to intercalation behaviour. A series dkemcalation reactions with amines, alcohols
and thiols was undertaken with the alkali metalhexged phases and the divalent exchanged
phases reported in Chapters 3 and 5. In all casevidence of intercalation was seen. The
alkali metal AITP phases displayed an unchanged YRfern after reaction and the divalent
AITP phases became amorphous. However, there wasxception. The AITP-Ag phase
which, as mentioned in Section 6.1, had previolmgn shown to intercalate with small

gaseous thiol and sulphide molecdfesas now also shown to intercalate amines.

6.10 Monoamine Intercalation into AITP-Ag

In a similar manner to AITP (see Section 6.3),amge of monoamines were
successfully intercalated into AITP-Ag. XRD patter(Figures 6.25 and 2.26) for these
phases, as with their AITP counterparts (Sectid), 6showed a significant shift in the
d-spacing of the @ peak from 8.58(1) A in the AITP-Ag host up to 3BYA for longer

chained amines, Table 6.2.

Intensity / arb units

110 15 20 25 30
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Figure 6.25 XRD pattern of butylamine intercalated AITP

S
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Figure 6.26 d;oo peaks for intercalated AITP phases

Table 6.2 d;oo peak spacings for monoamine intercalated AITP-Aasps

Number of Carbons in d-spacing / A
Chain
4 20.0 (2)
6 23.9 (2)
7 27.5 (3)
8 29.6 (6)
9 32.4 (8)

The plot of d-spacing against number of carbomgufé 6.27) showed an increase of
~2.51 A for every carbon added, giving an interbataangle of ~81(7) °. This angle is much
higher than any reported for intercalation in atlyeo layered phosphate. The still unsolved

crystal structure of AITP-Ag means we are unabletmnalise this observation at present.
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Figure 6.27 d-spacing of g against number of carbons in chain (best fit ihewn)

HCN elemental analysis (see Appendix 6) showed AEP-Ag monoamine
intercalated phases reached effectively 100% off gugential intercalation maximum of two
moles of amine per mole of AITP-Ag host. This amois consistent with the amount
exchanged into the AITP-monoamine phases, with hiii@rogen analysis showing the
intercalation to exclude the inter-lamellar watgmsn the phase in favour of solely organic

guests, again consistent with AITP.

6.11 Thiol Intercalation into AITP-Ag

Given silver’s affinity for sulphur and previousports of the intercalation of small
gaseous thiols into AITP-Ag attempts were made to intercalate a range of this into
AITP-Ag. These were successful with XRD patterngyfe 6.28) showing the products
followed a similar trend to the monoamines, exlmilgita linear relationship between the
number of carbons in the alkyl chain and the paositf the doo peak. The appearance of the
XRD patterns for these phases suggested more thraerthose of the AITP-Ag monoamine
intercalated phases. The XRD data contain a nurobeixtra peaks at a regular spacing,
suggesting increased order as thiols intercalatalewthe monoamines XRD data only

contain one or two much smaller additional peakesg extra peaks are all evenly spaced in
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multiples of the main peaks d-spacing indicatingt tthey are all peaks from an h0O

reflection.

Nonanethiol
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Figure 6.28 XRD patterns of thiol intercalated AITP-Ag

The d-spacings of the @ peak in these phases, whilst being large enoughiggest
the formation of bilayers, are significantly smallthan their equivalent monoamines
intercalated in both AITP and AITP-Ag, Table 6.3.lager expansion would be expected
from a silver ion and sulphur, compared to a siled nitrogen and especially more than a
hydrogen and nitrogen, suggesting a very diffebemiding arrangement between the layered
host and organic guest for the thiol compared écatimines. This may be the loss of the thiols
hydrogen and the formation of a covalent bond bebtnslphur and silver, a bonding method

commonly observed when attaching thiol moleculesilt@r nanosurfacés

Table 6.3 d-spacings of g peak for intercalated phases

Number of d-spacing / A
carbons in AITP AITP-Ag AlITP-Ag
chain Monoamines Monoamines Monothiols
4 17.6 (3) 20.0 (2) 15.6 (2)
6 21.8 (1) 23.9 (2) 20.4 (2)
7 24.3 (1) 27.5 (3) 22.4 (3)
8 26.1 (1) 29.6 (6) 25.4 (2)
9 29.4 (2) 32.4 (8) 27.3 (3)
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The plot of d-spacing against chain length (Fighi29) shows an increase of 2.37 A
per carbon added to the alkyl chain, proving bitaj@mation, and gives an angle of
intercalation for these phases of ~69(2)°. Thislanglls between those observed in
intercalating monoamines into AITP-Ag and AITP (BL{ and 56(2) ° respectively) and is

consistent with 66 ° observed intercalating monoesintou-SnP>.

28

24 -
22 -
20 -
18 A
16 -
14 T T T . . .

d-spacing / A
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Figure 6.29 d-spacing of g against number of carbons in chain (best fit ihewn)

Similar to the monoamines, these phases wererstmachieve around 90% of their

potential amount of intercalation by HCN elemeiiaédlysis (see Appendix 6).

Thiol intercalation was also attempted in AITP vrew of these results but no
intercalation was observed. This shows that thegmee of silver in AITP-Ag expands the
intercalation potential of the MTP family, openingp new avenues for intercalation

chemistry.

6.12 Secondary and Tertiary Amine Intercalation inb AITP-Ag

Intercalation of secondary and tertiary amines WETP-Ag were also attempted but
were only partly successful. The XRD patterns (Feg6.30) show a small broadyg peak
resulting from intercalation, but the remaindertlod pattern was that of the AITP-Ag host.
Numerous attempts were made to induce full intatcat with higher temperatures and
longer reaction times, but all resulted in a mix iofercalated and unintercalated host
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AITP-Ag. It is possible that the amines intercalateund the crystal edges, and so block the
inter-lamellar region thus preventing any more ricadation and creating two

crystallographically distinct regions.

—— AITP-Ag-Dibutylamine
—— AITP-Ag-Tributylamine

w

= (] ‘

=]

2

(4]

~

2

w

c

3

£

4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5

20 / degrees

Figure 6.30 Partial XRD patterns of AITP-Ag intercalated with and tributylamine

The d-spacings of the observed intercalation pes&<(7) A for dibutylamine and
17.9(7) A for tributylamine, are similar to thoskserved in AITP (17.3(4) A and 16.6(4) A
for di- and tributylamine respectively) with thecreased size of the additional silver ion
taken into account, implying that the small amooinamine that is able to intercalate forms

bilayers as seen with AITP.

6.13 Amino Acid Intercalation into AITP-Ag

All of the amino acids attempted in intercalati@actions into AITP (Sections 6.7.2
and 6.8) were also attempted with AITP-Ag. With timable exception of cysteine, which
itself cannot intercalate into AITP, all of theseaildd to intercalate, including
6-aminohexanoic acid. As we might expect, this iggplthe dependence upon pléf
intercalation is markedly different between AITRIaRITP-Ag and this must be related to the
change in change in bonding of the intercalatecemaé to the host.
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6.13.1 Cysteine Intercalation into AITP-Ag
Cysteine was unable to be intercalated into puf@Abut the incorporation of silver
allowed for an intercalation reaction. The inteati@n produced a green phase with the XRD

pattern shown in Figure 6.31.
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Figure 6.31 XRD pattern of cysteine intercalated AITP-Ag

Like the AITP-6AHA phase, the silver-cysteine phakewed a much more complex
XRD pattern implying an increased level of ordethii the inter-lamellar region. With this
extra complexity it may be possible to assign & celi to the phase, although initial attempts

in this project have been unsuccessful.

With both a thiol and amine group on cysteineai$ hwo possible methods of binding
to silver. It is likely that the bonding to AITP-Agpst is through the thiol group, rather than
the amine, as cysteine is unable to intercalatdliiP and intercalations involving amine
groups in molecules with greater complexity thammge monoamines have not proved as

successful in AITP-Ag as AITP.

The d-spacing of the;gh peak for this phase is 11.8(2) A. This is veryikinto the
value of 11.1(3) A observed in diaminoprop@na similar length molecule which bonds in

monolayers. The HCN elemental analysis (see Apped)dinowever, shows around 90% of
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the intercalation potential is achieved for a siligecysteine ratio of 1:1, which is usually an
indicator of bilayers. The increase in d-spaceti@r doo peak in this phase is only 3.22 A,
which is less than the length of cysteine (around)4which suggests that cysteine may
intercalate into AITP-Ag in overlapping bilayersnning parallel to the phosphate layers
similar to the intercalation of 6-aminohexanic aadsome vermiculite clayé Cysteine
cannot be intercalated inteZrP*® and there have been no reports of attemptingténdalate

it into the silver ion exchangedZrP.

6.14 Conclusions

AITP has been shown to be an excellent host fer ititercalation of organic
molecules. Monoamines are intercalated into AITBilayers with 95-100% of the potential
intercalation achieved, confirmed by HCN analysisd an intercalation angle of 56(2) °,

consistent with the intercalation angle seen irothyered phosphaté® 23

Secondary and tertiary amines are also able &vdalate into AITP, with d-spacings
of their doo peaks suggesting bilayer formation. However, arlyund 50% of the potential
intercalation is achieved and this is believeddalresult of steric blockage of bonding sites

by the ‘arms’ of the secondary and tertiary amines.

The basicity of an organic molecule has been shtovraffect its intercalation
potential in AITP. A ‘cut-off’ point of pk above 9.5 has been found with amino acids above
this value unable to intercalate, whilst those Wesoe able to. Steric effects have also been
found to play a significant role in the intercatetipotential of organic molecules in AlITP,
with molecules with pKvalues much lower than the cut off point beinghledo intercalate

on steric grounds.

6-Aminohexanoic acid and 4-aminobutanoic acid Haeen successfully intercalated
into AITP. These form bilayers within the inter-lalar region and the intercalated acids are
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believed to interact through hydrogen bonding betwivo adjacent acid groups. This may

allow chelation of metal ions between the acidiitore work.

AITP-Ag has also been shown to be an excellent tooghe intercalation of organic
molecules, displaying its own distinct intercalatjproperties to its precursor AITP. There are
no reports in the literature of intercalation intm exchanged forms of the other layered
phosphates, so the ability to do so, with its owgtirict properties, means AITP-Ag offers a

new branch of intercalation chemistry for layerédgphates.

Monoamines intercalate into AITP-Ag in bilayerstlwiaround 93-100% of the
potential maximum intercalation achieved, similarthe amounts observed in AITP. The
intercalation angle of 81(7) ° is, however, muclghr than reported for monoamine
intercalation in other layered phosphates, theoredsr which remains unclear until the

structure of AITP-Ag is determined.

The addition of silver altered the intercalatiaogerties to allow the intercalation of
thiols into AITP-Ag. Monothiols intercalate into AP-Ag in a similar fashion to
monoamines and possess an intercalation angle(8j 69D-spacings of the;gh peaks are
considerably smaller than those of their amine \ejants suggesting a different method of
bonding to the thiols, potentially involving thereation of a covalent bond between silver

and sulphur.

In addition, AITP-Ag was able to intercalate cyséedue to its thiol group. The
intercalated phase had a complex XRD pattern stiggesncreased order within the
inter-lamellar region. HCN elemental analysis sste@ 90% intercalation of a silver to
cysteine ratio of 1:1, with the, peak only showing a small increase on intercalatio
suggesting therefore bilayers forming paralleltie phosphate layers. The incorporation of
cysteine into AITP-Ag shows that despite the latkesearch into the MTP phases, they have
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intercalation potential almost equal to and somesiraurpassing those of thetype metal

phosphates.
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Conclusions and Further Work

The studies presented throughout this thesis Hawers AITP to be an excellent host
for both ion exchange and intercalation, often wgthperties superior to those of the much

studieda-ZrP phases.

Chapter three describes how the alkali metals N&iKand Cs and silver all readily
formed fully exchanged phases with AITP without tieed for high pHs as witkZrP. TGA
showed the alkali metal exchange phases formedtiymamically stable phases with two
waters of crystallisation and metastable phases eiffering numbers of waters, one in the
cases of potassium, rubidium and caesium and fotine case of sodium. Unit cells were
identified for these phases and showexhdc values consistent with the AITP host, but with
the a parameter more than doubled as adjacent layem®ecrystallographically distinct
from each other. A linear relationship was foundexist between the cationic radii and the
d-spacing of the 4o peak and unit cell volume suggested the diffeesichanged phases are
either isostructural or have similar cation sifElse sodium, potassium and rubidium phases
all decompose between 500-550 °C to form MR@&d AIMR.O; which further decomposes
to MPG; and AIPQ, whilst the caesium phase transforms into anopheviously reported

layered phase of the same stoichiontefrgiving a new synthetic route for this phase.
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Chapter three also describes that lithium exchamgeAlTP possessed a third level
of lithium loading with a greater lithium conterftan the two previously reported phases
This third loading level, formed through the adulitiof hydroxide to the exchanging solution,
has around 50% of the maximum possible exchange&hwis around 40% higher than
previously reported. The amount of lithium couldibereased to around 70% by increasing
the lithium to aluminium ratio to 50:1, or by refteng the exchange solution. Increasing the
ratio higher and the solution refreshing method sedu significant breakdown of the
crystallinity of the system. This higher loading/éé could be achieved with around 60%
exchange by refreshing an exchanging solution 61 bnd does not breakdown the phase’s

crystallinity.

Chapter four determined the crystal structure obd wf the fully ion exchanged
phases, rubidium and caesium, through Rietveldfamder difference analysis of X-ray and
neutron diffraction data. The two phases were fotanbe isostructural to one another, with
the structure now having the space group C2/c essalt of the phosphate layers being
staggered half a unit cell along [010] with respecteach other. The inter-lamellar waters
were found to run along the face of each layerytyen bonding between terminal oxygens
on the same layer rather than to terminal oxygenadjacent layers as in the AITP host. The
cations were found to sit in 14 coordinate sitesding to four terminal oxygens and five
bridging oxygens from one layer, forming an ‘oxygeell’, and a terminal oxygen from the
adjacent layer and four inter-lamellar water molesuThe cations now appear to hold the
adjacent phosphate layers together electrostaticall

The crystal structures of the sodium, potassiumsalvér exchanged phases remain
unsolved. These are believed to be similar to tivedium and caesium crystal structures, but

further studies are required to elucidate the ildial structures. These studies may include
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further Rietveld studies using joint neutron XRD¥slrotron refinements, supplemented by
pair distribution function analysis.

Chapter five showed that the ion exchange of ditatations into AITP was possible,
with copper, manganese and calcium showing the mmsatence of exchange.
Decomposition products of ¥,0;, Al(POs3); and AIPQ for the transition metal phases and
B-Ca(PQ), and AIPQ for calcium, suggest significant exchange had wedu To further
support this EDX showed the AITP with copper wasnid to have an aluminium to copper
ratio of around 1:1. Further studies to investigtite composition of these phases using
techniques such as X-ray fluorescence spectrosoofigme photometry/atomic absorbance
spectroscopy are necessary.

Strontium and zinc also showed evidence of ion argk in their XRD patterns and
decomposition products, but residual intercalatéfPAsuggests that the exchange is slower
than with the other successful divalent exchangagther studies are required to determine
optimal conditions to push this exchange towardsmetion. Iron and magnesium show
little evidence of exchange in their XRD patterbst their decomposition products were
consistent with those of the other divalent excleahghases. Further investigations into
whether these ions have exchanged or not is retjuire

Chapter 6 demonstrated the excellent intercaldtemaviour of AITP. Monoamines
were readily intercalated into AITP, at around theoretical maximum amount, with an
intercalation angle of 56(2) °. This angle is cetemt with monoamine intercalation in
numerous other layered phosphafesSecondary and tertiary amines are also able to
intercalate into AITP, forming bilayers with arouriD% of the intercalation potential
achieved. This lower level of insertion is beliewedoe a result of steric blockage of binding

sites by the ‘arms’ of the secondary and tertiamynas.
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Studies have also shown the basicity of the orgaratecule affects its intercalation
potential with a cut off point of pi~ 9.5 above which intercalation does not occulifP,
similar to a-ZrP. Sterics effects also have also been showpldag a major role in the
intercalation potential of organic molecules in RITwith molecules with pKvalues much
lower than the cut off point being unable to ing¢ate on steric grounds.

The amino acids, 6-Aminohexanoic and 4-aminobutanacid, have been
successfully intercalated into AITP. These prodpcissess more complex XRD patterns than
other intercalated phases, suggesting increased-larhellar ordering, which appears to
result from the formation of bilayers with hydrogbanding interactions between the acid
groups of the molecules in the inter-lamellar regiButure studies are required to investigate
the possibility of utilising the acid to acid regidor the chelation of cations between these
intercalated organic molecules. This may have thiergial to form metal oxide layers in
between the phosphate layers, through thermal deesition of the organic components.
Such nano-composite structures offer immense patdot various properties. To date such
a structure has been suggested in @iZeP study but AITP may offer more potential given
the flexibility in metals which form the AITP struce.

In an extra dimension to the intercalation studé&3P-Ag has also shown to be an
excellent host for the intercalation of organic ewmnlles, displaying its own distinct
intercalation properties compared to its precustirP. To our knowledge there are no
reports in the literature of intercalation into i@xchanged forms of the other layered
phosphates, so the ability to do so, with its owstinct properties, suggests an overlooked

branch of intercalation chemistry for layered pHadps exists.

Monoamines intercalate into AITP-Ag in similar amdgito AITP. The intercalation
angle for the AITP-Ag phase, however, is much gne@@1(7) °) than previously observed in

other layered phosphates. AITP-Ag also has thetwald intercalate monothiols, a property
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the original AITP host does not possess. Thesecalgge in a similar fashion to monoamines
and have an intercalation angle of 69(2) °. D-amgiof the ¢ho peaks are considerably
smaller than those of their amine equivalents sstygg a different method of bonding to the

thiols, potentially involving the formation of avalent bond between silver and sulphur.

Secondary and tertiary amines only partially ireéate into AITP-Ag, with
significant amounts of the parent material remanaiter the reaction. This may be be a
result of intercalation occurring around the criystdges, which then blocks the inter-lamellar
region, creating two crystallographically distimegions.

Interestingly, cysteine was able to intercalateo iliTP-Ag, an intercalation not
possible in the pure AITP host. As with other amaids, the XRD pattern showed evidence
of increased order within the inter-lamellar regi®fCN elemental analysis suggests 90%
intercalation is achieved, assuming a maximum wiglilver to cysteine ratio of 1:1. Theygl
peak only showed a small increase on intercalattbith suggests bilayers being formed
parallel to the phosphate layers. The incorporatiboysteine into AITP-Ag shows despite
the previous lack of research into the MTP phases; have intercalation potentials almost
equal to and often surpassing those ofotlygoe metal phosphates.

An area of further work is to expand these findirig the other members of the
M" P;0.0- 2H,0 family to ascertain if the ion exchange and icaation properties shown by
AITP are family-wide. For the members of the famihich show magnetic properties
(Fe and Mn), it would be interesting to observeahiése are altered by ion exchange or
intercalation. lon exchanging of cations with vhl&a oxidation states into some of the
transition metal phases themselves with potertiaVériable oxidation states may also prove

interesting.
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A2.1 Sodium Data
A2.1.1 Raw Data

100

y = 6.0649x
90 -
80 - ¢
L J
£ 70 -
S L J
2 60 -
E 50 - s
€ a0 .
:‘au L)
2 30 - .
20 -
10 -
0 T T T
0 5 10 15
Concentration / ppm
Sample Reading Concentration
1 2 3 Average / ppm
AITP-Na 85 84 84 13.9 13.91
AITP-Na-4 75 75 74.5 12.4 12.34
AITP-K 1 1 0 0.2 0.11
AITP-Rb 0 0 0 0.0 0.00
AITP-Cs 0 1 0 0.2 0.05
AITP-Ag 0 0 0 0.0 0.00

A2.1.2 Calculations

Sample Mass Concentration Mass Moles Na Moles Na, Full Percentage

/ mg / ppm Na/ mg Exchange*  Exchange
AITP-Na  10.9 13.91 1.39  6.05x20  6.02x10° 100(1)
AlITP-Na-4 10.1 12.34 1.23  5.37%¥10 5.08x10° 105(2)
AITP-K 11.1 0.11 0.01 4.78x10  6.13x10° 1(1)
AITP-Rb 105 0.00 0.00 0 5.8x20 0
AITP-Cs  10.2 0.05 0.01  2.39x10  5.64x10° 0.4(1)
AITP-Ag  10.6 0.00 0.00 0 5.86xT0 0

*This is the moles of sodium if the fully exchangedm of AINa&,P;0,o- nH,O was achieved
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A2.2 Lithium Data

A.2.2.1 Raw Data

35

y =0.5949x
30 -
£ 251
c *
S )
g 20 -
© ¢
PRTE p
®
& 10 -
L)
5 .
0 . ; . ;
0 10 20 40 50
Concentration / ppm
Sample Reading Concentration
1 2 3 Average / ppm
100%LiCl 3.0 3.0 3.0 3.0 5.04
90:10
LiCI:LiOH 13.0 13.0 13.0 13.0 21.85
80:20
LiCI:LiOH 14.5 14.0 14.0 14.2 23.81
70:30
LiCI:LiOH 15.5 16.0 15.5 15.7 26.33
60:40
LiCI:LiOH 13.0 13.0 13.0 13.0 21.85
50:50
LiCI:LiOH 20.0 20.0 20.0 20.0 33.62
40:60
LiCI:LiOH 15.5 15.0 15.0 15.2 25.49
30:70
LiCl:LiOH 22.5 22.5 22.0 22.3 37.54
20:80
LiCI:LiOH 22.5 22.5 22.0 22.3 37.54
10:90
LiCl:LiOH 24.0 24.0 23.0 23.7 39.78
100% LiOH 19.0 19.5 19.0 19.2 32.22
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100 - 3
y = 5.6868x
80 -
b=}
g 60
©
~
£
T 40 - .
&
20 -
0 1 T I
0 5 10 15 20
Concentration / ppm
Sample Reading Concentration
1 2 3 Average / ppm
100%LiCl
1 refresh 29.5 29 28.5 29 5.10
2 refresh 39.5 39.5 39.5 39.5 6.95
3 refresh 58 57 57.5 57.5 10.11
80:20
LiCl:LiOH
3 refresh 71 715 715 71.3 71
100
y =6.5143x
80 -
& 60 -
©
~
&
£ 40 -
g
20 -
0 T T T T T T
0 2 4 6 8 10 12
Concentration / ppm
Sample Reading Concentration
1 2 3 Average / ppm
90:10
LiCl:LiOH
1 refresh 72 73 74 73.0 11.21
2 refresh 70 69 69 69.3 10.64
3 refresh 79 79 79 79.0 12.13
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100 - y=5.029% _+%
80 -
£ 60 -
®
5 40 - >
3
20 -
O 1 1 I I
0 5 10 15 20
Concentration / ppm
Sample Reading Concentration
2 3 Average / ppm
10:1 Li:Al 16 16 16.0 3.18
50:1 Li:Al 34.5 34.5 34.5 34.5 6.86
100:1 Li:Al 47.5 47.5 47.3 9.41
A.2.2.2 Calculations
Sample Mass / Concentration Mass Li Moles Li Moles Li, Full Percentage
mg / ppm / mg Exchange* Exchange
100% LiCl  108.9 5.04 0.50 7.27x10 1.37x10° 11(1)
1refresh  39.5 5.10 051 7.35x10  4.79x10° 31(2)
2 refresh 43 6.95 0.69 1.00x1db 5.22x10° 38(1)
3refresh  40.4 10.11 1.01  1.46xT0 4.90x10' 59(3)
90:10
LiCI:.LIOH  100.2 21.85 219 3.15x10  1.26x10° 50(1)
1refresh  40.3 11.21 1.12 1.61xT0 5.07x10' 64(1)
2 refresh  39.5 10.64 1.06  1.53xT0  4.97x10' 62(1)
3refresh  40.4 12.13 1.21  1.75xT0  5.08x10° 69(1)
80:20
LICLIOH  99.5 23.81 2.38 3.43x1d  1.25x10° 55(2)
3refresh  40.2 12.54 1.25 1.81xT0 4.88x10' 74(3)
70:30
LiCl:LIOH  100.3 26.33 2.63 3.79x10 1.26x10° 60(2)
60:40
LIC:.LIOH  99.4 21.85 219 3.15x1b  1.25x10° 50(1)
50:50
LiIC:.LIOH  99.6 33.62 3.36 4.84x1d  1.25x10° 77(1)
40:60
LiIC:LIOH  99.6 25.49 255 3.67x1b  1.25x10° 59(2)
30:70
LiIC:LIOH 102 37.54 375 5.41x1b  1.28x10° 84(2)
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20:80
LICLIOH  99.6 37.54 3.75 5.41x1d  1.25x10° 86(2)
10:90
LiCI:LiOH 96 39.78 3.98 573x1Hh  1.21x10° 95(3)
100%LiOH 101.5 32.22 3.22 4.64xf0 1.28x10° 73(2)
10:1 Li:Al  23.9 3.18 0.32 458x10 1.45x10’ 32(5)
50:1 Li:Al 23,5 6.86 0.69 9.89x10  1.43x10’ 69(1)
100:1 Li:Al 235 9.41 0.94 1.36x10 1.43x1(0" 95(4)

*This is the moles of lithium if the fully exchangiéorm of AlLi,P;0;,- 2H,0 was achieved
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Appendix 3-1: CELL Refinement

of AITP-Na

Cell parameters: a = 17.621(5) A, b = 4.915(1) A,11.619(3) Ap = 107.89(1) °.

Observed Calculated hKkl Observed Calculated Difference Weight Sirf
29 (°) 29 (°) d-spacing d-spacing (obs — calc)
10.493 10.519 200 8.424 8.403 -0.021 1 -0.00004
16.160 16.232 -202 5.480 5.456 -0.024 1 -0.00018
18.818 18.776 110 4.712 4.722 0.011 1 0.00012
19.745 19.728 011 4.493 4.497 0.004 1 0.00005
21.136 21.152 -400 4.200 4.197 -0.003 1 -0.00005
21.677 21.765 202 4.096 4.080 -0.016 1 -0.00028
23.649 23.672 112  3.759 3.755 -0.004 1 -0.00008
24.104 24.104 003 3.689 3.689 0.000 1 0.00000
25.811 25.823 112 3.449 3.447 -0.002 1 -0.00005
26.120 26.124 -312 3.409 3.408 -0.001 1 -0.00002
27.261 27.182 411 3.269 3.278 0.009 1 0.00032
29.449 29.391 -113 3.031 3.037 0.006 1 0.00025
30.212 30.263 013 2956 2.951 -0.005 1 -0.00022
30.580 30.556 -313 2921 2.923 0.002 1 0.00011
31.679 31.713 312 2822 2.819 -0.003 1 -0.00016
32.253 32.265 510 2773 2.772 -0.001 1 -0.00005
32.696 32.827 404 2737 2.726 -0.011 1 -0.00062
36.650 36.511 020 2450 2.459 0.009 1 0.00072
37.032 37.044 403 2.426 2.425 -0.001 1 -0.00006
38.242 38.196 121 2352 2.354 0.003 1 0.00025
39.702 39.708 221 2.268 2.268 0.000 1 -0.00003
40.289 40.330 602 2237 2.235 -0.002 1 -0.00023
40.968 41.038 -802 2201 2.198 -0.004 1 -0.00040
41.868 41.895 -710 2.156 2.155 -0.001 1 -0.00016
45.559 45.539 123 1.989 1.990 0.001 1 0.00012
47.122 47.071 -810 1.927 1.929 0.002 1 0.00033
48.295 48.284 414 1.883 1.883 0.000 1 0.00007
48.752 48.699 -124 1.866 1.868 0.002 1 0.00035
49.565 49.570 024 1.838 1.837 0.000 1 -0.00004
49.960 49.978 323 1824 1.823 -0.001 1 -0.00012
50.419 50.556 62-3 1.809 1.804 -0.005 1 -0.00092
50.931 51.052 41-6 1.792 1.788 -0.004 1 -0.00082
52.142 52.104 516 1.753 1.754 0.001 1 0.00026
53.068 53.003 016 1.724 1.726 0.002 1 0.00045
54.652 54.667 1000 1.678 1.678 0.000 1 -0.00011
55.089 55.089 -425 1.666 1.666 0.000 1 0.00000
55.559 55.535 622 1.653 1.653 0.001 1 0.00017
58.645 58.637 -816 1.573 1.573 0.000 1 0.00006
59.764 59.788 722 1546 1.546 -0.001 1 -0.00018
61.178 61.117 -1113 1.514 1.515 0.001 1 0.00046
61.619 61.600 017 1.504 1.504 0.000 1 0.00014
62.888 62.943 133 1.477 1.475 -0.001 1 -0.00043
64.420 64.402 822 1.445 1.446 0.000 1 0.00014
65.617 65.618 726 1.422 1.422 0.000 1 -0.00001
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Appendix 3-1: CELL Refinement

of AITP-Na
67.273 67.267 -318 1.391 1.391 0.000 1 0.00005
67.995 67.999 532 1.378 1.378 0.000 1 -0.00004
68.511 68.503 227 1.368 1.369 0.000 1 0.00006
71.550 71.522 -1107 1.318 1.318 0.000 1 0.00023
72.231 72.164 -734 1.307 1.308 0.001 1 0.00056
75.392 75.364 824 1.260 1.260 0.000 1 0.00024
76.021 76.016 -336 1.251 1.251 0.000 1 0.00005
77.078 77.084 1113 1.236 1.236 0.000 1 -0.00005
77.936 77.945 036 1.225 1.225 0.000 1 -0.00007
78.532 78.551 -636 1.217 1.217 0.000 1 -0.00016
79.188 79.253 832 1.209 1.208 -0.001 1 -0.00056
80.236 80.241 1411 1.195 1.195 0.000 1 -0.00004
81.119 81.133 -1322 1.185 1.184 0.000 1 -0.00012
82.061 82.052 -1034  1.173 1.174 0.000 1 0.00008
84.371 84.362 -7010 1.147 1.147 0.000 1 0.00008
85.394 85.379 543 1.136 1.136 0.000 1 0.00013
85.961 85.962 -4110 1.130 1.130 0.000 1 -0.00001
87.103 87.114 328 1.118 1.118 0.000 1 -0.00009
90.180 90.150 1313 1.088 1.088 0.000 1 0.00027
90.462 90.458 -1605 1.085 1.085 0.000 1 0.00004
93.435 93.494 -1517 1.058 1.058 -0.001 1 -0.00051
94.098 94.089 444 1.052 1.052 0.000 1 0.00008
94.278 94.336 -5210 1.051 1.050 0.000 1 -0.00051
95.575 95.588 -745 1.040 1.040 0.000 1 -0.00011
96.039 96.025 -2210 1.036 1.036 0.000 1 0.00012
99.401 99.411 -10011 1.010 1.010 0.000 1 -0.00008

R FACTOR 0.00000565
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Appendix 3-2: CELL Refinement of AITP-K

Cell parameters: a = 18.664(8) A, b = 4.885(1) A,11.701(3) A an¢d = 91.87(2) °.

Observed Calculated hkl Observed Calculated Difference  Weight Sin
29 (°) 29 (°) d-spacing d-spacing (obs — calc)
9.440 9.461 200 9.361 9.340 -0.021 1 -0.00003
15.122 15.126 002 5.854 5.853 -0.001 1 -0.00001
17.604 17.609 202 5.034 5.033 -0.001 1 -0.00001
18.122 18.139 202 4.891 4.887 -0.004 1 -0.00005
20.244 20.239 401 4.383 4.384 0.001 1 0.00002
24.139 24.169 112 3.684 3.679 -0.004 1 -0.00011
24.315 24.294 311 3.658 3.661 0.003 1 0.00007
26.392 26.467 410 3.374 3.365 -0.009 1 -0.00029
27.538 27.564 312 3.236 3.233 -0.003 1 -0.00011
29.594 29.618 -113 3.016 3.014 -0.002 1 -0.00011
29.842 29.864 113 2.992 2.989 -0.002 1 -0.00010
30.137 30.173 510 2.963 2.960 -0.003 1 -0.00016
30.498 30.538 004 2.929 2.925 -0.004 1 -0.00018
31.742 31.734 204 2.817 2.817 0.001 1 0.00004
32.340 32.347 204 2.766 2.765 -0.001 1 -0.00003
33.025 33.030 602 2.710 2.710 0.000 1 -0.00002
34.241 34.225 -701 2.617 2.618 0.001 1 0.00008
35.978 36.004 -114 2.494 2.492 -0.002 1 -0.00013
36.249 36.280 114 2.476 2.474 -0.002 1 -0.00016
36.886 36.854 214 2.435 2.437 0.002 1 0.00017
37.712 37.648 513 2.383 2.387 0.004 1 0.00034
38.184 38.158 121 2.355 2.357 0.002 1 0.00014
38.505 38.492 -710 2.336 2.337 0.001 1 0.00007
39.042 39.059 711 2.305 2.304 -0.001 1 -0.00009
41.118 41.152 712 2.194 2.192 -0.002 1 -0.00020
42.089 42.050 613 2.145 2.147 0.002 1 0.00023
42.814 42.768 421 2.110 2.113 0.002 1 0.00027
43.799 43.814 405 2.065 2.065 -0.001 1 -0.00009
44.969 44.965 -315 2.014 2.014 0.000 1 0.00003
45.778 45.800 713 1.980 1.980 -0.001 1 -0.00013
46.553 46.542 006 1.949 1.950 0.000 1 0.00007
47.294 47.278 206 1.920 1.921 0.001 1 0.00010
47.933 47.939 206 1.896 1.896 0.000 1 -0.00004
48.625 48.557 423 1.871 1.873 0.002 1 0.00045
48.966 48.964 515 1.859 1.859 0.000 1 0.00002
49.717 49.691 1001 1.832 1.833 0.001 1 0.00018
50.774 50.765 912 1.797 1.797 0.000 1 0.00006
51.317 51.316 324 1.779 1.779 0.000 1 0.00000
55.052 55.086 904 1.667 1.666 -0.001 1 -0.00024
56.424 56.399 715 1.629 1.630 0.001 1 0.00018
58.460 58.464 905 1.577 1.577 0.000 1 -0.00003
59.226 59.271 -823 1.559 1.558 -0.001 1 -0.00033
60.902 60.891 026 1.520 1.520 0.000 1 0.00008
63.804 63.800 -333 1.458 1.458 0.000 1 0.00003
64.846 64.827 -707 1.437 1.437 0.000 1 0.00015
65.873 65.904 034 1.417 1.416 -0.001 1 -0.00024
67.134 67.149 118 1.393 1.393 0.000 1 -0.00012

R FACTOR 0.00000117
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Appendix 3-3: CELL Refinement of AITP-K-1

Cell parameters: a = 17.004(9) A, b = 4.880(2) A,11.711(5) A an@® = 91.23 °.

Observed Calculated hKkl Observed Calculated Difference Weight Sirf
29 (°) 29 (°) d-spacing d-spacing (obs — calc)
10.342 10.348 200 8.547 8.542 -0.005 1 -0.00001
15.065 15.070 002 5.876 5.874 -0.002 1 -0.00001
18.100 18.112 010 4.897 4.894 -0.003 1 -0.00003
18.894 18.852 -110 4.693 4.703 0.010 1 0.00012
19.689 19.641 011 4.505 4516 0.011 1 0.00014
20.324 20.286 111 4.366 4.374 0.008 1 0.00012
20.383 20.370 111 4.353 4.356 0.003 1 0.00004
22.292 22.337 401 3.985 3.977 -0.008 1 -0.00015
23.699 23.665 012 3.751 3.757 0.005 1 0.00012
24.209 24.173 112 3.673 3.679 0.005 1 0.00013
24.336 24.315 112 3.655 3.658 0.003 1 0.00008
25.106 25.082 311 3.544 3.548 0.003 1 0.00009
28.266 28.292 -312 3.155 3.152 -0.003 1 -0.00011
28.675 28.660 312 3.111 3.112 0.002 1 0.00006
29.592 29.615 -113 3.016 3.014 -0.002 1 -0.00010
30.469 30.464 004 2.931 2.932 0.000 1 0.00002
31.992 32.006 510 2.795 2.794 -0.001 1 -0.00007
32.979 33.063 511 2.714 2.707 -0.007 1 -0.00040
35.663 35.690 014 2.516 2.514 -0.002 1 -0.00014
36.805 36.830 404 2.440 2.438 -0.002 1 -0.00013
37.641 37.603 404 2.388 2.390 0.002 1 0.00020
38.313 38.297 220 2.347 2.348 0.001 1 0.00009
39.076 39.043 221 2.303 2.305 0.002 1 0.00018
42.346 42.343 711 2.133 2.133 0.000 1 0.00001
44.263 44.263 703 2.045 2.045 0.000 1 0.00000
47.387 47.384 -713 1.917 1.917 0.000 1 0.00002
48.464 48.483 024 1.877 1.876 -0.001 1 -0.00012
49.524 49.573 224 1.839 1.837 -0.002 1 -0.00033
51.803 51.807 714 1.763 1.763 0.000 1 -0.00003
56.200 56.181 207 1.635 1.636 0.001 1 0.00014
56.828 56.818 913 1.619 1.619 0.000 1 0.00007

59.138 59.132 132 1.561 1.561 0.000 1 0.00004

R FACTOR 0.0000005
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Appendix 3-4: CELL Refinement of AITP-Rb

Cell parameters: a = 19.506(15) A, b = 4.872(33 A,11.799(8) A an@ = 91.73(4) °.

Observed Calculated hkl Observed Calculated Difference  Weight Sin
29 (°) 29 (°) d-spacing d-spacing (obs — calc)
9.047 9.140 200 9.767 9.668 -0.099 1 -0.00013
15.164 15.087 002 5.838 5.867 0.029 1 0.00017
17.949 17.875 202 4.938 4.958 0.020 1 0.00020
18.782 18.834 -110 4,721 4.708 -0.013 1 -0.00015
20.340 20.351 111 4.363 4.360 -0.002 1 -0.00003
22.817 22.862 500 3.894 3.887 -0.008 1 -0.00015
23.392 23.378 402 3.800 3.802 0.002 1 0.00005
24.153 24.231 311 3.682 3.670 -0.012 1 -0.00028
24.294 24.274 112 3.661 3.664 0.003 1 0.00007
27.433 27.500 600 3.249 3.241 -0.008 1 -0.00027
27.763 27.861 502 3.211 3.200 -0.011 1 -0.00040
29.336 29.388 510 3.042 3.037 -0.005 1 -0.00022
29.863 29.798 412 2.990 2.996 0.006 1 0.00028
30.643 30.549 511 2.915 2.924 0.009 1 0.00042
31.067 31.067 -602 2.876 2.876 0.000 1 0.00000
31.726 31.893 602 2.818 2.804 -0.014 1 -0.00077
32.303 32.185 700 2.769 2.779 0.010 1 0.00055
32.851 32.833 512 2.724 2.726 0.001 1 0.00008
33.529 33.491 512 2.671 2.674 0.003 1 0.00018
35.333 35.261 -702 2.538 2.543 0.005 1 0.00036
36.056 36.066 114 2.489 2.488 -0.001 1 -0.00005
36.928 36.958 513 2.432 2.430 -0.002 1 -0.00016
37.763 37.751 021 2.380 2.381 0.001 1 0.00006
38.154 38.120 220 2.357 2.359 0.002 1 0.00018
38.915 38.964 221 2.312 2.310 -0.003 1 -0.00027
39.619 39.624 -802 2.273 2.273 0.000 1 -0.00003
39.973 39.964 712 2.254 2.254 0.000 1 0.00005
40.808 40.741 712 2.209 2.213 0.003 1 0.00038
42.119 42.106 421 2.144 2.144 0.001 1 0.00008
43.496 43.454 713 2.079 2.081 0.002 1 0.00025
43.892 43.931 215 2.061 2.059 -0.002 1 -0.00024
44.191 44.149 422 2.048 2.050 0.002 1 0.00025
44.745 44.753 812 2.024 2.023 0.000 1 -0.00005
47.361 47.449 621 1.918 1.915 -0.003 1 -0.00056
48.092 48.112 912 1.890 1.890 -0.001 1 -0.00013
48.724 48.779 -1002 1.867 1.865 -0.002 1 -0.00036
49.587 49.553 622 1.837 1.838 0.001 1 0.00023
50.611 50.627 406 1.802 1.802 -0.001 1 -0.00011
53.878 53.796 524 1.700 1.703 0.002 1 0.00058
54.129 54.151 025 1.693 1.692 -0.001 1 -0.00016
55.441 55.381 606 1.656 1.658 0.002 1 0.00043
56.015 55.999 1111 1.640 1.641 0.000 1 0.00011
56.664 56.676 1200 1.623 1.623 0.000 1 -0.00009
57.534 57.523 131 1.601 1.601 0.000 1 0.00008
58.576 58.613 -330 1.575 1.574 -0.001 1 -0.00028
59.347 59.384 -317 1.556 1.555 -0.001 1 -0.00027

R FACTOR 0.00000354
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Appendix 3-5: CELL Refinement of AITP-Cs

Cell parameters: a = 20.390(21) A, b = 4.871(4 A,11.677(9) A an@ = 95.28(6) °.

Observed Calculated hKkl Observed Calculated Difference Weight Sirf
29 (°) 29 (°) d-spacing d-spacing (obs — calc)
8.682 8.712 200 10.177 10.142 -0.035 1 -0.00004
16.875 16.857 202 5.250 5.255 0.006 1 0.00005
18.168 18.208 010 4.879 4.868 -0.011 1 -0.00011
18.739 18.729 -110 4.732 4.734 0.002 1 0.00003
20.444 20.390 111 4.341 4.352 0.011 1 0.00016
22.206 22.153 402 4.000 4.009 0.009 1 0.00017
22.467 22.481 -310 3.954 3.952 -0.002 1 -0.00005
23.988 23.968 112 3.707 3.710 0.003 1 0.00007
24.456 24.485 112 3.637 3.633 -0.004 1 -0.00010
26.248 26.324 600 3.393 3.383 -0.010 1 -0.00029
27.902 27.920 502 3.195 3.193 -0.002 1 -0.00008
28.593 28.606 510 3.119 3.118 -0.001 1 -0.00005
30.059 30.089 113 2.971 2.968 -0.003 1 -0.00013
30.698 30.649 -104 2.910 2.915 0.005 1 0.00022
31.182 31.199 204 2.866 2.864 -0.002 1 -0.00008
31.565 31.562 512 2.832 2.832 0.000 1 0.00001
33.466 33.494 -603 2.675 2.673 -0.002 1 -0.00013
36.937 36.918 801 2.432 2.433 0.001 1 0.00010
37.789 37.766 214 2.379 2.380 0.001 1 0.00013
44.330 44.298 812 2.042 2.043 0.001 1 0.00020
48.752 48.750 024 1.866 1.866 0.000 1 0.00001

50.444 50.466 -116 1.808 1.807 -0.001 1 -0.6001

R FACTOR 0.00000036
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Appendix 3-6: CELL Refinement of AITP-Ag

Cell parameters: a = 17.237(7) A, b = 4.924(1) A,11.660(3) A an@ = 96.39(2) °.

Observed Calculated hKkl Observed Calculated Difference Weight Sirf
29 (°) 29 (°) d-spacing d-spacing (obs — calc)
10.298 10.285 200 8.583 8.594 0.011 1 0.00002
15.252 15.240 002 5.805 5.809 0.005 1 0.00003
17.437 17.446 202 5.082 5.079 -0.003 1 -0.00002
19.423 19.373 202 4.566 4.578 0.012 1 0.00014
20.437 20.436 111 4.342 4.342 0.000 1 0.00000
20.707 20.690 400 4.286 4.290 0.004 1 0.00005
20.707 20.757 210 4.286 4.276 -0.010 1 -0.00015
23.863 23.852 112 3.726 3.728 0.002 1 0.00004
24.569 24.594 112 3.620 3.617 -0.004 1 -0.00009
27.415 27.428 -312 3.251 3.249 -0.001 1 -0.00005
29.359 29.330 -113 3.040 3.043 0.003 1 0.00012
29.359 29.350 312 3.040 3.041 0.001 1 0.00004
30.739 30.652 -104 2.906 2.914 0.008 1 0.00039
31.332 31.271 600 2.853 2.858 0.005 1 0.00028
31.770 31.759 510 2.814 2.815 0.001 1 0.00005
31.770 31.827 104 2.814 2.809 -0.005 1 -0.00026
33.668 33.674 204 2.660 2.659 0.000 1 -0.00003
35.788 35.769 114 2.507 2.508 0.001 1 0.00010
36.421 36.393 611 2.465 2.467 0.002 1 0.00015
36.421 36.431 214 2.465 2.464 -0.001 1 -0.00005
37.267 37.273 021 2411 2.410 0.000 1 -0.00003
37.922 37.906 611 2.371 2.372 0.001 1 0.00009
39.014 39.019 221 2.307 2.307 0.000 1 -0.00003
39.707 39.711 022 2.268 2.268 0.000 1 -0.00002
39.707 39.745 105 2.268 2.266 -0.002 1 -0.00021
40.649 40.674 222 2.218 2.216 -0.001 1 -0.00014
42.301 42.276 420 2.135 2.136 0.001 1 0.00015
42.675 42.680 711 2.117 2.117 0.000 1 -0.00003
42.675 42.637 514 2.117 2.119 0.002 1 0.00022
44.303 44.336 422 2.043 2.041 -0.001 1 -0.00020
46.977 47.037 522 1.933 1.930 -0.002 1 -0.00038
46.977 47.031 604 1.933 1.931 -0.002 1 -0.00034
48.446 48.443 024 1.877 1.878 0.000 1 0.00002
49.484 49.478 406 1.840 1.841 0.000 1 0.00004
49.484 49.512 714 1.840 1.839 -0.001 1 -0.00019
50.419 50.393 -116 1.809 1.809 0.001 1 0.00017
51.544 51.525 306 1.772 1.772 0.001 1 0.00013
57.784 57.795 207 1.594 1.594 0.000 1 -0.00008
58.751 58.748 017 1.570 1.570 0.000 1 0.00002
60.234 60.246 -332 1.535 1.535 0.000 1 -0.00009
60.829 60.817 -806 1.522 1.522 0.000 1 0.00009
62.730 62.683 -530 1.480 1.481 0.001 1 0.00037

R FACTOR 0.00000110
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Appendix 4: Bond Valence Sum Data

A4.1 Bond Valence Sum Theory

The bond valence sum metHatates that the valence (V) of an atom in a comgou
is a sum of the individual bond valenceg @urrounding the atom, Equation 1. Individual
bond valences are calculated from observed borgiHsr{R), ideal bond lengths Rand an
empirical constant (b) usually 0.37, via Equatianlf2the calculated valence equals the

expected valence it is an indication the coordaragnvironment for that atom is sensible.

V= Z(vi) Equation 1
RO - Ri
Uy = exp (T) Equation 2
A4.2 AITP-Rb Data
Bond R /A Vi Bond R /A Vi Bond R /A Vi
Rb-O1 3.06(1) 0.112 P1-01 1.531(7) 1.262 Al-O1 1.847(5) 0.541
Rb-O2 2.919(9) 0.163 P1-03 1.525@8) 1.282 Al-O1 1.847(5) 0.541
Rb-O3 3.23(1) 0.071  P1-04 1.454(7) 1554 Al-02 1.913(6) 0.453
Rb-O4 3.154(9) 0.087 P1-O5 1.656(8) 0.9 Al-02  1.913(6) 0.453
Rb-O4 3.35(1) 0.051 V= 4,998 Al-O3 1.853(6) 0.533
Rb-O4 3.93(1) 0.011 Al-O3 1.853(6) 0.533
Rb-04  3.97(1) 0.01 V= 3.054

Rb-O4 4.01(1) 0.009
Rb-O5  3.70(1) 0.02 Bond R;/A Vi
Rb-O5 3.79(1) 0.016 P2-02 1.517(7) 1.31
Rb-Ow 2.99(1) 0.135 P2-02 1517(7) 131
Rb-Ow 2.96(1) 0.146 P2-O5 1.516(9) 1.314
Rb-Ow 3.33(1) 0.054 P2-O5 1.516(9) 1.314
Rb-Ow 3.04(1) 0.118 V= 5.248

V = 1.003

190



A.4.3 AITP-Cs Data

Appendix 4: Bond Valence Sum Data

Bond Ri/A Vi Bond R;i/A Vi Bond R;i/A Vi
Cs-01  3.32(2) 0.091 P1-01 1.35(2) 2.058 Al-O1  1.95(1) 0.446
Cs-02 3.002) 0.216 P1-03 1.55(2) 1.199 Al-O1  1.95(1) 0.4146
Cs-03  3.57(2) 0.046 P1-04 1.56(1) 1.167 Al-02 1.86(1) 0.568
Cs-04 3.57(2) 0.046 P1-05 1.62(2) 0.992 Al-02 1.86(1) 0.568
Cs-04  3.83(2) 0.023 V= 5.416 Al-03  1.93(1) 0.470
Cs-04 3.63(2) 0.039 Al-O3  1.93(1) 0.470
Cs-04 3.41(22) 0.071 V = 2.97
Cs-04  4.25(2)  0.007
Cs-05  3.61(2) 0.041 Bond R;/A Vi
Cs-05 3.60(2) 0.043 P2-02 1.60(1) 1.047
Cs-Ow  3.27(2)  0.104 P2-02 1.60(1) 1.047
Cs-Ow  3.07(2) 0.179 P2-05 1.56(1) 1.167
Cs-Ow  3.202) 0.126 P2-05 1.56(1) 1.167
Cs-Ow  3.17(2) 0.136 V= 4.428

V= 1.168
References
1. I. D. Brown,Acta Crystallogr, 1977,B33, 1305.
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Appendix 5: AITP-Cu EDX Data
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Spectrum 1

Appendix 5: AITP-Cu EDX Data

10pm Electran Image 1
Element  Weight % Molar Composition
Ratio Ratio
Al 6.61 0.245 1
Cu 17.55 0.276 1.13
P 21.46 0.549 2.24
O 54.38 3.399 13.87
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Spectrum 1
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Appendix 5: AITP-Cu EDX Data
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Spectrum 2
F

10pm ! Electron Image 1
Element  Weight % Molar Composition
Ratio Ratio
Al 6.19 0.229 1
Cu 19.87 0.313 1.37
P 19.09 0.488 2.13
O 54.85 3.428 14.97

Spectrum 2
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Appendix 5: AITP-Cu EDX Data

+= =
Spectrum 2

! 10pm ! Electran Image 1
Element  Weight % Molar Composition
Ratio Ratio
Al 6.71 0.249 1
Cu 18.71 0.294 1.13
P 23.02 0.589 2.37
O 51.56 3.223 12.94
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Full Scale 1517 cts Cursor: 0.000
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Appendix 5: AITP-Cu EDX Data

£
Spectrum 1
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10pm ! Electron Image 1
Element  Weight % Molar Composition
Ratio Ratio
Al 6.5 0.241 1
Cu 20.9 0.321 1.33
P 23.98 0.613 2.54
O 49.12 3.07 12.74

Spectrum 1
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Appendix 6: HCN elemental Analysis Data

Appendix 6: HCN Elemental Analysis Data
A6.1 AITP Data

Intercalated %C %H %N C:N:H C:N:Hratio % C for full %
Amine ratio in amine exchange exchange
Butylamine 2157 563 6.49 4:1:12 4:1:11 22.44 26.1
Hexylamine 2852 6.43 584 6:1:15 6:1:15 29.76 35.8
Dipropylamine  16.50 4.07 4.21 5:1:14 6:1:15 29.76 5.48
Dibutylamine  18.59 4.15 2.74 8:1:21 8:1:19 35.56 232
Tripropylamine 16.16 4.19 3.02 6:1:18 6:1:15 36.74  43.98
Tributylamine  18.68 4.68 3.04 8:1:21 8:1:19 44.17 8.48%
6-AHA 19.07 452 3.76 6:1:16 6:1:13 26.48 72.01

A6.2 AITP-Ag Data

Intercalated % C % H %N C:N:H C:N:Hratio % C for full % exchange

Amine ratio in amine exchange
Butylamine 150 3.66 4.26 4:1:12 4:1:11 14.97 100.2
Heptylamine 24.20 5.25 4.05 7:1:19 7:1:18 23.16 494
Butylanethiol 12.97 2.98 0 4:0:11 4:0:10 14.21 91.27
Hexanethiol 17.99 3.54 0 6:0:14 6:0:14 19.68 91.41
Cysteine 961 1.39 4.00 3:1:5 3:1:7 9.77 98.36
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