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ABSTRACT

The surface functionalization of inorganic nanoparticles for improved and novel
applications is the topic of this dissertation; specifically the surface modification of
inorganic layered materials. In this case the goal is to exclusively modify the surface or
exterior layers of the material, while leaving the internal layers and structure unchanged.
This allows for organic derivatives of layered materials in which the interlayer chemistry
is not lost to achieve organic functionalization. The addition of organic character along
with the retention of the original interlayer character produces a material with dual
functionality and opens the window for many unique compounds and applications.

The surface reactivity of α- zirconium phosphate nanoplatelets was investigated with a
variety of coupling agents. Initially, covalent attachment of molecules to the exterior
surface of the nanoparticles was attempted with silanes and epoxides. Subsequently, the
ion exchange character of the surface phosphate groups was used to deposit metal ions
on the surface. The metal ion layer was then coordinated with phosphonic acid ligands to
produce surface functionalized ZrP. In all cases the exclusive functionalization of the
surface and covalent attachment of the reactive groups to the inorganic layer was
confirmed using a combination of techniques including X-ray powder diffraction, XPS,
electron microprobe, Solid State NMR, FTIR, and TGA. The viability of producing
nanoparticles with both a controlled interior and exterior by combining the intercalation
chemistry of ZrP with the newly developed surface chemistry was then investigated.
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Characterization of the resulting materials indicated that functionalization of intercalated
ZrP was successful and an efficient procedure for the design of multifunctional
nanoparticles. The control of the interlayer and surface allows for nanoparticles to be
designed for particular applications. Polymer nanocomposites and a photo-induced
electron transfer system were prepared using the multifunctional nanoparticles as test
cases.
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NOMENCLATURE

AFM

Atomic Force Microscopy

BPBPA

Biphenylbisphosphonic acid

BQ

1,2-benzoquinone

CP

Cross Polarization

CTAB

Cetyltriethylammonium bromide

FTIR

Fourier Transform Infrared Spectroscopy

HDT

Hydrothermal

MAS

Magic Angle Spinning

NMR

Nuclear Magnetic Resonance

ODPA

Octadecylphosphonic acid

OTS

Octadecytrichlorosilane

PEG

Polyethylene glycol

PS

Polystyrene

Ref

Reflux

SAMs

Self Assembled Monolayers

SEM

Scanning Electron Microscopy

SS

Solid state

TBA

Tetrabutylammonium

TEM

Transmission Electron Microscopy

TGA

Thermogravimmetric Analysis
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UV

Ultraviolet

WDS

Wavelength Dispersive Spectroscopy

XPS

X-ray Photoelectron Spectroscopy

XRD

X-ray Diffraction

XRPD

X-ray Powder Diffraction

ZrP

Zirconium Phosphate
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CHAPTER I
INTRODUCTION

1.1 Inorganic Layered Materials

There are a variety of inorganic layered materials that exist such as clays, metal
phosphates and phosphonates, metal chalcogenides, transition metal oxyhalides,
titanates, and layered double hydroxides among others.
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A defining feature of this

category of materials is the strong covalent interactions of the atoms within an individual
layer and somewhat weaker Van der Waals interactions by which the layers interact with
each other. 11 Inorganic layered materials can further be divided into categories based on
the charge of the layers. Layers can be uncharged, cationic, or anionic; in which case
uncharged layers can be conductors or insulators and cationic and anionic layers interact
well with anions and cations respectively.11 Additionally it has become accepted to
categorize these materials based on the thickness of the individual layers in which case



Part of this chapter is reprinted with permission from “Self-Assembled Monolayers
Based Upon a Zirconium Phosphate Platform” by Díaz, A., Mosby, B.M., Bakhmutov
,V.I., Martí, A., Batteas, J. and Clearfield, A. Chemistry of Materials, 2013, 25 (5), 723728, copyright 2013 by American Chemical Society; “Surface Modification of
Zirconium Phosphate Nanoplatelets for the Design of Polymer Fillers” by Mosby, B.M.,
Díaz, A., Bakhmutov ,V.I., and Clearfield, A. ACS Applied Materials and Interfaces,
2014, 6 (1), 585-592, copyright 2013 by American Chemical Society; and “Designable
Architectures on Nanoparticle Surfaces: Zirconium Phosphate Nanoplatelets as a
Platform for Tetravalent Metal and Phosphonic Acid Assemblies” by Mosby, B.M.,
Goloby, M., Díaz, A., Bakhmutov ,V.I., and Clearfield, A., Langmuir, 2014, 30 (9),
2513-2521, copyright 2014 by American Chemical Society.
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class I materials are made up of atomic monolayers, class II materials possess layers that
have a thickness of a few atoms, and class III materials possess layers with a thickness of
many atoms.12 The charge of the individual layers and the atomic thickness greatly affect
the applicability of these materials. In addition the particle size, shape, and degree of
crystallinity can also be used to tune the applicability.

1.1.1 Metal (IV) Phosphates

Metal phosphates make up one of the largest families of inorganic layered materials and
have been synthesized with chemicals from groups 4,5,14, and 15.2 Tetravalent metal
phosphates exist mainly in two phases the α and γ.2, 13 The primary difference between
the two structures is the phosphate groups, as seen in Figure 1. The γ type structure
contains two types of phosphates, both PO4 and H2PO4 groups.13

2

Figure 1. Structure of α and γ ZrP displaying the structural differences within the layers
and arrangement of phosphates in the compounds. Taken from reference 13 and
http://www.chm.unipg.it/chimino/1/fig/3phosphates.html.

The PO4 tetrahedra are present in the core of the layer and bound to four different metal
ions. The H2PO4 groups bond only to two metal ions and leave two OH groups pointing
away from the layer either in the interlayer or the surface. Two water molecules reside
in the interlayer that engage in hydrogen bonding with the hydroxyl groups of the
phosphates. On the other hand the α type structure has only one type of phosphate, PO4.
These phosphates bond to three different metal ions and the remaining hydroxyl group
points in the interlayer or the surface. The metal ions in this case are slightly above and
below the plane. Tetravalent metal phosphates with α type structures make up one of the
largest groups within the family. These type of compounds have been synthesized from
all M(IV) ions in group 4 and 14 except for carbon.2 Although the structure remains the
same, variation of the tetravalent metal used can lead to slight changes in the bond
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distances and can also change certain properties of the materials such as rate of
hydrolysis or thermal stability.

1.2 α-ZrP

1.2.1 Structure

Of primary interest in this case is α- zirconium phosphate.

α-zirconium hydrogen

phosphate (Zr(O3POH)2·H2O, ZrP) has been extensively studied since reported by
Clearfield in 1964, the structure of the layers and surface can be seen in Figure 2.14
Single crystal X-ray diffraction data of the α phase showed that the Zr atoms lie in a
plane, slightly below and above the layer, and are connected to each other by phosphate
groups. Three of the oxygen atoms of each phosphate group are bonded to a different Zr
atom and the remaining hydroxyl group points away from the layer, either in the
interlayer region or on the surface.15 The arrangement of the layers forms a zeolitic
cavity where a water molecule resides; this cavity has been utilized for intercalation
chemistry, the reversible incorporation of guest molecules into the interlayer.

The

distance between two layers is 7.6 Å and is calculated by the distance from the center of
an atom in one layer to the same atom in the next layer. The thickness of the layers is 6.3
Å, leaving a free space of 1.3 Å. A view down the c-axis shows the structure of the
surface of the layered material. The phosphates with surface hydroxyl groups form a
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triangle and are approximately 5.3 Å apart. It should be noted that phosphates are not
perfectly level with each other and do not form a plane on the surface.

Figure 2. Structure of ZrP viewed down two different axes, focusing on the interlayer
and surface structure.

1.2.2 Intercalation

Intercalation in ZrP proceeds by three main mechanisms, ion exchange, acid base, and/or
electron transfer, Figure 3.16 The most common of these are the ion exchange and acid
base mechanisms. For the ion exchange process cations displace the acidic protons of the
hydroxy phosphate groups in the interlayer region of ZrP, forming a new phase.

5

Figure 3. Intercalation mechanisms for ZrP; ion exchange (top), acid base (middle), and
redox (bottom).

On the other hand, the intercalation via an acid base reaction takes place when a
Brønsted base is protonated by the acidic protons of the hydroxy phosphate groups,
forming an ionic pair between the deprotonated phosphate and the protonated base. The
intercalation reactions proceed from the edges of the particle and move toward the
interior, in many cases a phase boundary is formed and there exist both an exchanged
and non exchanged phase simultaneously.17 For example, in the case of the Na+ phase of
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ZrP multiple steps occur before the fully exchanged phase is formed.18, 19 Initially Na+
enters the edge of the particles producing a new phase with an interlayer spacing of 11.8
Å that coexists with the 7.6 Å phase. The spacing of the entire material is then increased
to 11.8 Å by continuing the exchange, this is the half exchanged phase with an increase
in hydration, ZrHNa(PO4)25H2O. Further Na+ exchange leads to the fully exchanged
trihydrate phase of composition Zr(NaPO4)23H2O and a 9.9Å interlayer spacing. Water
loss yields a new phase with composition Zr(NaPO4)2, with an interlayer spacing of 8.42
Å, forming the most stable conformation of the layers around the sodium ions. This type
of ion exchange proceeds smoothly for a number of monovalent and divalent cations
including Li+, Na+, Ag+, Tl+, Cu+, and Ca2+.20 It was found that larger cations such as
Cs+, NH4+, Rb+, and Ba2+ did not form fully exchanged phases of ZrP at acidic pH.20-24
The largest entrance to the interlayer region of α-ZrP is 2.61 Å, therefore ions above this
size cannot enter the interlayer by direct ion exchange.25 Further investigation showed

Figure 4. Intercalation of ZrP in the case of high (top) and low (bottom) intercalation
energy barriers. Modified from reference 29.
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that although these ions were not able to enter the interlayer at low pH, they were able to
displace exclusively the surface protons of ZrP by ion exchange.26 The ion-exchange
capacity of ZrP has made ZrP very useful for a number of applications. In theory any
positively charged species can be intercalated into ZrP whether a metal ion or a
coordination complex. In cases of some of the larger species it is common to use Θ-ZrP,
a hydrated phase of α-ZrP, in which the interlayer distance is larger due to the increased
hydration.27,

28

The increase in the interlayer distance effectively decreases the

intercalation energy and allows for molecules to enter the interlayer more readily,
including some large molecules that typically would not be able to enter the interlayer
region.29 Figure 4 displays intercalation in the case of high and lower energy barriers.
Additionally, a number of swelled phases of ZrP can be prepared using sodium ions or
alcohols in order to spread the layers to foster the intercalation of large molecules.18, 30, 31

Intercalation via an acid base reaction takes place when a Brønsted base is protonated by
the acidic protons of the hydroxy phosphate groups, forming an ionic pair between the
deprotonated phosphate and the protonated base. This type of intercalation is most
common with amines but also possible with other molecules such as amides, pyridine,
quinoline, ammonium salts, and dimethyl sulfoxide in the case of ZrP. 32-37 Titrations
reveal that in the fully intercalated amine phase each amino group interacts with one
phosphate however, there are many phases produced as the interlayer becomes saturated
due to different packing of the amines within the interlayer, as displayed in Figure 5.38,
39

To elucidate the structure of the amine intercalated phases the titration and powder
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X-ray diffraction data was combined with NMR studies.39, 40 Ultimately it was found that
at the maximal loading levels several alkylamines were found to have nearly identical
31

P NMR spectra suggesting an identical intercalation process and resulting material.40

The shift of the phosphorus signal from ZrP to the intercalated compounds was used to
determine the interaction of the amines with the interlayer.

It was observed that

deprotonation of the interlayer phosphate resulted in a chemical shift change of ~10
ppm, whereas formation of a donor or acceptor hydrogen bond resulted in shifts of ~3
ppm and ~-2 ppm respectively.40 It was found that the initial conformation of the amine
is flat, parallel to the layers. As the loading increases the nitrogen atoms begin to interact
with the deprotonated phosphates thus becoming oriented perpendicular to the layer.
This is also shown by the change in interlayer spacing as a function of amine uptake.
Initially the tail part of the alkyl chain folds and prefers the parallel orientation but once
the loading is further increased the chains become completely perpendicular to the layer.
The increase in loading is attributed to the formation of bilayers of amine within the
layers, as both sides of the interlayer region will be reacting with amines. This has been
confirmed by experiments with ethylenediamine in which the fully loaded phase
contains 1 mole of amine per phosphate and the interlayer distance is 11.1 Å, much
lower than the species that form bilayers.38

9

Figure 5. Conformations of propylamine within the interlayer of ZrP as the intercalation
reaction proceeds. Modified from reference 39.
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The redox based intercalation method is not so common and has only been observed in a
few cases.16, 41 Such reactions typically take place in polar solvents; the host material is
reduced by the potential guest molecule and the solvent is often protonated as a result. 41
Additionally pi-pi interactions are typically formed among the intercalated molecules to
give further stability.16 Colón and coworkers were able to demonstrate that the direct
intercalation of ferrocene into Θ-ZrP yielded a ferrocenium intercalated phase.42 In this
case the oxidation of the ferrocene was confirmed by diffuse reflectance UV-visible
spectroscopy, Mössbauer, and cyclic voltammetry.42

In addition to the intercalation mechanisms presented it was also found that molecules
such as alkanols, glycols, and polymers that are not charged or bases could be
intercalated.31, 43-45 Although they can be intercalated it should be noted that in order to
achieve the encapsulation of these molecules the layers must be pre-swelled. This
suggests that there is not a large driving force for these molecules to enter the interlayer,
this is verified by Costantino’s observation that there was no uptake when ZrP was
treated with alkonols and glycols directly.31 Spreading of the layers lowers the
intercalation energy barrier and allows molecules with weaker interactions to enter the
interlayer region. The polymers lay flat within the interlayer and are thought to be
stabilized by hydrogen bonding interactions between the interlayer phosphates and the
polymer.43 In the case of alkanols and glycols the intercalated molecule is thought to
displace the interlayer water molecule and engage in hydrogen bonding with its alcohol
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functionality and the interlayer phosphates.

31

It should be noted that in both cases the

intercalation is stabilized by hydrogen bonding.

1.2.3 Exfoliation

Exfoliation is the process in which the layers of a layered material are swollen to the
point where they lose their attraction for each other and individual nanosheets are
formed in solution.46,

47

In the case of ZrP, exfoliation is usually achieved using

tetrabutylammonium hydroxide, however alkylamines can be used for a milder

Figure 6. Exfoliation of ZrP nanoparticles into individual nanosheets through treatment
with tetrabutylammonium hydroxide. Modified from reference 52.
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exfoliation process.48-52 The process of intercalation of tetrabutyammonium followed by
exfoliation can be seen in Figure 6. In some cases the produced colloidal dispersion of
ZrP is used as a precursor for intercalation of large molecules, such as proteins, that
cannot be intercalated directly in ZrP.53, 54 Although exfoliated particles can be used as a
precursor for intercalation, when the new compound is formed the order and stacking of
the particles will not be as fine as it was in the original material. The successful
exfoliation can be observed in TEM, where individual nanosheets with a thickness below
1 nm are seen. Also upon successful exfoliation the particles should no longer display an
X-ray diffraction pattern as all order has been destroyed.48 Exfoliated ZrP has been
utilized as a building block for layer-by-layer assemblies and also for a number of
applications such as polymer fillers. 48, 52, 55

1.2.4 Organic Derivatives

The introduction of organic functionality into ZrP was thought to be ideal as a means of
producing hybrid materials with diverse applicability. Alberti and Costantino found that
organic derivatives of ZrP could be achieved by reaction of zirconium fluoro complexes
with phosphonic acids or phosphoric acid esters.56 Initial investigations were carried out
using benzene phosphonic acid and hydroxymethane phosphonic acid. The interlayer
spacing of the precipitates suggested a layered compound in which double layers of
phosphonic acids formed; in these organic derivatives the interlayer and surface of the
compound contain the R group, thus incorporating the organic directly into the
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structure.56 Eventually Clearfield and co-workers were able to solve the structure of
zirconium phenyl phosphonate using powder X-ray diffraction data, as seen in Figure
7.57 The inorganic layers of the phenylphosphonate are identical to that of ZrP,
confirming the hypothesis of Alberti and coworkers.

Figure 7. Crystal structure of Zirconium phenylphosphonate viewed down the b axis.

It was noticed however that the phenyl groups are tilted at a 30° angle to form the most
stable conformation of the product. In the case of other organic derivatives synthesized
using this method it is assumed that they have identical structures and that the variability
in the interlayer spacing is caused by the preferred orientation of the organic within the
interlayer. Organic derivatives have been synthesized with organophosphates containing
alkyl, aryl, carboxyl, crown ether, amino, and a variety of other functionalities.

14
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As the

inorganic layers of ZrP and the organic derivatives were found to be identical it was
thought that substitutions could be made with the interlayer ligands producing hybrid
materials with multiple functionalities.

Originally, a mixed zirconium phosphate-

phosphite system was synthesized by mixing phosphorous and phosphoric acid in the
initial synthesis.58 This approach was then applied to phosphate phosphonate systems, an
idealized structure can be seen in Figure 8.59

Figure 8. Schematic representation of zirconium phenyl phosphonate phosphate.

The added organic interlayer functionality made the resulting materials useful for the
intercalation of organic molecules within the interlayer of ZrP.
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Investigation then

began to shift to a new type of mixed derivative, known as staged materials.60, 61 In this
case the organic phosphonate and phosphate did not alternate sites as in other models but
formed their own layers, Figure 9. The first three reflections in the powder x-ray
diffraction pattern are that of the staged material and it’s individual components. For
example, the phenylphosphonate-phosphate staged material synthesized by Clearfield
and co-workers the signals are for d-spacings of 22.5 Å, 14.8 Å, and 7.6 Å correspond to
the sum of the phenylphosphnate and phosphate layer, the phenylphosphonate layer, and
the phosphate layer respectively. 61

Figure 9. Schematic representation of a staged material in which the mixed derivatives
form layers with common functionalities.
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The use of bisphosphonic acid led to pillared materials with the α type structure.62, 63
In this case the phosphonic acids of the ligand each bond to a different layer. The layers
are cross-linked and connected by covalent interactions as opposed to van der waals
interactions in other cases. Mixed derivatives were then synthesized along with pillars as
a method to introduce porosity into the particles, Figure 10.

64, 65

These types of

materials have found usefulness in many applications, of recent interest is nuclear waste
remediation in which the porous materials can be used to separate lanthanides from
actinides.66

Figure 10. Idealized structure of a pillared mixed derivative of zirconium
biphenylphosphonate phosphate.

17

1.2.5 Post-Synthetic Modification

Eventually it was found that organic derivatives could be achieved post synthetically.
Yamanaka and Clearfield reported the bonding of ethylene oxide with γ and α ZrP
respectively by esterification of the P-OH groups.35,67 In Yamanaka’s case the uptake of
the epoxide was covalent and he was able to observe phosphate ester stretching in the
FTIR and recover the phosphate ester through a procedure involving solubilizing the Zr
with HF and adding barium to precipitate the phosphate ester.35 In the experiments with
α-ZrP it was found that in some cases there was uptake of epoxide without a
corresponding increase in interlayer distance.67 This suggests that the exterior surface
was esterified or absorbed the epoxide selectively.

The attachment of epoxides was

recently used by Pica and coworkers, who reported the complete modification of α-ZrP
using 1,2-epoxydodecane as the coupling agent and exfoliated α-ZrP as the precursor in
a tetrahydrofuran suspension.68 The exfoliation of ZrP allowed all phosphates to be
accessible, addition of the long alkyl chain epoxide then imparted organic and
hydrophobic functionality to the particles. Upon drying the layers were able to reform
and the resulting material was found to be useful at uptaking polymers in the interlayer
region. Additionally it was shown that in the case of poorly crystallized ZrP particles
that functionalization could be achieved through an anionic exchange of the phosphate
groups of ZrP with phosphonic acids. 69
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A number of attempts to add organic functionality to ZrP were also carried out using
silanes.70-73 Early use of the silanes to modify the structure of α-ZrP was directed
towards obtaining porous pillared products.70,

71

The silanes utilized were either

triethoxy- or methoxyaminopropyl silanes where the amino group allowed direct
intercalation of the silane between the layers. In this case there is a direct competition
between the grafting on the surface and the intercalation of the silane through an acidbase reaction between the amino group and the phosphate on the layers. Extensive NMR
studies showed that hydrolysis of the ethoxy groups to hydroxyl groups occurred,
accompanied by polymerization of the silane.

Roziere et al also attempted pre-

polymerizing the silane into octa(3 aminopropylsilasquioxane) before incorporation into
the ZrP but neither effort produced a porous product.70 Clearfield and co-workers later
demonstrated that a porous product could be achieved (~200 m2/g) if the α-ZrP is first
exfoliated and then allowed to encapsulate the added silane.72 Similar results were
obtained by Takei et al. who spread the layers of α-ZrP apart by intercalating octylamine
and then added 1,2-bis(dimethyl-chlorosilyl)ethane, dichloromethylvinylsilane, and
dichlorodi-methylsilane in toluene.73 The product contained both silanes and undisplaced
octylamine.

In recent efforts it was found that octadecylisocyanate could be used to modify α-ZrP,
forming a hydrophobic monolayer on the surface of the platelets.74 The isocyanate group
not only reacts with the surface, but also with the edges of the platelets. When the
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modified ZrP was exfoliated it produced a mixture of Janus and Gemini nanoplatelets
that were used as stabilizers in Pickering emulsions.74

Additionally, it is also common for ZrP intercalated with functional amines to be
referred to as organic derivatives. As discussed earlier the amino groups interact with the
phosphates strongly. Kumar and co-workers intercalated butylamine hydrochloride to
foster favorable interactions with aromatic electron donor and acceptor molecules within
the layers and in solution.

75-77

In other cases alkylamines have been used to impart

hydrophobic character to ZrP that would subsequently be used for polymer
nanocomposites or other applications.78, 79

1.2.6 Layer-by-Layer

Eventually, the ZrP and other similar materials were synthesized on platforms in a layerby-layer fashion. There is a large literature on layer-by-layer assemblies of tetravalent
metals with phosphonic acids, over the years a variety of different methodologies have
been developed including self-assembly and Langmuir-Blodgett based techniques.80-83 It
was shown that reactive surfaces could be functionalized in a fashion where the PO32groups are on the surface. These groups can then be reacted with tetravalent metals
followed by phosphonates to build multilayer films. Mallouk and coworkers utilized
gold and silicon surfaces as their platform of choice, by bonding a thiol or silane with a
phosphate group at the distal end to the platform, a metal layer could be added by
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absorption to the free phosphates.84,

85

This metal layer could then be built upon by

addition of another layer of phosphonic or a bisphosphonic acid to build multilayer
films. Soon after, Katz developed a method based on Mallouk’s work that produced
multilayers of polar order.71, 86, 87 In Katz’s approach a gold substrate was reacted with a
bifunctional alkane in which one side was a thiol and the other a hydroxyl group. The
hydroxyl group is then phosphorylated using phosphoryl chloride and Zr4+ ions are
absorbed to the surface. Additional layers can be made and the initial procedure repeated
by reacting the Zr4+ ions on the surface with a hydroxyl terminated phosphonic acid.
Talham later claimed that previous work using such methods resulted in materials that
did not possess close packing of the template layer, which is necessary to form inorganic
monolayers with a high level of order.82, 88 Talham in turn proposed the use of a close
packed organic template formed with Langmuir- Blodgett techniques as the substrate of
choice. A Si wafer treated with octadecyltrichlorosilane (OTS) was the initial platform
to which a Langmuir-Blodgett layer of octadecylphosphonic acid (ODPA) was added.
The C18 chain is known to pack extremely well due to Van der Waals interactions of the
long alkyl chains. This highly packed and organized OTS layer then interacts with the
C18 of the ODPA stacking vertically leaving the phosphonate on the surface to react, Zr+4
is then absorbed to the phosphonic acid in a self-assembly step.

Utilizing this

combination of Langmuir-Blodgett and self-assembly, highly ordered assemblies are
formed. Similar chemistry is applicable and has been achieved with a number of
different phosphonic acids and metal ions.89-94

21

1.3 Surface Modification

Self-assembled monolayers (SAMs) have attracted much attention over the past three
decades due to the simplicity of synthesis and broad range of applicability. Sagiv
originally found that reaction of trichlorosilanes with the hydroxyl terminated surface of
SiO2 led to addition of a monolayer which greatly altered the properties of the material.95
The smooth faces of silicon based platforms with Si-H and Si-OH bonds made them the
initial platforms of choice but subsequently SAMs have extended to a large number of
platforms including gold and metal oxides, Figure 11.96, 97 SAMs are of interest due to
the ability of the monolayer to alter the properties of the material.

Figure 11. Typical SAMs observed on a variety of different platforms or nanoparticle
surfaces.
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By carefully choosing the substrate and composition of the monolayer SAMs have found
applicability in a large number of fields such as chemical sensors, biosensors, cell
adhesion, microelectronics, and thin film technology.98, 99 The principles of SAMs were
soon applied to nanoparticles in which case surface modification is used to build
monolayers. As is the case with SAMs, modification of nanoparticles can alter the
properties of the material and dictate how they interact with their environment.
Modification of inorganic nanoparticles can be achieved in a number of ways including
absorption or covalent attachment of coupling agents such as silanes to the surface,
grafting polymers directly to the nanoparticle surface, and ligand exchange techniques in
which the capping agent of the nanoparticle is exchanged for some other functional
linker.100 In such cases the aim of the functionalization is highly dependent on the
desired application of the materials. One area of particular interest is the synthesis of
organic-inorganic composite materials in which case the inorganic particles are
dispersed in an organic matrix.100 Another area of much interest has been biological
applications in which case molecules are attached to the surface that improves the
biological activity of the nanoparticles. Previous studies have indicated that foreign
particles are regularly removed from the bloodstream and that particle recognition by the
cells is largely based on physicochemical factors.101 Among other things it was
demonstrated that hydrophilic particles remain in the blood stream much longer than
hydrophobic particles, which are removed quickly.101 As a result one of the most
common ligands used for biological activity is polyethylene glycol (PEG); addition of
PEG to a molecule is commonly referred to as PEGylation. PEG is highly soluble in
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both polar and apolar solvents, inert, biocompatible, and effectively repels other
molecules by steric effects; the resulting PEGylated material therefore displays less nonspecific binding and an increase in circulation within the bloodstream.102 Additionally,
nanoparticles can be functionalized through bioconjugation in which case biological
molecules such as proteins, peptides, antibodies, enzymes, DNA, and fluorescent dyes
can be attached to the surface of nanoparticles in order to initiate specific interactions
with biological systems.102 Bioconjugation can be achieved through similar chemistry as
traditional surface modification in most cases, taking advantage of ligands, specific
functional groups, and electrostatic interactions. Functionalization through non-covalent
receptor interactions, such as the biotin-avidin couple, is somewhat unique to
bioconjugation as opposed to traditional surface functionalization.102

The previously mentioned surface modification of nanoparticles plays an integral part in
the synthesis of multifunctional nanoparticles, Figure 12. In such systems surface
modification is used to impart functionality to an already functional nanoparticle or base
material. Magnetic iron oxides are one of the most popular nanoparticle cores for such
systems; in this case surface modification adds new functionality to an already magnetic
particle, making it multifunctional.103 Additionally, it should be noted that in some cases
the core nanoparticle is coupled with other nanoparticles instead of functional ligands.
Several examples display various combinations of quantum dots, metal nanoparticles,
and magnetic particles with each other to produce core shell and heterodimer
particles.104-107
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Figure 12. Schematic displaying the synthesis of multifunctional nanoparticles using the
core shell approach. Modified from references 110 and 111.

Different combinations of functionalities allow the multifunctional nanoparticles to be
tailored for specific applications. Among some of the more notable applications include
live cell imaging, biosensing, and drug delivery.108-113 A common method employed for
the synthesis of these particles is the use of core shell systems. Hyeong and co-workers
successfully synthesized multifunctional nanoparticles by combination of magnetic iron
oxide, fluorescent dyes, and silica spheres.114 The iron oxide nanoparticles were treated
with cetyltriethylammniumbromide (CTAB) to produce hydrophilic nanoparticles.
Mesoporus silica spheres were then formed around the CTAB surface layer to form a
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core shell compound. To add fluorescent functionality for cellular imaging, dyes were
conjugated with 3-aminopropyltriethoxysilane and bonded to the interior pores of the
silica spheres. The resulting fluorescent and magnetic particles were used for in vivo
multimodal imaging, as they are applicable with both fluorescence and magnetic
resonance imaging. Additionally, the hydrophobic core can be used to load hydrophobic
molecules such as doxorubicin, an anticancer agent, in which case the particles can also
be used for drug delivery applications.

1.4 Scope of Study

The crystal structure of ZrP reveals that phosphate groups exist within the layer and on
the surface of ZrP. Previous research clearly indicates that the P-OH groups of α-ZrP are
indeed reactive. Although the intercalation chemistry of the interlayer region has been
heavily investigated, ZrP also has an interesting and unique surface chemistry, which has
been largely ignored. The flat surface of ZrP would be an ideal platform for reactivity, as
it is expected that the disorder of alkyl modifiers that results from the nanoscopic
curvature of silica surfaces will not persist in the case of ZrP.115 Although some surface
chemistry has been done with other metal phosphates, the materials used were not
crystalline and the structures are not known with great certainty, as is ZrP. 116, 117 It is our
aim therefore to investigate the surface functionalization of ZrP with a variety of reactive
groups including epoxides, silanes, metal ions, and phosphonic acids. The successful
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modification of the surface will be investigated in each case in addition to the
coordination of the modifier to the surface.

An understanding of the surface chemistry of ZrP will lead to the ability to produce
multifunctional nanoparticles based on ZrP. In this case the functionality can be added to
ZrP through intercalation and additionally functionality through surface reactions.
Manipulation of both the interlayer and surface of ZrP could lead to development of new
classes of materials with tunable properties and could also greatly improve the
applicability of all the current ZrP based systems. Surface functionalization allows
control of how the particles interact with the environment therefore it is advantageous to
functionalize the surface in order to improve the applicability of all current ZrP systems.
ZrP has been investigated for uses in numerous applications such as catalysis, ion
exchange, and nanocomposites.25,

55, 118-120

More recently ZrP has been used for the

encapsulation of hormones, such as insulin, and as drug delivery vehicles for cancer
therapy.121-123 In the case of the insulin ZrP particles, it was found that at lower loading
levels some insulin reacted with the surface and caused an agglomeration of the
particles.121 Surface functionalization with a mucoadhesive polymer could block the
surface sites, avoiding the agglomeration issue. In addition, surface functionalization
with a mucoadhesive polymer is expected to improve the retention time of the insulinloaded nanoparticles in the intestine, giving a better release and absorption of the
hormone over time. Likewise, functionalization of ZrP loaded with anticancer drugs with
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polymers, peptides, and other biological molecules could greatly increase the retention
time of the drug and also selectively target cancer cells.

The viability of using ZrP for the synthesis of multifunctional nanomaterials will be
discussed in this dissertation. Chapter II includes the experimental details of all
compounds used and synthesized. Chapter III gives a thorough characterization of all
ZrP starting materials of various size and crystallinity. Chapter IV discusses the covalent
attachment of reactive molecules like silanes and epoxides to the surface. Chapter V
investigates how the size of the particle affects the surface reaction. The investigation of
a surface ion exchange and subsequent ligand functionalization as a means to surface
modification of ZrP is discussed in Chapter VI. In Chapter VII the synthesis of
multifunctional nanoparticles based on ZrP is investigated, and in Chapter VIII the
applicability of such systems and other systems resulting from the newly developed
surface chemistry is investigated. Lastly, in Chapter IX an overview of the presented
work is given along with an outlook of some of the future work to be completed.
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CHAPTER II
EXPERIMENTAL PROCEDURES*

2.1 Introduction

This chapter is intended to give an overview of the synthetic methods and parameters for
the characterization techniques that will be discussed in subsequent chapters. Initially,
the purity of all starting materials will be addressed (Section 2.2), followed by the
synthesis of nanoparticles (Section 2.3), ligands (Section 2.4), and coordination
complexes (Section 2.5). Next general techniques regarding ZrP such as intercalation
(Section 2.6) and exfoliation (Section 2.7) are discussed. The methods for
functionalizing ZrP with epoxides (Section 2.8), metal ions (Section 2.9), and
phosphonic acids (Section 2.10) are then discussed. Finally, the chapter concludes with a
detailed listing of the instruments used for characterization (Section 2.11).

*

Part of this chapter is reprinted with permission from “Self-Assembled Monolayers
Based Upon a Zirconium Phosphate Platform” by Díaz, A., Mosby, B.M., Bakhmutov
,V.I., Martí, A., Batteas, J. and Clearfield, A. Chemistry of Materials, 2013, 25 (5), 723728, copyright 2013 by American Chemical Society; “Surface Modification of
Zirconium Phosphate Nanoplatelets for the Design of Polymer Fillers” by Mosby, B.M.,
Díaz, A., Bakhmutov ,V.I., and Clearfield, A. ACS Applied Materials and Interfaces,
2014, 6 (1), 585-592, copyright 2013 by American Chemical Society; and “Designable
Architectures on Nanoparticle Surfaces: Zirconium Phosphate Nanoplatelets as a
Platform for Tetravalent Metal and Phosphonic Acid Assemblies” by Mosby, B.M.,
Goloby, M., Díaz, A., Bakhmutov ,V.I., and Clearfield, A., Langmuir, 2014, 30 (9),
2513-2521, copyright 2014 by American Chemical Society.
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2.2 Materials

Zirconyl chloride octahydrate ( 98% ,ZrOCl28H2O ), calcium nitrate tetrahydrate (99%,
Ca(NO)3 H2O), polystyrene (MW ~ 192,000), titanium isopropoxide (97%,
Ti[OCH(CH3)2]4, glycidol (96%, C3H6O2), 1,2-epoxydodecane (90%, C12H24O), poly
(ethylene glycol) diglycidyl ether (MW~526), 1-bromo-3-chloropropane (Cl(CH2)3Br),
2-(4-fluorophenyl)-oxirane (95%, C6H7FO), sodium azide (NaN3), Dowex 50WX8-400
hydrogen form, copper bromide (CuBr), tetraethylene glycol (99%, C8H18O5),
phosphoryl chloride (POCl3), cyclohexylamine (99%, C6H11NH2), poly(ethylene glycol)
methyl ether (MW~2000), sodium L-ascorbate (98%, C6H7NaO6), octylamine (C8H19N),
iron(iii) acetylacetonate (97%, Fe(C5H7O2)3), iron(iii) nitrate nonahydrate (Fe(NO3)39
H2O) , triethylamine (C6H15N), triisopropyl phosphite (95%,C9H21O3P ), rhodamine 6G
(C28H31NO3Cl), cesium chloride (99.9%, CsCl), tris(2,2’-bipridyl)dichlororuthenium(II)
hexahydrate

(C30H24Cl2N6Ru)

were

purchased

from

Sigma-Aldrich;

1,10-

phenanthroline iron(ii) sulfate complex ([Fe(C12H8N2)3]SO4), hydrobromic acid (48%),
epichlorhydrin (C3H5ClO), tetrabutylammonium hydroxide solution (~1M), copper(ii)
sulfate pentahydrate (CuSO4  5H2O), ferric sulfate (Fe2(SO4)3), ferrous chloride (FeCl2
 4 H2O) were purchased from Fluka; 1,10 phenanthroline monohydrate (ACS, C12H8N 
H2O), 1,10 phenanthroline anhydrous(ACS, C12H8N), cyclohexene oxide (98%,
C6H10O), hafnium dichloride oxide octahydrate (98%, HfOCl2 8 H2O), 1- octanol (99%,
C8H18O), propargyl alcohol (99%, C3H4O), trimethylsilylazide (94%, C3H9N3Si), noctadecylphosphonic acid (97%, C18H39O3P), chromium hexacarbonyl (99%, Cr(CO)6),
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Tungsten hexacarbonyl (99%, W(CO)6), tetra-n-butylammonium hydrogen sulfate (97%,
C16H37NO4S), 1,2-epoxy-9-decene (96%, C10H18O), 1,2-epoxyoctadecane (90%,
C18H36O), tin chloride hydrate (98%, SnCl4 xH2O), styrene oxide (98+%, C8H8O), zinc
chloride (98+%, ZnCl2) were purchased from Alfa Aesar;

ammonium hydroxide

solution (~ 1M, NH4OH), phosphoric acid (85%, H3PO4) were purchased from EMD
Chemicals; phosphorus acid (H3PO3), iodine (I2), chromium oxide (CrO3), manganous
sulfate (Mn(SO4)2) , manganese dioxide (MnO2), chromium chloride (CrCl3), cuprous
chloride (CuCl), cupric sulfate (CuSO4), barium hydroxide octahydrate (Ba(OH)2  8
H2O), barium chloride dihydrate (99.9%, BaCl2 2 H2O) were purchased from Fischer;
sodium carbonate anhydrous (Na2CO3) was purchased from Mallinckrodt chemicals;
hydrochloric acid (32%,HCl) was purchased from Macron chemicals; ammonium
chloride(NH4Cl) was purchased from Spectrum chemicals; Zirconyl chloride
octahydrate ( 99% ,ZrOCl28H2O) was purchased from Inframat Advanced Materials;
copper chloride dihydrate (97%, CuCl2  2 H2O) was purchased from J.T. Baker
Chemicals; potassium nitrate (99%, KNO3) was purchased from EM Science; sodium
hypochlorite solution (8.25%,NaClO) was obtained commercially through the use of
Clorox bleach.
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2.3 Nanoparticle Synthesis

2.3.1 Synthesis of α-ZrP

α-ZrP was synthesized using both the reflux and hydrothermal methods described by
Sun.48 In a typical reflux procedure 10g of ZrOCl28H2O was added to 100 mL of
H3PO4 of a given concentration and refluxed at 100°C for 24 hours. In the hydrothermal
procedure 4 grams of ZrOCl28 H2O was added to a Teflon lined reaction vessel
followed by addition of 40 mL of H3PO4 of a given concentration and reacted at 200°C
for 24 hours. In both cases the products were washed with deionized water several times
to remove all excess phosphoric acid and then dried in an oven at 65°C overnight to
yield a white powder after grinding with a motar and pestle.

2.3.2 Synthesis of θ-ZrP

θ-ZrP was prepared using the method of Kijima to yield highly crystalline particles. 27 A
0.05M solution of ZrOCl28 H2O was prepared by dissolving 3.22 g of ZrOCl28H2O in
200 mL of deionized water, this solution was added dropwise to 200 mL of 6M H3PO4 at
94°C. The mixture was refluxed at 94°C for 48 hours. Upon completion of the reaction
the solution was rinsed with deionized water and centrifuged several times. The product
was then allowed to remain in solution to prevent dehydration.
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2.3.3 Synthesis of Iron Oxide (Fe3O4) Nanoparticles

6 nm iron oxide nanoparticles were prepared by the hydrothermal method of Tian.124
0.177g (0.5 mmol) of iron(iii) acetylacetonate was dissolved in a 16 mL of a 1:3
mixture of octylamine and octanol and allowed to shake overnight. The resulting
solution was added to a Teflon lined reaction vessel and heated at 240°C for 2 hours.
The product was washed with ethanol and dried.

2.4 Ligand Synthesis

2.4.1 Synthesis of Polyethylene Glycol Phosphate

The procedure to phosphorylate polyethylene glycol was adapted from Ortiz-Avilia and
Clearfield.67 10 grams (5 mmol) of polyethylene glycol methyl ether was dissolved in
50 mL of chloroform. 466 μL of phosphoryl chloride in 60 mL of chloroform was added
dropwise to the PEG solution while stirring at room temperature. After 1 hour of stirring
the solution was placed in an ice bath and 20 mL of water was added to produce the acid
form of the phosphate. The solution was then rotovapped to ~ 100 mL total volume and
5 grams (excess) of barium hydroxide was added to neutralize the acid formed. Dry ice
was then added slowly to precipitate the reaction biproducts , which were then filtered
off. The filtrate was concentrated to 50 mL by rotary evaporation and diluted by addition
of 400 mL of ethanol. The resulting solution was kept in the freezer overnight to
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precipitate any residual impurities. Additional precipitates were then filtered off and the
solution was concentrated to 100 mL. 300 mL of acetone was added to the concentrated
solution dropwise while stirring to precipitate the product, which was filtered and dried
in a desiccator.

2.4.2 Synthesis of Dicyclohexyl Ammonium Prop-2-ynyl Phosphate

Synthesis of an alkyne phosphate was adapted from Sharpless and co-workers.125 30 mL
of propargyl alcohol was mixed with 7.5 mL of triethylamine. 1.23g of crystalline
phosphorous acid was then added while stirring. 5.7 grams of iodine was added over 5
minutes, after addition was complete the reaction was allowed to stir for 10 additional
minutes. This solution was poured into a second solution consisting of 400 mL of
acetone and 15 mL of cyclohexylamine and allowed to stir for 2 hours to produce the
compound as the cyclohexyl ammonium salt. The precipitate was filtered, recrystalized
from ethanol, and dried in a desiccator.

2.4.3 Synthesis of 3-Azidopropyl Phosphonic Acid

3- azidopropyl phosphonic acid was prepared based on the methods of Garrell and
coworkers.126 Initially 3-bromopropyl phosphonic acid diethyl ester was synthesized by
reacting a 1 to 1 mixture of dibromopropane and triethyl phosphite at 160°C for 3 hours
with a distillation apparatus. The product was converted to 3-azidopropyl phosphonic
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acid ester by reaction with an excess of sodium azide in dry acetone under a nitrogen
atmosphere . The ester was treated with an excess of bromotrimethyl silane in
acetonitrile for 24 hours, after which the solution was rotovapped and a 40 mL 9:1
solution of methanol to water was added and allowed to stir for an additional 24 hours.
The product was concentrated to yield 3-azido propyl phosphonic acid.

2.4.4 Synthesis of Biphenylbisphosphonic Acid

Biphenylbisphosphonic acid (BPBPA) was synthesized by a modified Arbuzov reaction
as previously reported .127 In summary, 4,4-dibromobiphenyl (20 mmol) was added to a
three-neck- round bottom flask equipped with a reflux condenser, addition funnel, and
N2 along with 50 mL of 1,3- diisopropylbenzene. The mixture was heated at 185°C
followed by addition of nickel bromide as a catalyst. After a N2 purge 10 mL of triethyl
phosphite was added dropwise over the course of 6 hours. After the completion of the
triethylphosphite addition the mixture was refluxed for 24 hours then allowed to cool.
The cool solution was distilled to remove solvent and unreacted phosphite compounds.
The solid product was recrystallized using a mixture of petroleum ether and
dichloromethane. The esterified biiphenyl product was hydrolyzed by a reflux in HCl to
produce biphenyl bisphosphonic acid.
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2.4.5 Synthesis of 1,10-Phenanthroline 5,6 Epoxide

1,10-phenanthroline 5,6 epoxide was prepared according to the method of Sullivan and
Hamilton.128, 129 0.901 grams (5 mmol) of 1,10-phenanthroline and 0,2 equivalents of
tetrabutylammonium hydrogen sulfate (0.339 grams) was dissolved in 100 mL of
chloroform. 250 mL of bleach adjusted to pH ~ 8.5 by addition of ~ 3 mL of HCl was
added to the mixture and stirred rapidly so that the aqueous and organic phases would
mix. The reaction was monitored by NMR and was found to be complete in 20 to 30
minutes. After this time the stirring was stopped allowing the layers to separate, the
organic phase was isolated and washed several times with cold deionozed water. The
organic phase was then treated with anhydrous sodium carbonate and concentrated using
rotary evaporation. The product was recrystalized with a 5:1 mixture of chloroform and
hexanes to yield crystals.

2.4.6 Synthesis of Polyethylene Glycol Bis (Hydrogen Phosphate)

Synthesis of PEG bisphosphate from diglycidyl polyethylene glycol was based on the
synthesis of Holubka.130 In a typical experiment 10 mL of PEG diglycidyl ether was
mixed with 20 mL of dimethoxy ethane. 3.7 mL of phosphoric acid was added and the
mixture was reacted at 75°C for 2 hours. The solution was concentrated using rotary
evaporation to yield the product as a gel.
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2.5 Synthesis of Coordination Complexes

The syntheses of 1,10-phenanthroline 5,6-epoxide derivatives of group VI carbonyls
were adapted from Stiddard’s group VI metal tetracarbonyl bipy syntheses and Marti’s
rhenium carbonyl chloride derivative with the same ligand.131, 132 In a typical experiment
0.1 grams of M(CO)6 and a slight excess of of 1,10-phenanthroline 5,6-epoxide were
added to the desired solvent. The solution was allowed to reflux for two hours. Upon
cooling the product precipitated. The product was then filtered and washed with diethyl
ether. This reaction was carried out with both Cr and W, in the case of Cr toluene was
used as a solvent and xylene was used for the W analogue.

2.6 Intercalation Procedure

Intercalations were carried out by mixing a solution of θ-ZrP with a solution of the
molecule or ion to be encapsulated within the interlayer of ZrP. In a typical procedure a
solution containing 0.500 grams of ZrP in water was added to a solution containing a
stoichiometric amount of the desired intercalant in an appropriate solvent. The solution
was allowed to stir at room temperature for 3 days. Upon completion of the reaction the
products were centrifuged and washed several times. Powder X-ray diffraction was used
to determine the interlayer spacing of the new intercalated phases; TGA and electron
microprobe were used to determine the composition of the materials.
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2.7 Exfoliation Procedure

Exfoliation is carried out by treating ZrP with an equimolar amount of amine source. In
a typical procedure 0.5 grams (1.66 mol) of ZrP is dispersed in 25 mL of water. The ZrP
solution is then sonicated until well dispersed. A solution of 0.1 M tetrabutylammonium
hydroxide is prepared and placed in an ice bath along with the ZrP solution before the
reaction begins. 16.6 mL ( 1.66 mol) of the 0.1 M TBA is added dropwise to the ZrP
solution while stirring, upon completion of the addition the stirring is allowed to
continue for ten minutes. After the stirring the mixture is sonicated to yield exfoliated
ZrP.

2.8 Epoxide Surface Modification Procedure

2.8.1 Neat Epoxide Microwave Method
100 mg of α-ZrP was placed in a 15 mL microwave reaction vessel. 1 mL of pure
epoxide was then added followed by sonication of the vessel. The vessel was sealed and
heated at 70 °C for 1 hour while stirring. In all cases the reaction products were washed
multiple times with hexanes and ethanol, filtered, and dried in an oven at 65 °C.
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2.8.2 Stoichiometric Microwave Method

100 mg of α-ZrP was placed in a 15 mL microwave reaction vessel followed by addition
of ~ 8 mL of hexanes. A stoichiometric amount (5:1) of epoxide was then added
followed by sonication of the vessel. The vessel was sealed and heated at 70 °C for 1
hour while stirring. In all cases the reaction products were washed multiple times with
hexanes and ethanol, filtered, and dried in an oven at 65 °C.

2.8.3 Reflux Method

100 milligrams of ZrP is placed in 50 mL round bottom flask to which 30 mL of hexanes
is added. A stoichiometric amount of epoxide (5:1) is then added and the solution is
refluxed at ~ 70°C overnight. The product is rinsed and filtered with hexanes and ethanol
and dried in an oven at 65°C . An identical reaction can be carried out using toluene and
a temperature of 111°C or at room temperature without refluxing.

2.9 M(IV) Surface Modification

100 mg of α-ZrP was dispersed in ~50 mL of solvent. A stoichiometric amount of M(IV)
salt was dissolved , added to the ZrP dispersion, and allowed to stir for 30 minutes. Set
ratios of 10:1, 5:1, and 1:1, Zr: M(IV) were used in all cases. The product was washed
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thoroughly with an appropriate solvent and recovered by filtration to ensure that all
uncoordinated metal ions were removed.

2.10 Attachment of Phosphate Ligands to M(IV) Surface

M(IV) modified ZrP was dispersed in ethanol, the phosphate ligand was dispersed in an
appropriate solvent, added to the M(IV) ZrP solution(1:1 M(IV): Phosphate ligand) and
allowed to stir overnight to ensure complete reaction. The product was rinsed with
hexanes and ethanol, filtered, and dried in an oven at 65°C.

2.11 Characterization

XRPD experiments were performed from 2 to 40° (2θ-angle) using a Bruker-AXS D8
short arm diffractometer equipped with a multi-wire lynx eye detector using Cu (Kα , λ
= 1.542 Å) and operated at a potential of 40 kV and a current of 40 mA.
Thermogravimetry experiments were carried out on a TGA Q500 TA Instrument.
Samples were heated from room temperature to 800°C at a heating rate of 5 °C per
minute under a mixture of air and N2 (9:1). FTIR spectra were acquired using a
Shimadzu IRAffinity-1 Fourier Transform Infrared Spectrophotometer. Measurements
were taken from 600 to 4000 cm-1 at a resolution of 4.0 cm-1 and 32 scans were
averaged. XPS measurements were obtained with a Kratos Axis ULTRA X-ray
photoelectron spectrometer equipped with a 165 mm hemispherical electron energy
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analyzer. The incident radiation X-ray excitation was from a monochromatic Al anode
with a 10 mA current. The analysis chamber was maintained at a steady base pressure of
10-9 Torr during sample analysis. Survey scans of up to 1100 eV were carried out at an
analyzer pass energy of 160 eV with 1.0 eV steps and a dwell time of 300 ms.
Multiplexed high resolution scans of the Zr(3d), C(1s), Sn(3d), and O(1s) regions were
taken at a pass energy of 40 eV with 0.1 eV steps and a dwell time of 60 ms. The survey
and high resolution spectra were obtained with averages of 5 and 10 scans, respectively.
The C(1s) peak at 284.8 eV was set as a reference for all XPS peak positions to
compensate for energy shifts due to the spectrometer work function. Quantitative
compositional analyses were carried out on a four spectrometer Cameca SX50 electron
microprobe at an accelerating voltage of 15 kV at a beam current of 20 nA. All
quantitative work employed wavelength-dispersive spectrometers (WDS).

Analyses

were carried out after standardization using very well characterized compounds or pure
elements. Pressed powder micro pellets were prepared by pressing a few milligrams of
powder between the highly polished surfaces (0.25 µm) of hardened steel dies, and
transferring the pellets onto double-sided conductive carbon tape. The pellets were
carbon coated before analysis to make them electrically conductive. Analyses of pressed
powder pellets were carried out with a 20 µm diameter beam while the stage was being
moved 20 µm every two seconds, repeated over a ten spot traverse. This ensured
representative sampling and minimized possible thermal damage to the samples. The
31

P{1H},

13

C{1H}, and

119

Sn{1H} MAS NMR experiments were performed with a

Bruker Avance-400 spectrometer (400 MHz for 1H nuclei) using a 7-mm MAS probe
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head at a spinning rate of 6 kHz. Standard one pulse (direct nuclear excitation) and/or
CP pulse sequences were applied in these experiments at relaxation delays necessary for
a quantitative analysis of the spectra. The contact times of 2 and 6 ms were adjusted for
13

C and

119

31

P nuclei in the CP experiments. The external standards used for 13C, 31P, and

Sn NMR experiments were SiMe4, H3PO4, and SnMe4 solution, respectively. The

transmission electron micrographs (TEM) of the samples were acquired using a JEOL
2010 transmission electron microscope at an acceleration voltage of 200 kV. Samples
were prepared using copper grids from Ted Pella. The scanning electron microscopy
images of the samples were acquired using the JOEL JSM- 7500 F FE-SEM. UV-visible
measurements were obtained using a Shimadzu UV-1601PC spectrophotometer.
Elemental analysis for C, H, N, Cl, and F were conducted by Atlantic Microlab.
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CHAPTER III
CHARACTERIZATION OF ZIRCONIUM PHOSPHATE STARTING MATERIALS*

3.1 Introduction

It is widely known that depending on the synthetic conditions, ZrP can be made in a
variety of particle sizes and with various degrees of crystallinity.48 Although the lateral
particle size has been considered, the thickness of the particles has not been
systematically investigated. It is often assumed that the thickness of ZrP is a tenth of the
lateral particle size, however this is not true in most cases.133 Also, it is well understood
that the crystallinity of ZrP affects the ease of the intercalation and exfoliation
processes.29 This suggests that altering synthetic conditions produces ZrP materials that
are somewhat different, however a thorough characterization of each individual material
has not been reported in the literature. In most cases the highly crystalline form or single
crystals of ZrP are cited in regards to the characterization, but these results differ greatly
from the nanoparticles. In this chapter the characterization of ZrP materials of different
particle sizes will be carried out using powder X-ray diffraction, FTIR, NMR, and TGA.

Part of this chapter is reprinted with permission from “Surface Modification of
Zirconium Phosphate Nanoplatelets for the Design of Polymer Fillers” by Mosby, B.M.,
Díaz, A., Bakhmutov ,V.I., and Clearfield, A. ACS Applied Materials and Interfaces,
2014, 6 (1), 585-592, copyright 2013 by American Chemical Society.
*
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3.2 Reflux ZrP

3.2.1 Powder X-Ray Diffraction

3M, 6M, 9M, and 12 M ZrP were synthesized according to the reflux method of Sun and
coworkers.48 Powder X-Ray diffraction of all samples reveals the characteristic pattern
of α-ZrP indicating that it was successfully synthesized, Figure 13. It is well known that
the width of a peak in powder X-ray diffraction pattern is directly related to the
crystallinity of the material, in which more crystalline materials will exhibit narrower
peaks.14 In the case of ZrP as prepared by the reflux method, it can clearly be observed
that the 3M sample has the broadest peaks and the trend continues as an increase in
phosphoric acid concentration leads to progressively narrower peaks. In the case of the
9M and 12M samples the diffraction patterns are nearly identical, this suggests that the
crystallinity of the materials is very similar and not significantly different. The 12M
sample displays a more intense 002 peak, however this does not necessarily mean the
sample is more crystalline as preferred orientation and other factors can artificially
increase the intensity. Crystalline ZrP also has dominant reflections at 2 theta values of
ca. 20, 25, and 34, that appear as doublets. These doublets can be observed clearly in all
the samples except the 3M. As the crystallinity increases these features become more
dominant, in the case of the 3M sample reflections appear at these positions but are not
doublets due to the broad nature of the peaks. In addition, at higher 2 theta values all of
the reflections tend to become less intense and in the case of less crystalline samples
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some of the signals are unobservable. Based on the analysis of the X-ray diffraction
patterns it can be said that in regards to samples prepared by the reflux method, 3M
samples posses low crystallinity, 6M have a moderate crystallinity, and 9M-12M posses
high crystallinity.

Figure 13. Powder X-ray diffraction patterns of ZrP prepared by the reflux method with
phosphoric acid of various concentrations.

3.2.2 FTIR

The infrared spectra of the reflux ZrP materials were acquired and found to be largely
identical to what was cited in the literature by Horsley, in which he found the spectra to
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be comprised mainly of stretches due to the phosphate groups and the lattice water,
Figure 14.134 In summary the stretches at 3590 cm-1, 3510 cm-1, 3150 cm-1, and 1618
cm-1 are all from the stretching and bending of the lattice water, the large range of
stretching frequencies is seen due to the two crystallographically different phosphates in
ZrP hydrogen bonding to different extents with the interlayer water molecule. The
shoulder observed at 3280 cm-1 and the peaks at 2300 cm-1 and 2100 cm-1 are (very
weak) due to the P-OH groups within the structure and their hydrogen bonding
interactions. All other bands ranging from 1250 cm-1 to 980 cm-1 are thought to be
associated with the orthophosphate in some way. FTIR is based solely on the chemical
composition and stretches of bonds, therefore the crystallinity of the samples should not
significantly affect the spectra. However, a slight shift was observed in the phosphate
stretch of the less crystalline samples when compared to the highly crystalline samples.
Overall, the FTIR confirms the successful synthesis of ZrP.
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Figure 14. FTIR spectra of ZrP prepared by the reflux method with phosphoric acid of
various concentrations.

3.2.3 TGA

In general the TGA of ZrP is said to consist of two major weight loss events, the first in
which the water molecule is removed from the interlayer region and the ZrP is
dehydrated, and the second in which the interlayer phosphates are condensed producing
P-O-P bonds and thus zirconium pyrophosphate.135 The synthetic method used in
preparing ZrP is known to influence the thermal behavior, however both the heating rate
and the crystallinity of the particles affect the thermogram as well.136-138 The dehydration
begins from the exterior of the nanoparticles therefore it is expected that less crystalline
materials will be dehydrated more rapidly than their more crystalline counterparts.138 In
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addition, materials of lesser crystallinity may contain higher amounts of water absorbed
to the surface of the nanoparticles.

Figure 15. TGA thermogram of 3M reflux ZrP.

The TGA thermogramm of the 3M sample is displayed in Figure 15. The total weight
loss for 3M ZrP was observed to be 13.57%. Typically weight losses below 100°C are
attributed to surface water but this does not hold true for particles of lower crystallinity.
The initial rapid weight loss below 35°C is attributed to water that is absorbed to the
nanoparticle surface and accounts for 1.3% of the total weight loss. The derivative of the
weight loss displays two overlapping weight loss events occurring from 75°C to 145°C.
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The first event (4.3%) is the water near the edges of the ZrP particles that is less
stabilized and lost more easily relative to the water that is in the inner part of the
particles, which accounts for the second event (2.8%). The condensation occurs in the
expected range for this material and is shown to begin at 449°C.

Figure 16. TGA thermogram of 6M reflux ZrP.

The 6M particles have a similar total weight loss of 13.45%, Figure 16. Although the
total weight loss is close to that of 3M ZrP, the increase in crystallinity of the particles
changes the individual events. In this case the surface water is observed to make up
0.95% of the total weight and the dehydration takes place in three steps as opposed to the
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two seen for the 3M particles. In addition to the new weight loss event, the intensity of
the original signals has changed. In the 3M samples the loosely held water was the
dominant weight loss in the dehydration process, but for the 6M sample the loosely held
water only accounts for 1.5% whereas the bulk of the water makes up 4.6% of the total
weight loss and is lost from 100°C to 130°C .The new weight loss event occurs from
175°C to 225°C and accounts for 1.1% of the weight. This weight loss is the water at the
very inner part of the particles, at times this water can be lost at higher temperatures
especially at slower heating rates. The condensation starts at a slightly higher
temperature of 471°C and accounts for 5.3% of the total weight.

Figure 17. TGA thermograms of 9M and 12M reflux ZrP.
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The thermal decomposition of the 9M and 12M particles are very similar therefore they
will be presented together, Figure 17. The total weight losses of the 9M and 12M
samples are 11.8% and 12.1% respectively. Both particles exhibit a very small amount
of surface hydration with contributions below 1% of the total weight loss. The 9M
sample displays what could be a slight shoulder indicative of some loosely held water
coming off before the main dehydration occurs but it is not significant enough to ascribe
any values to. The dehydration of the interlayer occurs from 120°C to 150°C in both
cases and the condensation begins roughly at 500°C.

3.2.4 NMR

Solid state NMR experiments have been conducted on ZrP in the past.39, 40, 139 31P spectra
provide useful information on the environment of the phosphates within ZrP. Although
there are two crystographically different phosphates in the crystal structure, only a single
resonance exists in the spectra. This resonance is generally cited as -19 ppm although
there appears to be some variation in the literature as other values such as -18.7 ppm
have been reported as well.139, 140
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Figure 18. NMR of ZrP samples prepared by the reflux method, 3M, 6M, 9M, and 12M,
from top to bottom.

The 31P spectra of the reflux particles are presented in Figure 18. Upon investigation of
the
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P spectra it can be seen that the ZrP synthesized by reflux methods contain more

than one peak as is commonly reported. The peak that corresponds to the P-OH groups is
the dominant peak in the spectra, it appears that the peak moves closer to -19 ppm as the
crystallinity of the material increases. The 3M sample displays a unique signal at ~- 21
ppm. Based on literature reports this peak is representative of anhydrous ZrP.40 It is
highly possible that during the drying of the particles overnight at 65°C that less
crystalline materials can be slightly dehydrated, based on the weight loss events
observed in TGA it is possible for water to be lost at this temperature. Even highly
crystalline ZrP can be completely dehydrated at prolonged heating at 110°C, the
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threshold appears to be lower for the less crystalline particles.138 This dehydration peak
does not appear in any other materials and only accounts for a small percentage of the
total phosphorus in the 3M ZrP. A slight signal at -17.1 ppm can also be observed in all
samples prepared by the reflux method regardless of crystallinity. Although the literature
nearly always assigns the

31

P spectra of α-ZrP as a single peak close examination of

published spectra shows a slight shoulder on the left of the dominant peak, which is
usually not mentioned or assigned.40, 139-143 This small peak is prevalent in materials that
are less crystalline and prepared through reflux methods. It is possible that during
washing of the material that the expected 2:1 P:Zr ratio is reduced by hydrolysis of the
phosphates and leaves a small percentage of phosphate in a different environment from
the bulk, especially on the edges of the particles.144

3.3 Dried Θ-ZrP (3MT)

The Θ phase of ZrP is synthesized by slightly modifying the traditional reflux method
used to make α-ZrP.27 As Θ-ZrP is a hydrated phase of α-ZrP, it is synthesized in an
excess of water and an excess of phosphoric acid. In addition, a zirconyl chloride
solution is added drop wise to hot phosphoric acid in the synthesis. These synthetic
conditions lead to a more uniform particle size distribution compared to particles
produced by the traditional reflux method. For this cause, Θ-ZrP can be dehydrated to
yield α-ZrP particles that are thinner and possess a more consistent particle size. The
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acid concentration used to prepare Θ-ZrP is 3M therefore particles will be designated as
3MT.

Figure 19. XRPD patterns of 3M and 3MT ZrP.

Powder X-Ray diffraction shows 3MT to be slightly more crystalline than the traditional
3M particles, Figure 19, however, this added crystallinity is not very significant and it is
expected that the two particles will behave very similarly. As discussed earlier there is
no reason to expect a noticeable difference in the IR spectra of 3MT but TGA shows a
slightly different pattern for the interlayer water losses, Figure 20. From 55°C to 190°C
the interlayer water of 3MT is lost in three distinct steps. The first of the three weight
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loss events is the most dominant and each successive event decreases in intensity. The
first event occurs at 55°C to 75°C and accounts for ~3% of the total weight, the second
from 110°C to 140°C makes up 2% and finally the material is completely dehydrated
from 170°C to 190°C with a weight loss of 1%. The condensation occurs at 480°C and
the total weight loss of the material is 12.83%. Although the total weight loss is lower
than 3M, the content of surface water is a third of samples prepared by traditional reflux.
It should also be noted that the drying of the Θ-ZrP will affect the TGA weight loss.
Some samples that are dried for longer periods of times display a one step dehydration
followed by a very small water loss at higher temperatures.

Figure 20. TGA thermogram of 3MT ZrP.
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Figure 21. NMR spectra of 3MT (top) and 3M Reflux (bottom) ZrP.

The

31

P NMR of 3MT displays three resonances as 3M does and is nearly identical in

nature regarding the ratios and intensities of the signals, Figure 21.

3.4 Hydrothermal (HDT) ZrP

3.4.1 Powder X-Ray Diffraction

The powder X-Ray diffraction of hydrothermal ZrP samples is displayed in Figure 22.
It should be noted that due to the synthetic conditions of the hydrothermal method that
these particles are generally referred to as highly crystalline. It can be seen that all the
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samples exhibit the expected pattern for ZrP. As seen in the reflux case, the highly
crystalline samples have narrower peaks. In the case of the hydrothermal samples, the
3M is clearly the least crystalline as it possess the broadest reflections, however the
reflections of 6M, 9M, and 12M are very similar and judging strictly from the XRPD it
can be said that they are all highly crystalline samples and no distinction can be made
other than this.

Figure 22. Powder X-ray diffraction patterns of ZrP prepared hydrothermally with
phosphoric acid of various concentrations.

Even in the case of the lesser crystalline 3M sample, doublets can be observed at the
reflections at 2 theta values of ca. 20, 25, and 34. This was not the case in the reflux
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samples therefore it can be said with certainty that the hydrothermal samples are more
crystalline than those prepared by the reflux method. In the hydrothermal case it can
also be seen that there are a number of reflections at higher 2 theta values that are not
present in the reflux samples, also supporting the fact that the hydrothermal samples are
more crystalline. In addition to the crystallinity effects on XRPD it can also be noted that
particle size has an effect on the reflections obtained. Smaller particles tend to give
broader reflections whereas larger particles give better diffraction. All the trends
observed thus far correlate the particle size very well with the observed diffraction data.

3.4.2 FTIR

The FTIR spectra of the hydrothermally synthesized ZrP can be seen in Figure 23. As
discussed earlier no significant changes are expected in the FTIR even with the increased
crystallinity. It is noted however that in the case of the hydrothermal samples that the
signal around 1170 cm-1 appears to be more well defined than in the lesser crystalline
samples. This signal is a result of the phosphate group in ZrP. It is likely that as some
reflux particles are hydrolyzed by washing, that this signal could be diminished whereas
in the hydrothermal case the hydrolysis is not as likely therefore yielding a more intense
signal in this region.
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Figure 23. FTIR spectra of ZrP prepared hydrothermally with phosphoric acid of
various concentrations.

3.4.3 TGA

TGA data of ZrP synthesized hydrothermally confirms that there is a distinct difference
between the dehydration and condensation of ZrP that is synthesized using different
methods and phosphoric acid concentrations. 3M HDT ZrP displays a total weight loss
of 13.51%, Figure 24. The initial weight loss below 40°C is due to the small extent of
surface water, which makes up 1.2% of the total weight loss. Although hydrothermal
samples are more crystalline, the three-step dehydration observed in some of the reflux
samples can be seen in the 3M HDT case. The dehydration takes place between 80°C
and 205°C in three overlapping processes identified in the derivative of the weight loss.
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These three processes are thought to be the loosely held water on the exterior of the
particles, the standard water loss, and the water that is in the inner part of the layer; the
losses are 1.6%, 3.9% and 1.9% respectively. The condensation to the pyrophosphate
begins at 475°C and attributes 4.6% to the total weight loss of 13.51%.

Figure 24. TGA thermogram of 3M hydrothermal ZrP.
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Figure 25. TGA thermogram of 6M hydrothermal ZrP.

The 6M material exhibits a very similar pattern to the 3M sample, Figure 25, however
the amount of surface water is decreased to 0.53%. The derivative for the dehydration
displays a very broad peak that is likely due to the three water loss processes but it
cannot be resolved in this case. The total water loss for all dehydration processes is
5.5%. In addition to the typical dehydration losses there appears to be an additional high
temperature water loss from 345°C to 350°C in which a small portion of water deep
inside the interior of the layer, within the middle of the nanoparticle is dehydrated
(0.45%). The condensation begins at 500°C with a weight loss of 5.2% and the total
weight loss of the material is 11.8%.
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Figure 26. TGA thermogram of 9M hydrothermal ZrP.

The TGA of 9M HDT ZrP shows no surface water and a predominantly one step process
for the dehydration with a weight loss of 4.87%, Figure 26. At this crystallinity even the
water that is more loosely held is lost at a temperature comparable to the tightly held
water in less crystalline samples. As a result the tightly held water loss is elevated to
higher temperatures as seen in the 6M HDT case. For the 9M HDT sample the high
temperature water loss is observed at 315°C and accounts for 1% of the total weight loss.
Unlike other samples the condensation appears to occur in two steps, the first from
460°C to 540°C and the second from 575°C to 630°C. It is likely that this two step
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process may in fact involve some additional dehydration of interlayer water mixed with
the condensation, however it is not possible to distinguish the two. The total weight loss
for the 9M HDT sample is 11.35%.

Figure 27. TGA thermogram of 12M hydrothermal ZrP.

The TGA thermogram of 12M HDT ZrP displays a total weight loss of 10.75% and is
able to confirm that it is of a higher crystallinity than all other samples, Figure 27. As
with the 9M HDT ZrP there is no surface water present however the dehydration pattern
is much different when compared to of the other materials. The first water loss begins at
115°C and accounts for only 1.3% of the total weight loss, the dominant dehydration
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step occurs from 300°C to 410°C and accounts for 3.9% of the total weight loss. In this
case the bulk of the water is held very tightly due to the large particle size and high
crystallinity of the sample. The condensation is also seen to occur in two steps, however
the temperatures at which they occur (500°C to 530°C and 600°C to 660°C) are higher
than the 9M HDT ZrP. It should be noted that the total weight loss is below 12%, which
is the value nearly always attributed to a ZrP TGA.

3.4.4 NMR

Figure 28 displays the
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P spectra of the hydrothermally synthesized ZrP samples. The

spectra obtained are much more in line with what is cited within the literature. In all
cases the spectra are largely identical and the dominant signal of the orthophosphate is
observed at -19 ppm. The dehydration observed in the reflux case is not evident here nor
is the small peak to the left of the shoulder from hydrolysis. As these particles are more
crystalline than the reflux case it is much more difficult for dehydration or hydrolysis to
occur.
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Figure 28. NMR of hydrothermal ZrP; 3M, 6M, 9M, and 12M, from top to bottom.

3.5 Aspect Ratio

Additionally electron microscopy can be used to determine the average particle size and
thickness of the synthesized ZrP. Sun et al originally reported particle size ranges for
ZrP synthesized by reflux, hydrothermal, and HF methods with varying concentrations
of phosphoric acid.48 Sun’s values encompass a wide range of particle sizes and do not
comment on the median or average size within the given range. It should be noted that
there is some overlap in the sizes he reports, however based on the characterization
presented thus far all the materials seem to differ in other areas. Although Sun discusses
the lateral particle size, he does not consider the thickness of the particles, therefore his
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discussion of the aspect ratio is somewhat incomplete. SEM images displaying the
particles synthesized by the reflux method can be seen in Figure 29 along with images
displaying the thickness of the particles in Figure 30. Additionally, TEM images of
3MT ZrP can be seen in Figure 31. Lastly, SEM images of hydrothermally synthesized
ZrP are seen in Figure 32 and the images displaying the particle thickness in Figure 33.
For comparison a summary of the particle size, thickness, and aspect ratio can be seen in
Table 1.

Figure 29. SEM images of ZrP synthesized by the reflux method. (A) 3M, (B) 6M, (C)
9M, (D) 12M.
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Figure 30. SEM images of reflux ZrP displaying the thickness of the nanoparticles. (A)
3M, (B) 6M, (C) 9M, (D) 12M.
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Figure 31. TEM of 3MT ZrP displaying the average particle size (A), and thickness (B)
of the nanoparticles.

Figure 32. SEM images of hydrothermal ZrP synthesized with (A) 3M, (B) 6M, (C)
9M, and (D) 12M phosphoric acid.
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Figure 33. SEM images of hydrothermal ZrP displaying the thickness of the
nanoparticles. (A) 3M, (B) 6M, (C) 9M, (D) 12M.
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Table 1. Summary of the particle sizes, thicknesses, and aspect ratio of all ZrP
synthesized.

70

In regards to the particles prepared by the reflux method, the 3M and 6M particles are
thought to have roughly the same particle size, even though the average is slightly higher
for the 3M case. The difference between the two samples is primarily in the thickness of
the particles where the 6M samples doubles in thickness relative to the 3M. This trend
continues throughout the reflux samples, as 9M samples are twice as thick as 6M, and
12M twice as thick as 9M. While the thickness changes drastically among all the
samples, the lateral particle growth does not differ much from 3M to 9M. This suggests
that in the reflux synthetic method the primary growth of the particles is not in the lateral
direction but down the c axis of ZrP. All the average particle sizes found in this study
fall within the expected range proposed by Sun except for the 3M case. 3M is said to be
50 nm – 100 nm, however in our case the average particle size was found to be 135 nm.
It was found that the 3MT ZrP is only slightly smaller than particles prepared by the
traditional 3M reflux method. It can however be noted that the particle size distribution
is much narrower than all other cases. The excess of phosphoric acid leads to a more
uniform size. It may be ideal to extend this approach to the other phosphoric acid
concentrations to produce a narrower particle size range. These particles have also been
characterized by AFM, the thickness observed in electron microscopy agrees well with
the AFM experiments.145, 146

The hydrothermal method does not always produce a single particle size and it is likely
that there will be extremes in which some particles will be much larger or smaller than
others. Although extremes exist there is indeed an average particles size that the bulk of
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the particles will possess. It is observed in all cases that the particles appear to be larger
than Sun originally reported.48 This could likely be a factor of how the reaction was
conducted. Sun synthesized ZrP on a 4-gram scale, which required 40 mL of H3PO4 and
a Teflon lined pressure vessel with a large volume. In our case, the reaction was done on
a 1 gram scale with 10 mL of H3PO4 , and a pressure vessel with a total volume of 15
mL. Due to the difference in volume of the Teflon lined pressure vessel and phosphoric
acid, it is probable that the synthesis carried out in the smaller vessel produced higher
pressure and therefore yielded particles larger than those originally reported.

As the particle sizes and thicknesses have now been documented, the aspect ratio can be
calculated by dividing the lateral particle size by the thickness. The average particle size,
thickness, and aspect ratio are listed in Table 1 for comparison. The aspect ratio of ZrP
appears to decrease with an increase in phosphoric acid concentration. It should be
noted however that the relationship is not solely due to the acid concentration but more
so the phosphoric acid to zirconium ratio. As the concentration of phosphoric acid
increases, the excess of phosphoric acid is increased as well. In both the reflux and
hydrothermal cases 3M, 6M, 9M, and 12M phosphoric acid produce a ratio H3PO4:Zr of
10:1, 20:1, 30:1, and 40:1 respectively. This relationship explains why the aspect ratios
are similar for both methods when identical phosphoric acid concentration is used. The
aspect ratio decreases as the particles grow laterally; the lateral growth is more rapid
than growth in the c direction. Once a highly crystalline sample is obtained the aspect
ratio appears to stabilize at 5 for the hydrothermal case and around 3 for the reflux.. It is
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known that after a certain point, continued refluxing of ZrP no longer causes an increase
in particle size. Although there is a slight increase in lateral particle size and thickness
between the 9M and 12M samples, it is clear that they are both approaching the point to
which particle growth no longer occurs.

The 3MT particles have a H3PO4:Zr ratio of 120:1, the highest of all samples. Although
the molarity of the acid is identical to the 3M reflux ZrP, the ratio is 12 times higher.
Typically the aspect ratio decreases as the H3PO4:Zr ratio increases, however in this case
the aspect ratio remains relatively high. The particle growth must therefore be a function
of both the acid concentration and the H3PO4:Zr ratio. High concentrations of acid
typically allow the particles to dissolve relatively easily and thus recrystallize and grow
in size. On the contrary, low concentrations of acid do not facilitate crystal growth as
well. Further investigation is needed in this area to gain further control of the particle
sizes produced when synthesizing ZrP.

3.6 Conclusion

It has been shown that the synthetic methods used to make ZrP play a large part in the
nature of the produced materials. Although generalizations are common when dealing
with ZrP, it is more appropriate to take the synthetic method, crystallinity, and particle
size of the materials into consideration when characterizing ZrP based materials. Powder
X-ray diffraction was able to confirm that increasing the phosphoric acid concentration
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in the synthesis effectively increases the crystallinity of the particles and that the
hydrothermal particles are more crystalline than those prepared by reflux. FTIR was able
to confirm the successful synthesis of ZrP but is not useful in the discussion of
crystallinity or particle size. It was found that the dehydration and thus the thermal
behavior of ZrP is highly dependent on the crystallinity of the ZrP particles. NMR was
utilized to determine the homogeneity of the phosphorous environments, which
correlates directly with the crystallinity of the samples. Essentially less crystalline
samples are more prone to dehydration and hydrolysis, which produces distinctions
among the phosphorous atoms. In addition, the average particle sizes and thicknesses
were catalogued for the first time. The behavior and composition of the synthesized
samples is essential to understand if they will be used as starting materials for
subsequent reactions such as surface functionalization.
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CHAPTER IV
COVALENT ATTACHMENT OF REACTIVE LIGANDS TO THE SURFACE OF
ZIRCONIUM PHOSPHATE NANOPLATELETS*

4.1 Introduction

It has been previously shown that organic functionality could be added to ZrP by two
predominant methods, exfoliation of ZrP and subsequent reaction with a reactive organic
species or by replacing phosphoric acid with a phosphonate or phosphate ester in the
synthesis of the material.

Although both methods are effective, the ion exchange

chemistry of the interlayer is sacrificed to acquire the organic derivative, as the particles
are delaminated or the phosphate functionality is replaced with phosphonic acids. In the
latter case a non-exchangeable alkyl or aromatic group replaces the exchangeable proton
of the phosphate group. The interlayer of ZrP is one of its most appealing features;
therefore it is our aim to determine if it is possible to selectively functionalize the surface
of ZrP while leaving the interlayer region unaffected. In this case the surface would be
esterified while the interlayer retains P-OH groups, which can undergo further ion

*

Part of this chapter is reprinted with permission from “Self-Assembled Monolayers
Based Upon a Zirconium Phosphate Platform” by Díaz, A., Mosby, B.M., Bakhmutov
,V.I., Martí, A., Batteas, J. and Clearfield, A. Chemistry of Materials, 2013, 25 (5), 723728, copyright 2013 by American Chemical Society; and “Surface Modification of
Zirconium Phosphate Nanoplatelets for the Design of Polymer Fillers” by Mosby, B.M.,
Díaz, A., Bakhmutov ,V.I., and Clearfield, A. ACS Applied Materials and Interfaces,
2014, 6 (1), 585-592, copyright 2013 by American Chemical Society.
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exchange and intercalation reactions.

It has been shown in several studies that

functional groups such as silanes and epoxides can react with ZrP.35, 67, 68, 70, 72, 73, 147, 148
Our aim is to utilize these known reactive groups to determine if it is possible to
selectively functionalize the surface of ZrP.

4.2 Surface Modification with Silanes

The initial reactive group of choice for the functionalization of ZrP was silanes; ZrP
nanoparticles were reacted with octadecyltrichlorosilane by reflux in toluene. Figure 34
shows the X-ray diffraction pattern for the pristine α-ZrP and the surface modified
material. Both materials show the characteristic diffraction peak at 7.6 Å for the 002
planes of α-ZrP and the XRPD shows no significant difference between the two
materials. The identical XRPD patterns eliminate the possibility of the intercalation of
OTS into α-ZrP; such an interaction would cause diffraction peaks at lower angles.
Electron microscope images of the modified particles show that the morphology of the
nanoparticles is not altered in any way due to the surface modification reaction, Figure
35. It can therefore be concluded that the surface modification reaction does not alter the
nanocrystal morphology in any significant way.
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Figure 34. XRPD of OTS modified ZrP and the ZrP starting material.

Figure 35. SEM images of OTS/ZrP.
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Additionally, AFM can be used to observe differences between the pristine and modified
particles. Figure 36 shows AFM images of pristine and modified ZrP. It can be seen that
the morphology of the nanoparticles is similar, as observed by AFM. In addition, a slight

Figure 36. AFM images of (A) ZrP and (B) OTS/ZrP.

increase in the thickness of the modified sample can be observed, which can be
attributed to the successful modification of the surface with OTS. The friction images of
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the nanoparticles also show a contrast in which the unmodified sample with a
hydrophilic surface and the modified samples with a hydrophobic surface interact
differently with the polar SiO2 tip. The images of the pristine ZrP have more distinct
features due to the favorable interactions between the tip and the surface whereas the
hydrophobic surface is somewhat repulsive to the tip and therefore the image does not
possess well-defined features.

Additional support for the surface functionalization of the nanoparticles can be found
through FTIR, Figure 37. The FTIR spectrum of OTS/α-ZrP shows the strong
characteristic bands associated with the antisymmetric and symmetric stretching of the
C-H, between 2900 cm-1 and 3000 cm-1 and bending at ca. 1450 cm-1. The presence of
alkyl chains is a direct result of OTS therefore modification is supported. Additionally,
the bands that correspond to the splitting of the crystallization water in α-ZrP remain in
the spectrum of the surface modified material. This confirms the XRPD results showing
that there was no intercalation or displacement of the intercalated water molecule.
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Figure 37. FTIR spectra of ZrP and OTS/ZrP.
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Figure 38. XPS spectra of ZrP and OTS/ZrP.

The presence of the silane on the surface of the nanoparticles was also confirmed by
XPS. In this case signals were obtained for all expected elements including Zr, P, O, and
Si, Figure 38. It can be observed that the modification does not have any substantial
effect on the XPS signals, however a disappearance of the high energy shoulder in the O
1s spectrum is observed after modification.

This shoulder is representative of the

oxygen atoms of the P-OH groups; modification with a silane adds new O atoms to the
surface and therefore limits the P-OH groups to the interlayer of the particles.
Considering the penetration depth of the technique most of the oxygen atoms analyzed
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are from the silane rather than the phosphates of the nanoparticle. The signal for Si is
unique of the modified sample and reveals that the silanes are in fact on the surface of
the nanoparticles. It should be noted that the broadness of the signal indicates that there
is likely more than one Si environment within the sample, therefore the bonding of the
silane is not homogenous throughout the sample.

The TGA of OTS/α-ZrP shows an increase in weight loss compared to the pristine αZrP, Figure 39. The weight loss for α-ZrP is of ca. 12%, where two water molecules are
vaporized per mol of α-ZrP. The first weight loss comes from the intercalated water
molecules, at ca. 120 °C, and the second from the condensation of the phosphate at ca.
540 °C, producing ZrP2O7 as the final pyrolysis product. The TGA for the OTS/α-ZrP
shows a 16.6% weight loss, where two new weight losses, in addition to the typical
weight losses for α-ZrP, can be appreciated. The first weight loss for the OTS/α-ZrP
material is of ca. 2% at 78 °C and is attributed to the intercalation of ethanol within the
aliphatic chains on the surface modified nanoplatelets during the cleaning procedure.
The second weight loss takes place at 135 °C, with a ca. 3% of weight loss,
corresponding to the vaporization of the intercalated water molecule. It is important to
note the shift of this specific weight loss, by 15 °C, consistent with the encapsulation of
the nanoplatelets by the aliphatic groups making it harder for the water molecules to
escape from the interlayer region.
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Figure 39. TGA thermogramm of ZrP and OTS/ZrP.

The third weight loss takes place at 300 °C with a weight loss of ca. 5% due to the
thermo-decomposition of the aliphatic chain on the surface of ZrP. The final weight loss
takes place at 525 °C and is mainly attributed to the condensation of the phosphate
groups of ZrP.

It has now been confirmed that OTS has been successfully attached to the surface of
ZrP. SSNMR experiments will now be conducted to gain additional insight on the
bonding of the silane with the surface phosphate groups, Figure 40. Figure 40 A shows
the single pulse magic-angle spinning (MAS) solid-state 1H NMR spectrum (top)
recorded for the sample at a spinning rate of 14 kHz, where the three broad resonances
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are centered at 8.2, 6.5 and 1-2 ppm and accompanied by intense sidebands. The
spectrum illustrates strong proton-proton dipolar interactions typical for relatively rigid
solids. The low-field lines at 8.2 and 6.5 ppm can be well assigned to HPO4- and Hbonded water, respectively.68, 142A superposition of the broad line centered at 1-2 ppm
and sharp resonances with  of 1.5, 1.3 and 0.87 ppm can be attributed to alkyl protons
of the organic ligand with less mobility (these alkyl groups are located closer to the
ZrPsurface) and protons of more mobile alkyl groups remote from the surface. In accord
with this assignment, the broad component is accompanied by intense sidebands while
the sharp lines show sidebands with very low intensity (Figure 40A). Moreover, the wide
and narrow components are well observed in the partially relaxed 1H MAS NMR
spectrum recorded by the inversion-recovery experiments performed at delay time of
0.45 s (Figure 40A, bottom).

Based on the TGA and the particle dimensions the O-Si-Alk:P-OH ratio for a ZrP
nanoplatelet completely modified is ca. 1:3.4 on the surface. However, the integration of
the 1H signals leads to ratio O-Si-Alk:P-OH ratio of 1:26 for the whole particle.
Nevertheless, taking in account an average particle thickness of 8 nm there should be an
average of ca. 10 nanosheets of ZrP per nanoplatelet, resulting in a O-Si-Alk:P-OH ratio
of ca. 1 to 2.6 on the surface of ZrP in fair agreement with that calculated by TGA.
Finally a very weak and sharp resonance at 4 ppm obviously belongs to residual ethanol,
as confirmed by TGA.
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The room-temperature inversion-recovery experiments performed for the ZrP sample
spinning at 14 kHz have shown spin lattice relaxation of all the protons as a nonexponential process. At the same time, the relaxation curves are well described with a
stretched exponential:149



I  I 0 (1  2e ( / T1 ) ) (Equation 1)

where the  parameter takes the values between 0.72 and 0.62. Such a relaxation is often
observed in solids when

1

H relaxation is not dominated by spin diffusion to

paramagnetic centers.150 Under these conditions, the different 1H resonances show
different T1 times. For the sharp 1H resonances the T1 times are determined as 0.62-0.64
s versus 1.0 and 0.79 s obtained for P-OH and water signals, respectively. It is
remarkable that similar T1 values have been reported for a water resonance in crystalline
zirconium phosphates149,

150

where the 1H T1 data have been discussed in terms of

motional modulation of interproton dipole-dipole interactions due to H2O 180°-flips, for
example.
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Figure 40. (A)The single pulse 1H NMR spectrum (top) and the partially relaxed 1H
MAS NMR spectrum (bottom, delay time between 1800 and 900 pulses is 0.45 s)
recorded for the ZrP sample spinning at a rate of 14 kHz. (B) The 13C{1H} CP MAS
NMR spectrum of the ZrP sample recorded at a spinning rate of 10 kHz. (C) The
31
P{1H} MAS NMR spectrum of the ZrP sample recorded at a spinning rate of 8 kHz
(top). The same spectrum scaled with a coefficient of 4 (bottom). (D) The 29Si{1H} CP
MAS NMR spectrum recorded for the ZrP sample at a spinning rate of 10 kHz.

The Si-O-Alk groups in the ZrP sample shows the resonances at 30.3, 28.1, 27.5, 20.9,
15.9 and 9.9 ppm in the 13C{1H} CP MAS NMR spectrum recorded at a spinning rate of
10 kHz Figure 40 B. The lines are broadened as it is generally observed in amorphous
solids.150 At the same time, the two sharp lines with values of 60.1 ppm and 14.3 ppm
can be attributed to CH3CH2OH in accordance with the 1H MAS NMR spectrum and
TGA results.
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The 31P MAS NMR experiments, performed for the ZrP sample spinning at various rates
with the single-pulse proton-decoupled and cross-polarization pulse sequences have
provided reliable signal assignments. Figure 40 C shows the

31

P{1H} MAS NMR

spectrum where intense lines at -17.3, -19.0 and -20.8 ppm can be well attributed to the
moieties HPO4- in Zr(HPO4)2 layers.142, 151, 152 A ratio for these moieties with different
phosphorus environments is calculated after a deconvolution procedure as 1/5.1/1.9,
respectively. In addition, the

31

P{1H} MAS NMR spectrum exhibits a low-intense line

centered at -31.2 ppm. This resonance can be well assigned to PO4- groups.68, 153 Since
the HPO4- / PO4- ratio is determined by integration as ~30 to 1, the resonance at -31.2
ppm can be attributed to O3P-O-Si-Alk situated at the surface of the ZrP nanoplatelet.153

The 29Si{1H}, CP MAS NMR spectrum recorded at a spinning rate of 10 kHz is shown
in Figure 40 D. It should be noted that in spite of using cross-polarization, the
experiment required a significant number of scans; in some sense this correlates with a
low content of organic ligand on the surface of ZrP. The

29

Si{1H} CP MAS NMR

spectrum exhibits two resonances with similar integral intensities that are detected at 64.1 and -74.1 ppm. These signals are assigned to O-P-(O3Si-Alk) and O-P-(O2(HO)SiAlk) groups, respectively because the intensity of the high-field resonance decreases
strongly in the 29Si{1H} MAS NMR spectrum with direct excitation of 29Si nuclei. The
presence of two different types of Si suggests that the silane is not bonding in a uniform
fashion, as suggested by XPS data. Based on the crystal structure of ZrP it is not likely
that the silane can bond in a three-fold coordination. As a result the silane must either
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bond to two surface phosphates or one, the remaining bonds are likely siloxane bonds.
The low intensity of the

31

P signal for P-O-Si agrees well with the hypothesis of

predominantly siloxane bonds. It is likely that after the silane bonds to the surface
(probably through a single P-O-Si bond) the free Si-OH groups that are not coordinated
form siloxane bonds with neighboring silanes which have a similar bonding scheme. The
result would be two distinct types of Si environments.

4.3 Surface Modification with Epoxides

Although modification with silanes was successful the multiple possible bonding
configurations limits the uptake of modifier and also makes it difficult to determine the
bonding motif. In addition, for a fundamental understanding of surface reactivity a
simpler group should be used. In this case epoxides were selected as they are expected to
bond to the surface phosphates in a one to one fashion. Additionally, the epoxides are
completely organic and therefore the materials can be characterized to a fuller extent and
the exact composition can be determined. After the completion of the surface
modification reaction the nanocrystal morphology of the products were investigated to
determine the effect of the modification on the crystallinity and morphology of the
particles. The XRPD pattern of both α-ZrP and epoxide modified ZrP samples are
provided in Figure 41. The first peak in the α-ZrP pattern shows a d-spacing of 7.6 Å.
This spacing corresponds to the interlayer distance between the 002 planes of α-ZrP. It is
expected that if the surface of our materials has been successfully modified that this
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distance should remain unchanged, an increase in this spacing would indicate that the
modifier reacted with the interlayer region or intercalated within the layers, which in this
case is unwanted. Examination of Figure 41 shows that all the XRPD patterns display a
d-spacing of 7.6 Å, from this we can conclude that there is no unwanted interaction of

Figure 41. XRPD patterns of ZrP and modified samples showing that the modification
does not affect the interlayer spacing. a) α-ZrP, b) 1,2-epoxyoctadecane/ZrP, c) 1,2epoxydodecane/ZrP, d) 1,2-epoxy-9-decene/ZrP, e) styrene oxide/ZrP, and f)
fluorophenyl oxirane/ZrP

the epoxide with the interlayer, therefore if there is modification it must be exclusively
on the surface of the nanoplatelets. Although the 002 peak is in the same position it can
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be observed from the pattern that the subsequent peaks are shifted to lower 2 theta values
when compared to pristine ZrP. The shift observed is indicative of dehydration of ZrP,
several studies have shown that upon dehydration the hydrogen bonding with the
interlayer water is lost and a new hydrogen bonding interaction is formed with other
phosphate groups producing a more rigid structure.154, 155 The fact that the 002 peaks are
identical while the subsequent peaks are shifted suggests that the particles are only
partially dehydrated; this is likely a result of the extended reflux and the ease of
dehydration for less crystalline ZrP particles. It is well known that the thermal behavior
of ZrP is contingent upon the crystallinity of the material, where less crystalline samples
lose the interlayer water more readily than samples of higher crystallinity.136-138 In
previous investigations it was found that crystalline ZrP can be completely dehydrated
by prolonged heating at 110°C.138 In addition, the continued reflux of ZrP in phosphoric
acid has also been shown to yield dehydrated phases of ZrP.154 As the surface
modification was conducted at 111°C in this case, and the particles are of low
crystallinity, the observed dehydration is reasonable. TEM further confirms that the
particle shape and crystallinity are not affected by the surface reaction, Figure 42. The
average particle size of the functionalized particles is 120 nm, which is in the expected
range for particles prepared by reflux methods with 3M H3PO4 according to Sun et al.48
The thickness of the particles can also be observed by electron microscopy, Figure 42 B,
the average thickness is ca. 8.5 nm, which agrees well with previous studies.123, 146
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Figure 42. TEM images of 1,2 epoxyoctadecane/ZrP displaying (A) the retention of
nanocrystal morphology and (B) the thickness of the particles.

The surface modification products were then analyzed by FTIR to determine if any
organic material was present, suggesting the successful bonding of epoxide to the ZrP
surface. The infrared spectra of the epoxide modified ZrP shows a mixture of vibration
modes for the epoxide and the ZrP, where the ZrP dominates the spectrum due to the
high concentration of ZrP layers relative to the modifiers on the top and bottom surfaces,
Figure 43. The expected region for C-H stretching between 2850 cm-1 and 3000 cm-1
can be seen for all ZrP modified with alkyl epoxides, stretches can also be observed
between 1350 cm-1 and 1480 cm-1 due to C-H bending. Aryl epoxides display stretches
at 690 cm-1, 710 cm-1, and 1500 cm-1 for the arene functionality. Although these
stretches indicate that the modifier and ZrP have interacted to some extent they do not
confirm that covalent attachment has occurred. A number of other phenomena such as
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physisorption could produce similar signals, however if this were the case the signals
would be expected to be more dominant.

Figure 43. FTIR spectra of epoxide modified ZrP displaying (A) the stretches of the
modifier and (B) formation of a phosphate ester through modification.

In all cases a signal is present at 910 cm-1 for the phosphate ester, Figure 43 B, this
signal therefore confirms the covalent attachment of the epoxide to the phosphate groups
of ZrP and the formation of P-O-C bonds within the material. The presence of this
stretch in conjunction with the XRPD data suggests that any functionalization that
occurred is exclusively on the surface of the nanoparticles.

In addition, the stretches for the lattice water are still present confirming that there is no
interaction of the modifier with the interlayer region or intercalation. Upon successful
intercalation of a molecule in the interlayer region of ZrP the stretches for the water in

92

the zeolitic cavities no longer exist due to the exchange of the interlayer water with the
intercalated molecule. Although the water stretch is present it is slightly deformed. This
is due to the partial dehydration of the surface modified product, as discussed earlier
(vide infra). This result also confirms that the attachment of the epoxide occurs on the
exterior surface of the particles and supports exclusive esterification of the ZrP surface.

It has been established that FTIR can be used to identify the degree of disorder of
aliphatic chains film on nanoparticle surfaces.115 It has been reported that crystalline
microenvironments are formed when long alkyl chain lengths greater than six carbon
atoms are assembled on oxidized surfaces.156 Disordered systems (liquid-like) show a
CH2 asymmetric stretching band near 2924 cm−1, while with more ordered monolayers
the band appears closer to 2917 cm−1, indicating a more crystalline state. In our case the
assymetric stretching appears at ~ 2924 cm−1 for the C12 alkyl chain and at 2922 cm−1 for
the C10 and C18 chains. It was expected that the C18 chain would be more ordered than
the shorter chains , the fact that the C10 shows identical ordering as the C18 is likely due
to pi interactions of the terminal alkene functionality of the C10 chains. Therfore in all
cases the aliphatic chains are not assembling in a fully closed pack manner. This is likely
due to the large distance between the surface phosphate groups and the fact that the
surface phosphates may not all be on a perfrectly level plane.

To quantify the amount of modifier on the surface of the ZrP nanoparticles
thermogravimetric analysis (TGA) was used.
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Upon heating the total weight loss

exhibited by α-ZrP of this size is ~12%, with two major weight losses wherein the
sample is completely dehydrated and the phosphate groups condense to yield zirconium
pyrophosphate as the end product.135 The weight loss of modified samples occurs in
three events as is seen for similar organically modified ZrP materials.68, 74, 146 All surface
and interlayer water and residual solvent is expected to be lost below 150 °C. The next
weight loss occurring anywhere from 200 °C to 350 °C is expected to be the loss of the
organic modifier. Lastly, the condensation of the monohydrogenphosphate to the
pyrophosphate occurs roughly between 450 °C and 600 °C. Typical thermograms can be
seen in Figure 44. It should be noted that in all cases the weight loss that corresponds to
the epoxide modifier takes place in two steps as observed by the derivative curve in the
TGA, Figure 44 B and D . The first step occurs between 200°C and 240°C and the
second ranging from 280°C to 350°C. The second step is the dominant weight loss in the
process and seems to increase with the size of the aliphatic chain of the epoxide. The
first weight loss remains roughly the same size in all cases.
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Figure 44. TGA thermograms of (A) alkyl and (C) aryl epoxide modified ZrP along
with the derivatives of the alkyl (B) and aryl (D) modified compounds.

It can therefore be hypothesized that the initial weight loss could be the epoxide
covalently attached to the ZrP whereas the latter is simply the decomposition of the alkyl
chain or aromatic group. This suggests that the P-O-C bond is not very thermally stable
which is somewhat unexpected. Pica suggests that the epoxide can bond to the
phosphates of ZrP in two possible conformations; in this case the bonding is not equal
and the ratio of the major conformation to the minor in the product is ~ 3.68 It is more
likely that the two processes are representative of the different bonding conformations of
the epoxide to the ZrP surface. The percent weight losses obtained are all within the
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expected range. Using the TGA results, formulas and molecular weights of the surface
modified samples can be obtained; this information is presented in Table 2.

Table 2. Summary of TGA data along with estimated percent coverage (assuming 11
layers) and proposed formulas for epoxide modified ZrP.

The extent of modification is somewhat similar in all cases and can be seen to range
from ~0.12 to 0.17 moles of modifier per mole of Zr. It can be noted that in the case of
the pure aliphatic chains that the amount of modifier bonded to the surface is nearly
identical, this suggests that the packing is somewhat similar and did not cause an
increase in uptake. The fluorination of the styrene ring appears to increase the uptake as
opposed to a styrene ring alone; this could possibly be due to the electron withdrawing
effects of the fluorine atom. The electron-withdrawing group would decrease the
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electron density within the aromatic ring and could possible make the epoxide ring more
susceptible to nucleophillic attack by the phosphate groups.

The proposed partial

dehydration of the modified particles is also confirmed by TGA. The samples exhibit
between 0.5 and 0.7 moles of water showing that they are 30% -50% dehydrated.

It has now been confirmed that the epoxide groups have been successfully attached to
the ZrP surface. A theoretical mass contribution can be calculated for a sample in which
all surface phosphates have been successfully modified by taking into account the
nanoparticle thickness, number of reactive surface sites, and the one to one interaction of
epoxide rings with surface phosphate groups. A proportion of the mass contribution
observed in the TGA with the theoretical value yields an estimate of the surface
coverage. The simplest approximation is as follows. Initially, the number of inorganic
layers present in the nanoparticle is calculated by dividing the thickness of the particle
by the interlayer distance. In our case the nanoparticles were found to be ca. 8.5 nm and
the interlayer distance of ZrP is 7.6Å (0.76 nm), therefore we estimate about 11 layers
per nanoparticle. A mass contribution of the layers can be obtained by multiplying the
number of layers by the molecular weight of ZrP. To estimate the contribution of the
organic modifier the molecular weight of the epoxide is multiplied by two as only the
top and bottom layers will be modified. A ratio of the mass contributions of the organic
modifier to ZrP yields an estimate for the percent weight loss, corresponding to the
epoxide, which should be observed in the TGA of a surface modified material if all sites
are covered.
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The percent coverage estimates are collected in Table 2 along with the TGA data and
calculated formulas. All estimates range from 62% to 87% and the moles of epoxide are
all within the same general vicinity. This suggests that sterics do not play a major role in
the bonding of the epoxides, which is reasonable as each surface phosphate group is 5.28
Å apart.34

To further investigate the bonding within the surface modified particles both 31P and 13C
SSNMR experiments were carried out. All epoxide reactions proceed through bonding
of the surface phosphate groups with the epoxide rings therefore the

31

P-NMR spectra

should be similar for materials with the similar surface coverage regardless of which
epoxide is used. In the case of 1,2 epoxyoctadecane/ZrP the

31

P spectrum reveals four

signals of which two can be assigned to ZrP, Figure 45. The signal at ca. -19 ppm is
assigned to the orthophosphate of ZrP, as phosphates exist throughout all the layers this
is the dominant signal in the spectra. The weak resonance at -17.1 ppm is also
characteristic of ZrP as some phosphates are in a slightly different environment due to
hydrolysis near the edges of the particles in the reflux case.144 The remaining signals are
observed at -21.4 and -22.4 ppm. The signal at -21 ppm can be assigned to the
dehydrated phase of ZrP and is in good agreement with the XRD, FTIR, and TGA data,
which suggests a lower level of hydration than pristine ZrP.40 It is likely that during the
extended reflux some of the interlayer water that was held loosely escaped the interlayer.
The second signal can be assigned to the phosphorus atom that has been esterified and is
involved in modification through a P-O-C linkage, as previously reported by Pica et al.68
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Figure 45. MAS Solid State NMR of 1,2 epoxyoctadecane/ZrP, (A)
CP.

31

P{1H} (B)

13

C

In addition to the observation of successful modification in the 31P NMR, bonding of the
alkyl chains to the surface of the samples agrees well with the CP/MAS

13

C-NMR

spectrum of 1,2 epoxyoctadecane/ZrP. In the case of the C18 alkyl chain, for each bond
to the surface only 2 distinct carbons appear; there should be a P-O-C linkage to the
surface and also the C-OH that occurs as a result of the ring opening of the epoxide. The
signals for the alkyl carbons are observed from 10.4 ppm to 30.4 ppm and additional
signals pertaining to the ring opening of the epoxide are present at 63 ppm, 69.9 ppm,
and 77.8 ppm. These resonances can be assigned to carbon environments that are a direct
result of covalent attachment of epoxide to the ZrP surface. Previous reports suggest that
epoxides can adopt two bonding formations, one in which a secondary alcohol is formed,
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which is the dominant product, and the other in which a primary alcohol is formed.68 In
the former case signals at ~62 ppm are assigned to the P-O-C linkage and signals at ~ 71
ppm are assigned to the carbon atom of the secondary alcohol. In the latter case it is
thought that the P-O-C linkage is seen at the same place as the previous case but the
carbon atom of the primary alcohol is thought to be observed at ~ 80 ppm. There are
some slight shifts in the values from the surface modified samples as opposed to those
reported for the fully functionalized derivative but they are indeed indicative of the same
carbon environments. It should also be noted that the signals of the three membered ring
of the starting organic material are absent in the spectra, this confirms that all organic
matter present is covalently attached to the ZrP platform.

In regards to the surface modification the 31P spectra of the modified samples is of most
importance. All epoxide reactions proceed through bonding of the surface phosphate
groups with the epoxide rings therefore the

31

P-NMR spectra should be similar for

materials with the similar surface coverage regardless of which epoxide is used. As was
observed for the case of 1,2-epoxyoctadecane/ZrP, ZrP modified with other alkyl and
aryl epoxides also display 4 resonances, Figure 46. Although the resonances appear at
the same place it can be seen that the intensities vary somewhat between the samples,
this is a direct correlation of the differences in uptake of the epoxides as shown in Table
2.
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Figure 46. 31P NMR data of epoxide modified ZrP, (a) 2,4 fluorophenyl oxirane/ZrP (b)
1,2 epoxy-9- decene /ZrP (c) 1,2 epoxydodecane/ZrP.

As expected our results greatly differ from those obtained by Pica et al. 68 In our
synthesis we focus on exclusively functionalizing the surface whereas Pica attempted to
functionalize all P-OH groups homogenously throughout the material. In regards to the
31

P spectra Pica was able to identify three distinct signals at -22.6 ppm, -24.7 ppm, and -

19 ppm that corresponded to the two different epoxide bonding conformations and the
free P-OH groups respectively. The epoxide bonding conformations made up 99.5% of
the integral whereas free P-OH made up 0.5%. Integration in our material leads to 19%
epoxide bonding conformations and 81% that corresponded to the base ZrP structure, in
good agreement with our surface coverage estimation. The

13

C spectra are largely

identical however the signals indicative of ring opening of the epoxide are much less
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intense in our spectra due to the fact that we are functionalizing only the surface P-OH
groups. The fact that unmodified phosphates dominate our 31P spectra while the presence
of the reactive epoxide can be confirmed by CP/MAS

13

C-NMR, greatly supports the

exclusive functionalization of the nanoplatelet surface.

4.4 Surface Modification with Epoxides via Microwave Irradiation

The second procedure for modifying the surface of ZrP with epoxides is based on the
work of Levitt, in which he found epoxides to fully react with γ-ZrP more effectively
with no solvent.147 In this case an excess of neat epoxide is reacted directly with α-ZrP
by microwave irradiation; herein the microwave synthesized epoxide modified products
will be discussed. As the particles were reacted in neat epoxide it was necessary to
increase the crystallinity and thus the particle size to attempt to avoid intercalation of the
epoxides within the interlayer. The X-ray powder diffraction pattern of both α-ZrP and
epoxide modified ZrP samples are provided in Figure 47 The first peak in the α-ZrP
pattern shows a d-spacing of 7.6 Å as in the reflux case suggesting that there was no
interaction of the epoxide with the interlayer of ZrP. Examination of Figure 47 shows
that all the X-ray diffraction patterns are identical to each other and to ZrP. Contrary to
the reflux case there is no shifting of the higher angle peaks as in the reflux case. This is
likely as the reaction time (1 hour) and temperature (70°C) were much lower in the
microwave synthetic method compared to the reflux (12 hours and 111°C) and the
particles used are now more crystalline.
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Figure 47. X-ray powder diffraction of ZrP and modified samples showing that the
modification does not affect the interlayer spacing. (a) ZrP, (b) fluorophenyl
oxirane/ZrP, (c) epichlorohydrin/ZrP, (d) glycidol/ZrP, (e) cyclohexene oxide/ZrP, (f)
1,2-epoxy-9-decene/ZrP, (g) 1,2-epoxydodecane/ZrP, and (h) 1,2-epoxyoctadecane/ZrP.

Based on the data presented it can be concluded that there is no unwanted interaction
with the interlayer, therefore if there is modification it must be exclusively on the surface
of the nanoplatelets. Transmission electron microscopy further confirms that the particle
shape and crystallinity are not affected by the surface reaction, Figure 48. The
hexagonal shape of the particles can still be observed after surface modification. The
average particle size of the functionalized particles is 175 nm, the thickness of the
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particles is observed to be 45 nm by electron microscopy, which corresponds to about 59
layers.

Figure 48. TEM images of 1,2 eoxyoctadecane/ZrP displaying (A) the retention of the
nanocrystal morphology after modification and (B) the thickness of the particles.

The microwave surface modification products were then analyzed by FTIR to determine
if any of the epoxide modifiers were successfully bonded to the surface. Similarly to the
reflux samples the alkyl and aryl stretches can be observed in all cases. The expected
region for C-H stretching between 2850 cm-1 and 3000 cm -1 can be seen for all epoxide
modified ZrP except fluorophenyl oxirane which has no CH2 groups. In the case of
longer alkyl modifiers like 1,2-epoxydodecane and octadecane, three of the symmetric
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and antisymmetric CH2 and CH3 stretches were observed. Modification can also be
observed between 1350 cm-1 and 1480 cm-1 due to C-H bending and in the case of
fluorophenyl oxirane at 1500 cm-1 for the arene functionality. In contrast to the samples
prepared by the reflux method, the formation of a phosphate ester was not observed. It
should be noted that the inorganic contribution has increased due to the change of
thickness therefore the absence of the signal may simply be a result of a decreased
percentage of phosphate esters formed.

Smaller molecular weight epoxides such as epichlorohydrin and glycidol were not
expected to exhibit significant stretching due to the small amount of alkyl groups in the
molecules. Figure 49 shows the stretching in the alkyl region of fluorophenyl oxirane,
epichlorohydrin and glycidol to be very broad in this region when compared to the other
modified samples. The presence of these stretches suggests there is a substantial amount
of alkyl groups in the samples that are absorbing over a range of frequencies; therefore
we conclude that polymerization has occurred as is common with epoxides.
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Figure 49. FTIR spectra of epoxide modified ZrP focusing on the region where stretches
due to modification appear. a) α-ZrP, b) fluorophenyl oxirane/ZrP, c)
epichlorohydrin/ZrP, d) glycidol/ZrP, e) cyclohexene oxide/ZrP, f) 1,2-epoxy-9decene/ZrP, g) 1,2-epoxydodecane/ZrP, and h) 1,2-epoxyoctadecane/ZrP.

Typical thermograms of the microwae modified samples can be seen in Figure 50. The
weight loss pattern is identical to that of the reflux samples and other modified materials
however in the case of the smaller epoxides (epichlorohydrin, glycidol, and fluorophenyl
oxirane) the weight losses obtained are much larger than what is expected for full
coverage of the surface. The large weight losses observed in TGA for these smaller
epoxides also supports the polymerization of the epoxides on the surface of the ZrP
nanoparticles. Examination of the derivative for the non-polymerized sample shows very
similar behavior compared to the reflux case however the two step process is not as
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evident. It appears that the second step occurs over a much broader range of
temperatures suggesting more thermal stability. The polymerized samples also display
more thermal stability; it can be observed that the loss of intercalated water is elevated to
higher temperatures due to the polymerization on the surface. In addition, the
decomposition of organic begins at a much higher temperature when compared to other
non-polymerized samples. Using the TGA and elemental analysis data formulas and
molecular weights of the modified samples were proposed, this information is presented
in Table 3. A similar trend can be seen between the uptake of epoxide in these samples
and the reflux. The long alkyl chains once again have very similar uptakes but the others
show no clear trend. Also no dehydration is evident based upon the proposed formulas
agreeing well with the XRPD patterns that are nearly identical to ZrP.

Figure 50. (A) TGA and (B) derivative of weight loss of ZrP alongside a typical surface
modified and polymerized sample.
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The percent coverage estimates can be seen in Table 3 along with the TGA and
elemental analysis data. In the case of the polymerized samples values over 100% were
obtained and it cannot be said definitively how much of the modifier is actually
covalently attached to the surface phosphate groups. In regards to the longer alkyl
chains, the C10 has a slightly higher percent coverage than C12. This is likely a result of
the rigidity of the terminal carbons on the alkene functionality in the C10 epoxide
providing less steric hindrance to other surface phosphates, allowing more epoxide to
bond. The C18 also shows a slightly higher coverage than both the C10 and C12, this is in
good accordance with the fact that longer alkyl chains have increased Van der Waals
interactions thus making packing more effective while shorter chains have more disorder
and limit the extent of modification.96,

157

Ultimately the coverage of the surface is

similar for the akyl epoxides as was observed in the reflux case. The cyclohexene oxide
is a smaller more compact molecule and as a result is able to effectively functionalize
more sites. It is possible that the long aliphatic chains of the alkyl epoxides could block
reactive surface sites depending on which orientation they adopt upon bonding whereas
an epoxide that is compact and cannot interfere with neighboring phosphate would have
a higher coverage.
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Table 3. Summary of TGA and elemental analysis data along with estimated percent
coverage (assuming fifty nine layers) and proposed formulas for epoxide modified ZrP
samples.

The observed surface polymerization is the first of its kind for α-ZrP, although surface
initiated polymerization does exist for a variety of materials including carbon nanotubes
and silica nanoparticles.158-160 In the case of carbon nanotubes the polymerization is
often a multi-step procedure in which a functional group is anchored to the surface and
reacted to introduce an initiator, followed by a polymerization reaction.159 In our
compounds it is believed that the α-ZrP particles act as acid catalysts in the epoxide
polymerization reaction. Belbachir et al conducted many experiments in which an acidexchanged montmorillonite clay was used as a heterogeneous acid catalyst for the
cationic polymerization of epoxides.161-163 There was no bonding between the clay and
epoxide so he was able to polymerize various epoxides and separate the clay from the
polymers at the end of the reaction. Although separation is not possible in our case due
to the covalent attachment of the epoxides to the surface, the acidic mechanism is
expected to be very similar.

109

Figure 51. Schematic displaying the polymerization of epoxides on the surface of ZrP,
the initial surface modification is shown followed by two polymerization steps. Note:
Both the top and bottom surfaces of ZrP are modified and after each ring opening
reaction a proton is released, causing the protonation of the oxygen of an epoxide.

It is believed that α-ZrP surface polymerization of epoxides initially proceeds by the
bonding of the epoxide to α-ZrP by nucleophillic attack of the surface P-OH groups to a
carbon of the epoxide ring, producing a hydroxyl group from the ring opening.68 This
reaction releases a proton, which can be used to protonate the oxygen of an epoxide ring,
which in turn is attacked by the hydroxyl group formed from the ring opening, Figure
51. Several studies agree that the dominant product for the ring opening reaction is the
attack of the α carbon of the epoxide ring and formation of a secondary alcohol.68, 161, 164,
165

For each epoxide that undergoes ring opening an additional hydroxyl group becomes

available therefore the polymerization reaction proceeds smoothly even in the presence
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of excess epoxide. It is reasonable that a hydroxyl group can polymerize with epoxides
in the presence of acid, this occurs regularly in the cationic polymerization of glycidol,
an epoxide with a hydroxyl functional group.166-169

Mechanistically all epoxides should be able to polymerize but sterics prevent some
epoxides from doing so. Bulky epoxides can block the hydroxyl group formed from the
ring opening and the long chain alkyl epoxides are likely to be able to block the
hydroxyl group due to disorder or close packing of the alkyl chains. It is worth noting
that other experiments have shown that in the presence of solvent the polymerization is
greatly limited if not stopped altogether (Table 4), the solvent disperses the epoxides
and therefore limits direct exposure to ZrP and other epoxide molecules. In addition,
when solvent is used a stoichiometric amount of epoxide can be added to the reaction,
which also prevents the polymerization. The polymerization presented here is a one-pot
synthetic procedure and as a result is not as well controlled as other multi-step methods.
Using the surface chemistry of ZrP it may be possible to use a multi step procedure to
conduct more controllable polymerizations as is used in other work.
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Table 4. Summary of TGA data along with estimated percent coverages (assuming fifty
nine layers) and proposed formulas for epoxide modified ZrP samples prepared in
solvent.

*Polymerization still occured in these samples but was limited when compared to
reaction with neat epoxide.

The structural features of the modified ZrP have been additionally characterized by solid
state MAS NMR experiments. Experiments were conducted using the samples modified
with

1,2-epoxydodecane

and

1,2-epoxyoctadecane,

noted

here

as

1,2-

epoxydodecane/ZrP and 1,2-epoxyoctadecane/ZrP. The α-ZrP matrix of modified
samples 1,2-epoxydodecane/ZrP and 1,2-epoxyoctadecane/ZrP are characterized by the
31

P{1H} MAS NMR spectra in Figure 52. As seen, the spectra of both samples are

similar and show a strong resonance at -19.1 and a weak resonance at -17.1 ppm.
Deconvolution using Lorentz line shape leads to a ratio of 33 to 1. We therefore see that
our modified samples have identical 31P spectra to α-ZrP, the signals for dehydration and
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the modification are not present in this case. As estimated earlier, we believe these
particles to have around 59 layers and estimate a percent coverage of 60 to 75 percent;
therefore out of the 59 layers only the equivalent of one complete layer is modified. It is
reasonable that at this ratio the surface P-OH groups are insignificant and cannot be
observed due to the abundance of interlayer P-OH groups, therefore the spectra of the
modified samples is identical to that of α-ZrP.

Figure 52. MAS Solid State NMR of 1,2-epoxydodecane/ZrP and 1,2epoxyoctadecane/ZrP.
(A) 31P{1H} of 1,2-epoxydodecane/ZrP (top) and 1,2epoxyoctadecane/ZrP (bottom) and (B )13C CP of 1,2-epoxydodecane/ZrP (top ) and 1,2epoxyoctadecane/ZrP (bottom).

Although the

31

P spectra shows no evidence of successful modification, chemical

bonding of the alkyl chains to the surface of the samples agrees well with the

13

C CP

MAS NMR spectra of 1,2-epoxydodecane/ZrP and 1,2-epoxyoctadecane/ZrP in Figure
52, where the resonances between 30.4 ppm and 10.4 ppm correspond to carbons of the
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alkyl chains. In comparing the 1,2-epoxydodecane/ZrP and 1,2-epoxyoctadecane/ZrP it
can be seen that the resonance at ~30 ppm greatly increases due to the longer chain
length of the modifier, this is in agreement with the assignment of this peak to the alkyl
chain. (It should be noted that cross polarization {1H}13C generally does not produce
actual signal intensities in the

13

C CP MAS NMR spectra. Therefore, the above

comparison is valid if mobility of the alkyl chains in the two materials is very similar.) It
should be emphasized that the signals of the three membered rings of the starting organic
materials are absent in the spectra, this confirms that all organic modifier present is
covalently attached to the ZrP platform. Additionally, it can be observed that signals
corresponding to the ring opening of the epoxide are absent from the spectra. It is likely
that the absence of the signal is also due to the small amount of surface phosphates as
was the case for the 31P NMR.

The microwave samples show a contrast to the fully functionalized samples prepared by
Pica and also the surface functionalized samples prepared by the reflux method. The data
clearly suggests that the organic is present on the surface of the sample rather than the
interlayer, however it is difficult to say whether covalent attachment has occurred due to
the large size of the ZrP sample used in the microwave case.
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4.5 Conclusion

In conclusion, it has been shown that it is possible to selectively functionalize the surface
of zirconium phosphate nanoparticles with silanes and epoxides to synthesize inorganicorganic hybrid materials using microwave synthetic or traditional reflux methods. This
functionalization leads to new organic derivatives of ZrP in which the top and bottom
layers are modified while the interlayer structure remains unchanged. This is the first
known report of a functionalized inorganic layered material in which the interlayer is
unaffected and is still available to perform intercalation or ion exchange chemistry. In
the case of silanes it was found that the bonding to the surface phosphates was very
minimal, likely due to geometric constraints. Bonding was found to be more substantial
in the case of epoxides, where each surface phosphate is thought to interact with an
epoxide ring. The polymerization of epoxides from the ZrP surface was also introduced.
The discovery of polymerization of epoxides in the case of smaller molecules calls into
question whether the larger epoxides are polymerizing as well rather than bonding to the
surface in the neat microwave case. In addition, it appears that the uptake of modifier is
largely related to the size of the particles, this will be discussed in further detail in the
next chapter.
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CHAPTER V
EFFECT OF PARTICLE SIZE ON SURFACE MODIFICATION

5.1 Introduction

The investigation of the surface functionalization of ZrP with epoxides was able to
confirm the covalent attachment of the epoxides to the nanoparticle surface, Chapter IV.
When using the reflux method and small particles, the covalent attachment of the
epoxide to the ZrP surface was clearly observed, however when the microwave method
and more crystalline particles were used, the covalent attachment could not be confirmed
definitively. Smaller particles have a higher external surface area than larger particles
and also a smaller contribution of interlayer phosphates compared to thicker particles,
therefore it is expected that functionalization will become less apparent as the thickness
of the particles is increased. Figure 53 displays a schematic of modified particles of
various thicknesses. It can clearly be observed that the increase in the number of
inorganic layers will make the mass contribution of the modification less significant and
also considering that each layer introduces more phosphate, will decrease the percentage
of phosphates available to be modified. In this section identical reflux and microwave
reactions (70°C) will be carried out with ZrP of low (3M), medium (6M), and high
crystallinity (12M). The materials will be characterized and the effects of the particle
size on the functionalization will be discussed.
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Figure 53. Representation of modified ZrP of various thicknesses and the corresponding
percentage of layers modified.

5.2 Surface Modification of Reflux ZrP

The previous chapter has confirmed that using the reflux method no intercalation of the
epoxide occurs with the interlayer region, even with particles of low crystallinity. In this
case particles of equal or greater crystallinity were used therefore intercalation is not
expected. In addition, 1,2-epoxyoctadecane is very hydrophobic and therefore has no
driving force to interact with the hydrophilic interlayer of ZrP. FTIR will be used to
screen the samples and determine if the organic modifier is present in the product,

117

however TGA and NMR will be used to quantify the uptake of organic modifier and
confirm the bonding with surface phosphates.

The infrared spectra of the modified samples (Figure 54) agree well with those
discussed in the previous chapter as expected. In this case we are seeking the effects of
the particle size on the spectra. It is expected that as the ZrP becomes more crystalline
both the particle size and thickness will increase. As a result there will be a smaller
percentage of sites that can be esterified, therefore leading to a smaller contribution of
organic in the sample and a corresponding decrease in the signals associated with the
modification. The initial area of interest is that of the alkyl stretching of the 1,2epoxyoctadecane. The stretching due to the alkyl chain can be observed in the low,
medium, and high crystallinity cases suggesting that modification successfully occurred
in all samples. It can be noted however that the intensity of the stretching is substantially
lower in the medium and high crystallinity cases as compared to the low crystallinity
sample. This is reasonable as the low crystallinity particles are expected to be ca.11
layers whereas the highly crystalline material is estimated to be ca. 50 layers or more.
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Figure 54. FTIR spectra of 1,2-epoxyoctadecane/ZrP synthesized with reflux ZrP of
low, medium, and high crystallinity.

The 6M and 12M samples appear to display similar stretching due to modification in
both the alky region and phosphate ester region. Further investigation of the phosphate
ester region shows that in all cases the signal corresponding to ester formation can be
observed. This suggests that in the reflux case that there are still a significant amount of
phosphates on the surface relative to those in the interlayer.

As the particle size increases the particles become thicker, therefore larger particles are
expected to have a large contribution of inorganic layers and a small contribution of
organic modifier. The TGA thermograms of the three modified samples follow this
trend, as the highest weight loss is observed for the 3M particles and the lowest for the
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12M, as seen in Figure 55. It should be noted that in this case hexanes is used as the
solvent, it appears that the lower reaction temperature causes a decrease in the amount of
epoxide that is bonded to the surface. The 3M sample uptakes 0.06 moles of epoxide in
this case as opposed to ~ 0.14 moles when toluene is used as the solvent An overlay of
the derivative of the weight loss can be seen in Figure 55 B. As with all modified
samples there are four main weight loss regions corresponding to surface water,
interlayer water, the modifier, and the condensation of the phosphates to pyrophosphate.
Initially, it can be seen that the amount of surface water differs in all the samples. The
particles with lower crystallinity (3M-6M) both display water absorbed to the surface
whereas the more crystalline particles do not exhibit this weight loss. Secondly, the
interlayer water molecule is different in the samples as well. There are two peaks in the
second derivative, which correspond to the interlayer water molecule. The first can be
said to be the water that is held loosely by the particles, mostly on the edges whereas the
second is the water that is deeper within the core of the particles, as discussed in Chapter
III. The trend is observed that the more crystalline the particles become the less
significant is the first peak and the more dominant the second becomes. This is
reasonable as more crystalline particles should have a stronger attraction between the
layers and thus hold the water molecule more efficiently. The derivative of the water loss
also shows that the dehydration behavior of the low and medium crystalline samples to
be very similar.

120

Figure 55. (A)TGA and (B) derivative of weight loss of 1,2-epoxyoctadecane/ZrP
synthesized with reflux ZrP of low, medium, and high crystallinity.

As in the case of the toluene reflux, the derivative corresponding to the modifier exists in
two steps, however it appears that the first and not the second peak is the dominant
process in all cases except the 3M. The inversion of intensity of the two derivative
processes suggests that the bonding of the epoxide to the surface differs somewhat
amongst different particle sizes, however it still cannot be said with certainty what the
two steps represent.

Lastly, it can be noted that the peak corresponding to the

condensation is shifted in all cases, however this is a function of the crystallinity of the
particles and not the modification.

TGA has successfully confirmed that the organic contribution of all the samples is
different and therefore modification has occurred to different extents in all the samples.
NMR will be utilized to probe the overall effect of the modification on the environment
of the phosphorus and carbon atoms in the materials. Based on previous experiments it
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is expected that in the case of successful modification by reflux that four signals will be
observed in the

31

P NMR, the two original signals observed corresponding to ZrP and

two additional signals at -21.4 and -22.4 ppm corresponding to the dehydration of ZrP
and the formation of a phosphate ester. All four of these signals are observed in the 3M,
6M, and 12M materials, Figure 56. Although less epoxide exist in these samples
compared to the neat reaction or toluene reflux, the signal for the modification can still
be observed in the

31

P spectra. Table 5 displays the percentage of phosphorus atoms

that make up each environment based on integration. It can clearly be observed that as
the particles become more crystalline that the peak at -19 ppm becomes more dominant
and all other signals decrease in intensity. In the 12M case the signals corresponding to
ZrP make up 90% of the phosphorus environment whereas modification only accounts
for 10% of the phosphorus in the compound. This corroborates with the TGA data that
suggest that the uptake of epoxide on the surface decreases as the particles increase in
size.
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Figure 56. 31P NMR of 1,2-epoxyoctadecane/ZrP synthesized with reflux ZrP of low
(top), medium (middle), and high (bottom) crystallinity.

Table 5. Intergration values of the four signals present in the
epoxyoctadecane/ZrP.
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31

P NMR of 1,2-

In addition to the observation of successful modification in the 31P NMR, 13C NMR also
supports covalent attachment of the epoxide to ZrP, Figure 57. Once again, the alky
chains are seen from 10.4 to 31.4 ppm. These signals can be observed clearly in all the
samples regardless of the particle size as a long aliphatic chain was used to modify the
surface. The signals indicative of the P-O-C linkages are also present but the intensity
decreases as the particles become more crystalline. Also there is some variability in
regards to the dominant peak in the spectra. In some cases it is at ~29 whereas in others
it is at ~31. The relationship seems to be that the less crystalline particles tend to have
the dominant signal at 29 ppm whereas the more crystalline display the dominant signal
at 31 ppm, Figure 57 B. These signals are assigned to the carbon atoms in the aliphatic
chain therefore it is likely that the difference in signal intensity could be a function of
mobility of the chains and thus directly related to the amount of epoxide covalently
attached to the surface of the nanoparticles and the
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Figure 57. 13C NMR of 1,2-epoxyoctadecane/ZrP synthesized with reflux ZrP of low
(top), medium (middle), and high (bottom) crystallinity displaying the (A) complete
spectra and (B) focusing on the alkyl resonances.

bonding conformation of the epoxide. It should be noted however that 13C NMR cannot
be used to confirm bonding with the ZrP surface. The spectra only indicate that the
organic modifier is present in the sample and that the rings of the epoxide are open. As
was the case for the microwave samples, it is possible that this could occur without
bonding. The

13

C NMR spectra are therefore complementary to the

31

P and will not be

discussed further, as the aim of this section is to quantify the impact of thickness on
bond formation.

5.3 Surface Modification of Hydrothermal ZrP

The infrared spectrum of the hydrothermal surface modified particles was analyzed next.
The spectra displays signals for the aliphatic chains of the 1,2-epoxyoctadecane in the
cases of the low and medium crystalline samples, however in the case of highly
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crystalline sample the stretching is not present, Figure 58. This suggests that as the
particles approaches micron size, the large contribution of hundreds of inorganic layers
makes the organic modification insignificant. There are 18 carbon atoms attached to the
surface for each successful modification, even at this number no stretching is observed
therefore it is not likely that the phosphate ester will be present as only one bond is
formed per alkyl chain. The spectra do not display the phosphate ester stretch but this
does not necessarily mean that no bonds are formed; as discussed earlier the inorganic
contribution is too high to observe the functionalization.

Figure 58. FTIR spectra of 1,2-epoxyoctadecane/ZrP synthesized with hydrothermal
ZrP of low, medium, and high crystallinity.
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Figure 59. (A)TGA and (B) derivative of weight loss of 1,2-epoxyoctadecane/ZrP
synthesized with hydrothermal ZrP of low, medium, and high crystallinity.

The TGA of the modified hydrothermal particles can be seen in Figure 59. Interpreting
the TGA of the modified hydrothermal particles is not as clear as in the case of reflux
materials. As discussed in Chapter III, the water loss is delayed until much higher
temperatures in the hydrothermal case. As a result, the weight loss for the organic
modifier is embedded within the water loss and not able to be identified distinctly. It can
be said however that the total weight losses observed for the samples does follow the
expected trend with the least crystalline sample having the highest weight loss and the
most crystalline having the least. In addition it can be observed that compared to the
starting material an increase in total weight loss is observed after functionalization. Even
in this case the total increase cannot be accounted solely to the modifier as the level of
hydration could have possibly changed.
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To further investigate the bonding within the hydrothermal particles

31

P NMR was

utilized. Contrary to the reflux case, all spectra displayed only a single resonance at -19
ppm, Figure 60. This resonance is indicative of the orthophosphate of ZrP as discussed
earlier. Bonding to the ZrP surface in the case of thicker particles cannot be verified by
traditional techniques. This is not surprising, as even in the case of modified 12M reflux
particles the modification accounted for only 10% of the total integral. The hydrothermal
particles percentage of surface phosphates is only a fraction of that of the reflux case and
the percentage of modified phosphates is negligible.

Figure 60. 31 P NMR of 1,2-epoxyoctadecane/ZrP synthesized with hydrothermal ZrP of
low (top), medium (middle), and high (bottom) crystallinity.
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5.4 Neat Microwave Surface Modification of Reflux ZrP

FTIR of the microwave-modified products can be seen in Figure 61. Overall, the
amount of organic present in these samples is substantially higher than in the reflux case.
The alkyl stretching signal can clearly be seen in all three samples, additionally in the
3M and 6M case three of the symmetric and antisymmetric CH2 stretches can be
observed as opposed to only two in the reflux. Interestingly, although there is a large

Figure 61. FTIR spectra of 1,2-epoxyoctadecane/ZrP synthesized by the neat microwave
method using reflux ZrP of low, medium, and high crystallinity.
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amount of organic modifier in the samples the stretch for P-OR bond formation is not
present in any case. This suggests that the organic modifier is not covalently attached to
the surface. As these reactions were carried out in excess of epoxide it is likely that the
epoxide simply polymerized around the ZrP nanoparticle and adsorbed to the surface.

The TGA theromgrams displayed the same trend as in the case of the reflux experiments
when the neat microwave synthetic method was used, Figure 62. Although the trend is
identical the amount of epoxide determined by TGA is much higher as discussed in the
previous chapter. In this case the moles of epoxide present are nearly double what was
reported in the case of the reflux method. This confirms that it cannot all be bonded to
the surface, as the percent coverage estimates were nearly 70% in the reflux cases.
Examination of the derivative of the 3M sample reveals a very broad weight loss. In this
case it is likely that the epoxide weight loss consist of more than two steps. This would
support possible polymerization on the surface of the nanoparticles.
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Figure 62. (A)TGA and (B) derivative of weight loss of 1,2-epoxyoctadecane/ZrP
synthesized by the neat microwave method using reflux ZrP of low, medium, and high
crystallinity.

31

P NMR of all samples were largely identical, displaying a dominant resonance at -19

ppm and the small shoulders on either or both sides regardless of particle size, Figure
63. It was originally hypothesized that the 12M reflux particles modified by the neat
microwave method did not display a signal in the NMR due to their thickness and the
percentage of phosphates on the surface. The current results suggest that this hypothesis
is not true as even the thinnest particles, 3M, do not display a resonance corresponding
to phosphate ester formation. In addition, it was shown in the reflux case that successful
modification could be evidenced by a 31P NMR signal in the case of 3M, 6M, and 12M
particles. It is therefore concluded that in the case of the neat microwave method bond
formation does not occur at all or only in limited quantity. These results appear to be
contrary to those found by Levitt, who suggested that neat reaction of ZrP with epoxide
yielded a more complete reaction.147 In his case IR stretches at 1150 cm-1 and 1130 cm-1
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were used to verify the bonding. The reactions were however carried out with γ -ZrP and
under different synthetic conditions. It is likely that the coupling of microwave
irradiation with the excess of epoxide could lead to the polymerization.

Figure 63. 31 P NMR of 1,2-epoxyoctadecane/ZrP synthesized by the neat microwave
method using reflux ZrP of low (top), medium (middle), and high (bottom) crystallinity.

Levitt carried out reactions at room temperature and used a special vessel to avoid
polymerization. Yamanaka on the other hand, recovered the phosphate ester salt of the
esterified ZrP product to confirm bond formation.35 In the case of γ -ZrP it is known that
the reaction proceeds initially by absorbing into the interlayer; as the interlayer of α-ZrP
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is not available and excess epoxide exists at the surface, the reaction is likely forced to
proceed through another route.

5.5 Stoichiometric Microwave Surface Modification of Reflux ZrP

To investigate whether the microwave or the excess epoxide is the source of
polymerization, microwave experiments were carried out using a stoichiometric amount
of epoxide. The FTIR spectra of the samples modified using the stoichiometric
microwave method do not differ largely from those of the reflux case, Figure 64. The
alkyl stretching is observed in the expected region, it is noted that the intensity of the
stretching is very low compared to the neat microwave case. This suggests that the
polymerization has been limited by the use of solvent and addition of only a
stoichiometric amount of epoxide. The stretching for the phosphate ester is not present in
this case. Again, this suggests no bonding or a very low level. In this case it is likely that
the reaction time should be increased in order to ascertain whether the reaction is
plausible in the microwave.
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Figure 64. FTIR spectra of 1,2-epoxyoctadecane/ZrP synthesized by the stoichiometric
microwave method using reflux ZrP of low, medium, and high crystallinity.

TGA of the modified samples revealed that generally the uptake of epoxide in the
stoichiometric microwave case was lower than all other methods previously discussed,
Figure 65. Even in comparison with the reflux samples, this method produces only a
third of the uptake. The data therefore suggests that the polymerization that occurred in
the neat case is eliminated due to the presence of solvent and small amount of epoxide.
As with all other experiments, the observed trend that the less crystalline materials
uptake the most epoxide still holds true. It is also observed that the derivative of the
weight losses still exists as a two-step process.

In this case both steps appear to

contribute nearly equally to the observed weight loss. It is likely that the short time
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Figure 65. (A)TGA and (B) derivative of weight loss of 1,2-epoxyoctadecane/ZrP
synthesized by the stoichiometric microwave method using reflux ZrP of low, medium,
and high crystallinity.

Figure 66. 31 P NMR of 1,2-epoxyoctadecane/ZrP synthesized by the stoichiometric
microwave method using reflux ZrP of low (top), medium (middle), and high (bottom)
crystallinity.

135

frame of the reaction severely limits the uptake. The reaction may however be successful
if a longer reaction time were used.

The NMR spectra of these samples as with the other microwave case display a single
resonance at -19 ppm, Figure 66. This data does in fact suggest that bonding does not
occur in the samples, however it should be taken into account that in this case the
amount of organic present in the samples is extremely low. The resulting surface
coverages are not substantial at all and an extended reaction time is needed before it can
be said definitively that the microwave method is not useful.

5.6 Conclusion

Several important conclusions can be drawn from this investigation. First of all, it can be
said that bonding of epoxides to the surface of ZrP is possible with a variety of particle
sizes. The thickness of the particles lowers the percentage of phosphates on the surface
and available for bonding but the bonding can still be monitored up to a certain extent. In
the case of hydrothermal samples it is likely that bonding has occurred as identical
reactions were conducted, as with the reflux particles but due to the large size of the
particles the bonding cannot be confirmed by any traditional techniques. It is however
possible that the bonding could be verified by exfoliating the ZrP and recovering
exclusively the modified layers. The modified layers could then be analyzed FTIR to see
if the phosphate ester is present. In the case of microwave samples it appears that

136

bonding does not occur in any case. This is likely a factor of many things. The reaction
time may not be long enough, if this is the case the epoxide will readily reacted with
itself and polymerize before it can bond with the ZrP surface. Also, the microwave
irradiation may have some effect on the ring opening of the epoxide in which case
polymerization would also occur.
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CHAPTER VI
ZIRCONIUM PHOSPHATE AS A PLATFORM FOR TETRAVALENT METAL AND
PHOSPHONIC ACID ASSEMBLIES*

6.1 Introduction

A new functionalization method will now be investigated using the ion exchange
chemistry of ZrP. The phosphate groups of ZrP contain exchangeable protons, therefore,
if an ion of a large size is used, it is to be expected to exclusively exchange the surface
protons. If such an approach is taken with transition metals, it is expected that the metal
ion layer can be functionalized using ligands. This approach will now be investigated
with tetravalent metals and phosphonic acids.

6.2 Sn(IV) on the ZrP Surface

For the initial investigation, highly crystalline 12M reflux ZrP particles were used in
order to avoid intercalation of the metal ion into the interlayer region. Titration of ZrP
can yield information such as the exchange capacity, surface area, and thickness of the

*

Part of this chapter is reprinted with permission from “Designable Architectures on
Nanoparticle Surfaces: Zirconium Phosphate Nanoplatelets as a Platform for Tetravalent
Metal and Phosphonic Acid Assemblies” by Mosby, B.M., Goloby, M., Díaz, A.,
Bakhmutov, V.I., and Clearfield, A., Langmuir, 2014, 30 (9), 2513-2521, copyright 2014
by American Chemical Society.
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nanoparticles. The synthesized ZrP nanoparticles were titrated with 0.01 M NH4Cl. The
NH4+ ion cannot enter the interlayer region and exchanges only the surface protons of
the nanoplatelets, therefore the pH of the solution should decrease as protons are
liberated from the surface due to formation of HCl, and begin to rise once the surface has
been fully exchanged with NH4+. Using the volume of NH4+ solution added at the
minimum pH, the moles of protons liberated and therefore the moles of phosphate
groups on the surface were calculated. It was found that the ammonium surface
exchanged material had a Zr to NH4+ ratio of 135 to 1. Since each ammonium group
displaces a single surface proton, this is the proper ratio for an ion that interacts with the
surface phosphates in a 1 to 1 fashion. These ratios were employed during our
experiments along with 10:1, 8:1, 5:1, and 2:1 Zr:Sn ratios which are thought to be a
large excess of Sn in regards to the surface. If the deposition of the ions on the surface
proceeds by ion exchange, analysis of the Zr:Sn(IV) ratio of the products can be used to
estimate the coordination of the metal ion on the surface.

First the presence of the tetravalent metal, Sn, on the surface of α-ZrP was examined by
several techniques. Initially, powder x-ray diffraction can reveal whether there has been
any intercalation of the Sn ion into ZrP or if there are any structural changes in the
material. The interlayer spacing of 7.6 Å is the distance between two layers,
incorporation of an ion between the layers would increase this distance and the resulting
change in spacing would be observed in the powder x-ray diffraction pattern. Figure 67
shows the XRPD of α-ZrP along with the Sn modified ZrP (Sn/ZrP) samples. It can be
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seen that the patterns are identical to that of α-ZrP suggesting that the α-ZrP structure is
intact and there have been no interlayer changes.

Figure 67. XRPD of ZrP and Sn/ZrP prepared by the ion exchange and phosphoryl
chloride methods.

To investigate the presence of Sn in the material XPS spectra were obtained; initially the
Zr, P, and O spectra were investigated Figure 68. Observation of the spectra revealed
the characteristic peaks for Zr, P, O, and Sn, confirming the presence of all expected
elements. Both the 5/2 and 3/2 signals for the Sn(3d) electrons are observed at 486 and
493 eV, respectively, Figure 69. Previous XPS studies of ZrP intercalation compounds
have shown that the interaction of an intercalated molecule with the interlayer phosphate
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groups effectively decreases the positive charge of both the Zr and P atoms, lowering
their binding energies as compared to pristine ZrP.170 The XPS spectra of the ZrP and
Sn(IV) modified materials are fairly similar, however a slight shift in the binding
energies of Zr, P, and O was observed in the phosphoryl chloride modified samples
relative to ZrP and the ion exchange material. The shift can be attributed to the new
oxygen and phosphorus atoms that are added to the surface through coordination of
phosphoryl chloride. Excluding the phosphoryl chloride, the Zr, P, and O are in
relatively the same environment after the deposition of metal ions on the surface.

The XPS spectra appear to be identical in all cases regardless of the amount of Sn on the
surface. Although variation of the amount of Sn on the surface leads to variation in the
intensity of the Sn and Zr signals, this is only a factor of the penetration depth of XPS
and no change or shifting of the signal occurs. Examination of the Sn 3d XPS spectra in
Figure 69 confirms that more Sn is being deposited on the material as the amount of Sn
used in the reaction is increased. XPS is a surface technique therefore it cannot be used
to determine the atomic makeup of the compound. Comparing the Sn signals for the ion
exchange and phosphoryl chloride methods reveals that overall the amount of Sn is the
same when equal ratios are used. It can be noted however that the intensity of the
phosphoryl chloride signals are not in the expected order based on the reaction
stoichiometry. This may be a result of the homogeneity within the sample or a structural
effect.
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Figure 68. (A) Zr, (B) P, and (C) O XPS spectra of Sn/ZrP prepared using the
phosphoryl chloride and ion exchange methods.

Figure 69. Sn 3d XPS spectra of Sn/ZP prepared by the (A) ion exchange and (B)
phosphoryl chloride method.
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To quantify the amount of Sn in the samples and to investigate the homogeneity of the
synthesized materials electron microprobe analysis was utilized. Figure 70 shows the
Zr:Sn ratio used in the reaction compared to that found in the product. It can be seen that
in all cases Sn has been deposited on the nanoparticles. Changing the Zr:Sn ratio leads to
a fluctuation in the amount of Sn relative to Zr. An interesting result is found in that the
amount of Sn on the surface exceeds the expected amount for saturation of the surface in
all cases. This suggests that after all surface sites have been exchanged with Sn the metal
ion continues to agglomerate on the surface of ZrP, producing Sn layers of variable
thickness on the surface. It was thought that the phosphoryl chloride method would
avoid the buildup of excess Sn; the multiple oxygen atoms of each surface PO32- group
were expected to better stabilize the valency of the Sn ion due to their proximity to each
other.

This stabilization would then reduce the chance that Sn would interact

unfavorably with the surface and agglomerate as in the ion exchange case. The metal
ratios observed for these materials are very similar if not identical to those observed in
the ion exchange case. This suggests that in both cases, ion exchange and phosphoryl
chloride, the Sn ions can agglomerate on the surface of the ZrP nanoplatelets.

Using microprobe analysis the homogeneity of the samples can also be investigated,
Figure 71. In viewing the samples and analyzing with WDS, there appeared to be three
different regions that exist in the samples; Sn poor areas, Sn rich areas, and the bulk,
which is the evenly distributed Sn on the surface of ZrP.
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Figure 70. Graph comparing the Zr:Sn ratio used in the synthesis with that found in the
product.

Figure 71. Microprobe images displaying the homogeneity of Sn/ZrP synthesized with
the ion exchange (A-D) and phosphoryl chloride method (E-H). Zr:Sn ratios are (A/E)
135:1, (B/F) 10:1, (C/G) 5:1, and (D/H) 2:1.
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The Sn rich areas appear as bright spots on the images whereas the areas void of Sn
appear darker. The sample with a Zr:Sn ratio of 135:1 was found to be completely
homogeneous. Based on the thickness of the particles and the surface area obtained by
the titration data we expect that this ratio should give a monolayer of Sn on the surface.
A variety of other ratios were investigated ranging from 135:1 to 2:1 Zr:Sn and it was
found that the material remained largely homogeneous until a ratio of 10:1 was used. As
the amount of Sn is increased, its distribution throughout the surface becomes more
irregular and regions where Sn is void and exists in abundance could be found. It can be
observed that some of the phosphoryl chloride samples have a higher Sn content than the
ion exchange materials synthesized with identical amounts of Sn. This result is due to
the fact that the phosphoryl chloride samples are slightly less homogeneous than the ion
exchange samples. When acquiring the data, some areas with higher Sn content were
used, artificially raising the content for the phosphoryl chloride samples. In all cases it
seems that Sn can be deposited on the surface of ZrP nanoplatelets at all ratios. The
method of deposition and the stoichiometry can be used to prepare a uniform surface and
a homogeneous material. It is worth noting that both XPS and microprobe analysis
showed exclusively Zr, P, O, and Sn in the samples. This data suggests that the Sn on the
surface must exist as an oxide, hydroxide, or mixture of both to achieve charge balance
of the Sn(IV) ion.

Once the presence of Sn on the surface was confirmed the coordination of phosphonic
acids to the deposited metal ions was investigated. The ODPA modified ZrP using both
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the traditional ion exchange method and POCl3 surface activation was examined by
XRPD, FTIR, and TGA to confirm the presence of the phosphonic acid ligand. The Xray diffraction pattern of the ODPA modified ZrP samples are identical to α-ZrP and Sn
Modified ZrP confirming no unwanted interaction of our modifier with the interlayer
region. Examination of the FTIR spectra in Figure 72 shows a mixture of vibration
modes for both species, ZrP and ODPA. The intensity of the ODPA stretches are lower
than ZrP due to a larger contribution of the many layers of ZrP compared to only 2
functionalized surfaces per nanoparticle. Successful surface modification is supported
by the presence of the alkyl stretching and bending bands seen between 2850 -3000 cm-1
and 1350-1470 cm-1, respectively. Comparing the ion exchange method with the
phosphoryl chloride method it can be seen that there is not a large difference in the
intensity of the alkyl region for the materials with Zr:Sn ratios below 13.5:1 . This
suggests that at low Sn concentration both materials have similar amounts of ligands on
the surface and that the phosphoryl chloride does not significantly increase the uptake of
ligand. Initially, it was believed that the ion exchange method would coordinate one Sn
ion per multiple surface phosphates whereas the POCl3 method would introduce one
PO32- group per surface phosphate, thus increasing the amount of metal and the amount
of ODPA that can be coordinated.
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Figure 72. FTIR of ODPA modified Sn/ZrP synthesized by the (A) ion exchange and
(B) phosphoryl chloride method. (a) ZrP, (b) 135:1, (c) 67.5:1, (d) 45:1, (e) 13.5:1, (f)
10:1, (g) 8:1, (h) 5:1, and (i) 2:1.

It appears that at higher concentrations of Sn the amount of ligand bonded using the
phosphoryl chloride method exceeds that of the ion exchange material. It is possible that
although the amount of Sn in each material is the same its orientation is different,
causing the apparent difference in ligand uptake. As expected the intensity of the alkyl
stretches increases as more Sn and ODPA are added. The alkyl stretching for samples
with Zr:Sn ratios of 135: are barely visible in the IR spectra whereas those samples with
a large excess of Sn produce more dominant stretches. Additionally it can be observed
that at higher Sn concentrations the alkyl stretching seems to be more dominant in the
phosphoryl chloride method; this also supports the hypothesis of different Sn ion
structures between the two methods.

TGA was used to determine the extent of modification within the samples, Figure 73. A
sample of unaltered ZrP displays a weight loss of ~12% when analyzed by TGA. The
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compound is dehydrated in the first weight loss event and then condensed to zirconium
pyrophosphate as the final product at ~ 450° C.171 In the case of the ODPA modified

Figure 73. TGA of ODPA modified Sn/ZrP prepared by the (A-B) ion exchange and (CD) phosphoryl chloride methods.

sample three main weight losses exist, the first from 70°C to 150°C is attributed to
residual solvent and intercalated water, secondly from 270°C to 355°C as a result of the
decomposition of ODPA, and from 480°C to 570°C for the condensation to the
pyrophosphate. Close examination of the first derivative shows that the initial weight
loss peak has a shoulder on it. This suggests a mixture of events is occurring, in this case
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it can be said to be the residual solvent and water coming off at approximately the same
temperature. Also, the first processes due to solvent and water loss has been shifted to
slightly higher temperatures compared to pristine ZrP, this is believed to be a result of
the modification. In addition it should be noted that the intensity of the water loss
derivative peak decreases as the amount of Sn is increased. The addition of Sn on the
surface adds additional mass to the product that does not undergo thermal degradation.
The amount of water in ZrP remains constant in all cases while the mass of the
compounds increases as Sn is added therefore, the total weight percent of interlayer
water decreases. Along the same lines it is expected that as metal ions are added to the
surface the total weight loss in TGA will decrease, this however is normally not the case
as an increase in surface hydration is observed due to the metal ions.

It is worth noting

that the derivative peak for the condensation exists as two separate peaks whose
intensities vary based on the extent of modification. These two peaks are believed to be a
result of the surface phosphate groups from the ODPA, which are expected to condense
before the phosphate group contained within the ZrP in the interlayer region and also
contributions from water. The dehydration process begins from the outside edges of the
particle and moves to the interior. This process is accompanied by a decrease in
interlayer spacing, therefore some of the interlayer water can become trapped in the
inner most part of the particles, delaying the weight loss until higher temperatures.138
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The total weight loss for the ion exchange ODPA modified and the phosphoryl chloride
ODPA modified are very similar. It appears that the phosphoryl chloride material has
slightly more ligand but the difference may not be significant at lower Sn concentrations.
A more definitive difference can be seen only with higher concentrations of Sn , in the
case of 2:1 Zr:Sn the weight loss due to modification is 3.89% for the ion exchange
method and 8.23% for the phosphoryl chloride method. The drastic difference in ligand
uptake suggests some type of structural difference of the Sn layers within the two
materials. If the Sn ions were a monolayer the functionalization would be identical in all
cases. The difference in height of the Sn layers adds additional spots for
functionalization. In addition, if the structures differ more area may be available to be
functionalized as well. The formulas calculated from TGA and microprobe can be
viewed in Table 6 for comparison. Based on the TGA, IR, microprobe, and XPS results
we conclude that it is possible to deposit Sn on the surface of ZrP and coordinate
phosphonic acid ligands to the Sn surfaces to functionalize ZrP nanoplatelets.
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Table 6. Calculated Formulas for ODPA modified Sn/ZrP prepared with ion exchange
and phosphoryl chloride methods at various ratios.

Solid state NMR experiments were conducted on the functionalized samples to gain
further information on the Sn, P, and C atoms in the materials.

31

P and

119

Sn

experiments were conducted on SnZrP of different concentrations. In all cases it was
found that the 31P spectra were identical to ZrP, with a dominant peak at -19 ppm. There
does not seem to be any indication of the interaction of Sn with phosphorus in the NMR
spectra. Based on the thickness of the nanoparticles used they are expected to have ca.
59 layers. The Sn ions only interact with the surface phosphates of 2 layers, in
comparison to the other layers this interaction is weak and it is reasonable that it does
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not appear in the spectra.

119

Sn NMR did not display any signal at lower concentrations

of Sn. In the 45:1 sample a weak signal can be seen at -350 ppm and in the 2:1 sample a
resonance is observed at -493 ppm along with two side bands. It can be noted that the
resonances vary by over 100 ppm but this may not be very significant due to the large
chemical shift range of Sn. In both cases it can be concluded that the Sn present is four
coordinate, six coordinate Sn typically displays resonances between -600 and – 850
ppm, as can be seen for SnO2 and several Sn phosphates.172 Addition of the ligand to the
material did not significantly alter the spectra.

Figure 74. (A) 31P and (B) 119Sn NMR spectra of ion exchange Sn/ZrP synthesized with
Zr:M ratios of 2:1(top), 45:1 (middle), and 135:1(bottom).
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Figure 75. 119 Sn NMR spectra of ODPA modified Sn/ZrP (top) and Sn/ZrP (bottom)
synthesized using a 2:1 Zr:Sn ratio. * denotes spinning sidebands

The 31P spectra remained unchanged, the phosphonic acid that was coordinated to the Sn
is not observed even though the phosphorus atom is in a slightly different environment
due to covalent attachment to a carbon atom. The many phosphate groups of ZrP still
dominate the spectra and make it difficult to observe the functionalization by 31P NMR.
The 119Sn spectra of both the pre and post functionlized 2:1 ion exchange material can be
seen in Figure 74. The

119

Sn spectrum of the functionalized sample displays a broad

resonance with a center at -523 ppm. This resonance is only shifted slightly from the 439 ppm observed from the non-functionalized material and still well within the range of
four coordinate Sn, Figure 75. The

13

C NMR spectrum displays two signals, one at

-28.1 ppm and another at -20.7 ppm. These resonances are similar to those of other C18
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functionalized ZrP using both epoxides and silanes.146 The resonances can be assigned to
the alkyl chains of the ODPA.

6.3 Monolayers of M(IV) on the Surface of ZrP

Although the Sn(IV) method was successful in depositing metal ions on the surface of
ZrP, there are many problems with the resulting materials. First of all, the Sn(IV) does
not exist as a monolayer on the surface; although theoretically this can be controlled
with stoichiometry, it suggests that the deposition process is not by ion-exchange. The
experiments were carried out in water with Sn(IV); the agglomeration of Sn on the
nanoparticle surface is likely a factor of the solvent and the behavior of Sn(IV) in
aqueous solution. Secondly, the particles used were very large and therefore miniscule
amounts of Sn(IV) were needed to saturate the surface. Although not intrinsically a
problem, for a thorough investigation it would be ideal for a smaller particle that to be
used. In addition, although the phosphoryl chloride method seems to be successful, it is
unclear exactly what is occurring on the surface; each phosphate group deposited by the
phosphoryl chloride could be absorbing either one or three metal ions. With the
agglomeration of metals on the surface it is not possible to determine which is the case.
Additionally, the phosphoryl chloride may change the structure and thus add another
variable, which is not favorable for an initial investigation.
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A new methodology was adapted in order to address all the previous concerns. As the
agglomeration is attributed to the behavior of Sn(IV) in aqueous solution, the solvent
was switched to ethanol. Additionally, other metal ions that are thought to be more
stable in aqueous solution and more compatible with ZrP, such as Hf(IV) were
investigated.

The estimated Zr:Sn(IV) ratio of 135:1 is very large and therefore

undesirable for study. To reduce the ratio thinner nanoparticles were used. In this case
3MT ZrP was used, as these particles are expected to have ca. 11 layers, ratios of 10:1,
5:1, and 1:1 Zr to M(IV) were used to investigate the surface ion-exchange. The aim is
to focus exclusively on the surface ion exchange initially; therefore the phosphoryl
chloride method will be discarded until more is understood about the ion exchange
process with the surface.

Results obtained using the new approach will now be

discussed.

The presence of the tetravalent metal ions on the surface of α-ZrP was initially examined
by XRPD. Figure 76 (A) shows the XRPD of α-ZrP along with the tetravalent metal
modified ZrP (Sn/ZrP and Hf/ZrP). It can be seen that the XRPD patterns are identical to
that of α-ZrP suggesting that the α-ZrP structure is intact and there has been no change
within the interlayer structure of the nanoparticles or intercalation. The metal ion layer
on the surface of the ZrP particles is amorphous, therefore no diffraction changes are
expected in the XRPD.
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Figure 76. (A) XRPD of ZrP along with samples with metal ions deposited on the
surface. (B-C) XPS spectra of Hf/ZrP,(B), and Sn/ZrP, (C) displaying the spectral region
of the tetravalent metal ions.

To verify the presence of Sn and Hf on the surface of α-ZrP, XPS spectra were obtained
for both materials. Observation of the spectra revealed the characteristic peaks for Zr, P,
and O, in all cases, in addition to the peaks for Sn and Hf in the respective modified
materials; confirming the presence of all expected elements. Both the 5/2 and 3/2 signals
for the Sn(3d) electrons are observed at 486.8 and 493.8 eV, respectively, along with the
7/2 and 5/2 signals for the Hf(4f) electrons at 17.4 and 19.0 eV shown in Figure 76 (BC). The peaks observed for Sn and Hf indicate that the newly formed metal layer exist as
an oxide on the surface of ZrP.173, 174 In both cases fitting of the XPS peaks revealed that
only one type of Sn or Hf exist within the material. As noted earlier, in the XPS spectra
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of intercalated ZrP the binding energies of Zr and P are expected to decrease, relative to
ZrP due to a loss of positive character of the atoms as a result of the ionic couples
formed during intercalaition.170 In the XPS spectra of the M(IV) modified samples a
shift in the binding energies of Zr and P was not observed when compared to pristine αZrP , Figure 77. This suggests that the interaction of the surface phosphates with M(IV)
ions is not significant enough to affect the overall charge of the Zr and P atoms within
the ZrP nanoparticles. Although the surface and interlayer phosphates have the same
reactivity, this suggests that the interaction of the surface phosphates with M(IV) ions is
not significant enough to affect the overall charge of the Zr, P, and O atoms within the
ZrP nanoparticles.

Figure 77. XPS spectra of ZrP and M(IV) ZrP displaying the spectral regions for (A) Zr,
(B) P.
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Even with the relatively thin particles the percentage of surface phosphates in
comparison to interlayer phosphate groups is still too low and makes the observation of
such a shift difficult to detect. Moreover, the fact that no shift in the XPS signals of the
Zr and P atoms were observed supports the claim that the metal ions have not been
intercalated within ZrP and are associated with and limited to the surface of the ZrP
particles.

In the case of the O 1s XPS spectrum it has previously been reported that three distinct
environments exist in ZrP corresponding to the oxygen atoms of zirconium hydroxide
produced by hydrolysis, the ZrO6 octahedra within the layers, and the hydroxy
phosphate groups that exists within the interlayer and on the surface. 175 The three
distinct environments can be seen in the ZrP starting material and appear at 530.9 eV,
531.6 eV, and 532.9 eV respectively in this case (Figure 78). Additionally, three
distinct environments can also be observed in the M(IV) modified samples. Compared to
ZrP, the intensity of the high energy signal corresponding to P-OH is diminished. This
is reasonable as the surface phosphate groups have now been exchanged with metal ions
and the P-OH signal is now limited to the interlayer of the nanoparticles. Additionally, it
can be observed that the low energy signal increases in intensity. It is unlikely that
further hydrolysis has occurred; this signal is corresponding to the oxygen atoms of the
metal ion on the surface, which is thought to exist as a hydroxide species. Additionally,
previous reports suggest that the low energy signal is influenced by water.175 The ZrP
uptakes a substantial amount of water upon modification with a tetravalent metal
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Figure 78. O 1s XPS spectra of (A) ZrP, (B) Sn/ZrP, and (C) Hf/ZrP.
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resulting in the increase in the intensity of the low energy signal. Ultimately, the change
of intensity in the O 1s spectra along with the identical P 2p and Zr 3d spectra supports
the successful surface reaction of ZrP with the tetravalent metal ions.

To quantify the amount of M(IV) present in the samples electron microprobe analysis
was utilized. The Zr:M(IV) ratios were varied in the synthesis in order to determine the
amount of metal ion needed to fully cover the surface. If the metal is deposited on the
surface by a pure ion exchange interaction then the reaction should stop once all protons
have been exchanged from the surface and any additional metal ions should remain in
solution. Microprobe analysis confirms in all cases that the metal ion has been
successfully deposited on the nanoparticles, as determined by XPS. Moreover, the
atomic concentration of Zr and M(IV) in the Sn/ZrP and Hf/ZrP synthesized at different
molar ratios (M(IV):Zr = 1:1, 1:5, and 1:10) show an atomic abundance of ca. 11% for
Sn or Hf relative to Zr in each case , Figure 79. In the case of Hf/ZrP all the Hf ions are
deposited on the surface when the 10:1 (Zr: M(IV)) ratio is used, increasing the amount
of Hf(IV) by using ratios 5:1 and 1:1 ratio resulted in identical uptakes of 0.11 moles of
Hf ,relative to Zr, in both samples. This suggests that the surface is saturated when 0.11
moles of Hf are deposited and the material is unable to take up any more ions. In the
case of Sn/ZrP a similar result can be observed in which 0.1 moles of Sn are deposited
on the surface in all cases. The values of 0.10 moles and 0.11 moles obtained for Sn and
Hf, respectively are within error of each other therefore it is very likely that equal
amounts of metal ion are on the surface as it is expected that ions with the same charge
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and similar sizes will behave in an identical fashion with the surface. Cs(I) is known to
exchange with surface protons in a one to one fashion, utilizing this ion it was also found
that 0.11 moles was the maximal uptake, Table 7.176 This confirms that for this
particular ZrP particle size 0.11 moles is indicative of complete surface coverage, in
addition this

Figure 79. Graph displaying the atomic concentration of M(IV) in M(IV)/ZrP samples
synthesized at different (M:Zr) ratios.

suggests that the ions will behave similarly with the surface protons regardless of the ion
charge.
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Table 7. Formula of the Cs modified ZrP as determined by microprobe.

Microprobe analysis indicated the homogeneity of the samples as well, Figure 80. All
Zr:M(IV) ratios utilized were found to be largely homogeneous. In all cases it seems that
M(IV) can be deposited on the surface of ZrP nanoplatelets to prepare a uniform surface
and a homogeneous material. It is worth noting that both XPS and microprobe analysis
showed exclusively Zr, P, O, Sn, and Hf in the samples. This data suggests that the
M(IV) on the surface must exist as an oxide, hydroxide, or mixture of both to achieve
charge balance of the M(IV) ion.

Once the presence of M(IV) on the surface was confirmed the metal ion layer was
functionalized by coordination with phosphonic acid ligands. The phosphonic acid
modified M(IV) ZrP was examined by XRPD, FTIR, and TGA to confirm the presence
of the ligand. The X-ray diffraction patterns of the modified ZrP samples are identical to
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Figure 80. Electron microprobe images of (A) Sn/ZrP and (B) Hf/ZrP displaying the
homogeneity of the samples.

Figure 81. Powder X-ray diffraction of ligand modified samples.
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α-ZrP and M(IV) modified ZrP confirming no unwanted interaction of the modifier with
the interlayer region , Figure 81. Examination of the FTIR spectra in Figure 82 shows
the typical stretches for ZrP in relatively high intensities along with the stretches for the
ligands. As in the prior case alkyl stretching and bending bands between 2850 cm-1 and
3000 cm-1 and 1350 cm-1 and 1470 cm-1 evidence successful modification with ODPA.
In the case of BPBPA, stretches can be observed at 716 cm-1 and 815 cm-1 for the C-H
bending and ring puckering of the phenyl rings. In all cases it can be seen that the
ligands are successfully attached to the tetravalent metals on the ZrP surface as
evidenced by the infrared stretches.

Figure 82. FTIR spectra of ZrP (a) and M(IV)/ZrP surface modified with (b) BPBPA
and (c) ODPA focusing on the alkyl (A) and aromatic (B) regions.

TGA was used to determine the extent of modification within the samples, Figure 83.
As in the prior case the weight losses fall within the expected range for organically
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modified ZrP. According to calculations based upon TGA and microprobe the uptake of
the modifier normalized to zirconium is 0.04 moles for ODPA and 0.02 moles for
BPBPA. It is likely that the expected close packing of the C18 chains allows for a larger
amount of the ODPA ligand to coordinate to the surface whereas the bulky biphenyl
group may not allow such a packed structure.

Figure 83. TGA thermogram of (a) ZrP, (b) BPBPA modified Hf/ZrP, and (c) ODPA
modified Hf/ZrP.

In order to investigate how much time was required to fully functionalize the surface
with the ligands time trials were conducted. The synthesized products were analyzed by
TGA and the moles of modifier were compared to determine the optimal reaction time,
Table 8. In the case of ODPA it appears that initially at the 1 hour point the surface is
not covered completely. Between 3 and 12 hours the amount of moles remain constant
suggesting that the surface is saturated and the maximum amount of ligand has been
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bonded to the metal ion layer. However at the 24 hour point the uptake continues to
increase, it is likely that this is a result of bilayers of ODPA forming on the surface in a
tail to tail fashion.

Table 8. TGA data along with calculated formulas for ligand modified Hf/ZrP.

166

In the case of ODPA a similar result is found but in this case the uptake remains constant
from 1 to 12 hours and at the 24 hour point the uptake increases. Additional information
can be gained by determining the M(IV) to ligand ratio of the products. In the case of
ODPA it was found that the M(IV) to ligand ratio of the products was ~ 3 to 1 in all
cases except the 1 hour and 24 hour case. The surface phosphates of ZrP form a triangle,
it is therefore expected that each proton has been replaced with a metal ion and the
ligand sits in the center of the triangle and coordinates each of its oxygen atoms to a
separate M(IV) ion, Figure 84. The results agree well with previous

17

O NMR studies

that verify the tridentate bridging of phosphonic acids with tetravalent metals in hybrid
compounds and in the case of surface modifications.177,

178

In addition, it is

crystalographically known that the tridentate bridging of phosphonic acids with
tetravalent metals is the primary coordination mode in α type compounds and other
hybrid materials.15,

179-181

This suggests that one hour is not long enough for all the

ligand to coordinate properly and as alluded to earlier bilayers of ODPA are likely
forming in the 24 hour case. The 3 fold coordination is also found in the BPBPA
samples. In this case a ratio of ~ 6 to 1 is observed suggesting that the bisphosphonic
acid is crosslinking particles. Although the crosslinking occurs it is not permanent, the
individual particles can be redispersed in solution, as results discussed subsequently will
indicate. The 6 to 1 ratio is observed in all cases except the 24 hour case. At this point
the ratio is nearly 4 to 1. The steric bulk of the BPBPA may result in the coordination to
the metal ion layer taking a longer amount of time. Also the possibility of crosslinking
an unreacted metal ion layer with the distal end of an already coordinated ligand would
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also increase the time needed to fully react all surfaces. It is therefore concluded that
around 24 hours is needed to obtain full coverage with the BPBPA ligand. Based on the
TGA, IR, microprobe, and XPS results we conclude that it is possible to deposit M(IV)
on the surface of ZrP and coordinate phosphonic acid ligands to the metal surfaces to
functionalize ZrP nanoplatelets.

Figure 84. Representation of the surface structure of ZrP, M(IV)ZrP in which metal ions
have replaced the surface protons, and phosphonic acid modified M(IV)ZrP .

Solid-state NMR experiments were conducted on the functionalized samples to gain
further information on the environments of the M(IV), P, and C atoms in the compounds.
31

P experiments were initially conducted on Sn/ZrP and Hf/ZrP precursor samples; it

was found that the spectra were not significantly different when compared to pristine
ZrP, Figure 85 (A). The dominant peak in the spectra appears at -19 ppm and can be
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assigned to the P-OH groups of the interlayer, the slight shoulders at -17.8 and -21.2
ppm are assigned to phosphates that are in slightly different positions than the bulk due
to partial hydrolysis and dehydration of the particles, which likely exist on the edges of
the nanoparticles.40, 139, 142, 182 Based on the thickness of the nanoparticles used they are
estimated to have ca. 11 layers. The metal ions only interact with the surface phosphate
groups of the 2 exposed layers; it should also be taken into account that each layer has a
set of phosphate groups on each side. Given this approximation there are 22 sets of
phosphates and only two accessible via the surface, in comparison to the bulk
phosphates the ionic interaction of the tetravalent metals with the surface phosphates is
weak and it is reasonable that a signal is not present in the spectra. Although covalent
functionalization methods with identical particles lead to a signal in the 31P spectra, this
is not the case for the ionic interaction produced by this reaction. On the other hand,
119

Sn NMR displayed a broad resonance, which can be interpreted as two signals

centered at -520 ppm and -561 ppm, Figure 85 (B). In this case the Sn ion is expected to
be interacting partially with phosphates and partially with oxides therefore the presence
of two signals is reasonable. It can also be seen that both signals have similar intensity,
which would also be true if this were the case. The chemical shift values also indicate
that the Sn present is four coordinate as in the prior case.172
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Figure 85. 31 P (A) and
Sn/ZrP (bottom).

119

Sn NMR (B) spectra of Sn/ZrP (top) and ODPA modified

Addition of the ligand to the material did not significantly alter the NMR spectra, Figure
85 A-B. The

31

P spectra remained practically unchanged and the phosphonic acid that

was coordinated to the metal ion layer is not observed. The phosphorus atoms in the
phosphonic acid ligands make up ~2% of phosphorus in the compound due to the
abundance of phosphate groups in ZrP, therefore it is unlikely to observe the
functionalization by

31

P NMR. The

119

Sn spectrum of the functionalized material

displays a very broad signal with a center at -565 ppm. This resonance is only shifted
slightly in comparison to the peak observed in the non-functionalized material and is still
well within the range of four coordinate Sn. In this case a single resonance seems to exist
as opposed to two, however the broad signal is likely not indicative of a single Sn(IV)
environment. After functionalization all the Sn(IV) ions should have interactions with
phosphate, through the surface and ligand, and the Sn(IV) is still expected to be
coordinated by an oxide or hydroxide to achieve charge balance. The broadness of the
signals in the Sn case is also likely a result of chemical shift dispersion in amorphous
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systems due to the large chemical shift range of Sn and is considered to be insignificant.
The

13

C NMR spectrum displays signals at 29 ppm and 22 ppm, Figure 86. The

resonances can be assigned to the alkyl chains of the ODPA and are similar to those of
other C18 functionalized ZrP using both epoxides and silanes.,146, 182

Figure 86. 13C NMR spectrum of ODPA modified Sn/ZrP.

6.4 Surface Exchange of Metal Ions of Various Charges

Phosphonate compounds have been synthesized with metal ions of various valency.10, 183186

Current data suggests that the metal ion is deposited on the surface in an identical
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fashion regardless of the charge, however the charge of the metal ion will likely dictate
how a ligand would preferably bind to the metal ion layer and yield various structurally
diverse assemblies of phosphonic acids on the ZrP surface. In addition, ligands other
than phosphonic acids can be used depending on the metal ion layer deposited on the
surface. The variation of ligands would also produce different bonding motifs on the
surface. The interactions of other metal species with the surface of ZrP were investigated
using the 5 to 1 (Zr to ion) ratio as it was shown to be excess in regards to the surface.
Figure 87 shows the atomic concentration of each ion normalized to Zr. It can be
observed that in all cases the ion is deposited on the surface, however a monolayer is not
formed in all cases.

As noted previously a monolayer exists as approximately 0.1 moles of ion on the
surface. It can be noted that several of the ions are close to this configuration including
Cs(I), Ni(II), Zn(II), Fe(III), and Cr(VI). All other ions display concentrations close to
0.2 moles suggesting that the ion simply agglomerated on the surface and did not interact
with the surface phosphates purely by ion exchange. Agglomeration is likely as other
divalent ions were able to achieve a monolayer. Additionally some ions that
agglomerated have similar sizes and identical charges to others that formed monolayers.
Therefore there is not an obvious trend as to why agglomeration occurs in some cases
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Figure 87. Atomic concentration of various ions on the surface of ZrP. *The Cr(VI) is
CrO3 and does not necessarily exists as an ion in solution.

and not others. In the case of Ti(IV) the value is artificially increased due to the lack of
homogeneity within the sample. Different solvent systems may need to be investigated
to produce a monolayer of the ions on the surface and a homogenous material.
Additionally, CrO3 was successfully deposited on the surface suggesting that metal
oxides may also have an affinity for the surface. It is our current endeavor to continue
analysis of these materials, to finalize the structure, and also systematically investigate
how the use of different ions affects the structure of the phosphonic acid layer.
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Additionally a variety of metal oxides may bond to the surface groups and possibly be
used for catalysis.

6.5 Conclusion

In summary it has been shown that tetravalent metal ions can be deposited on the surface
of ZrP nanoplatelets by ion exchange. Using the metal ion layer, it is possible to
coordinate both phosphates and phosphonates to the surface of ZrP nanoplatelets. This
ability adds an additional method of surface modifying ZrP to the others that our group
has investigated such as silanes, epoxides and isocyanates.74, 146, 182 With the abundance
of phosphates and phosphonates that exist, this methodology makes it is possible to
impart a wide variety of functionality to ZrP systems. It is also possible to impart
phosphate and phosphonate functionality onto a number of compounds through synthetic
reactions.10,

81

This provides a vast number of compounds that could be used to

functionalize the surface and exponentially increases the usefulness of this method.
Among such are peptides, proteins, and biological molecules containing a free phosphate
that can be used to functionalize the ZrP surface for biological applications. 81
Additionally it was demonstrated that metal ions of various charges and metal oxides
could also be deposited on the ZrP surface. This functionality can then be used to
drastically improve current applications of ZrP and possibly produce new uses for the
synthesized materials.
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CHAPTER VII
MULTIFUNCTIONAL NANOPARTICLES BASED ON ZIRCONIUM PHOSPHATE

7.1 Introduction

The intercalation chemistry of ZrP has been thoroughly investigated throughout the
years and has led to the diverse applicability of ZrP.2,

10

The previous chapters have

demonstrated that the surface of ZrP can be functionalized with a number of different
reactive groups and various methodologies. Multifunctional nanoparticles can be defined
simply as nanoparticles that have more than one component that add functionality to the
particle. Commonly the term is used to refer to particles with biomedical applications,
however there is no apparent reason to limit the term to this category of materials. There
are two predominant classes of multifunctional particles that can be synthesized; a
functional nanoparticle can be further functionalized by a ligand to add additional
character, or different types of functional nanoparticles can be combined with each
other.103 Among common ligands employed are polymers, peptides, proteins, receptors,
and dyes. Additionally, the functional nanoparticles could be magnetic particles,
quantum dots, or metal nanoparticles. In many cases multiple synthetic steps are needed
to produce such materials and once produced they cannot be characterized very
thoroughly. Multifunctional nanoparticles can certainly be applied to areas outside of
biotechnology. ZrP based multifunctional nanoparticles in which the interlayer and
surface chemistry are both exploited to produce particles with a controllable interlayer
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and surface can be synthesized, Figure 88. In this section the characterization of these
multifunctional materials will be addressed and some potential applications will be
demonstrated in the following chapter.

Figure 88. Proposed method for producing multifunctional ZrP particles by combining
intercalation and surface modification.
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7.2 Modification of Intercalated ZrP with 1,2-epoxyoctadecane

7.2.1 Ru(bpy)32+@ZrP

Initially the XRPD of the modified sample was examined. It is well known that upon
intercalation of a molecule within the interlayer of ZrP that the d-spacing

Figure 89. XRPD of the ZrP starting material and Ru(bpy)32+@ZrP.

increases, shifting to lower 2-theta values. In the case of Ru(bpy)32+@ZrP prepared by
direct intercalation into θ-ZrP, this spacing is 15.2 Å.28, 187 Examination of Figure 89
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shows the successful intercalation of Ru(bpy)32+ into ZrP and the corresponding
interlayer spacing. As was the case with surface modification with pristine ZrP, it is
expected that if only the surface is modified that the d-spacing of the modified material
should not be different than the unmodified material. The X-ray pattern of the modified
sample is identical to that of Ru(bpy)32+@ZrP. This suggests that there were no
interactions of the modifier with the interlayer region. Although such an interaction was
found not to occur in the case of pristine ZrP, the intercalated case is slightly more
complex. First of all, the interlayer spacing of the ZrP is much larger than in the pristine
case. This gives more space and therefore increases the chances that the modifier could
possibly interact with the interlayer in some fashion. Although the chances are increased
it is not likely as the interlayer of ZrP is still very hydrophilic. The interaction of the
hydrophobic modifier with the hydrophillic interlayer is unlikely therefore it is much
more favorable for the modifier to remain in solution or interact exclusively with the
surface of the nanoparticles. Additionally, the fact that the XRPD patterns are identical
suggests that the Ru(bpy)32+ is still encapsulated within the interlayer of ZrP and none of
the molecule has leached out. As mentioned earlier, the hydrophilic interlayer stabilizes
the Ru(bpy)32+and it would not be favorable for it to leave this strong interaction and
leach into a non-polar environment, which it does not interact well with.

The presence of the epoxide on the surface of ZrP can be probed using FTIR. The FTIR
spectrum of Ru(bpy)32+@ZrP displays the expected stretches for the phosphate groups of
ZrP along with the aromatic stretches of the bipyridines of the intercalated complex . It
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should be noted that the stretches for the interlayer water are no longer present due to the
displacement of the water by the intercalated ion. In addition, as was the case with
pristine ZrP, Ru(bpy)32+@ZrP has no alkyl carbons in its structure. Therefore all alkyl
stretching can be attributed to the interaction of epoxides with the surface of the
nanoparticles. Figure 90 shows the presence of alkyl chains in the compound, which are
attributed to the epoxide. The C-H stretching appears in the expected region between
2850 cm-1 and 3000 cm-1, however bending and other expected signals are too weak to
observe due to the abundance of phosphates and Ru(bpy)32+in the compound.

Figure 90. FTIR spectra of Ru(bpy)32+@ZrP before and after modification.
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TGA can be used to determine if any weight loss that can be attributed to the modifier is
present in the thermal decomposition of the compound.

In the TGA thermogram of

Ru(bpy)32+@ZrP there are three predominant weight losses. Initially, as with most ZrP
based compounds, surface water is lost below 100°C. However, in the case of
Ru(bpy)32+@ZrP there are two weight loss events below 100°C, the first below 50°C
which is expected to be surface water and solvent, and the latter from 75°C to 88°C,
which is likely interlayer water. The decomposition of the Ru(bpy)32+and the
condensation of the phosphates occurs in a single step from 420°C to 425°C. The total
weight loss attributed to the compound is ~ 28.85%, the compound is calculated to
posses ca. 0.10 moles of Ru(bpy)32+ relative to Zr. The TGA thermogram of the
modified sample contains largely the same decomposition pattern except for the addition
of a new weight loss event from 220°C to 303°C, Figure 91. The new weight loss
process is attributed to the epoxide that is now attached to the surface of the
Ru(bpy)32+@ZrP nanoparticles. In addition to the epoxide weight loss it can be noted
that the weight loss event corresponding to the decomposition of Ru(bpy)32+ and the
condensation of the phosphate begins at a slightly lower temperature range, suggesting a
possible destabilization of the interlayer.
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Figure 91. TGA of Ru(bpy)32+@ZrP before and after modification.

7.2.2 Fe(phen)32+@ZrP ( Ferroin@ZrP)

It was previously demonstrated that it is possible to surface modify a pre-intercalated
ZrP compound using epoxides. Although, Fe(phen)32+ has an identical charge as
Ru(bpy)32+ the size is somewhat different. As a result of the size difference between the
two molecules the maximal loading of each within the layers of ZrP differs. The size and
thus the loading of the intercalated molecule within the interlayer is likely to have an
effect on the surface modification.
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Figure 92. XRPD of Fe(phen)32+@ZrP before and after modification along with the ZrP
starting materials.

As in the prior case XRPD is used initially to verify the successful intercalation of the
metal complex into ZrP and confirm that the interlayer remains unchanged upon surface
modification. The d-spacing of the Fe(phen)32+@ZrP is 15. 6 Å, spreading the layers
slightly further apart than Ru(bpy)32+@ZrP . It can be observed in Figure 92 that the
surface modification of Fe(phen)32+@ZrP does not alter the X-ray pattern. In this case
the interlayer is somewhat more hydrophobic than that of the Ru(bpy)32+@ZrP as there
are multiple phenanthrolines within the interlayer region. Ultimately it appears that this
increase in hydrophobicity has no effect on the modification and no unwanted interlayer
interactions are observed.
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The FTIR spectra of the modified sample displays the alkyl stretching of the alkyl
modifier as expected based on the prior case. As noted earlier no alkyl carbons exist in
the Fe(phen)32+@ZrP therefore all of this stretching can be attributed to the modification.
The TGA thermogram of Fe(phen)32+@ZrP also contains three main regions. Surface
water and solvent alongside interlayer water are all lost below 100°C. The first weight
loss process occurs from 320°C to 400°C. This weight loss likely corresponds to the
initial decomposition of the phenanthroline within the interlayer; it can be observed that
the process occurs in two overlapping events. It is likely that these are the
phenanthroline molecules that are towards the exterior of the nanoparticle and therefore
posses a lower level of stability. Immediately following the initial weight loss the
condensation occurs from 490°C to 525°C and is mixed with further decomposition of
the complex as in the Ru(bpy)32+@ZrP case. The total weight loss of the compound is ~
18.6% and the estimated loading is 0.17 moles of Fe(phen)32+ relative to Zr. Addition of
the epoxide to the surface of the nanoparticles leads to an additional weight loss process
from 212°C to 275°C, Figure 93. As in the Ru(bpy)32+@ZrP case a slight decrease in the
starting temperature of the condensation is observed, however the initial weight loss
attributed to the phenanthroline is stabilized due to the modification. In the surface
modification reactions of pristine ZrP it was found that the addition of organic molecules
to the surface had a somewhat stabilizing effect to the interlayer water. A similar
phenomenon may exist in this case.
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Figure 93. TGA of Fe(phen)32+@ZrP before and after modification.

7.2.3 Rhodamine 6G@ZrP (Rho-6G@ZrP)

The two previous intercalated species proceeded by the ion-exchange mechanism, in
which a cation displaced protons from the interlayer for the intercalation to occur. In
both cases it appears that surface functionalization is possible and that none of the
intercalated molecules is lost in the course of the reaction. A molecule that is intercalated
through the acid base mechanism will now be investigated to see how the intercalation
mechanism affects the stability of the interlayer upon modification.
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XRPD of the intercalated sample reveals an interlayer spacing of 19.4 Å, verifying the
successful intercalation of Rhodamine 6G into the interlayer of ZrP. The surface
modified product displays an identical powder pattern indicating that leaching of
the Rhodamine from the interlayer or unwanted interactions of the epoxide with
the interlayer region did not occur, Figure 94.

The FTIR spectra of Rhodamine 6G@ZrP is comprised of stretches representative of
ZrP and Rhodamine 6G, where Rhodamine 6G dominates the spectra due to the
apparent high loading of the molecule within the interlayer. In addition Rhodamine
6G has alkyl, aryl, amino, and imine groups therefore the majority of the signals in
the spectra can be attributed to Rhodamine 6G. Upon completion of the surface
modification reaction the spectrum does not change significantly, Figure 95. Unlike
the previous molecules used for intercalation, Rhodamine 6G possesses alkyl
groups within its structure. As a result, the presence of alkyl stretches in the
spectrum does not necessarily mean functionalization has occurred.

Close

examination of the spectrum of the modified sample shows that the alkyl stretching
is considerably stronger in the modified sample than in the pure intercalation
compound. Although the intensities in FTIR spectra are not necessarily comparable
in all cases this can be used to suggest that the modifier did in fact interact with the
surface of the Rhodamine 6G@ZrP nanoparticles.
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Figure 94. XRPD of Rho-6G@ZrP before and after modification along with the ZrP
starting materials.

Figure 95. FTIR of Rho-6G@ZrP before and after modification.
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To verify the attachment of the epoxide to the surface of the nanoparticles TGA was
used. The TGA thermogram of Rhodamine 6G@ZrP displays a total weight loss of
50.26% and calculations reveal that this is representative of 0.45 moles of
Rhodamine 6G relative to Zr in the compound. As is typical surface water and
solvent and interlayer water is lost below 100°C. The decomposition of the
Rhodamine 6G occurs in three distinct steps; the first from 305°C to 335°C, the
second from 445°C to 515°C, and the last from 565°C to 620°C. The first step is the
least intense of them all whereas the second is the most dominant. It is likely that
the second step is the decomposition of the bulk of the Rhodamine 6G, while the
last step is the condensation of the phosphates mixed with the residual Rhodamine
6G that is yet to decompose. The TGA thermogram of the modified Rhodamine
6G@ZrP follows the same pattern with the exception of a new weight loss event
occurring from 175°C to 205°C indicative of the epoxide modifier, Figure 96. It is
therefore confirmed by TGA that the surface of the particles was successfully
modified.

187

Figure 96. TGA of Rho-6G@ZrP before and after modification.

7.2.4 Room Temperature Surface Modification

It has been demonstrated that the surface of intercalated ZrP can be functionalized with
epoxides through an identical reflux reaction as is used for pristine ZrP. However, in
some cases, depending on the intercalated molecule, such a reflux could be harmful
therefore a less harsh approach is needed to modify the surface of intercalated ZrP. It is
known that the covalent attachment of epoxides to the surface of ZrP proceeds through
the nucleophillic attack of the phosphate groups to a carbon of the epoxide ring.68 This
reaction should be able to proceed without heat, therefore a solution based self-assembly

188

technique will be investigated in which the epoxides are bonded to the surface by simply
exposing ZrP to an epoxide solution.

This investigation was carried out with Fe(phen)32+@ZrP. The FTIR and XRPD of the
material are identical to the former case therefore TGA was used exclusively to
determine if the amount of epoxide on the surface is comparable to that of the reflux
method. Figure 97 shows that the TGA thermogram of the modified sample prepared at
room temperature is nearly identical to that of the reflux case. The total weight loss
between the two samples only differs by 0.01%, suggesting that samples have the same
thermal behavior and composition. To confirm this a formula was calculated for the
room temperature prepared compound and it was found to contain 0.08 moles of
modifier, relative to Zr. Based on this it can be concluded that the room temperature
method is just as effective as the reflux case. Therefore ZrP intercalated with molecules
that are not thermally stable can be functionalized without causing degradation of the
compound.
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Figure 97. TGA of modified Fe(phen)32+@ZrP using the reflux and room temperature
method.

7.2.5 Comparison of Intercalated and Pristine Epoxide Modified ZrP

Previous experiments in which pristine ZrP was modified with 1,2-epoxyoctadecane
showed the attachment of 0.14 moles of epoxide to the surface. In addition it was found
that during these reactions the compound became slightly dehydrated as some of the
interlayer water that was loosely held escaped the interlayer region. Experiments showed
the dehydration could be greatly decreased by lowering the reflux temperature. In this
case we seek to compare the extent of modification and the thermal stability of the
modifier in the case of pristine ZrP and the intercalated samples. Table 9 displays the
calculated formulas for all the modified samples discussed. It can be observed that there
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is some slight variation in the amount of modifier in the intercalated ZrP, however in all
cases the surface is successfully modified. The data shows that intercalated samples
with lower loadings tend to uptake more surface modifier than those with higher
loadings. Additionally, there is not a significant difference between the uptake in the low
loading samples and the pristine ZrP. It can also be noted that as is the case with the
pristine ZrP the derivative of the epoxide weight loss occurs in two steps; this
suggests that the bonding is identical in both cases.

Table 9. Calculated formulas for the multifunctional ZrP along with other thermal data.

Observation of the thermal decomposition of the epoxide on the surface in the samples
shows slight fluctuations of the temperature range depending on the interlayer molecule.
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The temperature range for the epoxide weight loss for modified Ru(bpy)32+@ZrP was
188°C to 326°C. In the case of Fe(phen)32+@ZrP it occurs from 183°C to 306°C, which
falls within the same range as Ru(bpy)32+@ZrP. In fact the weight loss occurs quicker in
this case, finishing ~ 25° earlier. This data could possibly suggest that the increase in the
loading level within the particle causes somewhat of a destabilization of the surface. The
surface layer of ZrP has a layer of phosphates in the interlayer and on the surface.
Electronically these phosphates are connected, it is plausible that if the interlayer
phosphates are engaged in a considerable amount of ionic interaction due to
intercalation, that the surface phosphates of that layer may have less electron density and
therefore form weaker, less stable bonds. In comparison to the ion-exchange
compounds investigated it can be noted that the decomposition temperature of the
epoxide in modified Rhodamine 6G@ZrP is substantially lower, occurring from
144°C to 230°C. In fact, in this case the decomposition of the epoxide is completed
before the decomposition even begins in the other cases. However, it cannot be
said with certainty whether this occurrence is the result of the high loading of the
Rhodamine 6G@ZrP, the acid-base intercalation mechanism, or a combination of
both. In comparison to the pristine modified ZrP the weight loss ranges exhibited in the
intercalated materials are similar for Ru(bpy)32+@ZrP however as the loading of the
intercalated molecule increases the stability shifts to lower temperatures.
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7.3 Order of Synthesis in Multifunctional ZrP

The previous section has shown that intercalated ZrP can be successfully surface
modified, however it is of interest whether the order of the synthesis affects the end
product. If Θ-ZrP is used to intercalate a molecule the surface modification must come
after the intercalation by default, however if α-ZrP is the starting material it may be
possible to surface modify before intercalation in some cases. The following will be
investigated using NH4+@ZrP as the ammonium ion can easily be intercalated into αZrP.

Initially ammonium was intercalated into ZrP followed by the surface modification
reaction. The XRPD of the NH4+@ZrP displays a d-spacing of ca. 9 Å confirming that
the intercalation was successful. In addition to this initial reflection a second broad
reflection can be observed at a 2 theta value of ca. 11°, corresponding to an interlayer
distance of ca. 8 Å. According to Hasegawa and Aoki additional signals are observed
when the intercalated phase is not pure.188 It is likely that the broad signal is a
combination of two signals that are typically observed at with d values of 8.2 Å and 7.6
Å. This suggests that full loading of ammonium within the ZrP was not achieved in this
case. TGA analysis of the intercalated material confirms that the loading level of the
ammonium is below 100%. Ammonium typically intercalates within the interlayer in a 2
to 1 NH4+ to Zr ratio, however in this case it was found that only 1.25 moles of
ammonium exist per mole of Zr.
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Figure 98. XRPD of NH4+@ZrP before and after modification with styrene oxide.

The intercalated sample was then functionalized with styrene oxide using the traditional
reflux reaction. The XRPD displays a slightly different pattern than that of the pure
intercalation compound, Figure 98. The peak corresponding to the fully ammonium
exchanged phase is no longer present. Instead the dominant signal exists at ca. 10.7° 2
theta and corresponds to a partially intercalated phase of ZrP. It can therefore be
concluded from the XRPD that in the case of NH4+@ZrP
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Figure 99. TGA of SO/ZrP NH4+@ZrP before and after modification with styrene
oxide.

leaching of the intercalated molecule from the interlayer occurs during the surface
modification reaction. TGA of the SO/ NH4+@ZrP further confirms that leaching of
ammonium from the interlayer of the nanoparticles occurred, Figure 99. Initially it can
be observed that the total weight loss of the modified sample is less than the NH4+@ZrP.
As is typical the surface and intercalated water is lost below 100°C. A single weight loss
occurs from 155°C to 364°C in which the epoxide is decomposed and the ammonium is
released as NH3. Finally the condensation of the phosphates to pyrophosphate can be
observed from 465°C to 535°C.

As the epoxide and the ammonium cannot be

distinguished by TGA, the nitrogen content was determined by elemental analysis to
determine the proper formula of the compound. It was found that 0.93 moles of
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ammonium ion are in the SO/NH4+@ZrP. This amount is reasonable based on the
decrease in interlayer spacing observed in the XRPD. It is interesting however that
leaching occurs in the case of NH4+@ZrP. In most cases the leaching of ammonium
from the interlayer is attributed to the re-exchange of protons into the interlayer. It is
possible that upon the successful surface modification that the protons liberated from the
surface phosphates were released into solution and exchanged with some of the
ammonium within the layers, causing the decrease in ammonium. Also, the intercalation
of ammonium within ZrP is highly ionic in nature, and is not a typical acid-base or ion
exchange reaction as previous molecules we have investigated. Each ammonium is
surrounded by the maximum number of negative charges and the water molecules
positioning is based upon the location of the ammonium.189 It is likely that upon heating
the motion of water molecules and possible dehydration could have caused
reorganization within the layer facilitating the production of the new phases. Although
the surface modification is successful in this case the leaching makes the synthesis
problematic. An attempt will now be made to prepare an identical compound by
modifying the surface first then intercalating the ammonium.

In this case SO/ZrP was prepared by the reflux method as discussed in Chapter IV. The
XRPD of the material displayed an interlayer spacing of 7.6 Å confirming no unwanted
interaction of the epoxide with the interlayer. TGA confirms the partial dehydration of
the interlayer water, as is typical and the uptake of the epoxide was determined to be
0.13 moles. Styrene oxide does not possess as much hydrophobic character as other long
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chain alkyl epoxides therefore it can be dispersed in some polar solvents such as
alcohols and even water in some cases. Ammonium ion was added drop wise to a
suspension of surface modified nanoparticles in order to intercalate the ion. The XRPD
of the SO/NH4+@ZrP confirms the successful intercalation of a pure ammonium
intercalated compound, Figure 100.

Figure 100. XRPD of SO/ZrP before and after intercalation with ammonium.

The diffraction pattern exhibits a d-spacing of 9.06 Å, this corresponds to a pure
ammonium intercalated phase. The broad reflection indicative of the re-exchange of
protons into the interlayer and leaching of ammonium is not observed in this case. This
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suggests that the nanoparticles are fully loaded with ammonium ion in the 2 to 1 ratio as
discussed earlier. TGA further confirms the successful incorporation of ammonium ion
into the nanoparticles as the total weight loss observed is increased by 10%, Figure 101.
In this case 1.84 moles of ammonium were found to exist within the compound,
confirming the near full loading.

Figure 101. TGA of SO/ZrP before and after intercalation of ammonium.

It should be noted that although 2 moles of ammonium ion are expected per mole of Zr,
this is the ratio that was observed in the single crystals of the compound. As discussed in
chapter III, the less crystalline nanoparticles are often hydrolyzed as they are washed
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upsetting the expected 2 to 1,P to Zr, ratio. Electron microprobe experiments have
shown that there are 1.84 moles of P instead of 2; therefore we have full loading in this
case and half loading in the prior case.

Ultimately the results suggest that

multifunctional ZrP can be synthesized by either intercalation or surface modification
first. The determining factor should be based on the desired intercalation method to be
used, the mechanism of the intercalation reaction, and the stability of the interlayer
molecule.

7.4 M(IV) Modification of Intercalated ZrP

It has now been shown that the surface of intercalated ZrP can be functionalized by
covalent attachment of modifying groups to the surface producing multifunctional
nanoparticles. We now turn our attention to the ionic surface functionalization methods.
It has previously been demonstrated that phosphonic acids can be used to functionalize a
metal ion layer deposited on the surface of ZrP. We now aim to display the use of
phosphonic acids with the M(IV) method to show that through the use of bisphosphonic
acids, multiple functionalities can be added to a nanoparticle. In this case a polyethylene
glycol bisphosphonic acid was synthesized. To add an additional functionality to the
PEG bisphosphonic acid, the polymer was reacted with Fe3O4. The resulting polymer
possesses both free phosphate groups and iron oxide nanoparticles. This polymer was
then reacted with the Hf(IV)/Rhodamine 6G@ZrP in order to produce a multifunctional
ZrP based nanoparticle with three functionalities, Rhodamine 6G (interlayer),
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Polyethylene glycol (surface), and iron oxide (surface), Figure 102. The Rhodamine 6G
adds fluorescent character to the particles while the PEG makes them more watersoluble and the iron oxide imparts magnetic properties to the particles.

Figure 102. Schematic depicting the treatment of intercalated ZrP with a metal ion and
subsequent functionalization with a multifunctional ligand to produce a particle with
three functionalities.

Initially, Rhodamine 6G@ZrP was modified with Hf(IV) using the surface ion exchange
reaction discussed in Chapter VI. As in all other cases the XRPD of the sample before
and after modification are identical, Figure 103. This suggests that the metal ion
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exclusively displaced the surface protons and did not have any unwanted interactions
with the interlayer region. It should be noted however that in this case the interaction of

Figure 103. XRPD of Rho-6G@ZrP modified materials.

Hf(IV) with the interlayer was a strong possibility. The Rhodamine 6G is intercalated
into the ZrP by the acid-base intercalation mechanism, addition of Hf(IV) to the reaction
adds a cation, which can also form favorable interactions with the interlayer. It was
possible for the Hf(IV) to exchange some of the Rhodamine 6G and cause leaching,
however it appears that this is not the case. It is likely that the small amount of Hf(IV)
added was not sufficient enough to cause this effect. Also the the acid base pairs in the
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interlayer were likely more stable than the formation of the ion exchange intercalation
species with Hf(IV). Addition of the ligand to the surface also does not alter the X-ray
pattern. However, it can be observed that upon each successive surface reaction the
intensity of the reflections decreases.

Figure 104. TGA of the Hf/Rho-6G@ZrP starting material and the compound modified
with iron oxide PEG.

TGA of the Hf(IV)/ Rhodamine 6G@ZrP displays a reduction of the total percent
weight loss when compared to the starting material. The addition of a layer of Hf(IV)
adds mass to the compound that does not decompose when heated, therefore the
reduction is expected. Examination of the TGA of the new multifunctional nanoparticle
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reveals largely the same decomposition pattern as the starting material except for a new
weight loss process occurring roughly from 180°C to 225°C, corresponding to the PEG
attached to the surface, Figure 104.

It should be noted that the weight loss is not very substantial as the PEG used is a short
chain and also the iron oxide was attached to the PEG adding additional inorganic
weight to the compound. TEM images of the resulting material verify the presence of
iron oxide on the particles, Figure 105. The 6 nm Fe3O4 particles can be observed as
small dark spots in the images. It can be noted that there are not a large number of iron
oxide particles present.

Figure 105. TEM images of the iron oxide PEG modified Hf/Rho-6G@ZrP.

This is likely due to the small amount of Fe3O4 coordinated to the phosphonic acid group
of the PEG. The low uptake of polymer is also verified by TGA, as the new weight loss
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event corresponding to modification is very small. It is likely that the low uptake is
directly related to the successful synthesis of the ligand. If there is no free phosphate
group at the distal end of the polymer, the ligand will not bond to the surface. The
bisphosphonic acid could have coordinated two iron oxides and therefore not been able
to bond to the surface effectively. The synthesis of the multifunctional ligand must be
improved in order to selectively uptake a single iron oxide. In turn the coverage of the
magnetic particles on the ZrP surface will be improved. Although the amount of
magnetic particles is relatively small, the resulting ZrP particles are still magnetic. It has
therefore been verified that M(IV) can be deposited on the surface of intercalated ZrP
and the resulting structure can be functionalized with ligands to synthesize
multifunctional ZrP. In addition, the use of bisphosphonic acids leads to the ability to
add multiple functionalities to the ligand and therefore increase the number of functional
components in the nanoparticles themselves.

7.5 Conclusion

It has been properly demonstrated that ZrP can be used to synthesize multifunctional
nanoparticles in a simple manner by combining intercalation and surface modification.
It is possible to control both the interior and exterior of the nanoparticles using this
method, opening the opportunity to design nanoparticles for specific applications by
careful selection of both the interlayer and surface groups. Additionally, it was shown
that using bisphosphonic acids, further control of the surface functionality could be
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gained by adding multifunctional ligands to the nanoparticle surface. In the case of the
covalent attachment of modifiers on the surface of intercalated ZrP it was observed that
the extent of functionalization is similar to that of the modified pristine ZrP. Although
the amount of epoxide bonded is similar, the stability of the epoxide on the surface
appears to be dependent on the intercalation mechanism and loading level of the
intercalated molecule, suggesting that the interlayer has an effect on the stability of the
surface.
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CHAPTER VIII
DESIGNABLE ZIRCONIUM PHSOPHATE NANOPARTICLES FOR ENHANCED
APPLICABILITY

8.1 Introduction

It has been successfully demonstrated that surface chemistry can be used to add
additional functionality to both pristine and intercalated ZrP. Surface modification can
not only lead to enhancement of prior ZrP applications but also to new applications of
the nanoparticles, which were previously not possible. Integral in the applicability is the
control of both the interior and exterior of the nanoparticles, allowing the particles to be
tailored for particular applications. In this chapter we will display particular applications
of multifunctional ZrP nanoparticles and discuss how they are superior to the pure
intercalation compounds. Initially one of the new applications of ZrP will be discussed
followed by enhancements on some prior applications of the material.



Part of this chapter is reprinted with permission from “Self-Assembled Monolayers
Based Upon a Zirconium Phosphate Platform” by Díaz, A., Mosby, B.M., Bakhmutov
,V.I., Martí, A., Batteas, J. and Clearfield, A. Chemistry of Materials, 2013, 25 (5), 723728, copyright 2013 by American Chemical Society; “Surface Modification of
Zirconium Phosphate Nanoplatelets for the Design of Polymer Fillers” by Mosby, B.M.,
Díaz, A., Bakhmutov ,V.I., and Clearfield, A. ACS Applied Materials and Interfaces,
2014, 6 (1), 585-592, copyright 2013 by American Chemical Society; and “Designable
Architectures on Nanoparticle Surfaces: Zirconium Phosphate Nanoplatelets as a
Platform for Tetravalent Metal and Phosphonic Acid Assemblies” by Mosby, B.M.,
Goloby, M., Díaz, A., Bakhmutov ,V.I., and Clearfield, A., Langmuir, 2014, 30 (9),
2513-2521, copyright 2014 by American Chemical Society.
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8.2 Formation of Layer-by-Layer Assemblies on the ZrP Surface

Previously it has been demonstrated that metal ions can be deposited on the surface of
ZrP and subsequently functionalized with phosphonic acid ligands. Coordination of a
bisphosphonic acid to the surface would leave a free terminal phosphonic acid group that
could be further functionalized. If the bisphosphonic acid is a long alkyl chain it is
possible that it would fold over and therefore have both phosphonic acid groups bonding
to the same metal ion layer. To avoid this a rigid bisphosphonic acid, biphenyl
bisphosphonic acid, was utilized. Using this strategy, assemblies can be made on the ZrP
surface in a layer-by-layer fashion, Figure 106. Previously synthesized BPBPA/Hf/ZrP
was initially treated with a solution of Hf(IV) followed by reaction with BPBPA, this
sequence was repeated until the desired number of layers was achieved. Previous results
indicate that on the initial metal ion layer each ion interacts with a single surface
phosphate group. As the coordination of the ligand to the metal ion layer is in a three to
one fashion, it is expected that the terminal phosphate of the bisphosphonic acid will also
bond to three distinct metal ions causing an identical amount of metal ion to be taken up
by the ligand layer as the initial reaction of surface phosphates.
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Figure 106. The formation of layer-by-layer assemblies on the ZrP surface by
alternating treatment of M(IV) and bisphosphonic acids. Note the assemblies are formed
on both sides of the ZrP, however only one is shown for clarity.

The multilayer compounds were initially examined by FTIR. As additional layers of
BPBPA are deposited on the surface it can be seen that the intensity of the aromatic
stretching increases, Figure 107. Initially the stretching is low as the percentage of
modifier is low compared to the many layers of ZrP. As subsequent layers of BPBPA
and Hf(IV) are deposited the contribution of organic in the compound is increased. The
ZrP used is expected to have ca. 11 layers and in this case 4 layers of hafnium biphenyl
phosphonate were added to the surface of ZrP. Considering that the hafnium biphenyl
phosphonate layers exist on the top and bottom of the nanoparticles, the total number of
layers is actually eight. As the ratio of biphenyl layers to ZrP layers increases, a
corresponding increase in the aromatic stretching is observed.
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Figure 107. FTIR of layer-by-layer compounds with (a) 1, (b) 2, (c) 3, and (d) 4 layers
of BPBPA in the structure. These samples represent generation 1,3,5, and 7
respectively.

In addition, XRPD patterns show a decrease in the intensity of the 002 peak relative to
the starting material as more layers of Hf(IV) and ligand were added to the surface ,
Figure 108. As more Hf(IV) is added to the surface the diffraction of the X-rays at the
crystalline ZrP core is reduced. The XRPD pattern does not exhibit any reflections at
higher d-spacings corresponding to the hafnium biphenyl phosphonate. This suggests
that the biphenyl layers are relatively amorphous in nature. This is reasonable as the
reaction was carried out in a self-assembly fashion absent of heat. The pure M(IV)
biphenylphosphonates are also relatively amorphous and to obtain a somewhat
crystalline material and powder pattern the material must be refluxed at high
temperatures for an extended period of time.10
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Figure 108. XRPD of layer-by-layer compounds of generation (a) 8, (b) 7, (c) 6, (d) 5,
(e) 4, (f) 3, (g) 2, and (h) 1. Generation 1 is Hf/ZrP modified with BPBPA and each
subsequent generation adds Hf(IV) or BPBPA alternately.

The weight losses observed in the TGA of the multilayer compounds is identical to that
observed in BPBPA/HfZrP. It can however be noted that as the metal ion layer is added
the derivative of the weight loss event corresponding to the ligand is greatly decreased
due to the addition of inorganic mass. Upon the addition of an additional layer of
phosphonic acid the intensity of the derivative peak increases once again. Formulas were
determined for the multilayer compounds by combining the atomic concentrations
determined by electron microprobe with thermal data gained with TGA, Table 10.
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Table 10. Formulas of the layer-by-layer compounds as determined by TGA and
microprobe.
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It can be observed that upon addition of a metal ion layer, the ligand content stays
constant and vice versa. This demonstrates that as additional layers are grown from the
surface, the layers below are stable and do not degrade in any way. As stated earlier the
initial Hf modified ZrP contains around 0.11 moles of Hf. Each addition of ligand to the
surface resulted in the uptake of roughly 0.03 moles of the ligand and treatment with
Hf(IV) to the ligand phosphonate terminated surface resulted in uptake of ~ 0.1 moles of
Hf. The uptake of a consistent amount of ligand and metal suggests a specific ordering
or regular unit attaching to the terminal surface structure.

The stability of the initial metal ion layer was investigated by treating BPBPA/Hf/ZrP
with a different metal ion, Ca(II). In this case, as additional layers of Ca(II) and BPBPA
were added to the surface the Hf content of the compound remained constant, as
confirmed by microprobe, Figure 109. This demonstrates that the metal ions of the
initial layer are not replaced by the new ions or detached from the surface when redispersed in solution. Similar results were obtained when using Sn(IV) as the initial
metal layer. Not only can the metal ion be alternated in the multilayered structure but the
phosphonic acid can be changed as well. Samples were prepared in which after the metal
ion was added to the initial BPBPA layer, ODPA was used to functionalize the new
metal ion layer. Infrared data show stretching for the aromatic rings and alkyl chains of
both ligands confirming that multiple ligands can be used within the same structure,
Figure 110. Using this model different bisphosphonic acids and metal ions can be
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Figure 109. Electron microprobe data of a mixed metal ion layer-by-layer system
alongside a schematic of the structure.

Figure 110. FTIR spectra of (a) a layer-by-layer system functionalized with two
different ligands(see schematic) and (b) the base structure before functionalization with
the second ligand.
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alternated within the surface structure in order to build customizable systems from the
surface. As a visual illustration and proof of concept, the relative wettability of the layerby-layer materials was investigated by treating pellets of the nanoparticles with water
droplets , Figure 111. It was found that the samples terminated with Hf(IV) or free
phosphates were hydrophilic and absorbed the water drop whereas the ODPA
terminated surface did not and produced a complete drop on the surface of the
pellet. Compared to the other samples it is clear that the ODPA modified material is
significantly more hydrophobic due to the fact that the water drop was not
absorbed by the powdered nanoparticles contained in the pellet.

Figure 111. Schematic representation of layer-by-layer compounds along with images
from the relative wettability experiments.
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In addition, exfoliation of a layer-by-layer material and separation could lead to the
ability to harvest a single layer of ZrP with the assembly on the surface. These materials
could then be used for a number of applications such as polymer composites and
electron transfer systems.

Also, as displayed in the previous chapter, the surface

chemistry can be combined with the interlayer chemistry to produce particles with a
controlled interior and exterior, and therefore the ability to design nanoparticles for
specific applications. 146, 182 In this case a molecule or ion could be encapsulated within
the interlayer and then an assembly could be built on the surface to interact with the
molecule within the layers or to give the particle specific properties.

8.3 Photoinduced Electron Transfer

In addition to the new opportunities and applications that the surface chemistry of ZrP
leads to, it can also be used to improve current applications. Brunet and coworkers have
shown efficient electron transfer reactions with photoactive species intercalated within
the layers of ZrP.190-192 Moreover, Colón and coworkers have also demonstrated that
electron transfer reactions can take place between suspended nanoparticles of ZrP fully
loaded with phototoactive electron donors and the electron acceptor in solution.28, 42, 187
The electron donor Ru(bpy)32+ was intercalated into

ZrP in a number of these

experiments. Due to the hydrophillicity of both ZrP and Ru(bpy)32+ the prior work was
limited to aqueous solutions. A large number of electron acceptors are extremely
hydrophobic such as buckyballs and benzoquinines. In this case there is no way for the
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nanoparticles to interact with such acceptors. Surface modification of Ru(bpy)32+@ZrP
with hydrophobic groups should impart hydrophobic character to the ZrP and thus allow
interaction in non polar media with hydrophobic electron acceptors. Ru(bpy)32+@ZrP
was surface functionalized with octadecyltrichlorosilane

(OTS) using the reflux

procedure utilized for pristine α-ZrP. As stated in the previous chapter the surface
modification reaction does not cause leaching of Ru(bpy)32+ from the interlayer region.
The principal photophysical properties of OTS/Ru(bpy)32+ @ZrP were investigated to
determine if the encapsulation within ZrP or the surface modification reaction caused
changes. Initially the UV-visible spectra of OTS/Ru(bpy)32+ @ZrP and Ru(bpy)32+ @ZrP
can be seen in Figure 112 .The spectra of both compounds are identical confirming that
the photophysical properties were unaltered. Additionally, the photoluminescent spectra
in Figure 113 verifies the retention of photophysical properties through the observation
of emissions produced by the modified sample that are identical to those reported for
Ru(bpy)32+ @ZrP by Martí et al.28,

187

The covalent attachment of OTS to the

nanoparticle surface results in an extremely hydrophobic material that cannot be
suspended in water and but disperses relatively easily in non-polar solvents.
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Figure 112. UV-vis spectra of OTS/Ru(bpy)3@ZrP (blue line) and Ru(bpy)3@ZrP (red
line) in a 0.008% (w/v) ethanolic suspension.

Due to the hydrophobicity of the synthesized nanoparticles a photoinduced electron
transfer reaction with an hydrophobic electron acceptor, 1,2-benzoquinone (BQ), could
be performed.193 Figure 113 shows the photoluminescence spectra of surface modified
Ru(bpy)32+ @ZrP suspended in 1,2-dichlorobenzene (0.008% w/w) with different
concentrations of BQ in the solution (from 0 to 728 μM). The steady-state
photoluminescence spectra of the surface modified Ru(bpy)32+ @ZrP suspended in 1,2dichlorobenzene resembles the spectrum of Ru(bpy)32+ in aqueous solution (λmax = 597
nm) and the non-surface modified material in water reported by Martí and Colón (λmax
= 592 nm), with a λmax of 595 nm.187
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Figure 113. Photoluminescent spectra of OTS surface modified Ru(bpy)32+@ ZrP with
different concentrations of BQ in 1,2-dichlorobenzene. Inset: Stern-Volmer plot for the
quenching with BQ using steady-state fluorescence intensity (spheres) and fluorescence
lifetime (squares). λex = 445 nm.

This result shows that the microenvironment of the intercalated Ru(bpy)32+ is intact in
the interlayer region and was not affected by the surface modification reaction. The inset
in Figure 113 also shows the Stern-Volmer plot for the quenching of the surface
modified Ru(bpy)32+ ZrP by BQ (inset), indicating a combined dynamic and static
quenching mechanism, due to the lack of overlapping Stern-Volmer plots for the steadystate and photoluminescence lifetime experiments and the upward curvature of the
fractional photoluminescence.194 Based on the Stern-Volmer plots we obtained a static
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quenching constant (KS) value of 8.82 x 102 M-1 and a dynamic quenching constant
(KD) value of 6.99 x 102 M-1.

8.4 Polymer Nanocomposites

As the surface of ZrP can be modified to have alkyl or aryl functionality, it is expected
that the resulting materials can be designed for use as fillers in a variety of polymers to
improve compatibility between the organic and inorganic components. ZrP has been
used in the past for inorganic fillers in polymers, but most approaches involved
exfoliation to disperse individual nanosheets throughout the polymer, intercalation of the
monomer within the layers of ZrP followed by polymerization, synthesis of an organic
derivative of ZrP to make the particles compatible with the polymer, or direct synthesis
of ZrP inside ionic polymers by addition of phosphoric acid to a Zr (IV) exchanged
polymer.48, 55, 69, 78, 120, 195-197 Using surface modification a novel organic derivative can
be synthesized in which α-ZrP can be dispersed within the polymer without delamination
of the layers and without changing the interlayer functionality.

8.4.1 Effect of Particle Size on Composites

Initially 1,2-epoxyoctadecane/ZrP was used to make polymer nanocomposites with
polystyrene. Polystyrene is highly hydrophobic and the C18 alkyl chain of 1,2epoxyoctadecane was expected to impart hydrophobic character on the nanoparticles and
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enable them to disperse well in the polymer. Using surface modification particles can
now be dispersed within polymers without altering the interlayer or delaminating the
particles. As the full particles will be intact within the polymer matrix it is of interest
how the size of the particles will affect the properties of the composites. In this case we
are mainly concerned with the thermal stability of the composites, however other
properties such as the mechanical strength should also be investigated in the future.
Identical composites were prepared using 12M reflux and 3MT ZrP surface modified
with 1,2-epoxyoxtadecane in order to determine the impact the particle size on the
composites.

Figure 114. XRPD of 1,2-epoxyoctadecane/ZrP composites prepared with (A) 12M
Reflux and (B) 3MT ZrP at loadings of (a) 1%, (b), 5%, and (c) 25%.

Initially the composite films were characterized by XRPD, Figure 114. The PS film is
amorphous and yields no diffraction other than the halo observed as a result of the
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sample holder (ca. 16°-25° 2 theta), therefore all peaks present in the powder pattern are
a result of the SO/ZrP dispersed within the polymer matrix. XRPD patterns of the
materials prepared with crystalline ZrP show intense reflections even at lower loading
levels. The signal pertaining to the d-spacing of ZrP is observed in loadings above 5%,
however it is difficult to resolve in lower loadings. The reflection at 2 theta of ca. 34°
also appears in all of the samples while the reflection at ca. 20° is only observed in the
25% case. The diffraction patterns of the composite films prepared with 3MT ZrP are
somewhat similar. In the case of the 1% loading no definite reflections can be observed
other than at ca. 34°. In all other samples the reflections can be observed at ca. 12°, 20°,
25°, and 34° 2 theta. Although both samples share the same reflections, the reflections in
the 3MT case are much broader and less well defined. This is due solely to the
crystallinity of the nanoparticles used for the composite. All the films diffract the x-rays
therefore it can be said that the ZrP nanoparticles are dispersed within the polymer
matrix. Additionally, the particles must be intact and possess long range order in order to
diffract x-rays so it is confirmed that the particles have not been delaminated.

TGA of the all samples prepared contained three main weight loss events, Figure 115.
All weight loss occurring below 200°C was attributed to the residual toluene that was
incorporated into the composite by strong interactions with the polystyrene. The second
weight loss event is that of the polystyrene and the surface modifier of ZrP. Lastly, a
small weight loss event can be observed above 500°C corresponding to the condensation
of the phosphates in ZrP to pyrophosphates. It should be noted that the temperature
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Figure 115. TGA of PS-1,2-epoxyoctadecane composites made with different ZrP and
the PS film.

range of the three processes listed fluctuate based on the loading of the nanofillers within
the polymer. In order to determine the stabilization effects of the fillers the maximum of
the derivative signal pertaining to the decomposition of the polystyrene was used. In the
case of the 1% loading it was found that the composite is actually destabilized when
compared to the PS film itself. The thermal stability of the 5% loading is slightly higher
than PS but the 25% composite has a nearly identical thermal stability as PS. Initially
these results reveal that the optimal loading for these fillers is probably somewhere
around the range of 5%. The extremely low loadings seem to add no stability ,however
they manage to cause slight destabilization. It is possible that although the loading is
somewhat low, there may be enough nanoparticles present to disrupt some of the
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polymer-polymer interactions resulting in a destabilization. The particles are relatively
large and at such a high loading level they are certainly disrupting the stabilizing
interactions of the polymer. A similar trend can be observed for the samples prepared
with 3MT ZrP. The 1% loading level is destabilized compared to the PS film whereas
both the 5% and 25% loadings have nearly identical thermal stabilities as the original PS
material. It is interesting to note that although the 1% loading is destabilized in the 3MT
case it is more stable than the 12M ref case by about 10°C. This seems to suggest that
the smaller particles interfere with the polymer matrix to a lesser extent than the large
particles; this is reasonable based upon the thickness of the particles discussed in
Chapter III. The loss of thermal stability observed in some cases is not desirable for the
composites and is likely due to the lack of a strong interaction between the surface group
and the polymer matrix. The surface group therefore must be tailored to maximize the
interaction with the polymer.

8.4.2 Effect of Surface Group on Composites

It was previously shown that ZrP of different sizes could be used to successfully
synthesize polymer nanocomposites. Ultimately it was found that the smaller particle
size may be less of a hindrance to the polymer-polymer interactions, however it is
necessary for the surface group to have a strong interaction with the polymer in order to
avoid destabilization of the composite. In this case composites will be made with a
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constant particle size (3M ZrP) and loading level (1% ) while altering the surface group
to evaluate which group interacts more strongly with the PS.

Table 11. Thermal data on 1% wt. composites prepared with ZrP modified with different
epoxides.

Table 11 displays the maximum of the derivative peak corresponding to the
decomposition of the polymer. It can be noted that in all cases in which an alkyl modifier
was used the composite is destabilized, as was the case in the initial investigation. The
modifiers that have pi bonds or aryl functionality are substantially more stable. The 1,2epoxy-9-decene displays a maximum at 383°C, this is less than a 10° difference than PS
and more than a 30°C increase when compared to the C12 epoxide. It can therefore be
supposed that the stability comes from the alkene functionality at the distal end of the
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alkyl chain. It is likely that pi-pi interactions can be formed between the surface ligand
and the polymer causing the stabilizing effect. Styrene oxide displays the highest
stability; even at the 1% loading level it is more stable than PS. The styrene oxide should
form the strongest possible interaction with the polymer out of all the groups, as they
possess the same styrene functionality. In this case there are several pi bonds per
modifier that can interact strongly with the polymer. Based on the results it is confirmed
that the surface ligand does play a part in the stabilization of the composite. The ligand
then should be selected based upon its interaction with the polymer matrix.

8.4.3 SO/ZrP Composites

It was previously demonstrated that styrene oxide formed the strongest interaction with
polystyrene within the polymer composites. A series of composites will now be prepared
using SO/ZrP at various loading levels. TGA reveals the same general trend as in other
cases, Figure 116. Loading percentages 1% and 5% have nearly identical stabilities as
the PS film while the 10% loading appears to be destabilized by about 20°C. Differing
from the other cases is the fact that at the high loading of 25% the composite is stabilized
rather than destabilized. Previously with the 1,2-epoxyoctadecane it was observed that a
high loading produced thermal destabilization, however in that case the surface group
did not have strong interactions with the ligand. It is likely that with styrene oxide
increasing the loading of the nanofillers increases the amount of strong interactions
between the surface and the polymer, resulting in the noted stabilization.
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Figure 116. TGA of PS film and SO/ZrP of various loadings.

Although the 25% case is the most stable, such a high loading is typically not ideal for
the formation of nanocomposites. It should be noted however that in this case the
maximal loading of the nanofillers within the composite seems to be higher than other
methods of synthesizing composites from ZrP. High percentages of the fillers can be
dispersed neatly in the polymer due to the interactions of the surface with the polymer.
In other cases the filler may not have such an interaction therefore a saturation point
occurs where the concentration becomes too high for the fillers to be distributed
throughout the polymer somewhat regularly.
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8.4.4 Intercalation as a Method to Add Functionality to Composites

It has now been verified that surface modified ZrP can be used as a filler in a polymer
matrix and that surface groups with strong interactions with the polymer produce more
stable composites. The fact that the particles remain intact and the interlayer of ZrP
remains unaltered allows for the unique opportunity to add specific functionality to the
composite by intercalation into ZrP before it is dispersed in the polymer. The following
is demonstrated with polystyrene and SO/ZrP loaded with ammonium ions (SO/
NH4+@ZrP) as a potential fire resistant polymer nanocomposite.

Figure 117. XRPD of (A) half loaded and (B) full loaded SO/NH4+@ZrP at loadings of
(a) 1%, (b) 5%, (c) 10%, and (d) 25%.
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Two phases are possible when intercalating ammonium ions into ZrP, the fully loaded
phase in which there are 2 moles of ammonium ion per Zr, and the half loaded phase
which has a 1:1 ratio of Zr:NH4+.188, 189 Composites were successfully prepared for both
phases and the effect of the encapsulated molecule on the thermal stability of the
nanocomposites was investigated. Initially the composite films were analyzed by XRPD.
It can be observed in Figure 117 that as the percentage loading of SO/NH4+@ZrP
increases the diffraction of the films increases. In all cases diffraction was observed from
the film that was indicative of the corresponding ammonium intercalated ZrP phase, this
verifies that the particles remain intact and are not delaminated. For the half loaded
phase the initial reflection occurs at a 2 theta value of ca. 11.3°, however this broad
signal is only present in the 10% and 25% loading levels. Loadings of 5% and below
display no diffraction in the half loaded case. Additional signals can be observed at 2
theta values of 19°, 20°, 25°, and 34°. The fully loaded phase shows a d-spacing of 9.03
Å, which is a result of the pure phase of the ammonium ion intercalated into the
nanoplatelets. This peak is followed by a broad peak centered at a 2-theta value of ca.
11°. This peak is likely a combination of two peaks with d values of 8.2 Å and 7.6 Å
which were reported by Hasegawa and Aoki as the initial indication of the re-exchange
of protons into NH4+@ZrP.188 The intercalation of ammonium ion within ZrP is highly
ionic in nature, each ammonium is surrounded by the maximum number of negative
charges and the water molecules positioning is based upon the location of the
ammonium.189 It is likely that upon heating the motion of water molecules could have
caused reorganization within the layer facilitating the production of the new phases.
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Other diffraction peaks of the SO/NH4+@ZrP starting material are also observed at 2
theta values between 20° and 25°, and at ca. 34°. In both cases it can be observed that
the reflections of the composites are largely identical to that of the nanoparticles used.
Ultimately the signals observed are slightly shifted when compared to the SO/
NH4+@ZrP particles themselves. The apparent shift is likely due to instrumental effects
as one sample was analyzed in powder form and the other as a film.

Both the transparency and thermal stability of the nanocomposites was then investigated
as seen in Figure 118. All composites appear to be transparent, however UV-visible
spectroscopy was utilized to investigate the level of transparency. The half loaded
particles were found to be less transparent than PS in all cases, with the 5% composite
coming the closest to PS. The composites prepared with the fully loaded NH4+@ZrP
displayed much different behavior than those prepared with the half loaded material.
Composites with nanoparticle loadings of 5% and below were shown to retain the
transparency of the original PS film whereas a decrease in transparency was observed for
loadings of 10% and above. The decreased transparency and red shift observed in the
onset of the spectra can be attributed to aggregation of nanoparticles within the
polymer.198,

199

Overall, the nanoparticles are dispersed somewhat uniformly in the

polymer but some aggregation is likely to occur at higher loading levels. In the case of
the half loaded particles it appears that this aggregation may be present in all cases.
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Figure 118. UV-visible spectra of (A) half loaded and (B) full loaded NH4+@ZrP along
with images of the fully loaded composites (C).

Figure 119. TGA of (A) half loaded and (B) full loaded NH4+@ZrP.
TGA was utilized to study the thermal stability of the nanocomposites and the influence
of the intercalated guest into the nanofillers on the thermal stability, Figure 119. The
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derivative of the thermograms reveals three weight loss events. The first event ranging
roughly from 110 °C to 170 °C can be attributed to the toluene that is incorporated in the
film due to strong interactions with the polystyrene and the water in the interlayer of
ZrP. The second decomposition is that of the polymer and occurs anywhere between 360
°C and 411 °C for polystyrene but fluctuates depending on the loading of the ZrP.
Lastly, from 500 °C to 550 °C the condensation of ZrP to zirconium pyrophosphate can
be observed verifying that the particles were not delaminated and that the full particle
was dispersed in the composite. The thermal data of all composites is shown for
comparison in Table 12 using the maxima of the derivative and in Table 13 using the
maximum ΔT. In all cases it is observed that the intercalated composites are more stable
than PS and the SO/ZrP composites, not only is the thermal decomposition delayed but
the temperature at which the decomposition ends is increased due to the presence of the
nanofillers. This suggests that the presence of NH4+ in the composite adds thermal
stability. The results demonstrate that it is possible to add functionality into composites
through intercalation of a surface modified nanoparticle without hindering the thermal
stability of the composite, in this case the stability was improved upon. Utilizing this
approach numerous combinations of surface groups and intercalated molecules can be
utilized to make nanocomposites for particular applications.
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Table 12. Maxima of derivative corresponding to polymer degradation in the
composites.

Table 13. Maximum temperature change observed in the synthesized composites
relative to PS.
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8.5 Conclusion

Multiple examples of systems made using the surface modification of ZrP have been
demonstrated. Surface chemistry allows some new applicability of ZrP, but it can also be
used to improve all current applications. The variety of different ligands and functional
groups that can interact with the surface make this a desirable technique. Also, the
ability to select and alter the interlayer and surface group allows particles to be designed
for a wide variety of applications.
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CHAPTER IX
SUMMARY AND FUTURE WORK

9.1 Summary

The previous chapters have demonstrated that ZrP can be surface functionalized by
covalent attachment of molecules directly to the surface. This functionalization is
possible with nano-sized ZrP of various sizes. Additionally, the functionalization is
possible in the micron sized and even single crystal particles, however successful
functionalization is difficult to detect in the cases. Covalent attachment of epoxides to
the surface was found to be successful using a typical reflux reaction but when a
microwave synthetic method was used covalent attachment was not verified. The
polymerization of epoxides on the exterior of ZrP was also presented for the first time.
In regards to silanes it was also found that P-O-Si linkages were formed between the
reactive molecule and the surface, however in this case the direct linkages between the
silane and surface are not the predominant bonding. Siloxane bond formation between
the silanes produces most of the coverage whereas there are only a few sites in which the
phosphorus atoms are bonded to the silane through the oxygen bridge.

Additionally, it was demonstrated that functionalization of the surface could be achieved
and through an ion exchange and self-assembly based procedure. Metal ions of various
valency were shown to exclusively replace the surface protons of ZrP and deposit a
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monolayer of ions on the surface. This monolayer was subsequently functionalized with
phosphonic acids. The phosphates of the phosphonic acid were found to bridge between
three surface metal ions.

The discussed surface modification techniques were then combined with the prior
intercalation chemistry of ZrP in order to produce multifunctional nanoparticles. In this
case the functionality of the interior was imparted through intercalation and the
composition of the exterior of the particles was imparted through surface
functionalization with the desired ligand.

It was found that regardless of the

intercalation mechanism that the particles could be successfully modified. It was also
found that particles with a larger loading level tended to have a smaller uptake of
modifier on the surface. Additionally, there was found to be a correlation between the
stability of the modifier on the surface and the loading of the interlayer. In most cases no
leaching of the interlayer molecule occurs during the surface modification reaction,
however in the acid-base intercalation systems the pH should be monitored to avoid
leaching. It was also demonstrated that in the synthesis of multifunctional ZrP particles
that the order of the surface modification and intercalation can be varied depending on
the compounds used.

Lastly, the applicability of both surface modified and multifunctional ZrP was
demonstrated. The surface ion exchange and ligand functionalization reactions allow for
the formation of layer-by-layer assemblies from the nanoparticle surface. Within these
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assemblies both the ligands and metal ions can be altered to design customizable
architectures on the surface.

The possibility of conducting photo-induced electron

transfer reactions in non-polar media was demonstrated using multifunctional ZrP
consisting of hydrophobic groups on the surface and a photoactive molecule within the
interlayer. Polymer nanocomposites with fire retardant functionality were designed
through intercalation of ammonium ions into ZrP surface modified with styrene groups.
The resulting materials possessed an increased thermal stability and the particles were
found to be well dispersed within the polymer matrix.

9.2 Future Work

In regards to the work presented for ZrP in this dissertation there are some areas that
could be addressed immediately in the future.

Preliminary experiments have been

conducted with a number of phosphate and phosphonate ligands other than the ODPA
and BPBPA presented herein. For example, an azido phosphonic acid and alkyne
phosphate compound were synthesized and deposited on the surface for click
conjugation reactions. Additionally, epoxide functionality can be added to many ligands
like 1,10-phenanthroline. In this case metallic complexes can be covalently attached to
the surface for a number of applications including catalysis. Much investigation has gone
into the prospect of using nanomaterials as drug delivery vehicles the past few decades;
more recently inorganic layered materials have found to be useful in this area, leading to
investigations with ZrP. It was found that several molecules with biological activity
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could be intercalated into ZrP including insulin, cisplatin, and doxorubicin. ZrP is ideal
as a drug delivery vehicle due to its tunable particle size, the ability to load high levels of
compounds within the interlayer, and non-toxicity. Several successful studies have
shown that using ZrP as a carrier for drugs drastically increases the IC50 of the drugs and
is more effective than when the drug is used by itself. To further improve the system we
propose that surface chemistry can be used on the drug loaded ZrP in order to target the
particles exclusively to cancerous cells while avoiding healthy tissues, increasing the
retention time of the drugs within the body, and altering the solubility. Samples have
been synthesized in which polyethylene glycol has been successfully bonded to the
surface of ZrP. Although cellular work has not been completed on these type samples it
is part of future work. The polymer can be attached either by the synthesis of a
polyethylene glycol phosphonic acid or epoxide.

An additional area of interest is the use of fluorescent and magnetic materials for
biological imaging applications. In this case the particles are inserted to the area of
interest and the fluorescence is used to image the area. Additionally the magnetic
functionality allows control of the particles and the imager to move them to the desired
location. This type of material was displayed in the dissertation however the particles
have not been tested within the body as of yet.

Lastly, it has been well demonstrated that intercalated ZrP can be used to make
composites. In addition photoinduced electron transfer reactions have been
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demonstrated. The two concepts can be combined in which case the polymer can be the
electron acceptor. The resulting materials can be used for fuel cells or batteries.

Other future work mainly deals with expanding the presented results to additional
tetravalent metal phosphates and inorganic layered materials. First of all, tetravalent
metal phosphates exist with a variety of ions including Ti(IV), Hf(IV), and Sn(IV)
among others. All the structures are identical, with the bond distances fluctuating only
because the size of the metal ion used. Although the structures are the same the stability
of the various compounds is somewhat different. In all cases it is expected that the
surface reactions presented should be possible with these systems as well. Changing the
metal ion of the phosphate may be an additional way to control the character of the
resulting nanoparticle. In addition to the α type structures, tetravalent metal phosphates
exist in other forms as well with the γ being one of the predominate phases. The surface
structure of γ-ZrP differs from that of α because the surface phosphates each possess
two hydroxyl groups. Similar functionalization reactions should be possible for the γ
phase as those presented in this dissertation. The uptake of the modifier is expected to be
greater for the γ-ZrP. The metal ion functionalization of γ-ZrP should yield interesting
and diverse structures due to the dual hydroxyl group of the phosphates.

As metal phosphates are cation exchangers there are a number of other layered materials
that can exchange anions or other species. The same surface functionalization can be
applied to these materials, and when coupled with intercalation can lead to
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multifunctional particles that are unique and not possible with other systems. The
investigation of this chemistry with systems such as layered double hydroxides and clays
should be carried out.
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