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Abstract

Nanoscience has shifted its focus from studying properties of individual nanoparticles
toward using these nanoparticles as building blocks to assemble larger systems. One approach to
this end is to exploit electrostatic self-assembly through the interaction of oppositely charged
nanoparticles to form larger superstructures and even crystalline superlattices. Metal
nanoparticles, such as gold, have been used to design such structures, but understanding the
mechanics of the self-assembly can be elusive due to their random size and charge distributions.
However, a certain class of polyoxomolybdates can provide insights into how electrostatic self-

assembly occurs with their precise size dimensions and charges.

In the first investigation, the electrostatic assembly between a series of the differently
charged polyoxomolybdate-type Keplerates of
(NH4)a2[{ (M0 YM0"'50,1(H20)6}12{M0"204(CH3CO0) }50]* %300 H,0 - ~ 10 CHsCOONH,
(Mo-132a), (NH4)72[{(M0")M0"'50,1(H20)6}12{M0",04(SO04)}30] - =200 H,0 (Mo-132b) and
Naio(NH4)e2[{(M0¥)M0Y'50,1(H20)6}12{M0Y204(HPO4) }50] - =300 H,0 - ~2Na* - ~2NH," - ~4
H,PO, (Mo-132c) with cationic gold nanoparticles (AuNPs) was explored for the first time. The
rapid electrostatic assembly from nanoscopic entities to micron scale aggregates was observed
upon precipitation, which closely matched the point of aggregate electroneutrality. Successful
assembly was demonstrated using UV-vis, DLS, TEM, and zeta-potential analysis. Results
indicate that the point at which precipitation occurs is related to charge balance or
electroneutrality, and that counter-ions at both the Mo-132 and AuNP play a significant role in

assembly.



The subsequent investigation, focused on certain counterintuitive results of the previous
study of Mo-132 and AuNP aggregates by manipulating the AuNP core diameter. We
hypothesized that a AUNP core diameter of comparable size to Mo-132 would lower the rgg
(equivalence molar ratio, r = [Mo-132]:[Au]) between the nanomaterials, whereas a larger AUNP
core would raise the rgo. The range of sizes allowed assessment of how counter-ions affect
assembly based on comparable dimensions of the nanomaterials. It was found that a smaller
AUNP core size of 1.6 nm produced the naively anticipated results based on charge yielding a
r'eo, molar ratio of ca. 1.0 at electroneutrality. However, even at this favorable rgo unorganized
aggregates were observed. These findings suggested that crystallization could not be based on
charge considerations alone, but that the size relation between the nanomaterials must also be

taken into account to induce crystallization.

In the last investigation, the electrostatic self-assembly of the polyoxomolybdate
(NH4)28[M0154(NO)140420(OH)14(H20)70]- 350 H,0 (Mo-154) and AuNPs of different size was
studied to explore the aspect of asymmetry in these colloidal systems. The aim of this work was
to observe the dependence electrostatic interactions may have on asymmetric shaped
nanomaterials. The ring-shaped Mo-154 structure gave this study a unique view on how the
polarity of electron density can affect the molar ratio, r = [Mo-154]:[Au]. It was shown that the
van der Waals attraction forces of Mo-154, in comparison to Mo-132, were stronger resulting in

a lower rego.
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Chapter 1

Introduction



1.1  Nanoparticles: What Makes the Nanoscale Unique?

Today, the scientific community generally agrees that nanomaterials, by definition, are
chemical substances or materials with dimensions between 1and 100 nm.! This size regime
positions these materials between the molecular scale of individual atoms and the macro scale of
bulk materials. Although new, the history of nanomaterials begins with nature providing us with
the nanomaterial DNA.? With a separation of only 0.3 nm, base pairs of DNA store information
that allows for organisms to perform specific functions, such as, movement and reproduction. In
1959, Richard P. Feynman, a physicist at Cal Tech, anticipated the advent of nanomaterials. In
one of his classes he said, “There is plenty of room at the bottom,” and suggested that scaling
down to nanoscale and starting from the bottom was the key to future technology and
advancement.® Over 20 years later, the scientific community began to embrace the expansion of
the nanomaterial world. This was due in large part to the advances in microscopic
instrumentation, such as TEM and SEM, allowing the unique properties nanomaterials possess to

be observed.®*

Nanomaterials possess very unique physiochemical properties related to their surface
area and quantum confinement that affect their physical®, optical®, electronic’, and magnetic®
properties. It is equally noteworthy that these properties change with their size and/or shape.**°
For example, nanomaterials consisting of high surface-to-volume ratios possess higher reactivity,
which paired with the ability to change size and shape potentially allows for better catalysts.>*
For semiconductors, quantum confinement of the electronic motion to a length scale is
comparable to or smaller than that of bulk material. For noble metals that are tens of nanometers

in size, a strong absorption is observed resulting from a collective oscillation of the electrons in



the conduction band from one particle surface to another.? This phenomenon known as Surface

Plasmon Resonance will be further discussed in Section 1.2.3.

1.2 Gold Nanoparticles

1.2.1 History

Gold has always been placed on the highest pedestal of the noble metals. Since the
Copper Age, gold has been known by artisans and has been considered a highly desired metal for
coinage, jewelry, and other arts. Colloidal gold first appeared around the 5" century in China
and Egypt.** The vibrant colors displayed by colloidal gold has been used to produce decorative
stained glass for windows and pottery glazes dating back to mediaeval times and earlier. The
most famous examples of these are the Lycurgus Cup (Fig. 1.1) and the pigment “Purple of

Cassius” 1113

Figure 1.1: Photographs of the famous Lycurgus Cup from the 4" century Roman Empire,
where a jade hue is observed in reflected light. However, vibrant ruby red to violet shades
appear from transmitted light through the cup.



As for gold nanoparticles (AuNPs), they are well-documented in the scientific world. In
1857, Faraday investigated colloidal gold, noting the unusually prominent red color in contrast to
the yellow appearance of bulk gold. He observed the formation of deep red solutions of colloidal
gold by reduction of an aqueous solution of AuCl,” using phosphorus in CS,.** Starting in the
20" century, the first colloidal gold in a dilute solution was prepared by Richard Adolf

Zsigmondy.®®

Gold synthetic methodology has blossomed since the early 1950’s and includes
the Turkevich'* and Brust-Schiffrin'® methods. While these methods set the foundation for
colloidal gold synthesis, novel syntheses have flourished greatly in recent years. These advances
exploit the strong affinity various ligands containing functional groups such as thiols,

phosphines, and amines exhibit for the gold surface.***’

1.2.2 Synthetic Methods for Gold Nanoparticles

Synthetic methods for developing AuNPs have only been developed within the last 100
years. The main feature of these methods follows a similar pattern that starts out with the
reduction of Au* to Au®, typically using the gold salt HAuCIl,". Nucleation begins with the
growth of unbound Au® atoms or aggregation of unreacted metal species onto the nuclei to form
seeds.*® The final composition of AuNPs is comprised of Au® atoms surrounded by an outer layer
of negative ions. This layer can be [AuCl,] ions, borohydride ions or citrate ions which are used
to control the size of the nanoparticles. These ions increase the electrostatic interactions between
AUNPs which stabilize and prevent further growth. AuNPs typically take on a face centered
cubic (fcc) crystal lattice and have a size domain of 1-200 nm depending on reaction

conditions.*®*°



Likely the most widely used method today was first described by J. Turkevich'®*"# in
1951. The synthetic design allows for large scale reactions that yield a high degree of
monodisperse gold-citrate nanoparticles by using trisodium citrate as a reducing agent as well as

16,17,21

a stabilizing ligand. In 1973, Frens refined the Turkevich method by varying the ratio of

trisodium citrate and HAuUCI4 which typically yields nanoparticles ranging from 5-200 nm.!" %

In 1994, Mathias Burst and David J. Schiffrin developed a two-phase synthesis in which
stabilized monodisperse AuNPs could be produced. In their method, an organically soluble
capping ligand, such as tetraoctylammonium bromide (N(CgH1s)4Br), is used to phase transfer
AuCl, from the aqueous phase to organic layer.?® Typically, an alkane-thiolate'” is used as a

stabilizing agent during the reduction period (Figure 1.2).

Reducing Agent

HAuCl, + Alkane-thiolate m———— —s——— @

s $5%

Figure 1.2: Hlustration describing the reduction of Au** to Au® using a alkane-thiolate as a
capping ligand under reducing conditions.

Since then, the Brust-Schiffrin method has been modified to yield monodisperse AUNPS
depending on the size desired. Time-dependent additions of sodium borohydride (NaBH,) or
concentrations of alkane-thiolates yield AuNPs ranging from 1-6 nm.?>?® For example, in an
adaptation of the Brust-Schiffrin method, triphenylphosphine (PPh3) is used to improve the

synthesis of Schmid’s cluster’’ [Auss(PPhs)12Clg]. To a water-toluene mixture of HAuCI, and



N(CgHjs)4Br, PPhs and NaBH, are added to synthesize the cluster [Au;01(PPhs3)21Cls] which has

a diameter of ca. 1.5 nm.2>?°

More recently, the expansion of the field has led to novel approaches to gold synthetic
methods. For example, the Perrault method uses hydroquinone to reduce HAuCl, in agueous
solutions giving monodispersed nanoparticles in a range of 50-200 nm.?® Martin and Eah use
varying ratios of NaBH4-NaOH to HAuCl4-HCI to produce negatively charged “naked”
nanoparticles that are stabilized in aqueous solutions by the ions that surround the cores.?*
Lastly, A. Sahasrabudhe has successfully used the polyoxometalate
(NH2)42[{ (M0 YM0"'50,1(H20)6}12{M0",04(CH3CO0)}30]- 10 CH;COONH, - 300 H,0, Mo-

132, as a reducing and stabilizing agent for the synthesis of AuNPs.*

1.2.3 Surface Plasmon Resonance

All AuNPs have a characteristic color in solution that ranges from a ruby red to violet.
This unique nanoscale property is due to the size-dependent phenomena called surface plasmon
resonance (SPR). Surface plasmon resonance is caused by the interaction between the electric
field of visible light and the confined electron of a nanoparticle. The excitation of the electron
located in the conduction band of a gold atom interacts with an electromagnetic wave causing a

collective oscillation of the conductance electrons immediately above the Fermi level.*



3
Electron Cloud -

Light Wave .

Electric Field ~

Figure 1.3: Illustration of the interaction between metal nanoparticles with a light wave to
produce a collective oscillation called Surface Plasmon Resonance.

This oscillation of electrons displaces them relative to the nuclei which generates a
resonant of less than or matching frequency of the incident light.?**° The term “surface” stems
from the fact that although all electrons are oscillating with respect to positive-ion background,
the main effect producing the restoring force is the surface polarization. Thus, the surface plays
a critical role by altering the boundary condition for the polarizability of the metal and solution

medium, therefore shifting the resonance to optical frequencies.*

The Mie theory®*, developed in 1907, first provided a method for calculating the SPR
spectra by solving a set of Maxwell equations for spherical nanoparticles. This theory uses
Maxwell’s equations with the electronic and magnetic fields along with the spherical coordinates

of the nanoparticle to give an approximation of the interaction of light with spherical



nanoparticles. Applied to UV-vis spectroscopy, the theory describes extinction coefficients of

spherical nanoparticles of arbitrary sizes.*

For AuNPs, the surface plasmon resonance yields a characteristic UV-vis absorption
between 500-600 nm which is dependent on the size and shape of the nanoparticle, as well as the
dielectric properties of the medium.***" Spherical nanoparticles with a diameter of ca. 10 nm
have a surface plasmon resonance at approximately 520 nm.*® As the diameter increases in size,
a red-shift in the UV-vis spectra is observed due to a retardation effect of the electromagnetic
field.’®** In contrast, smaller spherical nanoparticles (1.4-3.2 nm) show a decrease in intensity of
the plasmon peak (~520 nm) with an complete absence of the peak below approximately 2.0

nm.?> %% This is due to fewer electrons interacting at the Fermi level (quantum size effects).*



Increasing particle size _

Figure 1.4: Photographs of aqueous solutions of gold nanospheres (upper panels) and gold
nanorods (lower panels) as a function of increasing dimensions. Corresponding transmission
electron microscopy images of the nanoparticles are shown (all scale bars 100 nm). Reproduced
with permission from reference 16. Copyright © 2010 Journal of Pharmacy and Bioallied
Sciences.

SPR plays an essential role in our studies by supporting the characterization of various
gold core sizes. Gold core diameters of ca. 1.6 nm exhibited an absence of the SPR peak (~520
nm). A diameter of ca. 4.4 exhibited a SPR peak at ca. 520 nm, and the core diameter of ca. 8.6
nm exhibited a peak at ca. 530 nm. SPR also supported the extinction of individual Au

nanoparticles that assembled with various polyoxomolybdate clusters. As the [POM]:[Au] ratio
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increased, polyoxomolybdates acted as screening mechanisms to the Au cores. This, as well as

the formation of large aggregates, resulted in a disappearance of the SPR band.

1.3 Electrostatic Interactions of Spherical Systems

1.3.1 DLVO Theory

Nanoparticles in aqueous solutions show great potential for application to biomedical
fields and catalysis.**** Therefore, depending on the nature of the application, nanoparticle
aggregation may need to be controlled or avoided.* Before any advances are able to occur,
surface interactions must be well understood. These surface interactions play a key role in
electrostatic assemblies. Taking a closer look at these interactions, one must take into account
the surface forces between the nanoparticle and the aqueous medium. Typically for aggregation,
surface charge on nanomaterials is approximately zero. This allows for nanomaterials of
opposite charge to aggregate by offsetting the others’ charge, thus, forming larger assemblies
which precipitate due to gravitational force.*® On the other hand, when particles possess “like”
charges, they have a shared electrostatic repulsion that allows them to avoid aggregation and

remain in a stable solution.*’

To further explain these interactions, one must take into account the classic DLVO theory
to determine the net electrostatic interactions of nanomaterials. DLVO theory, named after
Dejaguin, Landau, Verwey, and Overbeek, was developed to relate the stability of two particles
in suspension to their total potential energy.*”° The theory includes both Lifshitz-van der Waals

attraction forces and the repulsion of electrostatic forces.>*? Electrostatic repulsion arises due to
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the overlapping electrical double layers of two particles, which contain same charge counter-ions

leading to this repulsive force. (Fig. 1.5)

a)

Charged
Particle

Charged
Particle

Electrical double layer

b)

Charged Charged
Particle Particle

Figure 1.5: An illustration of the electrostatic interactions of two spherical particles. a) distance
(S) between two particles, where S is greater than the distance between the electrical double
layers of the particles. This results in no interactions between the two particles, thus no
electrostatic repulsion. b) overlap (O) between two particles. This overlap increases the
electrostatic repulsion between the two particles as the distance decreases.

The total potential energy relies on the internuclear distance between two particles. (Fig. 1.6)
Long range van der Waals attractions allow for two particles to approach each other. The double
layers of the approaching particles will begin to overlap leading to short range electrostatic

repulsion. The potential energy barrier arises as a consequence of the difference in magnitude of
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electrostatic repulsion in comparison to van der Waals attraction forces. The particles will
agglomerate when attractive forces predominant; a stable suspension will occur if the repulsive
forces are stronger.>*>* One must note, while the concept of attraction and repulsion seems
simple, the cumulative effects of all the charged entities in solution lead to a very complex and

usually difficult calculation.®

Electrostatic
Repulsion

~ Van der Waals
Attraction

Total Interaction Energy (J)
I

Separation Distance (nm)

Figure 1.6: Dependence of Total Interaction Energy between two particles on internuclear
separation distance. This potential energy barrier arises as a consequence of the difference in
magnitude of repulsive forces in comparison with attractive electrostatic forces. When the
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attractive forces are dominant, the particles will adhere; if the repulsive forces are stronger then
the particles will remain suspended separately.

One model for the total interactions (Vita, EQ.1) between two spherical particles in solution

calculates the van der Waals attraction (Eq. 2) and the electrostatic repulsion (Eq. 3) of spherical

nanoparticles:>* >*>°
Viotat = Voaw + Veree EQ.1
_ _é 2a1a2 2a1a2 RZ—(a1+a2)2 ]
Voaw = 6 [RZ—(al"'az)z R?—(ai—az)? n(RZ—(Ch—az)z) Eq. 2

Valee = 2me g0 RkgT In[1 + exp(—kd)](in the case of kd >5), Eq. 3

where k= [M 1z Eq. 4
er&okpT

In these equations, A is a Hamaker constant, k g is the Boltzmann constant, T is
temperature, R is the radius of the particles, d is the separation distance between the
particles, ¢ is a relative dielectric constant of the liquid, g is the permittivity of the vacuum,
Vo is the surface potential of the particles, k is the inverse Debye length, e is the elementary

charge, N A is Avogadro’s number, and | is the ionic strength of the solution.

DLVO theory allows us to describe the electrostatic interactions between AuNPs and
POMs. As the solution environment changes with an increase in [POM], the potential energy

barrier is approached. This approach decreases the electrostatic repulsion forces that allow for a
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stable suspension and increase the attractive forces until the attractive forces dominate the
solution. This leads to the flocculation and sequentially precipitation of AUTMA+Mo-132

aggregates.

1.3.2 Zeta Potential (Double Layer) for Nanoparticles

There are many natural and man-made processes directed by electrostatic interactions due
to nanoparticle surface charge. The properties that these materials possess at the solid/liquid
interface are essential to the stability and aggregation of these systems.>” Understanding these
properties is fundamental to the design and characterization of these materials; such that analysis
can assess the charge stability of a disperse system, and can aid in the formulation of colloidal

stable products, e.g. liposomal formulations.>"®

At this time, technology does not have a satisfactory method to determine surface charge
of particles in a polar liquid.®®  Therefore, the analysis of the electric potential, termed zeta
potential ({-potential), is observed at a distance from the particle surface at, what is known as,
the slipping plane. The slipping plane is the interface located between the electrical double layer
and the liquid solvent where the direct velocity measurements for particles moving in an applied
electric field are measured.®® To clarify, Figure 1.7 illustrates the electrical potential layers
surrounding a positive charged particle. The electrical double layer is comprised of a Stern layer
and a diffuse layer. The Stern layer contains ions tightly bound to the particle surface. Beyond
the Stern layer is the diffuse layer of loosely bound counter-ions and co-ions that freely flow

about the liquid through the influences of thermal motion and electrical attraction.
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Figure 1.7: Illustration of the interface of zeta potential measurements. Together, the stern
layer and diffuse layer form the electrical double layer. The boundary between the diffuse layer
and the liquid medium, called the slipping plane, is where the zeta potential is observed.

Zeta potential is measured through electrophoretic light scattering experiments, in which,
a laser beam is split into a reference and excitation beam. The excitation beam is directed
through a sample while an applied voltage induces electrophoresis. The difference in frequency
of the two beams is measured by the detector to provide the electrophoretic drift velocity.®*
These measurements are greatly affected by the environmental factors such as pH, ionic strength,
and concentration.®? Zeta potential values without these parameters are meaningless. For
example, depending on protonation of carboxyl groups on mixed-thiol capped AuNPs, the zeta
potential can range from 29 mV to -35 mV between pH values 3-11.°3  The ionic strength

determines the thickness of the double layer. At higher ionic strength, the double layer
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compresses due to more charge repulsion from counter-ion components yielding a more

stabilized environment.%

This analysis is vital to the study of electrostatic interactions between AuNPs and POMs
because it assists in understanding how the specific nanoscopic entities play a role in the self-
assembly of the aggregates formed. The interactions of positively charged AUTMA mediated
with negatively charged POMs are predominately based on electrostatic interactions rendering

zeta potential analysis an effective technique for these studies.

1.4 Polyoxometalates

In general, POMs can form a wide variety of structures.®>* Their chemically robust
building units provide metal-organic frameworks through diverse structural chemistry.’#®? This
broad range of structural motifs exhibits interesting properties leading to developments in areas

such as catalysis and photochemistry.”® %

The array of POM dimensionalities includes isolated tetrahedral and octahedral moieties,
several different polyanions including giant nanoscopic clusters, two-dimensional layers, and
three-dimensional frameworks. Octahedral building units have played an important role in the
development of large polyoxomolybdates. These octahedral moieties form systems of pentagons
that come together to generate spherical structures. Various clusters have been synthesized to
9

provide structures with numbers of molybdenum atoms that include Mos7,%” M0135,%% Moys4®

Moszes, etc.
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Figure 1.8: Some typical giant polyoxometalate molecular clusters and their sizes. For this work, {Mo1s4}
and {Mo13,} will be focused on.

1.4.1 Keplerates (Mo0-132)

When Keplerates (Mo-132) were first discovered, they were considered quite
remarkable due to their high symmetry and spherical shape which could be described as
icosahedral inorganic superfullerenes.® The first crystallographically determined structure
contained 132 molybdenum atoms with the formula
(NH.)a2[{ (M0 YM0"'50,1(H20)6}12{M0"204(CH3C0O0)}30]- 10 CH;COONH, - 300 H,0.%

(Mo-132a)

The structure of Mo-132 exhibits a building unit of an 11 atom pentagonal moiety of
molybdenum centers. The molybdenum substructure can be formulated as {Mo11}12, which
describes the linking of twelve pentagonal units to create the sphere. The {Mo11} motif exhibits
of Cs symmetry (Fig. 1.9a) and contains a central pentagonal bipyramidal MoO7 unit with five
edge-sharing MoOg octahedra, with an additional five corner-sharing MoOg octahedron.®: 994
These pentagonal units are bridged by the corner-sharing MoOg octahedra to form {Mo,04}**

linkers in reduced molybdate solutions that bring the twelve {(Mo)Mos} inner pentagons

together to form the icosidodecahedral symmetry.®® (Fig. 1.9a) This gives a formula of
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(NH2)a[{(M0VYM0Y'50,1(H20)6}12{ M0 204(L™) }30] 23" in which the molybdate cage has an
overall charge of -12, with 30 ligands (L™) bound to the {M0,04}*" linkers that face inward on

the sphere.*®

a) b)

2.9nm

1.5nm

Figure 1.9: Polyhedra representations of the giant polyoxometalate anions (a)

[MOVI72MOV500372(CH3COO)30(H20)72]_42 and (b) [M0154(N0)140420(0H)14(H20)70]_28 with the {M011}
motif shown in dark gray.® %

Keplerates are synthesized using one-pot reactions, however, the synthesis requires
specific optimal conditions to produce these large polyoxomolybdate structures. Starting with an
acidic molybdenum solution containing Mo"", addition of a reducing agent yields Mo" which
forms the Mo linkers. An abundance of these linking units is needed to form larger groups that
can be linked in different ways. While slow evaporation of H,O promotes the growth of crystals,

this growth is limited due to the molybdenum-oxygen multiple bond (Mo=0) capping off the
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cluster.?® The “parent” cluster formed from this synthesis contains 30 CH;COO™ groups giving a

precise charge of -42 to the compound which is counter-balanced by 42 NH4" ions.*®

One fascinating thing about these clusters occurs at the reduced Mo" linkers, the
binuclear {Mo0,0,}*" sites. At these reduced centers, the acetate ligand can be exchanged for a
variety of ligands. Consequently, the acetate cluster is used as precursor to create various cluster
derivatives through ligand exchange. Two Keplerates synthesized from this precursor are
(NH.2)72[{ (M0 YM0"'50,1(H20)6}12{M0"204(S04) }30]*® (Mo-132b) and
(NH4)72[{ (M0 YM0"'50,1(H20)6 }12{M0"204(HPO4) }50].%" (Mo-132¢) Since CH3COO" is
monovalent compared to both SO,* and HPO,* are divalent, the overall negative charge of
compounds Mo-132b and Mo-132c increases from -42 in the acetate derivative to -72 which also

increases the cation affinity of each structure.** %

1.4.2 “Big Wheel” cluster (Mo0-154)

Along with the Mo-132 cluster, a ring-shaped cluster with the formula
(NH4)28[M0154(NO)140420(OH)14(H20)70] - 350 H,0 (Mo-154 Fig. 1.9b) was first synthesized in
1995.% This structure comprised of 140 MoOs units and 14 pentagonal bipyramidal sites has
been recognized as one of the main components in molybdenum blue.*®*° The driving force for
the isolation of this cluster is the symmetry of the cluster itself. For Mo-132, a strong reducing
agent allows for all five bridging units of MoOg bound to the 12 pentagonal units to reduce to
Mo" units; yielding Cs symmetry. However, for Mo-154 a weaker reducing agent only allows
for partial reduction of the five bridging units yielding a mixed-valent (Mo"'/Mo") diamagnetic

compound. &%
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Since the {Mo11}14 motifs contain both Mo" and Mo"" centers, Cs symmetry (Fig. 1.10b)
is present rather than Cs symmetry (Fig. 1.10a) of Mo-132 and the overall structure can be
described as a tetradecamer with D74 symmetry.'® The {Mo.} units may also be considered to
be constructed from 14 {Mog}, {Mo,}, and {Mo1} units.®® % (Fig. 1.10b) To complete a
{Mos} unit, {Mog} units are fused together through {Mo,}units, thus completing the inner-ring
portions of the both the upper and lower halves. Likewise, along the “equator” of the ring,
{Mo;} units are fused to complete the ring system with the second half rotated by 360/14°

relative to the first half.281%

b)

Mo-154{Moy,}1,

Figure 1.10: a) Polyhedral representation of the Cs symmetry of the {Mo;1}12 units. The
light/dark blue polyhedral depict Mo"' units with the Mo" linker units in red. b) Polyhedral
representation of the Cs symmetry of the {Mo11}14 units where {Mog] clusters (light/dark blue)
are fused by {Mo,}units (red) with an equatorial{Mo;} unit (yellow).
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These two classes of polyoxometalates may allow promising advancements in various
applications such as catalysis, photochemistry, electrochemistry, self-assembly, and sensors.
199 One field of interest to us is the electrostatic self-assembly of novel metal nanoparticles.

With the nanoscopic dimensions of (NH4)a[{(M0"YM0"'50,1(H20)6}12{M0"204(L™)}30] 130
and [M0154(NO)140420(0OH)14(H20)70]® together with their precise negative charges make these

compounds excellent candidates for investigating electrostatic self-assembly.
15  Self Assembly

Using these properties discussed in Section 1.1, scientists have been able to build
frameworks and controlled aggregates that can provide advances in the medical, sensory,
technological, and environmental fields. The strategy, known as self-assembly, provides two

general approaches: 1) “top-down” and 2) “bottom-up”.}1¢*12

The “top-down” method forms nanoscale particles through the physical or chemical
break down of bulk material, relying on various techniques used to cut, mill, and shape materials
into desired shapes and order. These materials are deposited through various lithographic
techniques such as, electron beam lithography, silicon photolithography, and inkjet printing into
patterned materials. The “bottom-up” method employers techniques of molecular synthesis,
colloidal chemistry, polymer chemistry, and other related fields using building blocks in the

solid, liquid, or gas phase to fabricate nanoscale structures.**®

The assembly of nanoparticles with controlled morphologies occurs when the building
blocks interact with one another via weak covalent and non-covalent intermolecular forces such
as van der Waals, electrostatic, hydrophobic, and hydrogen bonding interactions, in such a way

that the interactions are controllable and reversible.* The determination of the type of
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architecture formed in these assemblies relies on the flexibility and positioning of these
interactions when aggregates form. For example, highly ordered crystalline structures form
when nanoparticles have free range of motion about one another in the aggregate yielding

thermodynamically favorable structures.

A great deal of work has been published using these techniques to provide a range of

117

precedents from DNA,'* proteins,'*® self-assembled monolayers (SAMs),"” and metal

118 group has extensively studied the interactions

nanoparticles.**® For example, the Grzybowski
of charged AuNPs and silver nanoparticles (AgNPs). They have discovered that cationic AgNPs
will aggregate and subsequently precipitate from a solution only when their charge is

compensated by anionic AuNPs (Fig. 1.11).

Figure 1.11: IHllustration of N,N,N-trimethyl(11-mercaptoundecyl)ammomium chloride (TMA)
capped silver nanoparticles (AgTMA) being combined with a mixture of 11-mercaptoundecanoic
acid capped gold nanoparticles (AuMUA). Aggregation occurs upon charge balancing of the
individual entities. Reprinted with permission from reference 118. Copyright 2006 American
Chemical Society.

These findings have led our own group to explore the effects of charge balancing with

with cationic AuNPs and a variety of POMs described in Section 1.4,
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1.6 General Research Considerations

This work encompasses the detailed investigation of electrostatic interactions between
spherical AuUNPs and giant anionic POMs of Mo-132 and Mo-154. The stability, aggregation,
and behavior of aqueous solutions containing variable concentration ratios of the two nanoscopic
entities were examined. A number of determinants were revealed, including counter-ion
screening, ionic strength, charge and shape of the POM, along with the AuNP size yielding a
better understanding for the behavior and interaction between the two entities. This
understanding will aid in the further work towards developing highly ordered structures;
allowing for advances in applications that incorporate the plasmonic properties of AuUNPs along

with the redox and catalytic properties of these giant POMs.
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Chapter 2

Keplerate Cluster (Mo-132) Mediated Electrostatic Assembly of Gold Nanoparticles
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2.1 Introduction

The organization of matter across length scales exploiting well-defined building-blocks is
a fundamental strategy in the rational design of advanced functional devices and materials. This
strategy can be used in polyoxometalate chemistry'®, as well as in the specific case of
nanoparticle assembly. The focus of research has recently turned toward the preparation and
characterization of architectures composed of nanoscopic components™®. Most approaches to
nanoparticle assembly have relied on dispersion forces, molecular interactions or differences in
particle sizes. On the other hand, electrostatic attraction has received attention only in recent

years and remains somewhat less developed in this context®™?,

Electrostatic attraction between charged entities in solution and the properties of their
binary aggregates are dictated by their size regime. For example, a solution of oppositely
charged metal nanoparticles shows remarkable stability and does not precipitate until the point of
overall electroneutrality is attained**. Based on charge considerations alone, microparticles
should also only precipitate only when charges are fully compensated; however, they are
unstable due to residual van der Waals forces and precipitate continuously®®. Whether such
charge balancing in a binary mixture of proteins, polyelectrolytes, functionalized carbon

671218 o microparticles™ leads

nanotubes or other charged nanoscopic entities with nanoparticles
to similar properties remains relatively unexplored'®. Specifically, the electrostatic assembly
between charged nanoparticles (NPs) with narrow charge and morphology characteristics has
recently led to a number of structures. For example, the electrostatic assembly of gold
nanoparticles (AuUNPS) has resulted in superlattices with diamond-like organization?, novel
plasmonic signatures*3, and hybrid superlattices®’. In addition, positively charged NPs have

proven particularly useful for the binding of biomacromolecules, such as DNA and proteins®*®.
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In terms of this broader science, supramolecular materials based on oppositely charged
nanoparticles have been described, such as the formation of supercrystalline NaZn; lattices from
PbSe and y-Fe,O3 nanocrystals where specific size ratios directs assembly into superlattices with
tunable optical and magnetic properties?’. Self-assembly of nanocrystals of different size and
functionality has also been shown to provide ordered binary superlattices. Tailoring particle size
and deposition conditions provides arrays isostructural with NaCl, CuAu, MgZns, etc.,

demonstrating the parallels between nanoparticle assembly and atomic scale crystal growth?%,

Polyoxometalates (POMs)**>! form another particularly attractive class of charged,
nano-building blocks due to their wide range of structures, topologies and physicochemical
properties. Furthermore, because of their sizes, structures and properties, POMs are considered
as intermediates between small molecules and metal oxide solids. Of particular interest in this
respect are the nanoscaled polyoxomolybdates of the {Mo11} class, of which the spherically-
shaped (n = 12) or wheel-shaped (n = 14) anions, such as [M013,0372(CH3CO5)30(H20)72]*%,
[M01320372(SO4)30(H20)72]"%, and [M015404s2H14(H20)54(H2PO,)7 1%, respectively, as well as the
related bimetallic clusters of the type Mo;,M’3, of which [{Na(H,0)12}<
{M07,Cr30282(CH3CO2)19(H20)04}] and [Mo72Fe300252(CH3CO,)12{M0207(H20)}>
{H2Mo0,05(H,0)}(H,0)q] are representative (the two latter are also of interest for magnetism
and geochemical aspects)®*8. The different spherical porous Moy, hanocapsules of the type
{(pentagon)i2(linker)so} allow the investigation of a variety of processes in solution under
confined conditions, for example, because they possess stepwise closable pores and tunable
internal functionalities, and exhibit the ability to tune the hydrophobicity of their interiors to
influence properties such as encapsulated water structures, as well as allowing the investigation

of cation transport/separation in small spaces®.
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The compound (NHg)42[M0132,0372(CH3CO5)30(H20)72]-hydrate (Mo-132a) is a strong
electrolyte that completely dissociates in aqueous solution to give a nanoscopic cluster with a
diameter of 2.9 nm and a quantized 42 negative charge per cluster®. Although surface cations
can enter the cavity, these are not considered in the case of these highly charged capsules®. Mo-
132a has shown, as have the other corresponding Keplerates, unique solution properties
uncommon for other electrolytes®, such as self-assembly in less polar solvents into “blackberry-

404 It can also be encapsulated with cationic surfactants to

type” supramolecular structures
modify its surface properties and charge**. The electrostatic assembly of Mo-132a with cationic
terminated poly(styrene) to give polyoxometalate-based supramolecular star polymers which can
further assemble into vesicular aggregates has been recently reported®. Furthermore,
controllable interactions of quaternary-ammonium-terminated polystyrene-polyoxometalate

composite micelles with Mo-132a-based supramolecular star polymers exhibit behaviors from

self-recognition to supramolecular recognition®.

Although Mo-132a is subject to some variations in charge due to coordination of acetates
at the pentagonal units, in addition to the linker sites or to release of some internal acetates

depending on concentration and pH*"*®

, We explored its use as a novel anionic mediator in the
electrostatic self-assembly of AuNPs functionalized with positively charged self-assembled
monolayers (SAMs), based on the generally precise number of charges and the nanoscale
dimensions. Because of its generally monodisperse core with quantized charge and well-defined
shape, we postulated that Mo-132a mediated assembly of AuNPs would lead to a sharp

precipitation of the nanosystems at the point of overall electroneutrality, i. e., the equivalence

point. Moreover, this scenario may lead to the use of Mo-132a as an analytical probe for the
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precise determination of charges on other nanoscopic species within the limitations of the afore-

mentioned charge variations.

In this study, Au nanoparticles of 4.4 nm diameter were functionalized with the self-
assembled monolayer (SAM) of N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride
(TMA), to render the surface positively charged. Au nanoparticles were also coated with a
monolayer of 11-mercaptoundecanoic acid (MUA) to obtain negatively charged particle controls.
The electrostatic assembly between the Mo-132a clusters and the AUTMA resulted in tailored
aggregation that depended on the [Mo-132a]:JAuTMA] stoichiometry, and thus on the
electrostatic screening. The assemblies were studied by dynamic light scattering (DLS), zeta-
potential analysis ({-Pot), and absorption spectroscopy (UV-vis) of the AUTMA surface plasmon

resonance band (SPR).

2.2  Experimental

All chemicals were used as obtained without further purification. Acetic acid, sulfuric
acid, hydrochloric acid, ammonium acetate, sodium chloride, and sodium acetate, were all
purchased from Fisher. Hydrazine sulfate, ammonium chloride, ethanol, diethyl Ether, and
were all purchased from Sigma-Aldrich. Ammonium molybdate was purchased from Alfa
Aesar. Ammonium hydroxide was purchased from J.T. Baker. Ammonium sulfate was
purchased from VWR. The pH of the solutions were measured using pHydrion vivid 1-11® pH
paper. Water was distilled above 3.0MQ in-house using a Barnstead Model 525 Biopure

Distilled Water Center.
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2.2.1 Synthesis of (NH4)4[{(M0")YM0"'5021(H,0)e}12{M0",04(CH3COO)}s0]-

=300 H,O - = 10 CH3COONH, (Mo-132a)

Prepared according to the literature®®>*:

Briefly, ammonium molybdate (5.610g, 4.534 mmol), ammonium acetate (12.495g,
162.14 mmol), hydrazine (0.799 g, 60.92 mmol) were added to a 250mL aqueous solution which
was stirred for = 10 minutes. Acetic acid (83 mL, 50%("/\)) was added after 10 minutes and
stirred until the solution turned from blue to green. The solution was then left on the bench top
at 20°C for 5 days during which a slow color change to dark brown occurred. After 5 days the
formed crystals were filtered off using a glass frit filter, were washed with ethanol and diethyl

ether and dried in air. Yield 2.766g (39% based on Mo)

2.2.2 Synthesis of (N H4)72[{(MOVI)M0V|5021(H20)5}12{MOV204(SO4)}30] - =200 H,O

(Mo-132b)
Prepared according to the literature®:

Briefly, (NH4)42[{(M0")M0"'50,1(H20)s}12{M0",04(CH3COO) }30] - <300 H,0 - =~ 10
CH3COONH;, (1.998 g, 0.07 mmol) and ammonium sulfate (8.010 g, 60.58 mmol) were added to
160 mL of water in a 400 mL Erlenmeyer flask. Sulfuric acid (21 mL, 2M) was then added with
stirring. After approximately 5 min, the solution was placed on the bench top at 20°C for two
weeks, after which the precipitated brown crystals were filtered using a glass frit filter.
Approximately 20 mL of isopropyl alcohol was used to wash the crystals followed by 5 mL of

diethyl ether and dried in air. Yield: 1.582 g (76% based on Mo)
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2.2.3 Synthesis of TOAB-, TMA-, and MUA-capped gold nanoparticles (AUTOAB).

N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA) and sodium 11-
mercaptoundecanoic acid (MUA) were synthesized following procedures reported recently>>*°.
In a typical synthesis, tetra-n-octylammonium bromide (TOAB) protected gold nanoparticles
(AUTOAB) were prepared®’. Briefly, TOAB (0.553 g, 1.1 mmol) was dissolved in a solution of
toluene (32 mL) with stirring. HAuClI, (0.0782 g, 1.9 mmol) was dissolved in H,O (20 mL),
allowed to stand for 15 min, and added to the toluene solution with stirring in which TOAB
induced phase transfer. After continuing to stir for an additional 30 min, the toluene and aqueous
layers were separated. The toluene layer was then transferred to a 100 mL round bottom flask,
and a solution of NaBH, (0.036 g, 0.95 mmol, in excess) in H,O (20 mL) was added dropwise,
whereupon the solution changed from a red-orange to a dark red color, indicating the formation
of TOAB-capped Au (d = 4.4 £ 0.7 nm). To prepare TMA-capped Au, TMA (2.6 mg, 0.009
mmol) was first dissolved in 2 mL of ethanol. An aliquot of this TMA solution (0.05 ml) was
added to 2 mL of AUTOAB. A black precipitate appeared immediately and was allowed to
settle. After decanting the supernatant, excess TMA was removed by washing the precipitate
with ethyl acetate (1.0 mL). The precipitate was decanted and dissolved in H,O (2 mL) by
sonication. To prepare the MUA-capped particles AUMUA, MUA (2.7 mg, 0.012 mmol) was
dissolved in 2 mL of ethanol. A 0.5 mL aliquot of this MUA solution was added to 2 mL of
AUTOAB. After precipitation, excess MUA was removed as above. The final AUTMA

concentrations were ~600 nM, and were calculated using the known extinction coefficient of the

AUTOAB particles®®,

The formulations of the nanoparticles were estimated according to a modified version of

the method of Stoeva and coworkers®® as applied by Grzybowski and coworkers*®. For particles
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of average diameter 4.4 nm, determined using TEM (Figure 1(a) and (b)), the approximate
composition is Auzio0 TMA760Cl7go. XPS analysis with an incident photon energy of 100 eV of
Aus100 TMA760Cl760 gave At% of ca. 68.8, 15.8 and 15.4 for Au, S and Cl, respectively
(calculated: Au, 67.1; S, 16.5; Cl, 16.5). This composition is also consistent with the TGA
profile which shows a total weight loss of 30.4% in the 175 to 550 °C range (Figure 2.1)

compared to a theoretical weight loss of 25.9%.

Wheight (™)

£ 2

Temperature |-

in

Figure 2.1 TGA profile of Mo-132a.
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2.3 Instrumentation

2.3.1 Dynamic Light Scattering (DLS) and Zeta-potential Measurements ({-Pot)

The zeta-potentials were measured on the Malvern Zetasizer ZS in zeta analysis mode
with a (-Pot range of -200 to +200 mV in a folded capillary cell operating at an effective voltage
of 150 mV. The DLS measurements were performed on the same instrument utilizing a 173°
backscattering detector. Individual solutions varying in the ratio of [Mo-132a]:[AuTMA] ranged
from O to 40 were studied.

2.3.2 UV-visible Spectroscopy (UV-vis)

The UV-vis absorption measurements were performed on a Varian Cary 50
spectrophotometer in the wavelength range of 300 to 800 nm with a scan rate of 3000 nm/min.
In a typical experiment, solutions from the (-Pot experiments were placed in 1.0 mL glass
cuvettes.

2.3.3 Transmission Electron Microscopy (TEM)

TEM measurements were performed on a JEOL 2000EX instrument operated at 100 kV
with a tungsten filament (SUNY-ESF, N.C. Brown Center for Ultrastructure Studies). Particle
sizes were analyzed manually with statistical analysis performed using ImageJ software on
populations of at least 100 counts.

2.3.4 Thermogravimetric Analysis (TGA):

TGA experiments were performed on a Perkin EImer Pyris1 TGA with a thermal analysis
gas station and under N, purge with a heating rate of 10 °C/min. The samples were dropcast as

neat solutions or powders and dried thoroughly before analysis.
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2.3.5 X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed on a Surface Science Instruments (SS1) model SSX-
100 at the Cornell Center for Materials Research (CCMR). It utilizes monochromated aluminum
K-a x-rays (1486.6 eV) at an irradiation angle of 55°. The data was processed using CasaXPS
software. The Mo-132+NP aggregates were rinsed and then dispersed on freshly cleaved HOPG

substrates for analysis.

2.3.6 Electrophoretic Mobility

The CCD photograph (Figure 2.6) allowed estimation of the mobilities of Mo-132a and
Mo-132c by taking their distances traveled, 0.7 cm and 1.2 cm, respectively, and the time run, 10
min (600 s). This allows us to calculate the velocity (v) which could then be used to find the

electric field strength.

Applied Voltage

" Distance between electrodes 1)

From these experiments, the electric field strength was calculated to be 6.67 VV-cm™

(100V, 15cm). The electrophoretic mobility (Ue) was calculated using Equation 2:

_V
He =

2

The calculated electrophoretic mobility (ue) of the Mo-132a and Mo-132c¢ Keplerates is:

Mo-132a P = 1.749e-4
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Mo-132c pe = 2.998e-4

The ratio for pe(Mo-132c): ne(Mo0-132a) is ca. 1.7 while the idealized charge ratio for the
Keplerates is 72:42 or 1.7.

2.3 Results and Discussion

In this section we first describe the synthesis and characterization of the molybdenum-
oxide based Keplerates (M0-132). We then describe the ability of these negatively charged
clusters to mediate the electrostatic assembly of positively charged gold nanoparticles (AuTMA),
and how changes in the Mo-132 charges influence assembly. Scheme 2.1 presents an idealized
view of the electrostatic assembly between the positively charged AUTMA and the negatively

charged Keplerates Mo-132(a-c) to form the binary AUTMA-Mo-132(a-c) aggregates.

r=Mo-132lATMA] R ... &5 L. £
.+ :f___ % ﬁf .
Y@ T @

Electrostatic Assembly

4 kYA A\ Y
TMA = HS(CH,);;N(CHj,)5* a=CH,COO b=S0,*

¢ =HPO,*
MUA = HS(CHj,),,COO0-

Scheme 2.1 An idealized representation of the electrostatic assembly between positively
charged AUTMA and negatively charged Mo-132 analogues (a-c), forming Au-Mo-132(a-c)
aggregates whose assemblies are tailored by molar ratios (r).

The prototypical compound (NHz)a2[M0"'72M0" 500372(CH3CO,)30(H20)72]-ca. {300 H,0
+ 10 CH3COONH,} (alternatively, (NH4)42[{(M0")Mo"'50,1(H20)s} 12 {M0"204(CH3CO0)} 0]
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-ca. {300 H,O + 10 CH3COONH_,} and denoted as Mo-132a) was prepared according to the

literature method, exploiting the reduction of molybdate in the presence of hydrazine (eq 1)*+*:

132 M00,% + 15 NoHg 2* + 30 CH3COOH + 192 H* —-mmmmmmmmeev >

[M0""7,M0Y600372 (CH3CO2)30 (H20)72]* + 15 N, + 84 H,0 1)

The derivatives of the type (NHa)72[{(M0"")M0"'5021(H20)s}12{M0"204(L)}30] were

prepared from the acetate-type cluster by ligand substitution (eq 2).

[M0"";2M0Y600372 (CH3COz)30 (H20)72]* + 30 HyL  -------mmmo- >
[{(M0"")M0"'5021(H20)6}12{M0"204(L) }30] ™ "> (n = 1 or 2) + (2)

30 CH3COOH + 30(n-1)H* (L = SO4*, HPO,®)

The purity of the various derivatives with L substituting for acetate ligands are readily
monitored by the infrared spectra which exhibit the disappearance of the characteristic vascoo

band of the acetate at 1546 cm ™ (Figure 2.2).
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Figure 2.2. Infrared spectra (KBr disk) of a) Mo-132a, b) Mo-132b, ¢) Mo-132c).
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Figure 2.3 (a) TEM image of 4.4 + 0.7 nm AuTOAB. (b) TGA analysis of the AUTMA showing

a weight loss of 30.4%.
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The gold nanoparticles were synthesized with a tetraoctyalammonium bromide (TOAB)
capping, then modified with N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA)
via ligand exchange. The resulting positively charged gold nanoparticles (AuTMA) had
diameters of 4.4 + 0.7 nm, as observed via transmission electron microscopy (TEM), which is
shown in Figure 2.3(a). Similar AUTMA have been used in a number of electrostatic assembly

systems recently, including with similarly sized negative Au-NPs'***

,  NP-quantum-dot
hybrids®’, and DNA®*. Using previously described methods***®, XPS, and thermal gravimetric
analysis (TGA), which determined the mass loss associated with TMA ligands (Figure 2.3(b)),
we estimated that the AUTMA particles have the approximate composition of

Auz100TMA760Cl760. With both the Mo-132 clusters and the AUTMA particles in hand, we next

studied their self-assembly.

1.2

7 AuTMA

3:1
Mo-132a

Abs
o
T

0

B

8:
N ‘ N ‘ N ‘ N
400 500 600 700
Wavelength (nm)

T

N N
300 800

Figure 2.4 Representative UV-vis spectra of Mo-132a, AUTMA, and AUTMA+Mo-132
assemblies at r = [Mo0-132]:[AuUTMA] = 3:1, 4:1, 5:1, 6:1, 8:1, 10:1, 12:1.
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To induce self-assembly between Mo-132a and AUTMA, an aliquot of Mo-132a was
added to a solution of AuTMA ([Au] = 0.6 uM) at increasing molar ratios, r = [M0-132]:[Au] =
1 - 35. Immediately upon addition of Mo-132a, a colorimetric transition from dark red to red
was observed, and precipitates (i.e., POM-AuTMA aggregates) were noticed within minutes at
increased r (Figure 2.4). The progress of the assembly, the aggregate size, and the charges of
the aggregates were monitored in-situ with UV-vis, DLS and zeta potential measurements (-
Pot). Figure 2.4 shows the optical absorption characteristics of the assembly system. The Mo-
132 absorption originates from intervalence charge transfer (IVCT) between Mo" and Mo'V
centers of the cluster (note the presence of a string Mo-Mo bond), while the AUTMA absorption
arises from the surface plasmon resonance band (SPR) of the AuNPs due to the collective
oscillation of electrons in the presence of electromagnetic radiation®*®*. Due to the much higher
extinction coefficient of the AuNP, the SPR is the prominent feature in the assembly spectra.
Because the SPR is sensitive to changes in particle size, local dielectric media changes, as well
as coupling between particles in close proximity, it serves as a convenient method to follow self-
assembly. For instance, Figure 2.4 shows the UV-visible spectra of Mo-132a, AUTMA, and the
Mo-132a+AuTMA electrostatic assemblies. At r >3, a subtle red-shift is observed, as well as a
decrease in extinction, which is attributed to the first assembly of the relatively small AuUTMA-
Mo-132 clusters, followed by the growth of a large aggregate, which decreases extinction due to
both the screening of interior particles, as well as precipitation of the material from solution.
Interestingly, the spontaneous precipitation of the AUTMA-Mo-132 aggregates occurs at r =10-

14. This phenomenon was then probed by {-Pot and DLS methods.
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Figure 2.5(a) shows a representative set of {-Pot measurements for the Mo-132a +
AUTMA system at increasing r. The initial AuTMA particle has a charge of {=45.5+1.72 mV,
which is consistent with previous studies'*****” This value decreases slowly atr =0 -5,
which is indicative of the Mo-132a interacting with and screening the AUTMA charge. Atr>5
a decrease in  is detected, with a neutralization ({ = 0 mV) occurring at r = 10. At r > 10 there is
a negative overall charge (= -25 mV) which remains relatively invariant, due to both the
presence of excess Mo-132a, as well as the likelihood that each assembled aggregate is
terminated by it. This trend towards electroneutrality corresponds closely with the bulk
precipitation observed via UV-vis. For example, Figure 2.5(b) shows a plot of the SPR
absorbance maxima (520 nm), measured in parallel to { -Pot measurements. Atr =5, adrop in
absorbance is detected, correlating with the aggregation. Interestingly, control experiments using
the negatively charged AuMUA showed a stable { -Pot of =~-40.5 mV (Figure 2.5(a)) and little
to no change in SPR. The hydrodynamic properties of the system were then probed by DLS.
Figure 2.5(b) shows a plot of hydrodynamic diameter (Dy) with r. As observed above, rapid

aggregate growth to Dy, > 600 nm was measured at r = 5.
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Figure 2.5 (a) Zeta potential ({-Pot. measurements for the Mo-132a mediated assembly of
AUTMA and AuMUA control at increasing r = [Mo-132a]:]AuTMA]. (b) The corresponding
plot of absorbance at 520 nm decreases, and Dy, increases with r.

The Mo-132a mediated aggregation was visualized using TEM. Figure 2.6 shows a
representative set of TEM micrographs at r = 6 (a), 10 (b), and 20 (c). Atr =6, which
corresponds to a scenario below the equivalence point, regions of assembled AuTMA with chain
like morphologies are observed (Figure 2.6(a)). These assembled morphologies are in contrast
to those micrographs collected for AUTMA alone (Figure 2.3(a)), which revealed random
organization. In contrast, at the point of electroneutrality (r = 10, Figure 2.6(b)), micrometer
sized aggregates are observed, which consist of clearly separated individual AUTMA assembled
in close-packed geometries. The order and extent of the packing is disrupted by the

polydispersity of AUTMA. Interestingly, above the neutrality point, chain like aggregates are
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again observed, which may be due to the saturation of the AUTMA by Mo-132a, and the further

repulsion between the negative charges.

m—100 Nm

Figure 2.6 Representative TEM micrographs of Mo-132a mediated assembly of AuTMA atr =6
(@), 10 (b, inset) and 20 (c).
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Figure 2.7 The { —Pot. measurements and UV-vis monitoring (black) of the electrostatic
assembly of (a) Mo-132b and (b) Mo-132c with AuUTMA and AuUMUA.

These results indicate the successful electrostatic assembly between negatively charged
Mo-132a clusters and positively charged AUTMA. The strength of the interaction, as well as the
screening potential is related to the charge of the nanoscale objects, the counter ion, as well as
the ionic strength of the solution. Such charges can be tailored, by either manipulating the
number of TMA ligands at each Au NP, or by performing ligand substitution at the Mo-132a
cluster. To probe this, we chose the latter option using a series of Mo-132 analogues. For
example, Figure 2.7(a) shows the DLS and UV-vis monitoring of the assembly between
AUTMA and Mo-132b, which in contrast to Mo-132a (Figure 2.5(a)), has an idealized negative
charge of 72 due to its internal sulfate ligand. The actual charges associated with Mo-132a and
Mo-132b are a distribution centered at these values (i.e., -42 and -72) due to the incorporation
into the internal cavity of the cluster and surface adhesion of NH,4" cations. However, the
general magnitude of these charges was substantiated by measuring the electrophoretic
mobilities of Mo-132a and Mo-132c (Figure 2.8), which were found to be in the ratio of 1.7:1.0,

which is identical to the idealized charge ratio of 72:42.
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Figure 2.8. CCD camera photograph of gel electrophoresis for (Mo-132a) and (Mo-132c) (four
wells each) in a 1% agarose gel.
The results for the assembly between Mo-132b and Mo-132c¢ with both AUTMA and

AUMUA are shown in Figure 2.6. Both show similar assembly behavior; however, the observed
precipitation and electroneutrality points for both Mo-132b and Mo-132c with AUTMA are

shifted towards higher Mo-132 concentrations, r ~ 14 (Table 2.1).

Table 2.1: Correlation of Idealized Mo-132 Charges and Determined Equivalence Point.

Mo-132 R Charge® o)
Mo-132a CH3COO" 42 ~10
Mo-132b S04~ -72 ~14
Mo-132¢ HPO4* -72 ~14

®POM charge based on number of negatively charged ligands for each Mo-132 determined by X-
ray crystallography "Ratio at the point of electroneutrality (reo) determined from Cplots.

At first sight, these results appear counterintuitive; that is, reo, the ratio at the point of

electroneutrality, of 10 for a Mo-132a of charge -42 and rg of 14 for Mo-132b,c with a charge of
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-72, since the latter presumably would have a greater attractive force for AuUTMA. However, it
must be appreciated that the zeta potential is related to colloid stability and is a measure of the
electrical potential at the boundary between the Stern layer and the diffuse layer in the double
layer model. Furthermore, it must be appreciated that both the AUTMA and Mo-132a-c carry a
firmly attached layer of counter-ions. The incoming nanomaterial (AuTMA or Mo-132a-c) must
first encounter a double-layer, and then displace the surface counter-ions. These electrostatic
changes at the interfaces of the particles influence the effective { -Pot being measured. For
instance, as the particles come together, a small cluster will first form, where a AUTMA will be
covered with Mo-132a-c, or linked together by Mo-132a-c, which forms a new Stern layer, and

results in a change to { -Pot (Scheme 2.2).

¢ +assembly /NH4+

.ty

Scheme 2.2 Schematic Representation of the Charge Distribution in the Stern Layers of the
AUNP and the Keplerate Particle and of the Stern Layer Surrounding the Resultant Aggregate.
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This further involves the displacement of CI” anions from AuTMA, and NH," cations

from Mo-132a-c. This ion displacement will be related to charge change, ion charge, and ionic

strength (i.e. Debye length). For Mo-132a, the internal charge is -42, which regulates the strength

of binding of the NH," counter-ions. For Mo-132b,c, the internal charge is -72 due to the

divalent anions, which requires a higher concentration of NH," counter-ions, and a stronger

coulombic attraction. This in turn lessens the attraction for AUTMA, and decreases Kinetics,

resulting in the higher equivalence point. To further investigate the role that counter-ions play in

these assemblies, we performed AuTMA+Mo-132a assembly at different ionic strengths (0, 5,

10, 20 mM NH,4CI). The increase in ionic strength effectively decreases the double layer at the

particle interfaces, while screening their interactions. At higher ionic strengths the equivalence

point was extended to larger rgo (Figure 2.9), confirming the slower assembly kinetics.

Abs
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Figure 2.9. Comparison of UV-visible spectra of assemblies of Mo-132a and AUTMA in NH,CI
solutions of different ionic strengths (5mM, 10mM, and 20mM).
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Taken together, these results show that the electrostatic assembly of AUTMA by Mo-132
type Keplerates is possible, with tuning of charge allowing for manipulation of the assembly.
The equivalence point is achieved at a ratio of [Mo-132a:AuTMA] of ca. 10:1, requiring that the
precipitated species has the idealized composition (Auzio0 TMA760)(M0-132a)10Cl340+x(NHa)x,

which is consistent with the XPS analysis which provides the Mo/Au ratio of 28:72 (Table 2.2).

Table 2.2: Analysis of Mo-132a +AuTMA aggregates from XPS.

[Mo-132]: Feed Ratio XPS Ratio
[Au] (At%)* (At%)>

r Mo Au Mo Au

6 20 80 22 78

8 25 75 23 77

10 30 70 28 72

12 34 66 30 70

Y Atomic % based on molar feed ratios (r) of Mo-132 and Au NPs after considering the number
of Au atoms per NP and Mo atoms per Mo-132 cluster.

2 Atomic % measured via XPS on sedimented Mo-132a + AuTMA aggregates.

Using a ratio of [Mo-132b]:[AuTMA] of ca. 14:1, the idealized composition will require
charge balancing of the ammonium cations to balance the negative charge of Mo-132b anions
(Auz100 TMA760) (M0-132b)14Cly(NH4)248+y. Thus, future work focusing on aggregates
incorporating AuNPs of variable charges and of different shapes and sizes may provide further

insights into the mechanism, and will be the topic of subsequent reports.

2.4  Conclusions
In summary, a series of anionic Mo0-132 Keplerates with different charges has been

synthesized and characterized along with a cationic AuNP capped with trimethylammonium
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terminated monolayers. The electrostatic assembly between these nanomaterials was
investigated for the first time, and successful assembly was demonstrated using UV-vis, DLS,
TEM, and { -Pot analysis. The rapid bulk precipitation from nanoscopic entities to micron scale
aggregates was observed at the point of electroneutrality, which was typically at a [Mo-
132]:[Au] molar ratio of 10~14 depending on the ligand associated with M0-132. These results
indicate that precipitation at the equivalence point is related to charge balance or
electroneutrality and that counterions at both the Mo-132 and AuNP play a significant role in
assembly. Furthermore, the findings suggest investigations of AuNPs of different dimensions,
modified charges and nonspherical shapes in combination with Keplerates of different
dimensions and charges to construct materials consisting of Keplerate units surrounding AuNPs

in a close-packed like arrangments, similar to traditional ionic lattices.
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Chapter 3
Size Comparison of Gold Nanoparticles with Mo-132

via Electrostatic Assembly
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3.1 Introduction

Nanoscience is currently thriving due to the advancements of improved nanoparticle
syntheses and better understanding of the physicochemical and optoelectronic properties of these
materials.”™® One aspect of nanoscience that has a direct impact on commercial application of
nanoscale systems is their assembly into superstructures of predefined geometry either in
solution or on solid interface.? Recently, self-assembly of various nanoscopic entities has
provided the opportunity for advances in catalytic, electronic, sensing, and biological studies.*?°
Specifically, electrostatic assembly has yielded three-dimensional binary superlattices comprised
of gold nanoparticles (AuNPs) and protein cages where interparticle interactions were controlled
by tuning both pH and the Debye screening length.?® Grzybowski et.al. have extensively studied
oppositely charged Au and Ag nanoparticles forming a “diamond-like” crystal structure
comprised of tens of millions of individual metal nanoparticles. He established that the size
selectiveness during crystallization of oppositely charged metal nanoparticles plays an important
role in the crystallization of these electrostatic assemblies, where “good-quality supracrystals”

would form only when an overlap in size distribution was observed.?’
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Figure 3.1: a) Scheme of the oppositely charged gold nanoparticles. Positively charged NPs are
functionalized with N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA);
negatively charged NPs are coated with a SAM of deprotonated mercaptoundecanoic acid
(MUA). b) An SEM image of a supracrystal comprising ~2.5 million NPs. Reproduced with
permission from reference 27. Copyright © 2009 Elsevier.

As described in Chapter 2, we have recently observed electrostatic interactions between
cationic AUNPs mediated with anionic polyoxometalates (POMS) to obtain large micron
aggregate assemblies.?® However, highly ordered structures of these nanoscopic entities were not
achieved at this time. With the molecular size relation to self-assembly behavior in this system
remaining unclear, a size regime with varying AuNPs may clarify the findings in our previous

work and allow development of a crystal-based system with AuUNPs and POM entities.

Figure 3.2: An illustration of the size comparison of the Mo-132 and 4.4 nm AuTMA
nanoscopic entities.
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The complexity of both the electrostatic repulsion and van der Waals attractions within
the double layer has left much to be studied to understand how these nanoscopic entities interact
with one another. The counter-intuitive results between AuNPs and POMs, where the more
highly charged anionic POM produced a larger rgo, led us to investigate the reproducibility of
these observations across a size scale of AUNPs. To further examine our results, the relationship
of nanoparticle curvature to electrostatic screening effects was considered. It is known that the
role the curvature of the nanoparticle plays an important role in the loading of thiolated ligands
onto AuNPs.?*2 This concept can be used in determining the amount of surface area N,N,N-
trimethylamine head groups occupy compared to the amount of “free” space surrounding the Au
core. This “free” space can be used to predict how well other AuNPs and POMs can “see” the

cationic head groups without being screened by counter-ions in the double layer.

The relationship of ligand surface density to nanoparticle curvature has been described by
Grzybowski et al.*® In short, it was stated that ligand surface density is higher in regions of low
curvature, and vice versa, for gold nanorods and nano-dumbbells. In terms of spherical
nanoparticle size, as the diameter of the nanoparticle increases, the curvature of the surface
decreases. This correlates with the ligand surface density, where the distance between the TMA
head groups for low-curvature (large diameter) nanoparticles is less than that for high-curvature

(small diameter) nanoparticles.
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Figure 3.3: (a) lllustration of the deflection angle between NMes* head groups. (b) Hlustration
depicting an increasing deflection angle of 1.6, 4.4, and 8.6 nm Au cores as curvature of the

AUNP increases. The curvature of the core plays a role in the spatial distribution of NMes" head
groups.

The deflection angle relates the ligand surface density and curvature (Figure 3.3).%*

The deflection angle is directly related to the radius of curvature of the AuNP and determines the
spatial arrangement of the thiolate ligands as well as how this arrangement is dependent upon the
AUNP radius.?® These factors play a crucial role in the screening effects of counter-ions in the
double layer. For example, smaller nanoparticles will have a higher curvature which increases
the distance between head groups on the surface. This separation lowers surface charge density,
thus lowering the concentration of counter-ions in the double layer, thus allowing for the charges
of both nanomaterials to be “visible” for attraction to occur.
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In Chapter 2, counterintuitive findings led us to investigate a size range of AuNPs that
this phenomenon encompasses. We hypothesized that changing the core diameter of AUNPs
may lead to aggregates containing crystalline characteristics. In this study, AuNPs of 1.6 and 8.6
nm diameter were synthesized and functionalized with the self-assembled monolayer (SAM) of
N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA), to render the surface
positively charged. The electrostatic assembly between the Mo-132(a-b) clusters and AuUTMA of
ca. 1.6 and 8.6 nm dia. was investigated in terms of the aggregation dependence on the [Mo-
132]:[Au] stoichiometry. The unanticipated results have led to a more detailed understanding to
how these nanomaterials link together and parameters which may reveal key parameters to

crystallization.

3.2  Experimental

All chemicals were used as obtained without further purification. Acetic acid, sulfuric
acid, hydrochloric acid, ammonium acetate, sodium chloride, and sodium acetate, were all
purchased from Fisher. Hydrazine sulfate, ammonium chloride, ethanol, triphenylphosphine,
trisodium citrate, diethyl ether, and gold (I11) chloride trihydrate were all purchased from Sigma-
Aldrich. Ammonium molybdate was purchased from Alfa Aesar. Ammonium hydroxide was
purchased from J.T. Baker. Ammonium sulfate was purchased from VWR. The pH of the
solutions were measured using pHydrion vivid 1-11® pH paper. Water was distilled above

3.0MQ in-house using a Barnstead Model 525 Biopure Distilled Water Center.

3.2.1 Synthesis of (NH4)s[{(M0")YM0"'5021(H,0)e}12{M0",04(CH3COO)}s0]-
=300 H,0 - =~ 10 CH;COONH, (Mo-132a)

Prepared according to the literature®*;
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See Chapter 2 Experimental Section 2.2 for further details.

3.2.2  Synthesis of (NH4)72[{(M0")M0"'5021(H20)6}12{M0"204(SO4)}50] - =200 H,O
(Mo-132b)

Prepared according to the literature®”:

See Chapter 2 Experimental Section 2.2 for further details.

3.2.3 Synthesis of N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride
(TMA) Functionalized Gold Nanoparticles (1.6 nm core)

Triphenylphosphine stabilized gold nanoparticles were synthesized according to the
literature.*® Briefly, HAuCI, 4-H,0 (0.101g) and tetra-n-octylammonium bromide (0.159g,
TOAB) was added to a 5mL:6.5mL solution (toluene:water, degassed Ar). After the organic
layer turned orange, triphenylphosphine (0.232g) was added where the biphasic solution turned
cloudy white. After at least 10 minutes, NaBH, (0.146g, 10mL water) was rapidly added and the
resulting dark brown solution was stirred for 3 hours. The solution was then washed with
hexanes, saturated sodium nitrite, and 2:3 methanol:water solution to yield solid black
Au101(PPh3): Cls.

After purification, Auio1(PPh3)21Cls (2mL, dichloromethane) was mixed with TMA
(100uL, SmM) in an EtOH solution for 3 hrs. A bi-phasic solution was obtained by adding 2 mL
of ultra-pure water with ~ 2.0 mg of TMA (undissolved) to the stirring solution and left
overnight. The clear dichloromethane layer was extracted and the aqueous layer was washed

with (2 x 3 mL) dichloromethane to remove any excess ligand or unreacted Aui;1(PPh3)2:Cls.
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3.2.4 Synthesis of N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride
(TMA) Functionalized Gold Nanoparticles (8.6 nm core)

In a typical synthesis, citrate stabilized gold nanoparticles were prepared according to
Maye.* Briefly, HAuCl, (19.7 mg, 1.0 mmol) in H,O (50 mL) was slowly heated to 97 C. A 10
mL aqueous solution of trisodium citrate (111.8 mg, 38 mM) was added to the warm HAuCl,
solution, whereupon the solution changed from a yellow hue to a ruby red color within 5-10
minutes. After the color change, the solution was removed from heat and left to stir overnight
(~16 hrs).

To prepare TMA-capped Au, TMA (2.6 mg, 0.009 mmol) was first dissolved in 2 mL of
ethanol. Aliquots of the TMA solution (5uL) were added to 2 mL of Citrate-capped Au (10
min.) until the {-pot. stabilized at { = 32.2 £ 2.1 mV to confirm complete transfer of the thiolate
ligand. TEM indicated the formation of citrate-capped Au (d = 8.6 £ 0.7 nm).

3.3 Instrumental

3.3.1 Zeta-potential Measurements ({-Pot)

The effective surface charge of varying [Mo-132(a,b)]:[Au] solutions were measured on
the Malvern Zetasizer ZS in zeta analysis mode with a {-potential range of -200 to +200 mV in a
folded capillary cell operating at an effective voltage of 150 mV. Data were obtained using the
Smoluchowski theory.

3.3.2 Dynamic Light Scattering (DLS)

The size of individual solutions of varying ratio of [M0-132(a,b)]:[Au] were performed

on the Malvern Zetasizer ZS utilizing a 173° backscattering detector. Individual solutions
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varying in the ratio of [Mo-132a]:[Au] ranged from O to the corresponding precipitation point
were studied.

3.3.3 UV-visible Spectroscopy (UV-vis)

Optical properties and stability of gold nanoparticle solutions were evaluated in pure
water solutions using UV-vis spectroscopy (Varian Cary 50 spectrophotometer) in the
wavelength range of 300 to 800 nm with a scan rate of 3000 nm/min. In a typical experiment
with Mo-132(a,b), solutions from {-potential experiments were placed in 1.0 mL glass cuvettes.

3.3.4 Transmission Electron Microscopy (TEM)

TEM measurements were performed on a JEOL 2000EX instrument operated at 90 kV
with a tungsten filament (SUNY-ESF, N.C. Brown Center for Ultrastructure Studies). Particle
sizes were analyzed manually with statistical analysis performed using ImageJ software on
populations of at least 200 counts.

3.3.5 Thermogravimetric Analysis (TGA)

TGA experiments were performed on a Perkin EImer Pyris1 TGA with a thermal analysis
gas station and under O, purge with a heating rate of 10 °C/min. The samples were drop cast as

neat solutions or powders and dried thoroughly before analysis.

34 Results and Discussion

This section describes the synthesis and characterization of gold nanoparticles capped
with N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (AuTMA) with core diameters
of ca. 1.6 and 8.6 nm. We then describe how the change in core diameter in comparison to our
results in Chapter 2 influences the electrostatic assembly mediated with Mo-132 clusters.

Scheme 3.1 shows an idealized view of the electrostatic assembly between AUTMA of core
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diameters ca. 1.6, 4.4, or 8.6 mediated with the negatively charged Mo-132 clusters to form the
binary AUTMA+Mo-132 aggregates. (For characterization and synthesis of gold nanoparticles of
4.4 + 0.7 nm ca. diameter please refer to Chapter 2. Characterization of the resulting positively
charged gold nanoparticles via transmission electron microscopy (TEM), and Thermal

Gravimetric Analysis (TGA) is illustrated in Figure 3.4.)

- - R o0 10y
+ ¥ - r = [Mo-132]:[AuTMA] @ @ -
_ g I £ 63
Electrostatic Assembly T gz

a=CH,COO" b=S0>>

D=ca. 1.6,4.4,0r 8.6 nm

Scheme 3.1: An idealized representation of the electrostatic assembly between positively
charged AuUTMA of diameter 1.6, 4.4, and 8.6 nm and negatively charged Mo-132 analogues (a-
b), forming Au-Mo-132(a-b) aggregates whose assemblies are tailored by molar ratios (r).
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3.4.1 Synthesis and Characterization of 1.6 and 8.6 nm AuTMA

Gold nanoparticles coated with triphenylphosphine (PPhs) were modified with TMA via
ligand exchange which resulted in nanoparticles with diameters of ca. 1.6 nm.>***' The resulting
positively charged 1.6 nm AuTMA nanoparticles were characterized through TGA and Ultra-
violet visible spectroscopy (UV-vis). It should be noted that low contrast due to fewer gold

atoms in the nanoparticle core resulted in poor quality TEM analysis. Therefore, TEM analysis

will not be provided for the characterization of 1.6 nm AuTMA.

Weight Loss %

40 T I T | T W T W T
100 200 300 400 500 600
Temperature (C°)

Figure 3.4: TGA analysis of 1.6 nm AuTMA showing a weight loss of 35.58%

TGA analysis was used to determine the mass loss associated with TMA ligands (Figure
3.4). We estimated the size, number of ligands, and composition of the gold nanoparticle to
yield an approximate formula of Au101 TMA3sClzg. These results are consistent with the literature
formulation of Aujp1(PPhs)21Cls from Hutchinson et. al. for an AuNP of similar dimensions.>®

Gold nanoparticles of diameter 8.6 nm were synthesized using a modified Turkevich

method with a trisodium citrate capping ligand, then modified with TMA via ligand exchange.
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The resulting positively charged 8.6 nm AuNPs were observed via transmission electron

microscopy (TEM), shown in Figure 3.5.

s% B ;}_5,'{-{:,"". r";{q
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Figure 3.5: TEM image of 8.6 + 0.7 nm AuTMA.

UV-vis spectroscopy was used to observe the surface plasmon resonance of both 1.6 nm
and 8.6 nm AuNPs (Figure 3.6). In plasmonic nanomaterials (i.e. gold, silver, composites, etc.)
there exists a size dependent property in which electromagnetic fields arise at nanoparticle
surfaces called surface plasmon resonance (SPR).* The SPR of noble metal nanoparticles is (1)
experimentally measured using extinction spectroscopy (i.e. scattered and absorbed light);** (2)
dependent on the distance matter is from the nanoparticle surface;* (3) theoretically predicted
using Mie theory;** and (4) dictated by nanoparticle composition, shape, size, and local
|.44—46

environment surrounding the core nanomateria
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Figure 3.6: (a) Absorbance spectra of Au core sizes 1.5 and 8.6 nm. A comparison to the

previously analyzed 4.4 nm Au shows a red-shift of the 8.6 nm Au that is characteristic of a

larger core diameter as well as a dampening effect of the SPR band for cores smaller than 2.0

nm. (b) Linear plot of absorbance and concentration of 1.6 nm AuTMA to yield & = 1.45x10° M
11
cm-.

As it can be seen the characteristic SPR peak near 520 nm is present for 8.6 nm AuTMA.
However for 1.6 nm AuTMA this characteristic SPR peak is not observed. Since the SPR peak
is dependent on the size of gold nanoparticles, a decrease in the SPR peak is observed. The SPR
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peak weakens and becomes less pronounced due to the damping effect such that the smaller
sized nanoparticles yield smaller amounts of electron density of the gold core.3* 44
Concentrations of gold nanoparticles with diameters < 2.0 nm can be difficult to determine
because of the absence of the SP band at ~ 520 nm. (Figure 3.6(a))*** In addition to
concentration, the molar absorptivity (¢) needs to be determined for the gold nanoparticles for
future characterization. The molar absorptivity (Figure 3.6(b)) determined by plotting the
maximum absorbance at 520 nm of varying dilutions against the concentrations was determined

to be £ = 1.45x10° M™cm™. With characterization of 1.6 nm AuTMA and 8.6 nm AuTMA

complete, self-assembly was then studied.

3.4.2 Van der Waals Attraction in AuUTMA+ Mo-132 systems

It is well known in colloid science that nanoparticles have a tendency to aggregate and
form larger frameworks, superlattices, and superstructures. The driving force behind the
formation of these structures is van der Waals attraction which is derived from the Derjarguin
approximation. For two spherical nanomaterials of radii a; and ay, the van der Waals attraction

can be defined as:>°>2

R%Z—(ai+a;)? ]
RZ—(%—az)z) =a-1

+ In(

A [ 2a1a2 2a1a2

Voaw = —2
vaw 6 RZ—(a1+a2)2 RZ—(al—az)Z

where R is the internuclear separation distance between the two nanomaterials, and A is the
Hamaker constant. The van der Waals attraction force differs when gold nanoparticles of

varying core diameter interact with Mo-132 (Figure 3.7).
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Figure 3.7: Calculated van der Waals attraction potentials for gold nanoparticles of 1.6, 4.4, and
8.6 nm core diameters with Mo-132.

Figure 3.7 represents the van der Waals attraction potentials for gold nanoparticles of
1.6, 4.4, and 8.6 nm diameters with Mo-132. The gold Hamaker constant (Aay-ay) from the
literature varies from 1 — 4-10™° J; therefore the average of Aau-au = 2.5-107° J was used.**>* To
the author’s knowledge, no previous literature prior to this work documented a Hamaker constant
of either Mo0-132, Mo-154, or M0oOs. Therefore the Hamaker constant for WO; from the
literature was used, with Aw.o=2.1-10%° J.>* Since Hamaker constants of metal oxides are in

the range of 1-3-102° J, this value was judged adequate for Mo-132 and Mo-154.

A=\ (Apy - Amo)? EQ.2
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These approximations led to several observations where: (1) van der Waals attraction increases
as gold nanoparticle diameters increase. (2) Since the origin of the van der Waals forces lies in
the instantaneous dipole generated by the fluctuation of electron cloud surrounding the nucleus
of electrically neutral atoms, the relatively small sized Mo-132 (~2.9 nm) is expected to have
weaker van der Waals forces. (3) The larger Hamaker value of the more dense gold
nanoparticles yield stronger van der Waals forces which are expected to predominant in the
electrostatic assembly of AUTMA and Mo-132. For the purposes of crystallization, larger gold
nanoparticles with stronger van der Waals forces may lead to faster kinetics and unorganized

assembly.

3.3.3 Self-Assembly Investigation of 1.6 nm and 8.6 nm AuTMA

In Chapter 2, we observed a rgo of ~10 for the self-assembly of Mo-132a and ~14 Mo-
132b. We note here that the larger rgo for Mo-132b was ascribed to increased concentration of
counter-ions surrounding both the 4.4 nm AuTMA and Mo-132 nanomaterials. We looked to
investigate the electrostatic interactions through a size regime of gold nanoparticles to further
understand how these nanomaterials assemble. First, a comparison must be made by analyzing
the equivalence point ratio, [Mo0-132]:[Au], between 1.6 nm, 4.4 nm, and 8.6 nm AuTMA with
the acetate and sulfate derivatives of Mo-132 clusters (Q =-42 and -72, respectively). These
studies will aid in understanding the screening effects that we observed in our previous work.

We first take a look at the larger 8.6 nm AuTMA nanoparticle.
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Figure 3.8: Representative UV-vis spectra of Mo-132a, 8.6 nm AuTMA, and AuTMA+Mo-132a
assemblies at r = [Mo-132a]:[Au] = 12:1, 16:1, 20:1, 24:1, 28:1.

To begin, the self-assembly between Mo-132(a-b) and 8.6 nm AuTMA was induced by
adding aliquots of Mo-132(a-b) ([Mo] = 25 uM) to a solution of AUTMA ([Au] = 0.6 uM) at
increasing molar ratios, r = [Mo-132]:[Au] = 0 to 28. Figure 3.8 shows the optical absorption
characteristics of Mo-132a, 8.6 nm AuTMA, and the Mo-132a+AuTMA electrostatic assemblies.
Upon initial addition of Mo-132(a-b), a colorimetric transition from red to pale red was observed
along with an increase in absorbance. At r >20, a decrease in absorbance along with a red-shift
is observed due to AUTMA+Mo-132a cluster formation. The spontaneous precipitation of the
AUTMA -Mo-132 aggregates occurs at r =28. This observation was further studied with -Pot.

analysis for both Mo-132(a-b) clusters.
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Figure 3.9: Zeta potential (-pot.) measurements for (a) Mo-132a and (b) Mo-132b mediated
assembly of 8.6 nm AuTMA at increasing r = [Mo-132]:[Au].
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Figure 3.9(a) shows a representative set of {-Pot measurements for the Mo-132a +
AUTMA system at increasing r. The initial 8.6 nm AuTMA particle has a charge of { =32.2 &+
2.1 mV, which decreases slowly in the range r = 0 to 25, which is indicative of the Mo-132a
interacting with and screening the AUTMA charge. At r > 25 a sharp decrease in { is detected,
with neutralization ({ = 0 mV) occurring at r =~ 28. At r > 28 there is a negative overall charge (C
~ -28 mV) which remains relatively invariant, due to both the presence of excess Mo-132a, as
well as the likelihood that each assembled aggregate is terminated by it. In Figure 3.9(b), a
representative set of (-Pot measurements for the Mo-132b + AUTMA system is shown. At
increasing r, a slow decrease is observed in the range r =0 to 30. Atr > 30 a sharp decrease in
is detected, with a neutralization ({ = 0 mV) occurring at r = 33. At r > 33 there is a negative

overall charge { =~ -32 mV.

The larger 8.6 nm AuNP produced an analogous counterintuitive effect as previously
observed for 4.4 nm Au, where Mo-132b provided a higher equivalence point rgg at ~33
compared to ~28 for Mo-132a. In a similar fashion to our previous studies with the 4.4 nm
AUNP, we attribute our findings to the same effects, where the incoming nanomaterial must first
encounter a double-layer, and then displace the surface counter-ions. These electrostatic changes
at the interfaces of the particles influence the effective {-Pot being measured. For instance, as
the particles come together, ion displacement of CI" anions from AuTMA with diameters of ca.
4.4 or 8.6 and NH," cations from Mo-132a-b must occur for the charges to become visible to one
another. The ion displacement is related to charge change, ion charge, and ionic strength. Thus
Mo-132b, with an internal charge of -72, is regulated by a higher concentration of NH," counter-
ions than Mo-132a, internal charge is -42, resulting in stronger coulombic attraction. This in turn

lessens the attraction for AUTMA, and decreases Kkinetics, resulting in the higher equivalence

77



point. This theory was supported by Figure 2.7, in which an increase in ionic strength resulted

in a higher rg.

To justify our findings, 1.6 nm AuNPs were next investigated to observe whether our
counter intuitive results would remain in effect for nanoparticles that were more similar in size to

Mo-132 clusters.

To begin, the self-assembly between Mo-132(a-b) and 1.6 nm AuTMA was induced by
adding aliquots of Mo-132(a-b) ([Mo] = 300 uM) to a solution of AuTMA ([Au] =47.5 uM) at
increasing molar ratios, r = [Mo0-132]:[Au] = 0.1 to 5. Figure 3.10(a) shows the optical
absorption characteristics of Mo-132a, AUTMA, and the Mo-132a+AuTMA electrostatic
assemblies. At r >0.6, a decrease is observed due to the presence of relatively small
AUuTMA+Mo-132a clusters, followed by the growth of a large aggregate. Figure 3.10(b) shows
the optical absorption characteristics of Mo-132b, AUTMA, and the Mo-132b+AuTMA
electrostatic assemblies. Upon initial addition of Mo-132(a-b), a colorimetric transition from
pale brown to dark brown was observed along with an increase in absorbance. This increase
upon the addition of Mo0-132(a-b) in solution is likely due to the SPR overlap and similar
extinction coefficients (g = 1.45x10° M‘em™ and 1.85x10° M *em™ for AUTMA and Mo-132,
respectively). Since the SPR band for AUTMA is dampened, the Mo-132 may play more of a role
in the UV-vis spectra. This is evident by the flattening of the band at the wavelength (X) 455 nm,
assigned to Mo-132. At r >0.4, a decrease in absorbance is observed due to AuUTMA+Mo-132b
cluster formation. The spontaneous precipitation of the AUTMA -Mo-132 aggregates occurs at r

=0.6 to 1. This observation was then investigated by {-Pot. analysis.
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Figure 3.10: Representative UV-vis spectra of (a) Mo-132a, 1.6 nm AuTMA, and AuUTMA+Mo-
132a assemblies at r = [Mo0-132a]:[Au] = 0.2:1, 0.4:1, 0.6:1, 0.8:1, 1:1. (b) Mo-132b, 1.6 nm
AUTMA, and AuUTMA+Mo-132b assemblies at r = [Mo-132b]:[Au] = 0.2:1, 0.3:1, 0.4:1, 0.5:1,
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Figure 3.11: Zeta potential (-pot.) measurements for (a) Mo-132a and (b) Mo-132b
mediated assembly of AUTMA at increasing r = [Mo0-132]:[Au].
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Figure 3.11(a) shows a representative set of (-Pot measurements for the Mo-132a + AUTMA
system at increasing r. The initial AuUTMA particle has a charge of { =40.3 £ mV, which
decreases slowly at r = 0 to 0.5, which is indicative of the Mo-132a interacting with and
screening the AUTMA charge. At r > 0.5 a sharp decrease in ( is detected, with neutralization ({
~ 0 mV) occurring at r = 1.0. At r > 1.0 there is a negative overall charge ({ = -50 mV) which
remains relatively invariant, due to both the presence of excess Mo-132a, as well as the
likelihood that each assembled aggregate is terminated by the molybdate cluster. In Figure
3.11(b), the initial 1.6 nm AuTMA particle has a charge of { = 40.3 £+ mV, which has a subtle
decrease between r =0 to 0.5. Atr > 0.5 a sharp decrease in ( is detected, with neutralization ({
~ 0 mV) occurring at r = 0.6. At r > 0.6 there is a negative overall charge ({ = -50 mV) which
remains relatively invariant, due to both the presence of excess Mo-132b, as well as the
termination of each assembled aggregate is terminated by it. These trends toward
electroneutrality correspond closely with the bulk precipitation observed via UV-vis (Figure

3.10).

For example, Figure 3.12 shows a plot of the SPR absorbance maxima (520 nm),
measured in parallel to  -Pot measurements. For the assembly with Mo-132a, a drop in
absorbance is detected at r = 0.8, correlating with the aggregation. The same effect can be

observed at r = 0.5 for Mo-132b.
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Figure 3.12: The corresponding plot of AUTMA with Mo-132(a-b) at absorbance maxima (520
nm) decreases with increasing r.

In comparison with both 4.4 and 8.6 nm AuTMA, we observe an intuitive effect of the
higher anionic charged Mo-132b having a lower rgg at the point of electroneutrality of ~0.6
compared to ~1.0 for Mo-132a. This reversal can be supported by the higher anionic charge of -
72 for Mo-132b generating a stronger coulombic attraction with the smaller 1.6 nm AuTMA. It
can be suggested that these results can be rationalized by several factors. First, the smaller
diameter of the 1.6 nm Au allows for better size compatibility to Mo-132 (~2.9 nm) than that of
4.4 and 8.6 AUNPs. This allows for more of an “ion-ion” interaction compared to Mo-132 acting
more as a surfactant for the larger 4.4 nm AuNPs. It also can be suggested that the composition
of 4.4 nm Au yields a higher concentration of CI” counter-ions with approximately a 20 fold

increase when comparing Auzi00 TMA760Cl760 t0 Auror TMAgs.
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Another influence can be attributed to the deflection angle of between ligands on a

particle surface (Figure 3.3). A simple approximation can be calculated by:** *°

R= /&7‘:’*’”2 =0.102nm? (Eq. 1)

where R is the radius approximation of the surface area that one TMA ligand takes up on the
nanoparticle surface. 0.102 nm? is the area per MesN* molecule on the gold nanoparticle

surface.

Deflection angle (6) = [%] -% (Eq. 2)

Using Eq. 1, the deflection angle between TMA ligands can be approximated using Eq. 2, where
r is the gold nanoparticle radius. To simplify calculations, the approximation assumes that R
remains the same throughout the range of nanoparticle sizes, the numbers of smaller or larger
AuUNPs were equal, a uniform distribution of MesN™ across the AuNP surface, and complete

ligand coverage on the gold nanoparticle surface.'®

Table 3.1: As the gold diameter decreases the deflection angle between two TMA ligands on
AUTMA of diameter ca. 1.6, 4.4, or 8.6 increases.

Gold Diameter (nm) Deflection Angle (0°)
1.6 14.6
4.4 5.3
8.6 2.7

For particles of size 1.6 nm, 4.4 nm, and 8.6 nm we have approximated deflections angles

of 14.6°, 5.3°, and 2.7°, respectively. The increase in angle as the gold nanoparticle diameter
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decreases allows for TMA head groups to be further apart which in turn decreases their repulsive
forces. This results in weaker coulombic forces requiring fewer CI” counter-ions to
counterbalance this effect. This decrease in counter-ions allows for lower counter-ion screening
between Mo-132 and the 1.6 nm Au in turn allowing the anionic Mo-132 to interact with the

MesN™ head groups more readily and favoring the higher charged Mo-132b.
3.5  Conclusions

A great deal has been learned about the self-assembly of these nanomaterials that may
bring us closer to our aim of achieving crystallization. In solutions of gold nanoparticles of
opposite charge two key parameters control the crystallization process. (1) The charge on both
entities must be of equal magnitude (Q* = Q) and (2) The size of both entities must be
approximately equivalent.” In this chapter, we observed a rgo of = 1.0 for the 1.6 nm AuTMA+
Mo-132a system, suggesting that one of these key parameters has been realized. Since
amorphous aggregates still occurred for this system, size equivalence should also be considered.
When discussing size equivalence, one must not only take into account the core diameter, but
include the TMA ligands (~1.9 nm). When these are taken into account, the diameters of 1.6,
4.4, and 8.6 nm AuNPs grow to ca. 5.4, 8.2, and, 12.4 nm, respectively. These observations are
relevant for the pursuit of crystalline composites, and the next step in these studies is to
synthesize a gold nanoparticle of ~3.0 nm dimensions when the ligand length is included. Future

work will incorporate both parameters and may possibly lead to a novel superlattice structure.
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Chapter 4

Electrostatic Assembly of Gold Nanoparticles Meditated
by (NH4)28[|V|0154(NO)140420(OH)14(H20)7o]' 350 H,O (MO-154)
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4.1 Introduction

Today, nanotechnology focuses on the development of optical, electrical, and magnetic
properties of nanomaterials with respect to their size, shape, and surface chemistry.*® In terms of
shape, non-spherical nanomaterials have only recently been a focus of interest the field. This
observation may be due to two challenges: (1) non-spherical morphologies present difficulties in
the understanding of solid state fundamentals and (2) the interfacial adsorption and reaction
involved in crystal growth and mineralization are not well understood.? These considerations
have been a cause of the limitations for expansion of novel nanomaterials. However, recent
innovative approaches to particle syntheses have yielded nanowires'®, nanotubes*!, nanorods'?,

14-16

nanocubes™, and many other exotic structures'**®, which have led to a remarkable variety of

nano-sized building blocks of different shapes, compositions, patterns, and functionalities.

The geometry of these building blocks can lead to optical, electronic, magnetic and/or
chemical anisotropy which has attracted attention to the role of shape in self-assembly.>®4/
This anisotropy likely leads to these nanomaterials interacting in completely different ways than
their spherical counterparts.>*® For example, Fe,O3 superparamagnetic nanorods conjugated with
anti-MAP antibodies were efficiently used as magnetic sensors for the detection of bacteria,
where due to their magnetic and shape anisotropy, they were found to be superior to similar
spherical nanoparticles.’® The influence of shape of nanomaterials affects the geometry of their
close-packing, the directionality of the interactions, the selectivity of the interactions, the
connectivity between nanomaterials in their assembly, the attraction between the individual
nanomaterials, and the dynamic aspects of their assembly.**

In terms of directionality, long range interactions such as electrostatic and magnetic

interactions of non-spherical nanomaterials results in anisotropic electric and magnetic

90



polarizabilities, possibly exploiting directional interaction potentials.” For example, the
curvature of a surface regulates the distribution of surface charge, affecting the strength of

electrostatic forces between nanomaterials.??2*

Since shape affects numerous parameters, it will become an essential part in the
understanding and use of self-assembly. Its interactions with matter, independent of scale, allows
the investigation of multi-scale processes such as self-assembly. The nanoscale, affected by
forces in both molecular and microscopic scales, provides a perfect scale to investigate shape
interactions.'® However, the nanoscale also provides challenges such as polydispersity that may

hinder the development of a systematic understanding of these interactions.

The precise diameter of 3.5 nm and quantized 28 negative charge makes the ring-shaped
(NH4)28[M0154(NO)140448H14(H20)70] - 350 H,0 (Mo-154) an ideal candidate in the
investigation of electrostatic self-assembly. Mo-154 is a strong electrolyte that completely
dissociates in aqueous solution to give a nanoscopic cluster.”>*’ The intriguing feature of this
compound is its ring shape that may offer a unique approach for analyzing the electrostatic
interactions between this class of polyoxomolybdates and gold nanoparticles. This ring-shaped
structure is comprised of 140 MoOg units and 14 pentagonal bipyramidal sites with a central
cavity size in the nanometer range and a high surface area with the outer edges of the ring having
a high electron density, which explains its high affinity for adsorbents.” This localized electron
density leads to a polarizability which may influence the directionality of electrostatic

interactions between Mo-154 and spherical gold nanoparticles.

The electrostatic attraction between the Mo-154 and gold nanoparticles brings a new

dimension into the self-assembly of gold nanoparticles and polyoxomolybdates. Specfically, the
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ring shape structure of Mo-154 leads to asymmetric factors such as electron density and
connectivity that may affect the self-assembly. The higher electron density regions of the Mo-
154 are located at the edges of the ring structure, whereas in Mo-132, a relatively equal
distribution across the sphere is present. This permits attractive forces of equivalent strength to
take place regardless of the orientation of the Mo-132. The orientation of the Mo-154 in the

presence of the Au nanoparticle may have an effect on its attraction toward the nanoparticle.

Along with electron density, the connectivity of the Mo-154 with the Au nanoparticles
may also play a crucial role in the precipitation point of the assembled aggregates. In Scheme
4.1, we see two possible ways that the Mo-154 could be attached to the Au nanoparticle. It is
possible that the Mo-154 clusters all attach in the same orientation around the Au nanopatrticle,
however, it can also be suggested that there is a mixed orientation of the Mo-154 surrounding the

nanoparticles and this may affect how the zeta potential is interpreted.
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o wata
k8o = r=[Mo-154]:[AuTMA]

%9 =  Electrostatic Assembly

Scheme 4.1: An idealized representation of the electrostatic assembly between positively
charged AUTMA and negatively charged Mo-154 forming Au-Mo-154 aggregates whose
assemblies are tailored by molar ratios (r). (a) Attachment of the Mo-154 by the outer ring
diameter to the AUTMA. (b) Mixed orientation of Mo-154 attachment to AUTMA, where
attachment occurs by the outer ring diameter as well as the side surface of the ring structure. (c)
Attchment occurs between AUTMA and the side surface of the ring structure of Mo-154.

We hypothesize that electrostatic assembly between the
(NH4)28[M0154(NO)140445H14(H20)70] 2 clusters and AuTMA will be affected by shape which
may directly play a role in the [Mo-154]:[Au] stoichiometry of tailored aggregation. A
comparison between these results and results from Chapters 2 and 3 may enlighten our
observations. First, gold cores of 1.6 and 4.4 nm diameter functionalized with N,N,N-
trimethyl(11-mercaptoundecyl)ammonium chloride (TMA) self-assembled monolayers and

(NH4)28[M0154(NO)140448H14(H20)70] clusters are synthesized. Then the tailored aggregations
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dependent on the [Mo-154]:[AuTMA] stoichiometry are studied by dynamic light scattering

(DLS), zeta-potential analysis (-Pot), and absorption spectroscopy (UV-vis) of the Au
TMA surface plasmon resonance band (SPR).
4.2  Experimental

All chemicals were used as obtained without further purification. Acetic acid, sulfuric
acid, hydrochloric acid, ammonium acetate, sodium chloride, and sodium acetate, were all
purchased from Fisher. Hydrazine sulfate, ammonium chloride, ethanol, triphenylphosphine,
hydroxyl amine, diethyl ether, and gold (111) chloride trihydrate were all purchased from Sigma-
Aldrich. Ammonium molybdate was purchased from Alfa Aesar. Ammonium hydroxide was
purchased from J.T. Baker. Ammonium sulfate was purchased from VWR. The pH of the
solutions were measured using pHydrion vivid 1-11® pH paper. Water was distilled above

3.0MQ in-house using a Barnstead Model 525 Biopure Distilled Water Center.

42.1 Synthesis of (NH4)28[M0154(N0)140448H14(H20)70] - 350 H,O (MO-154)

Prepared according to the literature®:

Water (200 mL), Na;MoO, - 2 H,0O (7.46 g, 30.8 mmol), NH;VVO3 (1.19 g, 10.2 mmol),
NH,OH - HCI (12.83 g, 184.6 mmol), and HCI (3.5% v/v, 9.5 mL) were added to a 500 mL
Erlenmeyer flask The mixture was stirred for 2 minutes, then heated to 65°C in a 500 mL
Erlenmeyer flask covered with a watch glass for 20 hours without stirring Dark blue crystals
precipitated out during this time, which were filtered out using filter paper. These crystals were

washed with EtOH and diethyl ether then placed in a desiccator under argon to dry.
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4.2.3 Synthesis of N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride

(TMA) Functionalized Gold Nanoparticles (1.5 nm core)

See Chapter 3 Experimental Section 3.2 for further details.

4.2.4 Synthesis of N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride

(TMA) Functionalized Gold Nanoparticles (4.4 nm core)

See Chapter 2 Experimental Section 2.2 for further details.

4.3 Instrumental

4.3.1 Zeta-potential Measurements (C-Pot)

The effective surface charge of varying [Mo-154:Au] solutions were measured on the
Malvern Zetasizer ZS in zeta analysis mode with a {-potential range of -200 to +200 mV in a
folded capillary cell operating at an effective voltage of 150 mV. Data were obtained using the

Smoluchowski theory.

4.3.2 Dynamic Light Scattering (DLS)
The size of individual solutions of varying ratio of [Mo-154]:[Au] were performed on the
Malvern Zetasizer ZS utilizing a 173° backscattering detector. Individual solutions varying in the

ratio of [Mo-154]:[Au] ranged from O to the corresponding precipitation point were studied.

4.3.3 UV-visible Spectroscopy (UV-vis)
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Optical properties and stability of gold nanoparticle solutions were evaluated in pure
water solutions using UV-vis spectroscopy (Varian Cary 50 spectrophotometer) in the
wavelength range of 300 to 800 nm with a scan rate of 3000 nm/min. In a typical experiment

with Mo-154, solutions from C-potential experiments were placed in 1.0 mL glass cuvettes.

4.4 Results and Discussion

44.1 Self-assembly of (N H4)28[M0154(NO)14O448H14(H20)70] - 350 H,0O with

4.4 nm AuTMA

In Chapters 2 and 3, the self-assembly using various derivatives of the spherical Mo-132
was observed with gold nanoparticles within a specified size domain. We now explore the
electrostatic interactions of gold nanoparticles with the non-spherical ring-shaped
polyoxomolybdate (NH4)25[M0154(NO)140448H14(H20)70] - 350 H,O (Mo-154) to further
investigate their self-assembly. This study will first describe the equivalence point ratio, [Mo-
154]:[Au], of 1.6 and 4.4 nm AuTMA with Mo-154 . Next, a comparison will be made between
the equivalence point analysis of Mo-154 and previously investigated Mo-132(a-b). We begin

with the observation of the electrostatic assembly of 4.4 nm AuTMA mediated by Mo-154.

Self-assembly is effected by the addition of Mo-154 aliquots to a solution of 4.4 nm
AUTMA ([Au] = 0.7 uM) at increasing molar ratios, r = [Mo0-154]:[Au] = 1 to 30. The progress
of the assembly, the aggregate size, and the charges of the aggregates were monitored in-situ
with UV-vis, DLS and zeta potential measurements ((-Pot). Figure 4.1 shows the optical
absorption characteristics of the assembly system. Because the SPR is sensitive to changes in

particle size, local dielectric media changes, as well as coupling between particles in close
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proximity, it serves as a convenient method to follow self-assembly. For instance, Figure 4.1
shows the UV-visible spectra of Mo-154, 4.4 nm AuTMA, and the Mo-154+AuTMA
electrostatic assemblies. Atr > 6, a subtle red-shift is observed, as well as a decrease in
extinction, which is attributed to the assembly of the relatively small AUTMA-Mo-154 clusters,

followed by the spontaneous precipitation of the AUTMA-Mo-154 aggregates occuring at r = 8.

1.5 51 _~— AUTMA (4.4 nm)
7~ 3:1

Abs

I I |
400 500 600 700 800
Wavelength (nm)

Figure 4.1: Representative UV-vis spectra of Mo-154, 4.4 nm AuTMA, and AuUTMA+Mo-154
assemblies at r = [Mo-154]:[Au] = 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, and 8:1.
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Figure 4.2: Zeta potential (-pot.) measurements for Mo-154 mediated assembly of 4.4 nm
AUTMA at increasing r = [Mo-154]:[Au].

Figure 4.2 demonstrates a set of {-Pot measurements for the Mo-154 + AuTMA system
at increasing r. The initial 4.4 nm AuTMA particle has a charge of {=42.0 + 1.39 mV, which is
consistent with previous studies.”®** This value decreases slowly at r = 0 to 3, which is
indicative to the interaction between Mo-154 with AUTMA as the charges are screened. Atr >3
a decrease in ( is detected, with neutralization ({ =~ 0 mV) occurring at r ~ 8. Atr > 8 thereis a
negative overall charge ({ =~ -30 mV) which remains relatively invariant, due to both the presence
of excess Mo-154, as well as the likelihood that each assembled aggregate is terminated by it.
This trend towards electroneutrality corresponds closely with the bulk precipitation observed via

UV-vis (Figure 4.3).
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Figure 4.3: Absorbance maxima at 520 nm and hydrodynamic radius (Dy) corresponding to the
self-assembly of Mo-154 and 4.4 nm AuTMA, where absorbance decreases as [Mo-154]:[Au]
increases to r = 8 and Dy, increases with r.

For example, Figure 4.3 shows a plot of the SPR absorbance maxima (520 nm),
measured in parallel to { -Pot measurements. At r = 8, a drop in absorbance is detected,
correlating with the aggregation. The hydrodynamic properties of the system were then probed
by DLS. Figure 4.3 shows a plot of hydrodynamic diameter (Dy,) with r. As observed above,

rapid aggregate growth to Dy, > 1400 nm was measured at r =~ 8.

The results were in good agreement to data previously shown in Chapter 2, where the rgo,
ratios at the point of electroneutrality for Mo-132a of charge -42 and Mo-132b of charge -72
were 10 and 14, respectively.>* Just as in Chapter 2, the assembly between 4.4 nm AuTMA and
Mo-154 involves the displacement of CI" and NH4" counter-ions in the double layer. Since the

relative charge of -28 mV for Mo-154 requires a lower concentration of NH," counter-ions and
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weaker coulombic attraction, it in turn strengthens the attraction for 4.4 nm AuTMA and

increases kinetics. This resulted in a lower equivalence point of rgp = 8.

4.3.2 Self-assembly of (N H4)28[M0154(NO)140448H14(H20)70] - 350 H,0O with

1.6 nm AuTMA

For self-assembly between Mo-154 and 1.6 nm AuTMA, aliquots of Mo-154 were added
to a solution of AuTMA ([Au] =47.5 uM) at increasing molar ratios of r = 0.2- 0.9. Figure 4.4
shows the optical absorption characteristics of Mo-154, AUTMA, and the Mo-154+AuTMA
electrostatic assemblies in the UV-visible spectra. At r <0.25, an increase in extinction is
observed, which is attributed to the addition of Mo-154 in solution. When r > 0.25 assembly of
the relatively small AUTMA-Mo-154 clusters produces a decrease in extinction, followed by the
growth of a large aggregate at r ~ 0.4. This decrease in extinction is attributed to both the
screening of interior particles, as well as precipitation of the material from solution. The

spontaneous precipitation of the AUTMA-Mo-154 aggregates occurs at r = 0.4.
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Figure 4.4: Representative UV-vis spectra of Mo-154, 1.6 nm AuTMA, and AuUTMA+Mo-154
assemblies at r = [Mo-154]:[Au] = 0.2:1, 0.25:1, 0.3:1, 0.35:1, and, 0.4:1.

Figure 4.5 shows a set of {-Pot measurements for the Mo-154 + AUTMA system at
increasing r. The initial 1.6 nm AuTMA particle has a charge of {=40.3 £2.92 mV. This value
decreases slowly at r = 0 to 0.3, indicative of the charge screening of the interaction between
Mo-154 with AUTMA. Atr > 0.3 a decrease in ( is detected, with neutralization (= 0 mV)
occurring at r = 0.4. At r > 0.4 there is a negative overall charge ({ = -30 mV) due to the
presence of excess Mo0-154, as well as the likelihood that each assembled aggregate is terminated
by the negatively charged particle. This trend towards electroneutrality corresponds closely with

the bulk precipitation observed via UV-vis (Figure 4.6).
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Figure 4.5: Zeta potential ({-pot.) measurements for Mo-154 mediated assembly of 1.6 nm
AUTMA at increasing r = [Mo-154]:[Au].

In Figure 4.6, a plot of the SPR absorbance maxima (520 nm), measured in parallel to { -Pot
measurements is depicted. At r = 0.35, a drop in absorbance is detected, correlating with the
onset of aggregation. The hydrodynamic properties of the system were then probed by DLS,
where a plot of hydrodynamic diameter (Dy) with r shows rapid aggregate growth to Dy, > 4000

nmatr=04.
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Figure 4.6: Absorbance maxima at 520 nm and hydrodynamic radius (Dy,) corresponding with
the self-assembly of Mo-154 and 1.6 nm AuTMA, where absorbance decreases as [Mo-
154]:[Au] increases to r = 0.4 and Dy, increases with r.

These results appear counterintuitive to our findings with respect to 1.6 nm AuTMA in
Chapter 3, in which we observed a rgo of 1 for a Mo-132a of charge -42 and rgo of 0.6 for Mo-
132b with a charge of -72. The lower charge of -28 for Mo-154 would presumably be expected
to have a higher rgo than 1. However, with an observed rgq of 0.4, the introduction of the Mo-
154 Keggin ion introduces some profound questions about the role of shape in these self-
assemblies. It can be suggested that the size and shape of the Mo-154 structure has a degree of
contribution to the lower rgo. Several theories may be proposed to account for each of these
contributions: (1) regions of higher electron density around the periphery of the ring may lead to
a stronger attraction force with the cationic trimethylamine groups of AUTMA. (2) Compared to
the spherical shape of the Mo-132 (a,b), the ring shape of the Mo-154 may allow for reduced
repulsion of counter-ions in the double layer due to the presence of the ~1.5 nm inner cavity of

the ring. This theory may be plausible because compared to a spherical hydrodynamic radius of
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both the Mo-132(a,b) and 1.6 nm AuTMA, the Mo-154 will have a unique hydrodynamic radius
with a thinner radius around the inner cavity, which may allow for counter-ions to flow freely
through its central “void”. The most plausible explanation for such results may be (3) the van
der Waals interactions between Mo-154 and 1.6 nm AuTMA are stronger than those with Mo-

132 (a,b). Figure 4.7 illustrates the results of calculations of the van der Waals attraction forces.

D -
§ -
o .
= -10 _ T — 1.6 Mo-132
> - — 4.4 Mo-132
o . — 1.6 Mo-154
T 7 - 4.4 Mo-154
= .
= ]
< 20
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Interparticle Separation (nm)

Figure 4.7: Comparison of van der Waals attraction forces of AUTMA of size 1.6 and 4.4 nm
with Mo-132a and Mo-154. It is observed that Mo-154 has a stronger attraction force which
may lead to charge compensation at lower rgo.

Figure 4.7 represents the van der Waals attraction potentials for gold nanoparticles of 1.6
and 4.4 diameters with Mo-132 and Mo-154. The gold Hamaker constant (Aau-au) from the
literature varies from 1 — 4-10™° J; therefore the average of Aau-au = 2.5-107° J was used. *** To

the author’s knowledge, no previous literature prior to this work documented a Hamaker constant
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of either Mo-132, Mo-154, or MoO3, Therefore the Hamaker constant for WO; from the
literature was used, with Ay.o=2.1-10%° J.% Since Hamaker constants of metal oxides are in

the range of 1-3-10"2° J, this value was judged adequate for Mo-132 and Mo-154.

A= Vv (Apu 'AMO)2 Eqg.1

For the van der Waals interactions between gold nanoparticles and Mo-132, Equation 2

for sphere-sphere interactions is used.

Voaw = — 6

A 2a.a 2a1a R%2—(aq+a,)?
[ 1Q2 1Q2 Tl( (aq 2))]qu2
R?—(ai+az)? = R?—(a;—ay)? R?2—(ay—a3y)?

However, for the approximation of gold nanoparticles interacting with Mo-154, a different van
der Waals equation must be used due to the non-spherical shape of Mo-154. Equation 3
describes the interactions between a sphere and a flat surface.>”*° It is assumed that in the case

that the flat surface of Mo0-154 is interacting with AUTMA.. (Scheme 4.1(c))

Vvdwz—ﬂ[1+ ]Eq.3

6R 2a+R

where a is the radius of AUTMA, R is the internuclear separation distance between the two

nanomaterials, A is the Hamaker constant.

The interaction of AUTMA with Mo-154 is much greater than AUTMA with Mo-132.
This clearly suggests that even though Mo-154 has a lower negative charge than Mo-132 (a,b),
differences in van der Waals attraction forces play a predominant role in self-assembly of 1.6 nm

AuTMA.
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45 Conclusions

In summary, the electrostatic assembly between Mo-154 and gold nanoparticles was
investigated for the first time, and successful assembly was demonstrated using UV-vis, DLS,
and ( -Pot analysis. The rapid bulk precipitation from nanoscopic entities to micron scale
aggregates was observed at the point of electroneutrality, which was dependent upon the [Mo-
154]:[Au] molar ratio. In comparison to results reported in Chapter 2 and 3, these findings
indicate that shape plays an important role in the self-assembly process, where the equivalence
point is related to charge balance and van der Waals forces of the nanomaterials. Furthermore,
the findings suggest that investigations of AUTMA of different dimensions, modified charges
and nonspherical shapes in combination with polyoxomolybdates of different dimensions and
charges may lead to novel suprastructures with advanced optical, electronic, and catalytic

properties.
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Chapter 5

Conclusions and Future Outlook
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5.1 Conclusions

The description of this research detailed the investigations of electrostatic assembly of
gold nanoparticles (AuNPs) mediated by the giant polyoxomolybdate clusters
(NH4)22[{ (M0 YM0"'50,1(H20)6 }12{M0",04(CH3CO0) }50] <300 H,O - =~ 10 CHsCOONH,4
(Mo-132a), (NH4)72[{(M0")M0"'50,1(H20)6}12{M0",04(SO04)}30] - 200 H,0 (Mo-132b) and
Nao(NH4)e2[{(M0YY)M0Y'50,1(H20)6}12{M0Y204(HPO4) }50] - =300 H,0 - ~2Na* - ~2NH," - ~4
H,PO,4 (M0-132¢) and (NH4)2s[M0154(NO)140420(OH)14(H20)70] - 350 H,0 (Mo-154). These
studies have shown the successful assembly between AuNPs and this series of anionic clusters.
These self-assembled systems have revealed the effects of size, shape, and ionic strength on the
electrostatic assembly between the nanomaterials. Furthermore, we have shown that the
crystallization process between these nanomaterials is dependent on charge and size

compatibility.

Table 5.1: Summary of rgq values for the varying AuNPs and different types of POM clusters

Gold Size (nm) reo” = [Mo]:[Au]
Mo-132a Mo-132b Mo-132c Mo-154
(2.9nm,Q=-42) | (2.9 nm,Q=-72) | (2.9 nm, Q=-72) | (3.5 nm, Q = -28)
1.6 1.0 0.6 - 0.4
4.4 10 14 14 8
8.6 28 33 - -

a Igo is the molar ratio between the Mo species and Au species at the equivalence point

In Chapter 2, a series of anionic Mo-132 Keplerates with different charges were
synthesized and characterized as well as AuNPs functionalized with a self-assembled monolayer
(SAM) of cationic thiolate N,N,N-trimethyl(11-mercaptoundecyl)ammonium chloride (TMA)

ligands. A detailed investigation of the electrostatic assembly of AuNPs mediated by various
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polyoxomolybdate clusters of the Keplerate class demonstrated successful assembly using UV-
vis, DLS, TEM, and { -Pot analysis. The rapid bulk precipitation from nanoscopic entities to
micron scale aggregates was observed at the point of electroneutrality, which was typically at a
[Mo-132]:[Au] molar ratio of 10~14 depending on the ligand associated with Mo-132. These
results indicate that precipitation at the equivalence point is related to charge balance or
electroneutrality and that counter-ions at both the Mo-132 and AuNP play a significant role in

assembly.

In Chapter 3, we observed that electrostatic assembly of AUNP core diameter of 8.6 nm
mediated by Mo-132a and Mo-132b gave rgg values of = 35 and 45, respectively. The behavior
of AuNPs of 8.6 nm core diameter suggests a correlation between counter-ions and the deflection
angles of the ligands of the AuNPs. Furthermore, we learned that two key parameters control the
crystallization process. (1) The charge on both entities must be of equal magnitude (Q* = Q") and
(2) The size of both entities must be approximately equivalent. Electrostatic assembly of
cationic AuNPs of 1.6 nm core diameter with Mo-132 resulted in rgo = 1.0 for the 1.6 nm
AuTMA+ Mo-132a system which suggests that one of these key parameters has been realized.
Since amorphous aggregates still occurred for this system, size equivalence should also be

considered.
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Scheme 5.1: An idealized representation of the proposed mechanism for the crystallization of
cationic AuNPs and anionic POM clusters. When rgg is achieved and aggregation of
unorganized AuNPs and POM occurs, crystallization can take place under certain conditions.
This may include the heating of the solution with addition of other solvents, such as DMSO, to
control the solubility and allow for organization of the entities to occur.

In the fourth Chapter, the electrostatic assembly between Mo-154 and gold nanoparticles
was investigated for the first time, and successful assembly was demonstrated using UV-vis,
DLS, and ¢ -Pot analysis. The rapid bulk precipitation from nanoscopic entities to micron scale
aggregates was observed at the point of electroneutrality, which was dependent upon the [Mo-
154]:[Au] molar ratio. In comparison to results reported in Chapter 2 and 3, these findings
indicate that shape plays an important role in the self-assembly process, where the equivalence
point is related to charge balance and van der Waals forces of the nanomaterials. Specifically, an
observed rgo = 8 for AUNPs of 4.4 nm core diameter mediated with Mo-154 was in good
agreement, in terms of polyoxomolybdate surface charge, with observed values of rgp =~ 10 and
reo = 14 for Mo-132a and Mo-132b, respectively. AuNPs of 1.6 nm core diameter mediated with
Mo-154 gave an rgg =~ 0.4, which cannot be explained by polymolybdate surface charge alone.
Therefore, van der Waals attractive forces were calculated to reveal a stronger attractive force for

the ring shaped Mo-154 compared to the spherical Mo-132, which may explain the lower rgo.
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5.2 Future Outlook

Electronic and
Optical Properties

e

Scheme 5.2: lllustration depicts the proposed advancement in electronic, optical, redox, and
catalytic properties of AuUNPs and POM systems when organization of aggregates occurs.

The optical properties of AUNPs combined with the reduction-oxidation and catalytic
properties of M0-132 may lead to fascinating novel superlattice structures. The research in this
dissertation provides the framework for understanding and forming such structures. Future
studies may focus on parameters such as size uniformity, where one must not only take into
account the core diameter, but include the TMA ligands (~1.9 nm). When these are taken into
account, the AuNP core diameters of 1.6, 4.4, and 8.6 nm expand to ca. 5.4, 8.2, and, 12.4 nm,
respectively. These observations are relevant for the pursuit of crystalline composites, and the
next step in these studies is to synthesize a gold nanoparticle of ~3.0 nm diameter when the
ligand length is included. At 0.8 nm, 2-aminoethanethiol has the desired length to yield AUNPs
of approximately 3.2 nm in diameter, if the AuNP core diameter had dimensions of 1.6 nm. The

difficulty with attaching a thiol of this length involves the stability of the Au-S bond. In general,
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AUNPs remain stable in solution due to electrostatic repulsion and steric hinderance of the
ligands. Shorter alkane thiols lack high chemical stability against displacement because of low
packing densities, low order, and decreased thickness of the inner hydrophobic shell. This
allows for a decrease in the electrostatic repulsion of AuNPs, which results in particle
coagulation. Nevertheless, preliminary results of this synthesis have had some success yielding a

2-aminoethanethiol capped AuNP with a cationic charge between 45 and 50 mV.

For crystallization to occur with electrostatic, either the assembly process must have
slower kinetics or the assembled aggregates must be allowed to reorganize to allow for crystal
lattices to form. The former could be done through means of a combination of higher ionic
strength solutions and sucrose gradient ultracentrifucation, where the viscosity of the surcose
layer slows the Kinetic interactions between AuNPs and Mo-132. The ionic strength would
allow for more charge screening as seen in Chapter 2, but a wash process may be needed to rid
the materials of excess ions around the aggregates. This is where assembled aggregates may
need to go through a wash process, where removal of CI"and NH," ions allows for higher levels
of purity in the crystal lattice. To obtain the crystal lattice after wash, a heated mixed solvent,
such as DMSO:H,0, may allow for individual AuNPs and Mo-132 to reorganize within the
aggregate and develop a ordered structure. Methods such as SEM and SAXS can provide

evidence of any crystallinity.

Another study of interest would involve using Cd/Se quantum dots in exchange for
AuNPs. Utilizing TMA capped Cd/Se quantum dots as a mediator for the electrostatic self-
assembly of Mo-132 clusters may provide interesting flouresence and energy transfer studies.
Similar to AuNPs, Cd/Se quantum dots possess unique physiochemical and optoelectronic

properties that allow for a wide range of applications. One difference between AuNPs and Cd/Se
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guantum dots involves their optical properties. Unlike AuNPs, which have a relatively simliar
SPR with change to diameter, Cd/Se quantum dots go through a wide range of colors throughout
the UV-visible and even IR regions of the electromagnetic spectrum. This property is in large
part due to the quantum confinement of energy levels in the density of states (Figure 5.1). For
smaller Cd/Se quantum dots, quantum confinement can also manipulated by the growth of the

Cd/Se shell, yielding varying sized quantum dots.

Decreasing diameter

Metallic Insulating Atoms and
Bulk metal particles particles molecules

Figure 5.1: Illustration of the density of states. For bulk metals, condensed energy levels lead
to formation of the valence and conduction band. As diameter of particles decreases, these
energy levels separate and form discrete energy levels which yield a band gap (Eg).

Excited quantum dots typically display a Stokes shift, where the emitted radiation has a
lower frequency than the absorbed radiation. This is present when the electron is excited above
the first vibrational level of the excited state and non — radiative vibrational relaxation can occur

before radiative electronic relaxation to minimize the lifetime of the excited state. Depending on
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the application, a smaller or larger stokes shift is preferred. For self-assembly and energy transfer
applications, a small stokes shift is desired to minimize non-radiative energy losses, decrease co-

excitation and increase the amount of energy available for the system.

Furthermore, the findings in Chapter 4 suggest that investigations of AuUNPs of different
dimensions, modified charges, and nonspherical shapes in combination with polyoxomolybdates
of variable dimensions and charges may lead to fascinating novel superstructures with advanced
optical, electronic, and catalytic properties. The ability to engineer and design structures by
using the anisotropic dimensions of building blocks gives a powerful tool in creating specifically
targeted structures of particular shape and size. Our investigations have shown the complexity of
designing such super structures with the spherical Mo-132 clusters. However, utilizing the ring-
shape of Mo-154 can lead to denser crystal lattice packing, which may eradicate excess counter
ions that may be hindering the crystallization process. If crystallization does occur within the

Mo-132 clusters with AuNPs, then Mo-154 would also lead to varying types of lattice structures.

There is an abundant amount of possibilities that these systems can contribute to the
scientific community. Utilization of AuNPs is seen across a wide spectrum, such as electronics,
where they are used to connect resistors and conductors in electronic chips. They are also seen
in photodynamic, sensory, and other imaging applications utilizing their optical properties.
Potential applications for polyoxomolybdates range from catalysts using their reduction-
oxidation properties to storage devices for energy storage and conversion. It has also been
reported that the distinct size of the Mo-132 pores and cavities allows for chemistry to be

conducted inside these structures.
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To conclude, AuNPs and giant polyoxomolybdates have made remarkable advancements
in the scientific community. Combined together these nanoscopic entities open up possibilities

for even more fascinating discoveries.
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