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Hybrid nanoscale complexes incorporate the attributes of organic and inorganic
components to yield novel multifunctional materials. Because the individual components
themselves and the combinations used can be widely varied to tune the properties of the
resulting complex, the potential for new properties and practical applications is nearly
limitless. However, V\;idespread use of these materials relies on appropriate design,
synthesis and characterization strategies to ensure proper function and compositional
integrity. This dissertation describes the chemistry of these hybrids, made possible by
combining organic ligands, inorganic nanoparticles, and metal ions, and the interesting
optical and spectroscopic properties associated with the hybrid nanomaterials.

Organic ligands containing Bunte salt and acyclic malonamide functionalities

were attached to gold nanoparticles to produce colorimetric sensors for lanthanide ion



v
detection. Bunte salt functionality stabilizes the gold core and malonamide functionality
offers selective and sensitive lanthanide ion binding. The binding interaction controls a
nanoparticle cross-linking event that changes the color of the nanoparticle solution,
resulting in visual, colorimetric lanthanide ion detection. Next, the concentration of
malonamide ligand was diluted and replaced with a diluent ligand yielding nanoparticles
stabilized with a mixed ligand composition. The mixed ligand environment makes the
optical response of the colorimetric sensor reversible. Furthermore, the use of Bunte salt
ligands during nanoparticle synthesis has allowed the investigation of the role of reducing
agent on nanoparticle stability.

In addition to exploring interactions pertaining to gold nanoparticle complexes, a
new approach to sensitize europium ion luminescence was developed by fabricating a
zinc oxide/europium complex. A molecular linker permits simultaneous zinc oxide
nanoparticle functionalization and trivalent europium binding in order to tether the
europium ion close to the nanoparticle surface. The zinc oxide nanoparticle can then act
as an inorganic antenna, transferring energy to the europium ion and enhancing its
luminescence.

Finally, a strategy was developed to synthesize bifunctional bicyclic
malonamides. Synthesis of these ligands allows the enhanced f-block ion binding affinity
of bicyclic malonamides to be incorporated into functional materials to compare their
performance to our previously prepared acyclic malonamide hybrid complexes.

This dissertation includes both my previously published and my co-authored

materials.
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CHAPTER I

INTRODUCTION: DESIGN AND CHARACTERIZATION

OF HYBRID NANOSCALE MATERIALS

Introduction

The Lycurgus Cup is perhaps one of the oldest and well-known cases where the
inherent property of a nanoscale material was used for functional application. This
piece of 4th century AD Roman glasswork appears green in color in reflected light.
When illuminated from within, the chalice is bright red. Electron microscopy has
shown the glass to be embedded with roughly 70 nanometer gold nanoparticles, owing
to the red hue of the glass." Unbeknownst to artisans at the time, the incorporation of
nanoscale substrates into functional materials would continue into the future, becoming
a central theme for hybrid nanomaterial design in the 21* century. Our comprehension
of the phenomena that govern nanoscale substrates is immeasurable compared to the
days of roman glassmakers, however, scientists today still strive to understand and

control the properties of materials on the nano scale.



Nanotechnology is defined as the study of fundamental principles, interactions,
and fabrication of structures with at least one dimension in the size regime of 1-1000
nanometers (nm).> To refine this broad term to better suit the nature of specific research,

9

3-5 Y
-cars,6 -rice, -

scientists coin nano-inspired terminologies including nano-flowers,
. . 1 . .
diamonds,'®"? and —forests."*'* Nanomaterial-based technologies have advanced the

. . 1921 .
15,16 optical devices,'™!8 sensors, %21 and the bio-

development of microelectronics,
medical field*** by taking advantage of a desirable function resulting from an inherent
property of the chosen nanoscale substrate. Multi-functional nanoscale materials take
advantage of several properties through the combination of inorganic and organic
components to form a hybrid nanoscale complex. Hybrid complexes utilize the
advantageous properties unique to each individual component to develop new materials
for functional application. To successfully fabricate functional hybrid nanoscale
materials, however, the inorganic and organic component interactions must be
understood. Solubility and stability are two parameters that influence the interactions of
the inorganic and organic components. Development of reliable synthetic methods to
control the interactions of the final hybrid product will expedite the development of
hybrid nanoscale materials for commercial application.

Solubility is the ability of a solute to dissolve in a given liquid media to form a
homogeneous solution. Bare, non-functionalized nanoscale materials including
inorganic metal and metal oxide nanoparticles often have limited solubility.

Nanoparticles can contain a layer of surface organic molecules, or ligand shell, that help

impart desired solubility.* As a way to promote green nano-syntheses, nanoparticles



are often sought to be soluble in environmentally compatible solvents including water
and non-chlorinated solvents.?® Ligands can be designed to permit these specific
requirements for solubility, and can also permit ligand exchange, subsequent ligand
reaction, and functionalization to solid supports, making functionalized nanoparticles
attractive substrates for inorganic/organic hybrid materials.

Nanoparticle ligand shells help to stabilize against instability and irreversible
particle agglomeration.?® To stabilize the particle, the chosen organic ligand must
contain a functional group that can interact with the particle surface, either through
covalent attachment or an electrostatic interaction between the charged ligand and the
metal nanoparticle core. In either case, the organic ligand serves to passivate the
particle surface, shielding the nanoparticle from interaction with neighboring particles,
which allow the particle to remain in solution.”® Because electrostatic interactions are
easily perturbed by changes in ionicity, covalent attachment is often the desired means
for organic ligand attachment to inorganic substrates.”” Furthermore, organic ligands
can be developed for inorganic substrate functionalization and subsequent synthetic
modification, providing solubility and stability to nanoparticle surfaces, while also
providing reactive groups for functional application. Ligand passivated nanoparticles
will be discussed at length, and are the central theme to this dissertation research.

The overarching motivations of this research project are to advance the current
understanding about the requirements needed to successfully meld inorganic
nanoparticles with organic ligands to form functional nanoscale hybrid complexes. The

successful fabrication of organic ligand functionalized nanoparticles allows synthetic
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requirements, surface chemistry, and binding interactions to be explored. To study these
interactions, the malonamide class of ligands was chosen as the organic component of
the hybrid complex. Malonamides exhibit desirable properties that make these ligands
suitable candidates for material hybridization, including flexibility for synthetic
modification, specificity for lanthanide ions, and a preferred ligand-to-metal binding
ratio. The increased use of lanthanide ions in commercial applications warrant the
development of technologies able to detect these metal ions in the environment, and the
strong line-like emission properties of lanthanide ions provide a spectroscopic reporter
convenient for characterization purposes. Nanoparticles of gold and zinc oxide possess
interesting optical and electronic behaviors, respectively, that enable lanthanide
detection methods to be envisioned. Thus, successful synthesis of malonamide-
functionalized gold nanoparticles made it possible to develop a colorimetric sensor for
lanthanide ions, and the synthesis of malonamide-functionalized zinc oxide
nanoparticles allowed the sensitization of europium to occur. The general design
strategy used to develop these hybrid complex materials permitted the gold nanoparticle
system to be refined, which led to the development of a reversible sensor. In addition,
the use of specifically tailored ligands for our nanoparticle syntheses allowed the
parameters necessary to develop methods for stable, functionalized nanoparticle
solutions to occur. Lastly, successful synthesis of acyclic malonamides designed for
inorganic material functionalization enabled important characteristics to be established,

enabling the successful optimization of the bifunctional bicyclic malonamide ligand.



Malonamides
A number of chelating ligands have been under investigation for the detection

2939 and acyclic malonamides have shown considerable

and/or removal of Ln/Ac metals,
promise as candidates for the removal of trivalent Ln and Ac metals.*'** However,
minimal advancements in extraction efficiency have been realized for acyclic

3333 as it was determined the extraction efficiencies were limited by the

malonamides,
induced strain introduced to the ligand during metal complexation.?® A bicyclic
malonamide (BMA) molecule, based upon rational design using molecular mechanic
calculations to predict ligand-metal interaction, was developed through collaboration
between Pacific Northwest National Laboratory (PNNL) and the Hutchison Laboratory.

The BMA ligand was designed to be in a preorganized conformation to bind trivalent

lanthanide (Ln) and actinide (Ac) metals preferentially (Figure 1.1).2®

O 0
MegN) J\)L NMe,
Strain energy in 0 OH 0.7 keal )
G complex .0 kcal .7 keal 6.2 keal
A B C

Figure 1.1: Schematic of the energy needed for malonamide-lanthanide binding.
Strain energies (calculated by molecular mechanics) due to ligand reorganization upon
binding to gadolinium (a representative trivalent lanthanide) are provided for the cis and
trans forms of the bicyclic malonamide compared to a representative acyclic
malonamide. The decrease in strain energy results in an enhanced binding for f-block
ions.



The preorganized conformation of the bicyclic malonamide decreases the strain energy
required to bind the ligand to the metal from 6.2 kcal/mol for a representative acyclic
malonamide (Figure 1.1, C) to 0.7 kcal/mol for the bicyclic malonamide (Figure 1.1, B).
This decreased strain energy results up to a 10’ increase in binding affinity towards
trivalent Ln/Ac metals.”**%*7 The crystal structure has confirmed that the preorganized
bicyclic malonamide ligand binds in a 2:1 ligand-to-metal ratio (Figure 1.2),%*® and
effectively competes for binding sites around the trivalent metal ion in aqueous acidic

media.

Figure 1.2: X-ray crystal structure of the europium complex of cis-
dimethylbicyclic malonamide. Reproduced with permission from Lumetta, G. J.;
Rapko, B. M.; Garza, P. A.; Hay, B. P.; Gilbertson, R. D.; Weakley, T. J. R.; Hutchison,
I. E. Journal of the American Chemical Society, 2002, 124, 5644-5645. Copyright
2002, American Chemical Society.



Binding studies and crystal structure were determined for the bis-functional bicyclic
malonamide, where the functionality on each amide substituent (R) is the same (Figure
1.1, A & B). The generality of the synthetic route allows a wide variety of functional
groups to be incorporated into the bis-functional BMA molecule,’® and necessitates few
modifications to the synthetic procedure to incorporate substrate-binding functionality
into the molecule. However, the bis-functional bicyclic malonamide would initiate
cross-linking if used as the capping ligand on a nanoparticle surface (Figure 1.3, A-C).
A bicyclic malonamide molecule with differential substitution on each amide group (R,
= R,) is therefore necessary to prevent nanoparticle cross-linking during the
functionalization process. Successful synthesis of a differentially substituted bicyclic
malonamide would take advantage of the enhanced binding properties of the BMA
ligand, and offer the same flexibility for incorporation into hybrid complexes as that of
acyclic malonamide ligands.

The acidic proton bridging the two amide carbonyls in acyclic malonamides can
be accessed for synthetic modification without interference to the lanthanide binding
site, which offers greater synthetic flexibility over their bicyclic analogs (Figure 1.4).
The convenience of acyclic malonamide synthetic modification®*! has allowed
malonamide ligands designed to bind inorganic surfaces including silica,*® gold,* and
zinc oxide® to occur. Synthesis of a ligand with terminal thiol, or masked thiol (Bunte
salt), functionality would allow direct functionalization of a gold nanoparticle

surface.**** The ability to provide synthesis in a single, direct step eliminates the need



for ligand exchange, a method traditionally used to incorporate functionality to the

surface of gold nanoparticles.

Figure 1.3: Theoretical schematic of BMA-NP complexes. Functionalization of
a bis-functional BMA (A) would result in NP cross-linking and irreversible NP
aggregation (B). The use of a differentially substituted BMA would allow only one
amide substituent to bind to the NP surface (C), resulting in nanoparticles that do not
cross link, and remain dispersed (D).



In addition to alleviating the need for ligand exchange, Bunte salts have been
used to access gold nanoparticles with core diameters greater than 3 nm,*® an important
size requirement for colorimetric sensing. The optical, colorimetric properties that make
gold nanoparticles desirable substrates for sensing application arise from the distinct
surface plasmon absorption in the visible region of the absorption spectrum present for
large (deore >3 nm) gold nanoparticles,* a unique size-dependant property that is not

present in bulk gold.

Figure 1.4: Bicyclic vs. acyclic malonamides. Preorganization of the bicyclic
malonamide prevents synthetic modification at the acidic proton bridging the carbonyls
(A) due to interference with the lanthanide-binding site. The acyclic malonamide is
able to freely rotate, providing access for synthetic modification at the methylene
carbon bridging the two carbonyls (B). Synthetic modification at this site allows
additional, surface-binding functionality to be incorporated into the molecule without
interfering with the lanthanide-binding site.

Gold
Bulk gold is prized for is malleability and lack of reactivity. However, when the
size of gold reaches the nanometer scale it becomes highly reactive, which has provided

the basis for a wealth of research related to both its electronic and optical behavior. A
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specific property discussed in this dissertation research is that of the size-dependant
surface plasmon resonance that gold nanoparticles exhibit, and allow the chromatic
properties of gold nanoparticles to be utilized as colorimetric sensors.

The electrons in nanoscale gold are close to the surface of the particle, which
generate confined surface plasmons that can interact with light on the particle surface.*’
When an incoming light wave interacts with a particle, the electron density is polarized
to one side of the particle, and then oscillates to the other side of the particle in
resonance with the frequency of the incoming light. This phenomenon is known as
plasmon resonance (Figure 1.5).** Because this oscillation is located at the particle
surface, it is called the surface plasmon resonance (SPR). The absorption of the surface
plasmon resonance occurs in the visible region for gold nanoparticles, and leads to a
surface plasmon band (SPB) at approximately 520 nm in the UV-vis absorption
spectrum. Nanoparticles in the size range between 3 and 100 nm display a distinct
surface plasmon band,*’ though the shape, intensity and location of the surface plasmon
band depends on the shape and size of the nanoparticles, as well as dielectric constant of

the surrounding media.?**247%0
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Inverse of Electrons
on Nanoparticle
Surface

Figure 1.5: Depiction of AuNP surface plasmon resonance. The SPR in a metal
nanoparticle sphere is due to the resonant oscillation of the surface electrons with
incoming light, and provides the basis for the AuNP sensors designed in this
dissertation. Reproduced with permission from Eustis, S.; El-Sayed, M. A. Chemical
Society Reviews 2006, 35, 209-21. Copyright 2006, RSC Publishing.

The surface plasmon absorption at 520 nm is absent for both bulk gold and
particles with diameters below 2 nm. The conduction electrons are no longer confined
to the surface gold in bulk samples,’” and at sizes below 2 nm, quantum size effects
become important, so the density of states no longer forms a continuous band
structure.”* The nature of the surface plasmon band of gold nanoparticles is dependant
on interparticle spacing.24 When the spacing between two particles is decreased to the
point in which electronic dipoles of the particle can interact, the dipoles couple, and a
shift and broadening of the surface plasmon band occurs.** The dipole coupling results
in a visible, colorimetric change from red to blue-purple as the absorbance shifts from

520 nm to longer wavelengths, respectively (Figure 1.6).°%° It is this electromagnetic



dipole coupling that provides the basis for the colorimetric, optical response in gold

nanoparticle based sensors.
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Figure 1.6: UV-vis spectra of ~ 8 nm gold nanoparticles. The dispersed gold
nanoparticles exhibit a distinct plasmon absorption at ~520 nm (solid trace). rendering
the solution red. When the nanoparticles are brought to within close proximity for
particle-particle plasmon interaction a bathochromic shift. and broadening of the
absorbance can be monitored (broken trace). changing the color of the nanoparticle
solution to blue-purple.

Gold nanoparticle colorimetric sensors. The use of gold nanoparticles tor

analyte sensing has been reported for over a decade.™ Since this first report. the use of
eold nanoparticles for optical sensing of various analytes has been exploited for
application in both organic and aqueous solution.” > The qualitative. real-time
detection that functionalized gold nanoparticles can provide has made colorimetric gold

- - . 50-53.5
nanoparticle-based sensing an active area of research.”-*°
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The use of gold nanoparticles functionalized with biological-based molecules
including peptides,””® aptamers'>’ and DNA**® allow both selective and sensitive
analyte detection to occur, as detection limits in the femtomolar range have been
reported.’” The low detection limits are a result of analyte-specificity that is built in to
the backbone of the biological molecule. However, the use of biological ligands for
sensing application is often limited due to constraints with narrow ranges of pH,
temperature, and the necessity to buffer the nanoparticle solution.’**® Kim, Johnson and
Hupp report the use of a non-biological ligand-based gold nanoparticle sensor for use in
heavy metal sensor applications.>® Gold nanoparticles functionalized with 11-
mercaptoundecanoic acid (MUA) were used to create water-soluble particles that
provided a receptor site able to bind lead, cadmium, and mercury. These MUA-based
sensors are able to detect heavy metal concentrations in the uM range, even though
MUA is known to have only a limited affinity to these particular ions.” The selectivity
and sensitivity of gold nanoparticle-based sensors can vary dramatically based on the
ligand chosen for nanoparticle functionalization, and suggests that the use of a ligand
having a known binding affinity for a particular analyte should allow low limits of
detection to be achieved.

The preferred binding affinity to lanthanide ions that the malonamide class of
ligands displays suggests that an even lower level of detection can be attained for
application in colorimetric gold nanoparticle-based sensing as compared to the MUA-
functionalized gold nanoparticles. In addition, the preferred 2:1 ligand/metal binding

ratio of the malonamides would facilitate nanoparticle interaction, initiating the surface



plasmon coupling event. Successtul synthesis of a malonamide functionalized gold
nanoparticle should therefore permit selective. sensitive colorimetric lanthanide

detection to occur. as depicted for the acyclic malonamide (Scheme 1.1).

it
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Scheme 1.1: Schematic of malonamide functionalized AuNPs. The use of a
Bunte salt terminated malonamide allows direct functionalization to the surface of gold
nanoparticles to occur. The preferred 2:1 ligand/metal binding ratio of the malonamide
for lanthanide ions {acilitates the nanopaiticles to come within close proximity for
electronic dipole coupling. This lanthanide-induced coupling event changes the color of
the nanoparticle solution. allowing the formation of a colorimetric lanthanide sensor.

In addition to applications in colorimetric sensing. the design of a ligand that
incorporates malonamide functionality with a reactive group for substrate binding
would enable the development of other hybrid complexes. The strong lanthanide-
binding properties of malonamide ligands would also permit exploration into
spectroscopic lanthanide detection to occur, as lanthanide ions have been combined

0-64 . . . . .
0904 for the fabrication of luminescent hybrid

with various inorganic substrates
structures. One such substrate that holds promise for the development of luminescent

devices is that of zinc oxide.
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Zinc oxide
Zinc oxide (ZnO) occurs naturally as the mineral zincite, but is synthetically
derived for material application. It is a type II — VI wide-gap semiconductor with a
direct gap of about 3.4 eV, rendering it both clear and colorless in the visible region of
the energy spectrum,®® which has contributed to the incorporation of zinc oxide in

6667 antimicrobial activity,68 and more recently,

material applications, including sensors,
in the electronic industry for its potential in liquid crystal displays.® Additionally, a
widely studied topic for zinc oxide-based research is in the area of luminescent
devices™®"® due to the strong UV-absorption properties, commercial accessibility, and
environmental compatibility of ZnO.””"™ One area of particular interest is in the
combination of zinc oxide and lanthanide ions. Lanthanide ions have notably poor
absorption properties, but strong line-like emission properties that make them suitable

62 The strong absorption properties of zinc oxide

candidates for light-emitting devices.
have been shown to transfer energy to lanthanide ions through doping,80 or surface
functionalization with chromophores.®

Attempts to dope zinc oxide have proved challenging due to mismatches in
atomic radii of lanthanide ions and zinc.®* To overcome the challenges of effective
doping, methods to attach lanthanides to zinc oxide via surface ligands have recently
been explored.®* Methods to modify the surface of zinc oxide has been successfully
demonstrated with various ligands,®! including PEG, silanes,® and carboxylic

acids.***? The ability to functionalize the surface of zinc oxide allows it to be used as a

substrate for study in inorganic-organic hybrid systems, and should allow a malonamide
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ligand to be developed for the surface functionalization of zinc oxide. Synthesis of a
ZnO-malonamide-lanthanide complex will allow the possibility of energy transfer
between zinc oxide nanoparticles and a bound lanthanide ion to be explored. In
addition, the luminescent properties of the hybrid species can be investigated. Synthesis
of such hybrid materials advances the study of nanoscale complex fabrication by
permitting the synthetic requirements necessary for each component to be studied, both

individually, and after hybridization.

Design of hybrid nanoscale complexes

Successful incorporation of organic and inorganic components allows surface
interactions to be explored while inspiring additional interactions, such as the delivery
of different organic mixtures to a single inorganic core.**** Reproducible incorporation
of multiple organic ligands onto the surface of a single nanoparticle substrate requires
precise control over reaction conditions. Development of a synthetic method to provide
reaction control over nanoparticle compositions will provide control over surface
chemistry impacting nanoparticle function, such as sensor reversibility, and spatial
assembly for nanoscale architectures.

Despite extensive nanoparticle research, few reports have successfully shown
controlled fabrication of higher order nanoparticle assemblies.*®* Control over the
spatial distribution of nanoparticles allows interpretation of interparticle

90-92

electromagnetic coupling, provides greater understanding of optimal distance,

damping effects and overall interaction with other species,* and can allow the
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fundamental science of nanoscale materials to be explored in greater detail. However,
for the development of such applications to become a reality, rigorous characterization

of prepared nanoscale products must be attainable.”**

Characterization of hybrid nanoscale materials

One of the major challenges associated with nanoscale materials synthesis is the
ability to assess product purity and integrity. Characterization challenges can be
overcome, in part, by utilizing a combination of characterization techniques, allowing
individual components of the system to be analyzed and subsequently assessed for
comprehensive analysis. Instrumentation necessary for complete characterization of
organic/inorganic hybrid nanoscale complexes included in this dissertation work
involve 'H and C nuclear magnetic resonance spectroscopy (NMR), Fourier transform
infrared spectroscopy (FT-IR), ultraviolet-visible spectroscopy (UV-vis), transmission
electron microscopy (TEM), and x-ray photoelectron spectroscopy (XPS). Each of
these techniques is indispensable in providing information necessary to assess the purity
and composition of prepared nanoscale organic/inorganic hybrid complexes.

Nuclear magnetic resonance spectroscopy. Ubiquitous to synthetic organic
chemistry, NMR is used to monitor changes in chemical structure and molecular purity.
Molecular purity is of the utmost importance in nanoscience due to the highly reactive
surface of nanoscale materials. Small amounts of synthetic impurities can have
detrimental impacts on both the nanoparticle surface composition and surface-ligand

interactions,” preventing complete surface ligand passivation that can impact the
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structural integrity of monolayer formation, stability and interaction with local chemical
environements.”® Detection of organic impurities via NMR prior to surface
functionalization is therefore an essential tool to assess organic ligand composition and
purity to help ensure that the surface ligand composition is comprised of only the
desired functionality intended for substrate functionalization.

Fourier transform infrared spectroscopy. FT-IR allows changes in molecular
structure to be monitored by vibrations and stretches relating to specific combinations
of chemical bonds. The use of FT-IR spectroscopy can provide information about
ligand composition, allow the functionalization of ligands to nanoparticle surfaces to be
monitored, as well as confirm chelation of metal ions to organic ligands. FT-IR was
particularly essential in characterization of the functionalization of zinc oxide described
in this dissertation research. FT-IR allowed the binding of carboxylic acid to the surface
of the ZnO substrate to be confirmed.” The loss of the C=0 stretching frequency at
~1600 cm™ to lower wave numbers was monitored as the C-O bonds formed on the zinc
oxide surface (Figure 1.7, A). In a similar fashion, FT-IR was used in this dissertation
research to monitor the binding of the malonamide functionality to europium ions, as
the C=0 amide stretch becomes both shifted and broadened as chelation to europium

occurs (Figure 1.7, B).
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Figure 1.7: FT-IR spectra of malonamide functionalization to ZnO and Eu’*
chelation. The loss of the diamide acid carbonyl (A) as it binds to the surface of a zinc
oxide nanoparticle can be monitored. The shift and broadening of the amide carbonyl
region (B) can be used as a spectroscopic handle to confirm chelation of europium to
the malonamide-functionalized zinc oxide nanoparticles.

Ultraviolet-visible spectroscopy. For applications using large gold
nanoparticles (core diameter > 3 nm), UV-vis is the foremost method to assess surface
plasmon interaction. A dispersed solution of gold nanoparticles exhibits an absorption
at ~520 nm, rendering the solution red. When neighboring particles become close
enough such that the surface plasmons interact, the absorbance at 520 nm becomes

broadened, and a bathochromic shift to longer wavelengths occurs.” UV-vis allows
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these events to be monitored in real time. UV-vis also allows particle stability to be
monitored, as mass particle agglomeration results in a rise of the baseline. This rise in
the baseline occurs when particles are no longer in solution, and is indicative of light
scattering off of insoluble particles due either by a loss of stability, or by particle
precipitation caused by mass aggregation. UV-vis can also be used to gain information
relating to nanoparticle concentration.

The concentration of gold nanoparticles in solution (Cyp) can be approximated

by a rearrangement of Beer’s Law (1.1).

Crp = A (1.1)

This calculation combines the use of UV-vis and transmission electron microscopy
(TEM). First, the nanoparticle size is determined by TEM. Next, an experimentally
derived extinction coefficient (e) is chosen based off of the size and dielectric constant
of the NP solution.’® Finally, the maximum absorbance (A) of the surface plasmon band
from the UV-vis spectra of the gold nanoparticle solution, and the path length (b) of the
UV-vis cell, is used to estimate the concentration of the solvated nanoparticles. This
method allows not only the concentration of nanoparticles that are difficult to isolate to
be determined, but also exemplifies the utility of using multiple characterization tools in
tandem to acquire information about a prepared nanomaterial sample.

Transmission electron microscopy. The ability to visualize prepared
nanoscale materials down to sub-nanometer size makes TEM perhaps the most widely

used analysis tool for nanoscale research. TEM allows changes to the synthetic
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parameters of nanoparticle formation including ligand precursor, source of gold salt, or
concentration of reducing agent to be directly monitored and assessed for impacts on
nanoparticle formation, size, and shape. In addition, when a representative group of
images are collected for a particular nanoparticle sample, the use of image-processing
software’’ allows the size distribution of the nanoparticle sample to be attained. Size
distribution can provide information relating to the relative dispersity of a nanoparticle
sample, as well as provide information about the efficacy of a given synthetic protocol
developed to target a specific size regime of nanoparticles. However to obtain accurate
size distribution data, the nanoparticles must be sufficiently dispersed on the TEM
substrate such that individual particles can be counted, while aggregates of
nanoparticles avoided. This can be especially challenging for nanoparticle samples
passivated with ligand functionalities that promote hydrogen-bonded nanoparticle
network formation. To obtain TEM samples that allowed successful size distribution
analysis to occur, specially prepared TEM grids were utilized.

Functionalized SiO, TEM grids developed in the Hutchison lab,”® and prepared
by Dune Sciences™ were used for this dissertation research. Functionalization of the
Si0; grid allows nanoparticles to be tethered to the grid surface via chemical interaction
between the nanoparticle ligand shell and the grid-functionalized species. This allows
the nanoparticles to remain well-dispersed on the grid, permitting a representative
sampling of all nanoparticles present in the sample solution to be analyzed for size and
size distribution. TEM grids functionalized with either aminopropyltriethoxysilane

(APTES) or polyethyleneglycol (PEG) were used for TEM sample preparation of
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MHTMMA- or MEEE-functionalized nanoparticle samples, respectively. The choice of
substrate used to image nanoparticle samples can make a dramatic impact on the
accuracy of the size distribution, as a TEM grid having no surface functionality can
result in images with sparsely distributed, or hydrogen-bonded networks of
nanoparticles, as opposed to the functionalized Smart Grids™ provided by Dune

Sciences™ that allowed nanoparticle samples to be accurately imaged (Figure 1.8).

B C

Figure 1.8: TEM micrographs of NPs on various grid substrates. The grid
substrate can affect the resulting nanoparticle analysis. The functionalized Smart
Grids™ allow representative nanoparticle samples to be imaged by taking advantage of
interactions between the grid surface and the functionality on the nanoparticle surface
(A). Grids having no chemical modification result in nanoparticle samples that are
either sparsely distributed (B) or linked together via nanoparticle-nanoparticle attractive
forces (C) that prevent accurate analysis of size and size distribution to occur.

Through choice of an appropriately functionalized TEM substrate the challenge of

counting only individual nanoparticles during size distribution analysis can be
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overcome, and a representative sample of all nanoparticles in solution can be obtained.
This ensures that size and distribution of size for a particular nanoparticle synthesis is
accurately assessed.

X-ray photoelectron spectroscopy. Commercially available in 1969, X-ray
photoelectron spectrometers irradiate a sample-mounted substrate with monoenergetic
soft X-rays, and use detected energy of photoejected electrons to provide information
about the analyzed surface. The energy counted is directly related to the type and
concentration of element present in the sample, allowing XPS to provide quantitative
identification of species present in a sample, as well as provide information pertaining
to the chemical environment and oxidation state of each type of element present. ** This
is particularly useful for analysis of attached ligands on a nanoparticle surface,
especially during synthesis from Bunte salts, where the ligand undergoes a chemical
transformation from an oxidized thiosulfate to that of a bound thiolate (Figure 1.9). To
quantify the relative amount of unique species present, the area under each curve is
measured relative to the intensity of a known signal. It is therefore important that there
is no interference of the XPS substrate that can affect the relative integration of the
peaks of interest. For the assessment of the sulfur 2p region, specially prepared
substrates were used to allow quantitative data to be acquired to compare sulfur-to-gold

ratios.
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Figure 1.9: XPS spectra of ligand stabilized AuNPs. The sulfur 2p region
during synthesis of gold nanoparticles stabilized from a MEEE Bunte salt precursor
ligand show the unique and characteristic binding energies of various oxidation states of
sulfur. These peaks can be used to provide information about the nature of the
attachment to the nanoparticle surface, while the area under each curve can be used to

measure the relative concentration of each species present.

Polished silicon wafers are often used to mount samples for XPS analysis due to
the smooth, continuous nature of its surface. However, the energy loss line from the
silicon 2s peak can interfere with that of the sulfur 2p region. Energy loss lines, or
features, are generated from the interaction between the photoelectron and other

electrons present at the surface of a sample.'® Sample preparation for thiolate-bound
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nanoparticles is thus vital, as peaks associated with a silicon substrate can cause
confusion as to the true amount of thiolate-containing species on the nanoparticle
surface. The energy loss line of silicon makes it difficult to discern whether the entire
region in the S2p region is due to sulfur, or if it is a combination of sulfur and silicon
loss feature. Deposition of a layer of chromium thicker than the sampling depth of the
XPS instrument (70-100 angstrom) eliminates the interference of the loss feature by
effectively subtracting the detection of silicon by the instrument. Furthermore, the
prominent peaks associated with chromium occur in the 575-585 eV range,'” far from
the area of interest for either sulfur or gold. Use of these specially prepared XPS
substrates allows the representative analysis of the sulfur-to-gold ratio to be performed
for a series of ligand stabilized gold nanoparticles, and is discussed at length in Chapter
V.

Although the information gathered by each of the previously described
characterization methods was not used singularly to provide conclusive evidence about
surface analysis of the prepared nanoscale materials, the combined use of each of these
described tools has provided a wealth of knowledge enabling us to gain insight relating

to ligand-nanoparticle, and ligand-metal interactions.

Dissertation overview

Chapter II describes the synthesis and characterization of a malonamide-
functionalized zinc oxide nanoparticle complex. The malonamide-functionalized zinc

oxide nanoparticle was used to explore energy transfer and subsequent sensitization of
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europium (Eu®") ions in the solid state. The strong absorption properties of zinc oxide
and the narrow, line-like emission properties of europium were combined via a ligand
bearing both acid and diamide functionality which linked the europium ion close to the
surface of the zinc oxide nanoparticle. The ligand served as a linker between the zinc
oxide and europium, which allowed energy transfer from zinc oxide to the bound
europium ion. Fourier transform infrared spectroscopy was used to confirm both the
ligand-binding event to the surface of zinc oxide during the functionalization process,
and europium chelation to the ligand-functionalized nanoparticle. Solid-state
fluorescence spectroscopy was used to compare the difference in emission of the
europium bound zinc oxide nanoparticles over that of isolated unbound europium. The
preparation of the ZnO-malonamide-europium complex also allowed temperature-based
changes in emission to be performed. Results from the thermal experiments showed an
increase in fluorescence emission from the hybrid complex, and provided information
relevant about the metal ions deposition during malonamide-ZnO complexation. The
work described in this chapter reflects collaboration between Jim Hutchison, Dave
Schut, and myself.

Chapter III describes the development of a selective and sensitive molecular
sensor for trivalent lanthanide ions based upon a malonamide-functionalized gold
nanoparticle. A new synthetic approach permits nanoparticle synthesis, stabilization
and incorporation of selective lanthanide binding site in a single, direct step. The
sensor incorporates a specifically designed dual function precursor ligand, the Bunte

salt analog of 2-(3-mercaptoheptyl)-N',N',N° N*-tetramethylmalonamide (MHTMMA),
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that bears a sodium thiosulfate (Bunte salt) group that links to the gold nanoparticle core
and a tetramethylmalonamide group that serves as the selective lanthanide binding site.
The colorimetric response of the sensor to lanthanide ions is immediate, and sensitivity
was measured to a ~50 nM concentration range for both europium and samarium. The
results of this study suggest that design of a ligand architecture that provides
nanoparticle synthesis and target analyte binding can enable stability and selectivity to
be engineered directly to the nanoparticle surface, allowing colorimetric sensors to be
developed for widespread use. The one-step synthesis offers uniform surface ligand
composition, reduces the volume of waste generated during nanoparticle synthesis and
purification, produces functionalized gold nanoparticles that are stable in non-modified
aqueous environments and offers colorimetric detection at ambient temperature. The
work performed in this chapter was co-authored by Jim Hutchison and myself, and laid
the foundation for the experiments that led to the discovery of the reversible sensor
described in chapter IV.

Chapter IV demonstrates the use of a microscale flow reactor to gain control
over the ligand composition on the surface of gold nanoparticles through delivery of
known quantities of two different individual ligands to a nanoparticle reaction mixture.
The micro reactor allowed accurate delivery and mixing of multiple ligands during
nanoparticle synthesis and stabilization. This enabled two different ligands to be put on
the surface of a gold nanoparticle simultaneously during nanoparticle synthesis.
Experiments using the Bunte salt analogs of both mercaptoethoxyethoxyethanol

(MEEE) and 2-(3—mercaptoheptyl)-N1,NI,N3,N3-tetramethylmalonamide (MHTMMA),
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are described. The use of the MHTMMA ligand as one of two ligand components on the
nanoparticle surface builds off of the gold nanoparticle sensor work described in chapter
[II. The MHTMMA ligand has been shown to have a selective affinity to lanthanide
ions, while the MEEE ligand has no known binding affinity for lanthanide ions.
Furthermore, MEEE stabilized gold nanoparticles show no colorimetric or spectral
response when introduced to solutions of lanthanide ions. This chapter describes
experiments pertaining to the addition of small amounts of the MHTMMA ligand to the
primarily MEEE stabilized gold core. The use of the micro reactor provides control
over the ligand composition on the nanoparticle surface, which allows reversibility to be
engineered into the function of the colorimetric sensor through modification of the
resulting nanoparticle aggregates formed upon introduction to lanthanide ions in
solution. Chapter IV was co-authored by Jim Hutchison and myself.

Chapter V describes experiments performed to investigate the resulting stability
of gold nanoparticles synthesized from Bunte salt precursor ligands. Organic molecules
bearing terminal Bunte salt functionality have been shown to produce a variety of
nanoparticle sizes, including that of larger (diameter > 3 nm) gold nanoparticles, a size
regime that has largely remained a challenge to synthesize due to the formation kinetics
of traditional methods.*® It has been proposed that Bunte salt ligands allow the larger
gold cores to form because the thiosulfate to thiolate reduction occurs much more
slowly on the gold surface than that of a traditional thiol, resulting in larger particle
formation. The size of the resulting particles can be tuned with varying concentrations

of gold salt, ligand and reducing agent, as well as with the incorporation of various
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functionalities within the ligand backbone.'®* However, recent experiments suggest the
stability of the synthesized particles is compromised if appropriate reaction conditions
are not met. Specifically, the combination of mixing rate, reducing agent concentration,
and method of reductant addition must be precisely controlled. Experiments to
investigate the reaction parameters necessary for stable gold nanoparticle synthesis is
described. The results of the study aim to understand the surface chemistry involved in
stabilizing nanoscale gold clusters prepared from Bunte salt ligand precursors. Multiple
analysis techniques were used in tandem to provide information about the prepared
nanoparticle samples, including surface composition analysis via XPS to compare the
ratio of oxidized sulfur with that of bound thiol (thiosulfate vs. thiolate). UV-vis
spectroscopy was used to monitor the shape and position of the surface plasmon band,
which provides information relating to particle stability. TEM analysis of the prepared
nanoparticle samples was used to determine the size distribution analysis and extent of
particle dispersion. The experiments in this chapter are based on work co-authored by
Sam Lohse, Jim Hutchison, and myself.

Chapter VI describes the synthetic route developed to incorporate two different
functionalities into the backbone of a bicyclic malonamide ligand. Molecular
recognition offers sensitive and selective detection of specific analytes, but their
successful incorporation into materials relies on synthetic methods capable of allowing
diverse functionality to be readily modulated into the backbone of the molecule. The
preorganization of the mono-functional 6,6-bicyclic malonamide is optimized for

binding trivalent lanthanide ions over that of its acyclic analogs. However, the
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incorporation of bicyclic malonamides into organic-inorganic hybrid structures have
been limited due to the possibility of cross-linking created by the bis-functionality (R;=
R;), as well as the inability to incorporate reactive groups via the previously reported
synthetic method.*® Synthesis of a bifunctional bicyclic malonamide that allows
independent access to each amide functional group (R;=R;) would permit the
lanthanide-binding properties to be maintained while offering flexibility over solubility,
sterics, or the ability to functionalize surfaces. The synthetic protocol that allows amide
differentiation is described. The synthesis of a bifunctional BMA with protected
terminal thiol functionality is also discussed. The synthesis of a protected thiol-
terminated bicyclic malonamide molecule was targeted for its potential usefulness in
gold nanoparticle sensor application. Future studies to compare acyclic and bicyclic
malonamide-functionalized gold nanoparticles for colorimetric detection of lanthanide
ions in water are discussed. Jim Hutchison, Tatiana Zaikova, Rob Gilbertson, Bevin
Parks-Lee, and Dylan Domaille all contributed to the development of the synthesis

described.

Bridge

During the end of my first year as a member of the Hutchison laboratory I met
with Dave Schut, a scientist with Voxtel Inc., who wanted to explore the potential of
malonamide ligands as a way to combine the properties of lanthanide ions and zinc
oxide nanoparticles. Voxtel was interested in the ability to harness the spectroscopic

signal of the emitting lanthanide ions for security applications and material tagging.
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The project was appealing to the Hutchison laboratory because attachment of a
malonamide ligand to a zinc oxide surface would allow the malonamide-ZnO surface
interactions to be explored, as well as investigate the potential to develop a method for
the spectroscopic detection of lanthanide ions. As part of this work, I developed a
synthetic pathway and functionalization procedure to produce malonamide-
functionalized zinc oxide nanoparticles. The synthetic procedure did not interfere with
the lanthanide-binding site of the malonamide functionality, which allowed the
formation of a zinc oxide-malonamide-europium complex to be prepared. The
synthesis, characterization, and resulting fluorescence emission from this complex is
discussed in Chapter II. In addition to the results generated from this work, the zinc
oxide/malonamide project was the catalyst that initiated the work to synthesize the

Bunte salt terminated malonamide ligand that are central to this dissertation work.



32

CHAPTER II

SENSITIZATION OF EUROPIUM LUMINESCENCE BY
MALONAMIDE-FUNCTIONALIZED ZINC OXIDE

NANOPARTICLES

Note: Portions of Chapter II are expected to appear in an upcoming publication co-
authored by Lisowski, C. E.; Schut, D. and Hutchison, J. E. The first author designed
the synthesis and carried out all of the laboratory work described herein. The author
also composed the manuscript corresponding to Chapter II. J. E. Hutchison provided
experimental and editorial guidance.

Introduction

Long fluorescent lifetimes, large Stokes shifts, and the sharp line-like emission
bands of lanthanide ions make them desirable candidates for study as optical materials.”
> The long fluorescent lifetimes arise from Laporte forbidden f-f transitions, which also
give rise to their notably poor absorption properties.®’ For this reason, strongly
absorbing organic chromophores are often used for lanthanide sensitization (Figure 2.1,
A). Energy absorbed from the chromophore is transferred to the lanthanide ionin a

process commonly referred to as the ‘antennae effect’, resulting in dramatic increases in
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lanthanide sensitization.®'? However, the use of organic antenna chromophores is
limited to due their susceptibility to photobleaching, a photochemical deactivation of
the chromophore that eliminates lanthanide sensitization.'***

Methods to achieve sensitization have also explored the use of inorganic
substrates incorporating lanthanide ions.*'>?* The relative low cost, environmental
compatibility, and strong absorption properties of zinc oxide® (ZnO) have made it one
such desirable inorganic substrate.**® Successful incorporation of europium into the
crystal structure of ZnO allows energy absorbed from the ZnO matrix to be transferred
to the trapped europium ion (Figure 2.1, B).*"?® The inorganic ZnO serves as the
antenna that replaces the role of organic chromophores, which eliminates challenges
associated with photobleaching. The synthesis of highly luminescent europium-doped
ZnO remains difficult, however, due to the differences in ionic radii between the Zn (II)
and Eu (IH).29 These ionic mismatches make it non-trivial to effectively synthesize a
doped ZnO-europium material, a necessity for efficient energy transfer.”’

We sought to design a new hybrid nanomaterial that combines the absorption
properties of ZnO, the lanthanide coordination chemistry of an organic ligand, and the
narrow emission lines of a lanthanide ion (Figure 2.1, C). ZnO nanoparticles (NPs) were
chosen as the ZnO substrate because they are amenable to surface functionalization,

absorb strongly, and are commercially available. Our approach uses a dual function

molecule that binds to both the ZnO NP surface and a lanthanide ion.
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Figure 2.1: Schematic depiction of various strategies for lanthanide
sensitization. Energy transfer between an organic chromophore and a Ln'" ion can result
in sensitization (A). but bleaching of the chromophore limits this method."* The
synthesis of Ln*" doped ZnO can effectively sensitize the incorporated Ln’" ion (B).
However, mismatches in the ionic radii make the synthesis of lanthanide doped ZnO
non-trivial.”” Our approach takes advantage of the absorption properties ot ZnO NPs
and the binding affinity of an organic linker to form a new hybrid nanomaterial capable
of effective Ln’" sensitization (C).
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The design of the linker allows europium to be tethered close to the surface of the ZnO
NP. The ZnO acts as an inorganic antenna, transferring absorbed energy from the NP to
the bound Eu**ion, resulting in sensitization.

The use of a linker molecule to synthesize a hybrid complex from europium and
ZnO NPs offers advantages for lanthanide sensitization over current methods. Because
the lanthanide ion is not incorporated within the core structure of the ZnO substrate, the
complexities of lattice mismatching during ZnO-lanthanide doping are eliminated. The
use of this method therefore offers flexibility and convenience over challenging co-
precipitation synthetic approaches. In addition, because the organic linker molecule
described in this method is designed to facilitate surface functionalization and ion

13,1
3,14,30 are

binding, and not for energy absorption, concerns with photobleaching
eliminated.

The current report describes the design, synthesis and characterization of a ZnO-
malonamide-europium complex. This new class of hybrid nanomaterial takes advantage
of our previous work with acyclic malonamides®® to design a molecular linker that
allows ZnO and europium to be incorporated into a single complex material that results
in the sensitization of europium (Eu*"). The ZnO-ligand-Eu** complex results in a
15,000 times enhancement of luminescence over free Eu(NO3); salt. To our knowledge,
this is the first report of an organic molecule-functionalized ZnO system that sensitizes
Eu’* through the absorption properties of NPs without relying on doping or an organic

chromophore for sensitization. The increased europium emission observed for this

complex structure demonstrates the use of ZnO NPs as inorganic antennae, and overall
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represents the utility of rational hybrid nanomaterial design. The generality of our
approach enables the inorganic components of the system to be tuned, allowing the
development of other hybrid nanoscale materials to be designed.

Experimental methods

Materials. Tetramethylmalonamide was obtained from TCI-EP (Tokyo, Japan).
All other reagents were obtained from Aldrich and used without further purification.
Dichloromethane was distilled from calcium hydride prior to use. Tetrahydrofuran was
distilled from potassium prior to use. Deionized water (18.2 MQ-cm) was purified with
a Barnstead Nanopure Diamond system and used for all experiments.

Synthetic procedures. 8-(dimethylamino)-7-(dimethylcarbamoyl)-8-
oxooctanoic acid (TMMA-6-OH), 1. To 40 mL of distilled THF in a 250 mL round-
bottomed flask equipped with a stir bar, sodium hydride (0.19 g, 7.7 mmol) and
tetramethyl malonamide (1.22 g, 7.7 mmol) was added, followed by dropwise addition
of Br(CH;)¢COOH (1.01 g, 5.1 mmol) dissolved in 10-mL of THF. The resulting thick
white slurry was stirred at reflux for 16 h. 1 mL of deionized H,O was added to quench
the excess NaH, and the mixture was reduced to 10 mL using rotary evaporation.
Dichloromethane was added, and the organic layer was washed with 100 mL of
deionized H,0, 50 mL of 10% aqueous HCI, 2 x 100 mL of saturated aqueous NaHCOs3,
and 2 x 100 mL of saturated aqueous NaCl. The organic layer was dried over Na,;SO4
and the solvent was removed by rotary evaporation to afford acid 1 as a clear, colorless
0il (1.3 g, 92%). 'H NMR (CDCl) & 11.1 (br s, 1H), 3.61 (t, 1H), 2.97 (d, 12H), 2.37

(t, 2H), 1.87 (g, 2H), 1.65 (br p, 2H), 1.37 (p, 4H).
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Functionalization procedure for grafting TMMA-6-OH to the ZnO surface. The
TMMA-6-OH ligand, 1, was bound to the surface of ZnO nanoparticles following
literature precedent.*” Briefly, to 50 mL of o-xylene in a 100 mL round-bottomed flask,
equipped with a stir bar, TMMA-6-OH (1.27 g, 4.67 mmol) and ZnO NPs (1.00 g, 11.2
mmol) were added, brought to 50°C, and stirred vigorously for one hour. The particles
were separated via centrifugation, followed by 3 x 20 mL toluene and 3 x 20 mL
ethanol washes. The particles were then dried overnight under vacuum at 60°C.

Chelation procedure for binding Ev’" to the TMMA-6-OH —ZnO hybrid. To a
minimal amount of ethanol in a 25 mL round-bottomed flask, equipped with a stir bar,
TMMA-6-OH-ZnO NPs (0.26 g) and Eu(NO;); (0.027 g, 0.06 mmol) were added,
brought to reflux for 1 hour, removed from heat, and stirred overnight while coming to
room temperature. The solids were separated via centrifugation and the supernatant
removed with copious ethanol rinses. The particles were dried overnight under vacuum
at 60°C and stored in a desiccator until further use.

Analytical procedures. Nanoparticles were characterized using a combination
of Fourier transform infrared (FTIR) spectroscopy and fluorescence spectroscopy.

Fourier transform infrared (FTIR) spectroscopy. The FTIR spectra were
obtained on a Nicolet 550 spectrometer equipped with a ImW HeNe Laser. The
TMMA-6-OH sample was prepared on a NaCl salt plate. The TMMA-6-OH
functionalized ZnO NPs and the TMMA-6-OH/ZnO/Eu** complex were prepared as

KBr pellets.
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Fluorescence spectroscopy. The solid-state fluorescence spectra were recorded
on an Edinburgh F900 photomultiplier tube equipped with a 250W Tungsten lamp.
Emission spectra were acquired at an excitation of 285 nm. The samples were
suspended in ethanol and drop cast on a quartz microscope slide, which were then
allowed to air dry prior to measurement. The dehydrated samples were placed on a
100°C hot plate for two minutes and cooled under a stream of nitrogen prior to
measurement. The hydrated samples were suspended over a beaker of steaming

deionized water for two minutes, followed by immediate measurement.

Results and discussion

Design and synthesis of a ZnO-ligand-Eu®" hybrid nanostructure. The
absorption properties of ZnO nanoparticles and the emission properties of europium
were brought together in a hybrid structure by linking these two inorganic components
with an organic linker molecule. The design of the molecule incorporates both
carboxylic acid and diamide functionality to tether the europium ion close to the ZnO
nanoparticle surface. Carboxylic acids bind to the surface of ZnO through a carboxylate
linkage.** Lanthanide ions are hard Lewis acids that have strong interaction to the hard
oxygen donor of the diamide, or malonamide, functional group.®’? Tetramethyl
malonamide (TMMA) provides a binding site for europium, is commercially available,
and the acidic proton at the methylene carbon bridging the two carbonyls facilitates
synthetic modification by alkylation. The amenability of TMMA allows a one-step

preparation of 8-(dimethylamino)-7-(dimethylcarbamoyl)-8-oxooctanoic acid (TMMA-
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6-OH), a dual function ligand that has a malonamide functionality omega to a
carboxylic acid headgroup (Scheme 2.1, A). The TMMA-6-OH ligand was then used to
functionalize the surface of ZnO nanoparticles following the method outlined by Hong
et al (Scheme 2.1, B).*? The ZnO-ligand-Eu** complex is formed by subsequent
chelation of the TMMA-6-OH functionalized ZnO NPs to Eu** (Scheme 2.1, C), where

the TMMA-6-OH ligand serves as a linker between the ZnO and Eu**.
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Scheme 2.1: Schematic of the ZnO-ligand-Eu’" complex synthesis. Synthesis of
the TMMA-6-OH ligand occurs in a single step (A), providing a molecule with
malonamide functionality omega to a carboxylic acid headgroup. The TMMA-6-OH
ligand was then used to modify the surface of ZnO NPs (B). The final ZnO-ligand-Eu**
complex is prepared by chelating Ew’* to the terminal malonamide on the ZnO surface

(C).
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Analysis of the ZnO-ligand-Eu’* hybrid nanostructure. Fourier transform
infrared (FT-IR) spectroscopy was used to monitor the successful functionalization of
TMMA-6-OH to the surface of ZnO NPs, as well as the chelation of Eu** to the
terminal malonamide functionality (Figure 2.2). The signature C=O stretching bands
for the amide and acid carbony! functionalities at 1728 and 1648 cm™, respectively,
offer a distinct handle to compare the ligand prior to and after introduction to ZnO and
europium. The asymmetric C=0O stretch corresponding to the acid carbonyl on TMMA-
6-OH (Figure 2.2, blue trace) is clearly present at 1728 cm™, as well as a peak at 1464
cm’! ascribed to the OH stretching band for carboxylic acids.>* These bands disappear
as the TMMA-6-OH ligand binds to the surface of the ZnO NPs (Figure 2.2, magenta
trace). The loss of the carboxylic acid confirms the successful functionalization of the
TMMA-6-OH ligand to the ZnO nanoparticle surface. Spectra of the TMMA-6-OH
functionalized ZnO NPs before and after introduction to europium remain similar by
comparison, but the shift and broadening of the vc-o and vc.o regions of the spectrum at
1648 cm™, 1329 em™ and 1320 cm™ suggest the Eu®* jon has chelated to the terminal
malonamide functionality present on the functionalized ZnO NPs (Figure 2.2, green
trace). Inter-ligand and ligand-metal interactions cause these effects upon metal ion
coordination®’ to the terminal diamide carbony! ligand functionality. Illumination under
UV light provides final confirmation that the europium ion has successfully coordinated
to the terminal malonamide functionality on the ZnO nanoparticle surface. The ZnO-
ligand-Eu** complex displays an intense red emission under illumination, where neither

the ligand nor functionalized ZnO particles are luminescent under this condition.
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Figure 2.2: FT-IR spectra of the components used for ZnO hybrid complex
formation. FT-IR is used to contirm surface functionalization and metal ion chelation
for the ZnO-ligand-Eu'* complex. The loss of the asymmetric C=0 stretch of the
carboxylic acid on the TMMA-6-OH ligand (blue trace) confirms the successtul
functionalization to the surtace of ZnO NPs (magenta trace). The shift and broadening
of the ve-¢ and v region of the spectra contirm the chelation of Eu'" to the terminal
malonamide functionality (green trace).

Enhanced sensitization of europium. Successful functionalization and
subsequent chelation of the TMMA-6-OH ligand to ZnO and Eut . respectively. results

in the formation of a new hybrid nanomaterial through the use of simple molecular

design. Solid-state fluorescence spectroscopy was used to compare the emission
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properties of Eu(NOs);. the complex between TMMA-6-OH and Eu’". and the prepared

ZnO-ligand-Eu’" complex at an excitation wavelength of 285 nm.
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Figure 2.3: Fluorescence spectra of the components used in ZnO hybrid complex
formation. A weak emission at 615 nm corresponding to the primary emission line for
Eu™" is observed for the free europium salt (red trace). An increase in emission at 615

. ~ . z_,

nm is observed for the synthesized ZnO-TMMA-6-OH-Eu™" complex (orange trace).
The emission of Eu’" is also increased when the ion is chelated to the TMMA-6-OH
ligand without the use of ZnO (blue trace). but the increase is not as intense.

. . 5 35 . . - .
The transition from “Do=> "Faat 615 nm™ corresponding to the primary Eu’* emission
. . - . 3 .
line was measured for the ZnO-ligand-Eu™ complex (Figure 2.3, orange trace). The
emission was 15 times as intense as the emission recorded for the free Eu(NO;); salt

Figure 2.3, red trace), and 5 times as much when compared to Eu’" chelated to the
g p

TMMA-6-OH ligand (Figure 2.3, blue trace). The increase in Eu’" emission suggests
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the transfer of energy from the ZnO NP to the bound lanthanide ion, and represents the
use of a ZnO NP as an inorganic antenna. It was expected, however, that the strong
absorption properties of ZnO would result in a more dramatic increase in europium
sensitization than the modest increases that were observed. It was reasoned that
because the final step in the preparation of the ZnO-ligand-Eu*" complex involves
chelation of the Eu®" ion to the malonamide headgroup in refluxing ethanol, the
presence of fluorescence-quenching OH oscillators were likely bound around the metal
ion.®'% We therefore investigated whether removal of OH oscillators from alcohol or
from atmospheric moisture would result in an enhancement over the modest increase in
europium emission observed for the ZnO-ligand-Eu’" complex.

Fluorescence spectroscopy was used to monitor the potential for enhanced
europium sensitization when the hybrid complex was heated. The emission spectrum
for the as-prepared ZnO-ligand-Eu®" complex is given in Figure 2.4 (A, orange trace).
The transition from “Dy=> ’F, at 615 nm® is present in the complex sample. When the
complex is heated, however, additional emission lines corresponding to the transitions
between *Do=> F; (J=1, 3, and 4) at 592, 653, and 697 nm respectively,35 are also
observed (Figure 2.4, A and B, black traces). Thermal treatment of the ZnO-ligand-
Eu’* complex results in a dramatic enhancement of europium sensitization. The
emission of the non-heated complex increases approximately 20,000 counts from 605
nm to 615 nm. The thermally treated complex increased over 3,000,000 counts for this

same wavelength range.
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Figure 2.4: Emission and excitation spectra of TMMA-6-OH ZnO NPs after
chelation with Eu**. Eu™ emission at 615 nm is observed for the as-prepared ZnO-
ligand-Eu’" complex (A. orange trace). Thermal treatment of the complex results in an
enhancement of Eu’" emission (A. black trace). The transitions at 592. 615. 653. and
697 nm can clearly be measured for the complex (B) as tluorescence-quenching OH
oscillators are driven off the complex through heating.
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The increase in emission upon heating is attributed to the loss of luminescence
quenching OH oscillators bound to the outer coordination shell of the lanthanide ion.
Although this increase in sensitization has been reported for similar ZnO/lanthanide
complexes, *’ the magnitude of the increase was not reported in order to compare
intensities. The magnitude of the emission enhancement upon thermal treatment for our
ZnO-ligand-Eu’" system, however, represents over a 150 times increase in sensitization.
The “Dy-> "F, transition at 615 nm represents the majority of the total emission recorded
for the system, and is consistent with lanthanide emission resulting from energy transfer
by an organic chromophore antennae.*® However, unlike many organic antennae used
for sensitization, our system does not lose emission intensity from photobleaching.

Several control experiments were conducted to insure that removal of alcohol or
water within the ZnO-ligand-Eu’* complex resulted in the observed changes in
emission, and that sensitization was due to energy transfer between the ZnO and the
bound lanthanide ion. Samples of Eu(NO3);, Eu**-bound TMMA-6-OH, and the ZnO-
ligand-Eu** complex were hydrated and subsequently dehydrated while changes in
emission were monitored using fluorescence spectroscopy. A distinct increase in
emission was detected after thermal treatment for each of the three control samples
tested (Figure 2.5, A-C). Thermal treatment of the europium salt and coordinated
ligand show enhanced emission as the sample is dehydrated (Figure 2.5, A and B),
confirming that the increase in emission is attributed to the loss of water during thermal
treatment. Changes in the fluorescence spectra are also observed as the ZnO-ligand-

Eu’" complex is heated (Figure 2.5, C). However, unlike the modest change in Eu**
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emission that is observed for the salt and chelated ligand, a significant difference in
emission intensity occurs for the heated ZnO-ligand-Eu** complex. Europium emission
can occur from the ion itself, the coordinated ligand, or the ZnO substrate. The
fluorescence data suggests that negligible emission occurs from Eu(NOs);. Similarly,
the ligand chelate provides some enhancement of emission, but is insignificant
compared to the complex species. The spectrum measured during these trials therefore
suggests that the observed europium sensitization results not only from the influence of
dehydration, but also from the transfer of absorbed energy from zinc oxide to the
coordinated Eu®*. One interesting observation is that no observable decline in emission
intensity was reported for our system at temperatures up to 225°C. In previous reports™*
emission intensity declined upon heating beyond 80°C. Decline in emission from
heated nanoparticle complexes is attributed to the increase in nanoparticle vacancies
that are known to quench luminescence.* It is possible that passivation of the ZnO
nanoparticle surface by the TMMA-6-OH ligand increases the stability of the zinc oxide

surface, which helps to minimize luminescence-quenching vacancy formation.

Conclusions

In summary, we have described the preparation of a hybrid organic ZnO
nanostructure that sensitizes emission from europium, resulting in a 15,000 times
enhancement of europium emission over free Eu(NO;); salt. The synthesis of this
complex represents a new class of hybrid nanomaterial made possible through the

rational design and successful synthesis of an organic linker molecule that facilitates
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surface functionalization to the particle surface of ZnO and coordination to Eu*". This
tethers the lanthanide ion to within 12 A to the surface of the ZnO NP. Sensitization of
europium with the ZnO-ligand-Eu’" complex confirms the use of ZnO as an inorganic
antenna, which allows effective energy transfer between the two inorganic components
to occur. Thermal treatment of the functionalized ZnO-europium complex intensifies
the europium luminescence by 150 times over the non-treated sample through removal
of alcohol and water bound to the coordination sphere of the lanthanide ion. The
resulting luminescence from our complex is comparable to other methods of lanthanide
sensitization but the simple synthesis and general design of our approach provides the
advantage of a convenient strategy without compromising performance. These
desirable attributes make this system a useful example for the potential utility of

molecular design for the development of solid-state light emitting devices.
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Figure 2.5: Fluorescence spectra of control experiments confirming sample
dehydration impacts Eu*” emission. A small increase in emission is observed when
Eu(NO;); is heated (A). Dehydration of a TMMA-6-OH/Eu’ chelate also results in a
modest increase in Eu”" emission (B). The intensity of the Eu’* emission line at 615 nm
increases as water bound to the metal ion is released upon heating. A dramatic
sensitization of Eu’" occurs upon the thermal treatment of the ZnO-ligand-Eu’" complex
(C). Dehydration of bound water intensifies the emission. but the overall enhancement
as compared to the Eu(NO3)s salt and the chelated ligand is attributed to the transfer of
energy from the ZnO substrate to the bound metal ion.
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Bridge

Successful design and synthesis of the TMMA-6-OH dual-function ligand
demonstrated that simultaneous inorganic nanoparticle functionalization and lanthanide
binding to form a hybrid organic/inorganic nanostructure was possible. The
advantageous emission properties that were gained through hybridization of these
organic and inorganic components encouraged us to investigate the ability to bind
nanoparticles other than zinc oxide. Gold nanoparticles were chosen for several
reasons. First, gold nanoparticles have interesting optical properties that have made
them desirable candidates for visual, colorimetric sensors. No reports of a gold
nanoparticle-based sensor for lanthanide ions had yet been reported. Secondly, Jennifer
Dahl and Sam Lohse, two members of the Hutchison Laboratory, were exploring the
synthesis of gold nanoparticles through the use of Bunte salt precursor ligands. It was
feasible to envision the synthesis of a malonamide ligand that incorporated this Bunte
salt functionality into the backbone of the molecule. This allowed us to develop a dual
function ligand that used Bunte salt functionality to functionalize the surface of gold
nanoparticles, and the preferred ligand-to-metal binding ratio of malonamides to
lanthanide ions to control the interaction of neighboring gold nanoparticles. Chapter II1
describes the direct synthesis of gold nanoparticles from a malonamide Bunte salt
ligand precursor, and demonstrates the use of malonamide-functionalized gold
nanoparticles for selective and sensitive colorimetric sensing of lanthanide ions in

water.
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CHAPTER III

MALONAMIDE-FUNCTIONALIZED GOLD NANOPARTICLES FOR
SELECTIVE, COLORIMETRIC SENSING OF TRIVALENT

LANTHANIDE IONS

Note: Reproduced with permission from Lisowski, C. E.; Hutchison, J. E. Analytical
Chemistry 2009, 81, 10246-10253. Copyright 2009, American Chemical Society.

Introduction

Molecular sensors transduce analyte-binding events through chemical changes
and allow selective binding and subsequent detection of species of interest. Use of
these sensors has been expanding in the areas of environmental monitoring,"? biological
systems,>* and detection of compounds related to national security.”® Colorimetric
sensors signal analyte binding through changes in color and are a broad class of
molecular sensors that offer a convenient platform for detection. Gold nanoparticle
(AuNP) sensors are a specific class of colorimetric sensor that have piqued much

interest due to their unique and tunable properties.’
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Gold nanoparticles provide an attractive substrate for the development of visual,
colorimetric sensing due to their high extinction coefficients, ease of functionalization
with organic ligands, photostability, and visual, colorimetric read-out.'’ Appropriately
functionalized surface bound ligands can cross-link particles in the presence of an
analyte or environmental response, and cause a bathochromic shift in absorbance. The

S11-16 and offers a

resulting color change from red to blue indicates particle cross-linking
simple, convenient method for detection.'”*!*”-*” Examples of AuNP sensor
applications include detection of biological systems such as polynucleotide detection,®
protein modification,* and phosphatase activity,® as well as metal ion detection
including lead®'2® and mercury.?® To develop complementary sensors we aimed to
explore the utility of AuNPs incorporating designed molecular recognition sites,
specifically AuNPs functionalized with diamide ligands®*~*° known to selectively bind
lanthanide ions even at low pH levels.

The increased use of lanthanides in agricultural fertilizer,’! catalysts**** and
medical diagnostics® has raised concern about their potential for pollution and warrants
new methods for their detection.*>” In addition, there is interest in monitoring
groundwater near storage tanks used to hold high level radioactive waste (HLRW),*°
and recent increased measures of national security are elevating demands for methods to
sense and monitor radionuclides.*’ Traditional methods to detect lanthanide ions often
are costly, non-portable, and require sophisticated instruments for analysis.***" State-of-
the-art inductively coupled plasma mass spectrometry (ICP-MS) and capillary

electrophoresis ICP-MS offer excellent sensitivity, multi-elemental analysis, and high
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sample throughput.’'>* However, their use is limited because of the high initial
investment of these approaches and required need for sample filtration and pre-
concentration prior to analysis. Additionally, because such methods are not portable,
samples must be taken from the field to a laboratory for analysis, which eliminates the
option of real-time monitoring for applications such as groundwater contamination.
Although real-time methods to monitor the presence of lanthanide ions in the field exist,
including survey meters and radionuclide identifier devices, these approaches require
computer-aided data analysis for analyte confirmation.*!

A simple, portable detection method that allows rapid, real-time analysis of
lanthanide ions would address many of the challenges of the instrument-intensive
methods of analysis. The recent development of a phosphorescent detection strategy for
europium and terbium ions based on a bipyridine functionalized nanoparticle'® provides
a potential approach to overcome some limitations of current lanthanide ion detection
methods, but the surface chemistry limits the use of these functionalized particles to
organic solvents, and phosphorescence-based detection of the ions requires use of a UV
light source. We sought to develop a portable, qualitative molecular sensor capable of
detecting lanthanide ions without the restrictions described above in order to increase
the speed and convenience of sample analysis. Specifically, our objective was to
develop a direct synthetic method to access malonamide-functionalized gold

nanoparticles for rapid and selective optical detection of trivalent lanthanide ions in

water.
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Use of a masked thiol, or Bunte salt functionality, provides a direct synthetic

method to access larger (dcore > 3 nm) AuNP core sizes.”* Bunte salts have been shown
to simultaneously provide access to large AuNPs and offer stabilization to the
synthesized particles in water or organic solution.”~® The malonamide class of ligands
enabled selective binding of Ln*" ions and provided access to controlled particle
aggregation. Acyclic malonamides have been used for the extraction of lanthanides and
actinides in both high- and low-level radioactive waste,””’ and their known 2:1

3859 offers control of the aggregation of nanoparticles through

ligand:metal binding ratio
binding of two ligands and one lanthanide ion. Cross-linking of particles through the 2:1
L:M binding of the malonamide should result in coupling of AuNP plasmons and
change the color of the nanoparticle solution from red to blue. Water and organic
soluble malonamides can be synthesized, which offers flexibility for further synthetic
modification.

Herein we report the design and synthesis of a colorimetric gold nanoparticle
sensor selective for Ln*" ions. The Bunte salt analog of 2-(3-hydroxyheptyl)-
N',N',N® N°-tetramethylmalonamide (MHTMMA) contains both thiosulfate and
malonamide functionalities and allows a AuNP sensor that is selective for lanthanide
ions to be produced in a single, direct step (Scheme 3.1). Incorporation of the lanthanide
binding functionality on the particle surface during formation eliminates the need for an
additional ligand exchange step, reducing time, energy, and solvent waste during

synthesis. The as-synthesized MHTMMA functionalized AuNPs are stable in water in

a range of pH levels (3.5-11) without the need for additional buffers as stabilizing
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agents. Results show that the MHTMMA functionalized AuNPs bind lanthanide ions in
water and result in an immediate. visual change in color from red to blue. The
functionalized nanoparticles bind Ln™* ions selectively. and no particle aggregation was
observed when the MHTMMA particles were introduced to other environmentally
relevant ions. The MHTMMA functionalized AuNPs offer excellent sensitivity.

detecting Ln'" ions with detection limits of ~ 50 nM.

NaBH,

$,0. Naw | h{/‘/zi\f

Scheme 3.1: Synthesis of malonamide-functionalized AuNPs and NP cross-
linking through Ln*" binding. NaBHj is added to a mixture of the Bunte salt analog of
MHTMMA and HAuCly to produce the MHTMMA protected AuNPs. The MHTMMA
AuNPs perform as an optical sensor and change color from red to blue when Ln’™ is
added to the NP solution. The terminal TMMA functionality initiates NP cross-linking
through Ln*" jon binding. The NPs come into close proximity such and their surface
plasmons interact resulting in a red-shifted change in absorbance.
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Experimental methods

Materials. Tetramethylmalonamide was obtained from TCI-EP (Tokyo, Japan).
Phosphorus tribromide was distilled and maintained under nitrogen prior to use.
Hydrogen tetrachloroaurate was obtained from Alfa Aesar. All other reagents were
obtained from Aldrich and used without further purification. Dichloromethane was
distilled from calcium hydride prior to use. Tetrahydrofuran was distilled from
potassium prior to use. Deionized water (18.2 MQ-cm) was purified with a Barnstead
Nanopure Diamond system.

Synthetic procedures. 2-(3-hydroxyheptyl)-N', N, N°, N*-
tetramethylmalonamide, 1. Sodium hydride (0.31 g, 12.9 mmol) was dissolved in 100
mL distilled THF in a 250-mL round-bottomed flask equipped with a stir bar. TMMA
(1.92 g, 12.1 mmol) was added, followed by dropwise addition of Br(CH;);OH (2.01 g,
10.3 mmol) in 10 mL of THF resulting in a thick white slurry. The reaction mixture
was stirred at reflux for 16 hours. Deionized H,O (1 mL) was added to quench the
excess NaH, and the mixture was reduced to 10 mL using rotary evaporation.
Dichloromethane (150 mL) was added, and the organic layer was washed with 100 mL
of deionized H,O, 50 mL of 10% HCI (ag), 2 x 100 mL of saturated NaHCO3 (5q), and 2 x
100 mL of saturated NaCl (4q). The organic layer was dried over Na,SO; and the solvent
was removed by rotary evaporation to afford alcohol 1 as a clear, colorless oil (2.6 g,
98%). 'H NMR (CDCl;) 81.31 (br d, 6H), 1.53 (q, 2H), 1.87 (g, 2H), 2.97 (d, 12H),

3.61 (m, 3H).
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2—(3-br0moheptyl)-N1,NI,N3,N3 -tetramethylmalonamide, 2. Under nitrogen,
alcohol 1 (2.6 g, 7.9 mmol) was dissolved in 25 mL of distilled dichloromethane in a
50-mL round-bottom flask equipped with a stir bar. PBr; (0.19 mL, 2.0 mmol) was
added, and the reaction mixture allowed to stir at room temperature for 16 hours. The
resulting mixture was washed with 50 mL 10% HCl(g), 2 x 100 mL saturated NaHCO;
(aq» 100 mL deionized H;0, and 2 x 100 mL saturated NaCl,q). The organic layer was
dried over Na;SO,, and the solvent removed using rotary evaporation to afford
bromoalkane, 2, as a clear, colorless oil (2.6 g, 84%). '"H NMR (CDCls) 81.31 (br d,
6H), 1.53 (q, 2H), 1.87 (q, 2H), 2.97 (d, 12H), 3.36 (br t, 2H), 3.61 (t, 1H).

Synthesis of Bunte salt analog of 2-(7-mercaptoheptyl)-N', N, N°. N°-
tetramethylmalonamide (MHTMMA), 3. Bromoalkane 2 (2.57 g, 6.6 mmol) was
dissolved in a mixture of 40 mL of EtOH and 10 mL of deionized H;O in a 100-mL
round-bottom flask equipped with a stir bar. Na;S,0; (1.04 g, 6.0 mmol) was added to
the reaction mixture and brought to reflux for 3 hrs. The solvent was removed via
rotary evaporation, and further evaporated under high vacuum for an additional 24 hrs.
The resulting oil was triturated with 5 x 5 mL of EtOH and the remaining solvent
removed via rotary evaporation to afford the Bunte salt, MHTMMA (3), as a clear,
viscous oil (2.94 g, 87%). "H NMR (CDCl3) 81.31 (br d, 6H), 1.53 (q, 2H), 1.87 (q,
2H), 2.97 (d, 12H), 3.42 (t, 1H), 3.50 (q, 2H).

Synthesis of MHTMMA functionalized gold nanoparticles. To an aqua regia (3:1
HCIL:H;SOy) cleaned 250 round bottom flask equipped with a stir bar 100 mL of

Nanopure H,0, 1 mL of 0.1 M HAuCl,*xH,0, and 500 ul. of a 0.1 M MHTMMA
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solution was added. After the reaction mixture was allowed to stir for 10 minutes, 2.0
mL of freshly prepared 0.1 M NaBH, was added. The reaction mixture was allowed to
stir for 3 hours. The resulting dark red solution was filtered through a coarse-fritted
glass funnel and purified via diafiltration with twenty volume equivalents of Nanopure
water through a 70K Pall Corporation membrane.®

Analytical procedures. Nanoparticles were characterized using a combination
of transmission electron microscopy and UV-visible spectroscopy.

Transmission electron microscopy (TEM). TEM analysis was performed on a
Philips CM-12 Transmission Electron Microscope. AuNP samples were prepared for
analysis by floating amine-functionalized Smart Grids™ (Dune Sciences) on top of a
droplet of purified MHTMMA AuNP solution for 1 minute then rinsing with copious
amounts of Nanopure water. The grid was placed in a desiccator and allowed to dry
overnight. After scanning the whole grid, five images were taken for each sample on
various places on the TEM grid to ensure a representative sample. Images were taken at
125 kX magnification, and a minimum of 600 nanoparticles per image was used for size
analysis. The images were then processed using Image J software to determine average
core diameter, size distribution and standard deviation following the literature method.>

UV-visible (UV-vis) spectroscopy. All measurements were performed using a
Mikropack DH-2000 UV-vis-NIR light source equipped with an Ocean Optics
USB2000 spectrophotometer. Absorbance was measured using purified MHTMMA
AuNPs in a quartz cuvette that was cleaned with aqua regia and rinsed with copious

amounts of Nanopure water in between all measurements. Experiments that included
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NP dilutions were carried out using Nanopure water and were prepared to one-half the
as-synthesized NP concentration (2:1 H,O:NP).

Selectivity trials. Experiments to measure binding to Ln’* ions over potentially
conflicting metal ions were performed using purified MHTMMA nanoparticles that
were diluted to one half the as-synthesized nanoparticle concentration (1:1 NP:H,0, 2
mL total volume). Aqueous solutions (0.1 mM) of lanthanide nitrate salts (Ln = La, Ce,
Nd, Sm, Eu, Gd, Tb, Ho, and Er) were prepared in Nanopure water. A 20-uL. aliquot of
the lanthanide solution was added to the nanoparticle solution while stirring, and the
absorbance spectra were recorded. The cuvette was rinsed with aqua regia and copious
amounts of Nanopure water between trials. Assessment of selectivity for competing
non-lanthanide ions was performed by adding 0.1 mM solutions of Fe(NO;)3;, Pb(NO3)s,
CdCl,, CrCls, CuCl,, CsF, NaCl, or KCl, and recording absorbance using the same
method as for the lanthanide ions.

Determination of response time. To determine the time needed for lanthanide
ion binding, 0.75 mL, of MHTMMA AuNPs and 0.75 mL of deionizéd Nanopure water
were added to a 3 mL quartz cuvette equipped with a stir bar. To the rapidly stirring NP
solution, 150 uL of a 0.1mM solution of Eu*" was added. The absorbance spectra was
recorded every second for three minutes. Following data acquisition, the absorbance at
620 nm was plotted versus time to determine the response time.

Determination of detection limit. The detection limit was determined through a
spectral titration monitored via UV-vis. The absorbance spectrum of 2 mL of purified

MHTMMA AuNPs was used as the blank. Successive aliquots of a 0.1 mM Eu(NOs);
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(ag) Stock solution were added to the rapidly stirring nanoparticles, and the absorbance
spectra recorded after each addition. A total of 12 aliquots of 0.1 mM Eu(NO3)3 @ag
were added during the titration (20 uL total, 10 successive 1 ul. additions followed by
two 5 uL additions), and the concentration of Eu’*in the sample was calculated after
each addition. Plotting the calculated Eu®* concentration versus the absorbance at 620
nm determined the detection limit, which was defined as the minimum concentration of

Eu’" that caused an observable absorbance at 620 nm.

Results and discussion

Synthesis of MHTMMA functionalized AuNPs. We incorporated thiosulfate
and malonamide functionality into MHTMMA to stabilize the AuNP during and after
growth, and simultaneously provide a binding site for lanthanide ions. The passivation
of the gold surface by the thiosulfate functionality occurs more slowly than that of a
thiol, and allows access to nanoparticles with core diameters greater than 3 nm.> This is
an important consideration for AuNP-based sensing application as it is beyond this core
size that the surface plasmon absorption becomes prominent at 520 nm."* In addition to
providing direct access to larger Au core sizes, the solubility of Bunte salts can be
tuned, which offers a route to AuNPs that can be synthesized and utilized in water.
These ligands provide for synthesis and stabilization of the Au core, and remain
amenable to further synthetic modification. Subsequent ligand exchanges are not
required, thus greatly increasing the synthetic convenience while reducing time,

synthetic efforts and solvent needed during nanoparticle formation. Additionally, Bunte
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salts are shelf-stable and do not produce strong odors that their thiol analogs do. We
have stored synthesized Bunte salt ligands at room temperature for over a year with no
signs of degradation.

The Bunte salt analog of 2—(7—mercaptoheptyl)-Nl, N, N, N°-
tetramethylmalonamide (MHTMMA) containing the malonamide functionality omega
to the thiosulfate head group is easy to prepare (Scheme 3.2). Tetramethylmalonamide
(TMMA) was first alkylated with the bromoheptylalcohol to yield alcohol 1 which was
brominated using phosphorus tribromide, and subsequently converted to the Bunte salt
following the method outlined by Shon ez al.*® This three-step sequence provides the
MHTMMA ligand in an overall 72% yield. The methyl groups on the malonamide
enhance water solubility, and the acidic proton at the methylene carbon bridging the two

carbonyls in TMMA facilitates synthetic modification by alkylation.
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Scheme 3.2: Synthesis of the Bunte salt used to prepare MHTMMA stabilized
AuNPs used for this study. (i) NaH, THF (ii) PBr;, CH,Cl, (iii) Na;S;03, EtOH, H,O.
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Reduction of an aqueous mixture of hydrogen tetrachloroaurate in the presence
of MHTMMA ligand® results in direct synthesis of a AuNP sensor. Upon reduction the
solution turns from yellow to dark brown and then to deep red, indicating the formation
of nanoparticles. After stirring for three hours, the nanoparticles are purified by
diafiltration to remove unreacted gold salt, unbound ligands, and other by-products.®
Thorough purification is particularly important because free malonamide will compete
with the nanoparticles in binding the Ln*" analyte. The purified NPs are deep red in
color, and stable in water. The MHTMMA particles have remained dispersed in
solution without additional stabilizing buffers for over 6 months with no signs of
degradation or particle aggregation. The absorption spectra of MHTMMA AuNPs in
water (Figure 3.1) reveal the plasmon absorption centered at 520 nm that suggests the
nanoparticles are greater than 3 nm in size. TEM images (Figure 3.1) show that the
nanoparticles are 6.8 +/- 1.7 nm in diameter, spherical in shape, and well dispersed on
the grid. These results confirm successful synthesis of MHTMMA AuNPs and, to our
knowledge, constitute the first report of utilization of Bunte salt ligands to directly
introduce terminal functionality designed for Ln’" ion sensing during formation of

AuNPs.

* Synthetic trials experimenting with the length of the alkyl spacer between the TMMA
and thiosulfate groups were performed, and the seven-carbon spacer met the
requirements of stabilization to the Au core, desired solubility in water, and successful
Ln’ binding.
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Figure 3.1: Absorbance spectra. aggregation of MHTMMA AuNPs. and
corresponding color change upon introduction of Eu™ ions to solution. MHTMMA
AuNPs are red in color and show the characteristic plasmon absorbance at 520 nm (A.
red trace) for large AuNPs. TEM images (B) of the MHTMMA AuNPs show the NPs
to be dispersed in solution and have a mean core diameter of 6.8 £ 1.7 nm. Afier
Eu(NO3); 1s added to the MHTMMA AuNDP solution the absorbance shifts and broadens
(A. blue trace) correlating with a color change to blue. The increase in the baseline
indicates the scattering of light due to the formation of nanoparticle aggregates. which
are confirmed by TEM (C).
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Confirmation of Ln** binding as the mechanism for NP aggregation.
Solution-based investigations confirmed that MHTMMA nanoparticles aggregate in the
presence of Ln** ions and that the mechanism was direct binding of TMMA ligands to
these ions. Absorbance spectra and TEM images showed unambiguous changes with
the addition of a solution of Eu®* jon (Figure 3.1). Upon addition of an aliquot of
Eu(NO;); to the MHTMMA functionalized AuNPs, an immediate, visible color change
from red to blue occurred. In the UV-vis spectrum the plasmon absorption at 520 nm
diminished and broadened in comparison with the dispersed nanoparticle solution.
These spectral signatures have been observed in analogous systems and are due to the
varied size distribution of the aggregated species.? The color change and resulting shift
of the plasmon suggests that nanoparticles are being cross-linked through binding by
Eu’" jons. Additionally, the increased baseline in these samples suggests scattering of
light by the large nanoparticle aggregates in solution. TEM images show these
aggregated nanoparticles and confirm cross-linking under these conditions.

Several control experfments confirmed that the nanoparticle aggregation is a
consequence of bridging between MHTMMA ligands on neighboring NPs by Eu** jons
as opposed to non-specific interactions (e.g. aggregation around counter ions or binding
to non-Ln metals). To establish that the observed nanoparticle aggregation and color
change resulted from lanthanide binding, we added uranyl ion to the MHTMMA
nanoparticles. Because malonamide ligands bind to the uranyl ion in a preferred 1:1
L:M binding ratio,*! we would not expect nanoparticle cross-linking to occur in its

presence. As shown in Figure 3.2, the addition of 20 uL. of a 0.1 mM aqueous solution
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of urany] nitrate resulted in no color change and no noticeable shift in the position of the
surface plasmon band in the absorbance spectrum. TEM images taken before and after
addition of UO; further confirm that particles are not aggregating around this ion, as the
particles remain dispersed on the surface of the grid.

The addition of excess HAuCl, to the purified MHTMMA AuNP solution
served as a second control experiment to confirm that any remaining gold salt in the
particle solution would not interfere with particle binding. The images of the solutions
in Figure 3.2 (B, 1-4) show the changes in color of the nanoparticle solution from the
as-synthesized red color to a yellow/brown color. The absorbance spectrum reveals a
very high absorbance in the lower wavelength region that indicates an excess of Au**
ions, however, the plasmon remains distinct with no indication of aggregation. A slight
narrowing and red shift of the plasmon can be attributed to the presence of large,
polydisperse AuNPs. TEM images taken after addition of HAuCl, support the presence
of large particles of various shapes but do not show signs of nanoparticle aggregation.
Although no further experiments were performed to explore the mechanism of AuNP
growth, spectral and digital results confirm that the color and absorbance changes
monitored for this system were not a result of the MHTMMA AuNPs binding to excess

+ .
Au’" ions.
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Figure 3.2: Spectral changes. color response. and micrographs of MHTMMA
AUuNPs after incubation with uranyl nitrate and excess HAuCly. In order to assess the
difference between simple ion binding and cross linking. an ion known to bind to the
TMMA ina 1:1 L:M ratio was added to the NP solution. A 1000 nM aliquot of
UO2(NO;3); was added to the MHTMMA AuNPs in the same manner as trials
performed with both the selected Ln’" ions and interfering ions (Figures 3 and 4.
respectively). Upon addition of the UO,. no changes in MHTMMA AuNP absorbance
(A. red trace) or color (B. 3) are noted. A MHTMMA AuNP sample treated with
Eu(NO3); is shown for comparison (B. 2). TEM reveals the NPs to be dispersed prior to
(C) and after UO, addition (D) that is in line with the results of the study. As a second
control. excess HAuCly was added to the MHTMMA AuNPs post synthesis and
purification. Immediately upon addition of the Au salt. the NP solution becomes
yellow-brown in color (B. 4). The UV-vis spectrum (A. green trace) shows a large
absorbance at 430 nm. indicative of excess Au. The shift in absorbance from 520 nm to
540 nm indicates larger NP species. The micrograph (E) supports the presence of large
NP species, as NPs in excess of 50-nm are present throughout the grid.
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Results from the uranyl nitrate and gold salt additions suggest the MHTMMA-
AuNP aggregation observed with lanthanide ions result from the binding of MHTMMA
ligands to the Eu* ions, which drives the nanoparticle aggregation, absorbance shift,
and subsequent color change to occur. In order to evaluate the binding preference of the
MHTMMA AuNPs to metals other than europium, experiments involving additional
lanthanide ions as well as selected non-rare earth ions were performed.

Determination of MHTMMA AuNP selectivity and response time.
Lanthanide ions are hard Lewis acids which should have a strong interaction to the hard
oxygen donor of the amide functionality.® To determine if this interaction would
provide selectivity for Ln*" ions over other metals, we first tested the response of the
MHTMMA AuNPs to additional Ln** ions. Results from trials evaluating the spectral
response of the MHTMMA AuNPs to 20-uL aliquots of a 0.1 mM solution of the nitrate
salts of all trivalent lanthanide ions tested (La, Nd, Sm, Eu, Gd, Tb, Ho, and Er) are
shown in Figure 3.3. The position of the plasmon band shifts from 520 nm to 540 nm
and shows the characteristic broadening and rise above the baseline. The resulting
absorbance changes are analogous to the Eu®* trials and indicate that the MHTMMA
sensor shows little selectivity across the lanthanide series. A possible explanation for
the lack of discretion among lanthanide ions is the high relative concentration of
TMMA binding sites as compared with available Ln>* ions. Studies have shown
malonamides to display different binding affinities for different lanthanide ions.5

Introducing a lower malonamide density on the nanoparticles through incorporation of a

mixed ligand shell on the particle surface may facilitate lanthanide selectivity and result
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in a distinct plasmon signature for each individual ion. as has been shown in the

. . . . 24
literature for several toxic heavy metal ions.
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Figure 3.3: Spectral and temporal response of MHTMMA AuNPs to Ln*" jons.
When introduced to select Ln** ions the MHTMMA AuNPs show a distinct shift and
broadening in absorbance (A) compared to the initial AuNP solution (isolated. black
trace). The terminal TMMA functionality binds to all tested Ln™" ions. effectively
allowing the NPs to come within close proximity such that plasmon coupling may
occur. The response time of the resulting absorbance change occurs instantly and
saturates within a few minutes (B). The spectrum shown is for the response to a 150ull
addition of a 0.1 mM Eu** solution (results were similar for all Ln®" tested).
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The temporal response of the sensor was measured by monitoring a region of the
absorbance spectra corresponding to cross-linked nanoparticles and plotting the change
in absorbance over time. The absorbance at 620 nm was chosen because it corresponds
to Eu’*-bound particles. Figure 3.3 B shows the temporal response after 150 uL of a 0.1
mM solution of Eu(NOs3); was added to MHTMMA AuNPs. The onset of absorbance
and subsequent color change occurs instantaneously and becomes saturated after
approximately 120 seconds. The immediate response of MHTMMA particles is
identical to the reported time for metal ion detection of peptide-functionalized AuNPs.**
No changes in the response time of the MHTMMA AuNPs were detected when the
particles were diluted to one-half of their synthesized concentration. This study shows
that MHTMMA AuNPs can be used for visual, rapid detection of Ln*" ions in water. In
order to determine the overall potential application for our sensor we also tested the
sensor’s sensitivity to non-rare earth ions.

For the MHTMMA functionalized AuNPs to be considered for sensing
applications in natural samples, the particles must provide selective binding for
lanthanide ions in the presence of other metal ions that could compete for binding sites
on the MHTMMA particles. Absorbance spectra and images of nanoparticle samples
after 20-uL additions of 0.1 mM metal ion solutions are shown in Figure 3.4.
Investigations of the colorimetric response to various metal ions determined the

selectivity of the MHTMMA AuNPs as Ln** sensors.
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Figure 3.4: Spectral and color response of MHTMMA AuNPs to the addition of
selected interfering metal ions. In order to assess binding preterence of the MHTMMA
AuNPs selected interfering ions were added to the NP solutions. The absorbance
spectra (A) and color of NP solutions (B) remains unchanged after 1000 nM additions
of each metal ion. The addition of 1000 nM Eu™ to the MHTMMA AuNP solution is
given as a comparison. Note the significant shift and broadening of the absorbance
spectra (A. black trace) and the distinct color change (B) trom red to blue upon addition
of the Ln"" jon.

The MHTMMA functionalized AuNPs showed no affinity for environmentally relevant
samples of hard and soft metal ions in varying oxidation state (Cu”*. Cr’*, C1**. CI,

Na®, Cd*". Fe™. Cs". Li". and Pb™). No color change or shift in the absorbance at 520
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nm occurred upon addition of these ions which suggests this system has a preferential
selectivity for Ln®" ions under the conditions tested.”

Determination of detection limit for Ln** binding. Titration of a 0.1 mM
Eu(NO3); solution into the MHTMMA particles enabled the quantitative evaluation of
the sensitivity that derives from particle binding to lanthanide ions. Figure 3.5 shows
the absorbance spectra and plot of the change in absorbance upon addition of Eu** to the
particles. The decrease in the absorbance at 520 nm and the appearance of an
absorbance in the region of the spectra corresponding to Eu**-bound nanoparticles (620
nm) were monitored. The addition of only 2 uL of 0.1 mM Eu*" resulted in a detectable
increase in absorbance at 620 nm. The minimum concentration of Ln*" that produced a
detectable change in absorbance determined the detection limit of the sensor. These
results are, to the best of our knowledge, the lowest reported detection limits for a
selective colorimetric lanthanide ion sensor to date, and the low limits of detection are
within the same order of magnitude as other AuNP based sensors utilizing biological
molecules for metal ion recognition.'***** The titration data show the low and high
limits of the working, or dynamic, range of the Eu**-bound nanoparticles to be 50 nM
and 496 nM, respectively (Figure 3.5, B). An additional UV-vis titration using

Sm(NOs); determined a detection limit to be 50 nM.

> It should be noted that the selectivity of the MHTMMA NPs declines as metal ion
concentrations increase, as an aliquot of 1 M Pb** induced a color change in the particle
solution. This is not expected to impact the utility of the sensor, as the level of this ion
is typically in the parts per billion range, well below the concentration that induced
particle interaction.
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Figure 3.5: Spectral titration and resulting A vs. Eu concentration data that
define the dynamic range of the MHTMMA AuNP sensor to Eu’". A UV-vis titration
(A) was performed to determine the absorbance change as subsequent aliquots of Eu’"
were added to the MHTMMA AuNPs. An initial spectrum of the MHTMMA AuNPs
was recorded (displayed as the isolated. black trace) and this solution was used as the
blank. Upon addition of the Ln'" solution. one can monitor either the loss of
absorbance at 520 nm or the increase in the longer wavelength absorbance resulting
from the interaction of surface plasmons of the particles. From the titration data. the
absorbance at a cinole wavelength (620 nm) can be plotted as a tunction of
concentration for the added Ln’" metal ion (B) to determine the dynamic range of the
sensor. The low limit of the sensor correlates to the detection limit of the system. and
was determined to be 50 nM. In this sample the upper limit was 495 nM. Although the
lower limit remained constant. the upper limit decreases as the concentration of
nanoparticles increases.
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Titrations performed with more concentrated samples of nanoparticles yield
smaller dynamic ranges because, although the lower limit of detection appears
unchanged, the upper limit trends to lower Ln’" concentrations. At higher
concentrations of nanoparticles the colorimetric change is more distinct, an attribute that
could be of use in situations where semi-quantitative detection is needed, such as in the
field where detection relies on visual assessment and access to UV-vis spectroscopy is
unattainable. It may be possible to tune the dynamic range of these nanoparticle
sensors through redesign of the lanthanide binding site or by diluting the binding sites
within the ligand shell. Synthetic modification of the ligand to introduce bulky alkyl
groups in place of the methyl groups may extend the upper limits of the dynamic range.
Another approach to lowering the detection limit that we are currently exploring is the
use of a stronger lanthanide binding ligand such as the bicyclic malonamide.** Finally,
experiments to determine whether it may also be possible to tune the limits of the
dynamic range by using a mixed ligand composition on the nanoparticle surface have
begun. AuNPs functionalized with a ligand having no known binding affinity for
lanthanide ions and a small number of malonamide ligands may allow the surface
chemistry to be modified for specific applications that require a variety of detection

levels.

Conclusions
The use of the Bunte salt analog of 2-(7-mercaptoheptyl)-N', N', N°, A*-

tetramethylmalonamide (MHTMMA) affords access to functionalized AuNPs that can
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detect the presence of Eu’* at concentrations as low as 50 nM, which is the lowest
reported detection for lanthanide ion colorimetric sensing. The rapid, selective, and
sensitive response to lanthanide ions suggests this sensor may have potential application
in the monitoring and detection for these ions in the environment. The nanoparticles
selectively bind Ln®" ions over a variety of potentially interfering metal ions, causing an
instantaneous color change in the nanoparticle solution from red to blue effectively
performing as a visual, colorimetric sensor for Ln®" ions. The one-step preparation of
MHTMMA functionalized AuNPs occurs at room temperature in water and does not
require additional stabilizing agents.

Identification of several target attributes led to the design of a new approach for
AuNP sensor development that overcame some of the limitations reported for previous
AuNP sensors such as solubility, stability, selectivity and sensitivity. For
environmental or biological applications, sensors must be utilized in water. Previous
attempts to incorporate this attribute into AuNP sensor design have utilized biological

3,4,232 .
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molecules, such as DNA and peptides, to control particle aggregation
low levels of analyte detection in aqueous environments. However, their use is limited
due to requirements for stabilizing buffers to keep the particles dispersed in solution.
Our approach complements those involving biomolecular ligands because the Bunte salt
ligand derives its solubility from the functionality designed into the molecule. This
method provides solubility in water and allows direct nanoparticle synthesis and

stabilization to occur without the need for buffers or multiple ligand exchange

processes, a requirement typical of particles functionalized with biological molecules.
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We found that direct synthesis provides a facile route to achieving desired

surface ligand composition. This process is an especially important consideration in the
successful function of colorimetric AuNP sensors because the ligands dictate particle
interaction upon analyte binding. A direct synthetic method for water-soluble, gallic
acid functionalized AuNPs has been demonstrated to provide selective, colorimetric
sensing for lead.?® However, the nature of the chosen ligand used as the capping agent
for the particle surface limits their use to a very narrow pH in which the nanoparticles
are stable. The limited stability of this approach demonstrates that careful ligand choice
is necessary for providing both stability and selectivity to the particle surface,
ultimately leading to a better method for sensor development.

Finally, the design of our MHTMMA ligand provides, simultaneously, high
selectivity and particle stability while facilitating controlled nanoparticle synthesis.
These attributes remain key objectives in the development of sensors for use in a variety
of applications since low selectivity in sensors increases the propensity for false positive
results.®>*®® This new method, based on rational ligand design, will serve as a model to
explore the possibilities of water-soluble colorimetric sensing across a broad spectrum

of applications.

Bridge
Having demonstrated that selective, colorimetric sensing of lanthanide ions was
possible through the use of a dual-functional precursor ligand, we wanted to explore the

possibility of preparing a reversible colorimetric sensor for lanthanide ions. For
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reversibility to be engineered into the function of the sensor, control over the ligand
shell composition was necessary. Chapter IV describes our experiments to
functionalize gold nanoparticles with a mixed ligand surface composition in a
controllable manner. Rather than preparing the nanoparticles in batch, as in Chapter I1I,
the mixed ligand nanoparticles were prepared using a microscale flow reactor. We
demonstrate that use of the micro reactor provides control over the mixing and reagent
delivery that is necessary to engineer reversibility into the function of a colorimetric

gold nanoparticle-based sensor.
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CHAPTER IV

SYNTHESIS OF A REVERSIBLE, COLORIMETRIC SENSOR FOR
TRIVALENT EUROPIUM THROUGH USE OF A MICROSCALE

FLOW SYSTEM

Note: Portions of Chapter IV are expected to appear in an upcoming publication, co-
authored with J. E. Hutchison. The author designed the experiments and composed the
manuscript corresponding to Chapter IV. The author performed most experiments, with
the exception of assistance received in the set up of the flow system, which was
performed by S. Lohse and P. Haben, and imaging of TEM samples, which was
performed by S. Xie. J. E. Hutchison provided experimental and editorial guidance.

Introduction

In his classic talk ‘There’s plenty of room at the bottom’, Richard Feynman
spoke of the greater range of potential properties and applications accessible once the
controlled arrangement of “things on a small scale” is achieved.' This is particularly
true for nanoparticles because the spatial distribution and local chemical environment of
nanoparticles dictate the observed optical, electronic, and chemical interactions, and

therefore define the material properties of the system.> Analysis of the protecting
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monolayer, or ligand shell, on nanoparticle surfaces allows scientists to understand the
role that local environment™® has on nanoparticle self-assembly,®® ligand shell

910 and changes in electronic behavior."" Manipulation of the molecular

structure,
composition of the ligand shell environment allows nanoparticle functions including
particle-particle interactions’ and nanoscale assembly® to be explored for a range of
applications including MRI contrasting agents,12 energy s‘[orage,13 conversion,™ and
sensing.

Gold nanoparticles (AuNPs) are inorganic nanostructures that are interesting for
sensing applications due to the unique optical properties that large (dcore > 3 nm) AuNPs
exhibit when cross-linked by chemical analytes.'® However, to take advantage of these
optical properties the interparticle interactions must be controlled. To facilitate this type
of control, AuNPs are often functionalized with molecular recognition sites.!”?° We
recently reported the direct synthesis of 2-(7-mercaptohepty1)-N1,NI,N3,N3-
tetramethylmalonamide (MHTMMA) functionalized gold nanoparticles for selective,
colorimetric sensing of lanthanide ions (Ln**) in water.>' The MHTMMA functionality
has a 2:1 ligand-to-metal binding ratio that initiates nanoparticle cross-linking when the
MHTMMA functionalized AuNPs are introduced to trivalent lanthanide solutions. The
particle interaction can be detected by a colorimetric change in the nanoparticle solution
from red to blue, a characteristic property of gold nanoparticle-based sensing systems.'®

Our MHTMMA AuNP sensor is both selective and sensitive, detecting europium and

samarium at concentrations as low as 50 nM.
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Although the cross-linking event is both selective and sensitive for lanthanide
ions over potentially competing ion solutions, the resulting interaction was irreversible.
The inability to reverse the binding interaction with EDTA, a chelator having a higher
binding affinity for lanthanide ions, was thought to be due to the large networks of
nanoparticles that form upon Ln’" binding. Additionally, the aggregated networks lead
to nanoparticle destabilization and precipitation. In order to overcome these limitations,
and explore whether reversibility could be engineered into the function of our
MHTMMA AuNP sensor, we sought a method to dilute the ligand shell in order to
reduce cross-linking and irreversible aggregation.

Nanoparticles with mixed monolayers consisting of only a few MHTMMA
ligands and a majority of a diluent molecule, such as 2-[2-(2-mercaptoethoxy)-
ethoxy]ethanol (MEEE), would limit the extent of cross-linking while maintaining
stability and solubility. MEEE does not bind to lanthanide ions, thus nanoparticles
formed with a full MEEE ligand shell should show no response to the addition of a
solution of Ln**, Similarly, if the synthesized nanoparticles are dominated by
MHTMMA ligands, the colorimetric response and cross-linking event should mimic
those of our previously reported system. A nanoparticle with a mixed
MEEE/MHTMMA ligand shell should therefore limit the extent of cross-linking and
allow EDTA to redisperse the nanoparticles (Figure 4.1). Furthermore, nanoparticles
with varying amounts of MEEE and MHTMMA should respond differently to the

addition of a solution containing Ln*", allowing the cross-linking event, colorimetric
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response. and reversibility to serve as a semi-quantitative measurement for the relevant

amount of MEEE and MHTMMA ligands on the surface of the prepared nanoparticles.

Figure 4.1: Schematic ot a mixed monolayer nanoparticle system. Gold
nanoparticles that incorporate a mixed ligand shell comprised of both MEEE and
MHTMMA (1). When a lanthanide solution is introduced to the MEEE/MHTMMA
functionalized particles, the MHTMMA ligand binds to the lanthanide, initiating
nanopatticle cross-linking (2) and resulting in a color change from red to purple/blue.
Since the number of MHTMMA ligands on the particle surface dictates the extent of
particle cross-linking. a small number of MHTMMA ligands would allow the addition
of EDTA to release the Ln** ion from the MHTMMA. and allow the nanoparticles to be
dispersed back into solution (3), which would restore the initial color of the nanoparticle
solution.

Samples of MEEE/MHTMMA AuNPs were prepared following the method
used for our AuNP sensor containing full MHTMMA functionality. except that the

amount of MHTMMA ligand was reduced and diluted with MEEE. Although some
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trials exhibited reversibility, despite great care that was taken during NP synthesis, the
results varied from batch to batch. The irreproducibility in the response appeared to
trend with the size of the reaction vessel (e.g. 250-mL round bottomed flasks worked
better than scintillation vials) that was used during synthesis. This led us to hypothesize
that inadequate mixing of the reagents was leading to different compositions in our final
NP product and hence varying colorimetric response and overall sensor performance.
Thus, we sought methods for NP synthesis that would provide rapid mixing and more
control over our reagent delivery. Microfluidic devices are one such method that have
been shown to provide rapid mixing and controlled reagent delivery in order to

222%nd were thus explored as our approach for

synthesize nanoscale materials,
producing MEEE/MHTMMA mixed ligand AuNPs.
The use of microfluidic devices offers rapid, facile control over reaction

232
325 and have

parameters that are not easily attained using traditional flask methods,
been reported to controllably synthesize nanoscale materials having inorganic/organic
mixtures that include the synthesis of ligand-passivated nanoparticles.**** Microfluidic
reactors employ small volumes of solution through fabricated microchannels in order to
control reaction conditions including time, temperature, mixing, and reagent
delivery.?*?® We have previously shown that use of a microscale flow system allowed
the production of highly stable, atomically precise gold clusters,”’” producing gold

nanoparticles with core diameters varying from less than 1- to greater than 5-nm. In this

work, a microscale flow system was used to investigate whether microfluidics could
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allow the synthesis of mixed monolayer nanoparticle designed for reversible,
colorimetric detection of lanthanide ions in water.

Herein we report the synthesis and subsequent characterization of gold
nanoparticles where the composition of the MEEE/MHTMMA ligand shell is
systematically varied. Use of a microscale flow reactor provides precise control over
reaction parameters, allowing the ligand concentration to be readily modified in order to
tune the physical makeup of the final MEEE/MHTMMA AuNP product. The MEEE
functionality stabilizes the nanoparticle and offers solubility in water, and the
MHTMMA ligand provides lanthanide-binding functionality. Results show that the
MEEE/MHTMMA gold nanoparticles bind europium in water, offering colorimetric
lanthanide ion detection. This colorimetric response is reversible. The addition of
EDTA releases the bound nanoparticles, an indication that the nanoparticle cross-
linking event is controllable. The performance of the sensor is evaluated to correlate the
efficacy of the microscale flow system as a method to introduce mixed monolayers on
the surface of gold nanoparticles. MEEE/MHTMMA AuNPs prepared with less than
10% of MHTMMA ligand during NP synthesis results in reversible, colorimetric
europium detection. However, when the concentration of MHTMMA ligand exceeds
10% of the total ligand solution used during synthesis, the colorimetric response is no
longer reversible. Batch-based syntheses were explored to produce these same results,
but did not give the required control of ligand composition that was necessary to control

the cross-linking event.
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Experimental Methods

Materials. All materials were obtained from their suppliers as given below and
used as received: Hydrogen tetrachloroaurate hydrate (Strem), 2-[2-(2-chloroethoxy)-
ethoxylethanol 99% (Aldrich), sodium hydroxide (Mallickandrot) and sodium
borohydride (Aldrich, 98%). Deionized, Nanopure water (18.2 MQ-cm) was purified
with a Barnstead Nanopure Diamond system, and was used for the preparation of stock
solutions and as a solvent for nanoparticle synthesis. Flow nanoparticle syntheses were
driven using Kloehn syringe pumps (P/N 54022) and Kloehn 10 and 25 mL syringes.
The flow system was created using IDEX Telfon tubing (0.75 mm ID, WO# 0554152)
and Teflon tees. Lengths of tubing were used in assembling the reactor, to keep
residence and mixing constant for all flow rates. Stock solutions of
tris(thydroxymethyl)aminomethane (tris) buffer and ethylenediaminetetraacetic acid
(EDTA) were prepared as 1 M and 0.5 M solutions, respectively, and diluted as needed
with deionized water. All other reagents were obtained from Aldrich and used without
further purification.

Synthetic procedures. Synthesis of the Bunte salt analog of 2-[2-(2-
mercaptoethoxy)-ethoxy Jethanol (MEEE). The MEEE Bunte salt ligand precursor was
prepared according to a reported procedure.?® Briefly, 2-[2-(2-
chloroethoxy)ethoxylethanol (5.8 g, 34.8 mmol) was combined in water with sodium
thiosulfate (5.0 g, 31.6 mmol) and heated to reflux for three hours. The salts are
filtered, and the water is removed by rotary evaporation. Trituration of the residual oil

with ethanol affords the MEEE Bunte salt as a colorless oil.
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Synthesis of the Bunte salt analog of 2-(7-mercaptoheptyl)-N', N N’ N°-
tetramethylmalonamide (MHTMMA). Synthesis of the MHTMMA ligand precursor
followed previously reported procedures.?! Briefly, sodium hydride (0.31 g, 12.9 mmol)
was used to alkylate tetramethylmalonamide (1.92 g, 12.1 mmol) with 7-bromoheptan-
1-0l (2.01 g, 10.3 mmol). The alcohol was then brominated with PBr; (0.19 mL, 2.0
mmol), and subsequently converted to the Bunte salt with sodium thiosulfate (1.04 g,
6.0 mmol) in a refluxing mixture of water and ethanol. The salts are filtered, and the
solvent mixture is removed by rotary evaporation. Trituration of the residual oil with
ethanol affords the MHTMMA Bunte salt as a colorless oil.

Batch-based synthesis of functionalized gold nanoparticles. An aqua regia (3:1
HCI:HNO:;) cleaned 250 mL round-bottom flask equipped with a stir bar was charged
with 100 mL of H,O, 1 mIL of HAuCls*xH,0 solution (0.1 M), and 500 uL. of an
aqueous MHTMMA or MEEE solution (0.1 M ). The reaction mixture was allowed to
stir for 10 minutes, and then 2.0 mL of a freshly prepared aqueous 0.1 M NaBH,
solution was added. The reaction mixture was allowed to stir for 3 hours. The resulting
nanoparticles are filtered through a coarse-fritted glass funnel, collected, and purified
via diafiltration with twenty volume equivalents of Nanopure water through a 70 K
membrane (Pall Corporation).”

Microscale flow system synthesis of functionalized gold nanoparticles.
Individual stock solutions (10 mL) of aqueous hydrogen tetrachloroaurate (5.0 mM),
Bunte salt ligand (MEEE, MHTMMA or a MEEE/MHTMMA mixture) (1.0 mM), and

20 mL of a solution of aqueous sodium borohydride (1.0 mM, adjusted to pH=10 with
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NaOH), were prepared by serial dilution. The microscale system consists of two tees,
automated syringe pumps, and Teflon tubing (Figure 4.2) that allows precise delivery of
reagents and controls the reaction time. The pumps on the flow system are programmed
to run at a flow rate of 3.0 mL/min. To begin the reaction, the syringe pumps aspirate
5.0 mL of the gold and ligand precursor solutions, as well as 10.0 mL of the
borohydride solution. The syringes then dispense the gold and ligand solutions at a flow
rate of 3.0 mL/min through 50 ¢cm of tubing (retention time = 10 s), before joining the
3.0 mL/min stream of borohydride reagent in the second tee (Figure 4.2). Following the
initiation of reduction by borohydride, the reaction solution flows through 329 cm of
tubing (30 s residence time) in the reactor. The resulting dark red solutions of
nanoparticles were collected in a flask at the end of the tubing, and filtered through a
coarse-fritted glass funnel before purification via diafiltration with twenty volume
equivalents of Nanopure water using a 50K membrane (Pall Corporation).”

Analytical procedures. Nanoparticles were characterized using a combination
of transmission electron microscopy and UV-visible spectroscopy.

Transmission electron microscopy (TEM). TEM analysis was performed on a
FEI Titan FEG-TEM equipped with an EDAX EDS detector. Gold nanoparticle samples
were prepared for analysis by floating amine-functionalized Smart Grids™ (Dune
Sciences) on top of a drop of solution (either MHTMMA, MEEE, or MEEE/MHTMMA
AuNPs) for 1 minute followed by copious rinsing with Nanopure water. The grids were
placed in a desiccator and allowed to dry overnight. After scanning the entire grid, five

representative images were collected for each sample. A minimum of 600 nanoparticles
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per sample was used for size analysis. The images were then processed using Image J
software to determine average core diameter, size distribution and standard deviation
following the reported method.*

To determine compositional make up of the nanoparticle networks, two TEM
samples were prepared for EDX analysis. In the first, 1 mL of MEEE/MHTMMA
AuNPs was added to 20 uL. of an aqueous solution of 0.1 mM Eu(NO;);. After one
minute, the nanoparticles were centrifuged for 6 min at 6,000 rpm. The supernatant was
discarded, and fresh water was added to the centrifuge tube. The process was repeated
two more times to ensure removal of all europium not bound to the nanoparticle
surface. The nanoparticles were deposited on the surface of the TEM grid using the
above method. The second sample followed the same preparation except that one
minute following the Eu*" addition, an equal addition of EDTA was added to the
nanoparticle solution.

UV-visible (UV-vis) spectroscopy. All measurements were performed using a
Mikropack DH-2000 UV-vis-NIR light source equipped with an Ocean Optics
USB2000 spectrophotometer. Absorbance of purified AuNPs was measured in a quartz
cuvette that was cleaned with aqua regia and rinsed with copious amounts of Nanopure
water in between all measurements. Absorbance spectra from nanoparticles that
required dilution to prevent the absorbance from exceeding the saturation limit of the
instrument were carried out using Nanopure water and were prepared to one-half the as-

synthesized nanoparticle concentration (2:1 H,O:NP).
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Determination of detection limit. The detection limit of the nanoparticle sensors
for europium was determined through a spectral titration of Eu(NO3); that was
monitored via UV-vis spectroscopy.?! The absorbance spectrum of 2 mL of purified
99.9:0.1 MEEE/MHTMMA AuNPs with 20 uLL of 1 M Tris buffer was used as the
blank. Successive aliquots of a 0.1 mM Eu(NO3);3 aq) stock solution were added to the
rapidly stirring nanoparticles, and the absorbance spectra recorded after each addition.
A total of 12 aliquots of 0.1 mM Eu(NO3);3 (aq) were added during the titration (20 ulL
total, 10 successive 1 ul. additions followed by two 5 ul. additions), and the
concentration of Eu’*in the sample was calculated after each addition. Plotting the
calculated Eu** concentration versus the absorbance at 570 nm determined the detection
limit, which was defined as the minimum concentration of Eu®* that caused an
observable absorbance at 570 nm.

Investigation of reversibility. Reversibility of the prepared nanoparticle sensors
was determined by monitoring the changes in absorbance as determined by UV-vis
spectroscopy following subsequent additions of Eu(NO3)3 (aq) and EDTA(yq) stock
solutions (1 mM). The initial absorbance of a rapidly stirring solution of 2 mL of
99.9:0.1 MEEE/MHTMMA and 20 uL of 1 M Tris buffer was measured. Further
spectra were collected after 10-uL aliquots of Eu’* solution were added to the
nanoparticles. An equivalent aliquot of EDTA was then added to the solution, and the
absorbance was again measured. The process was repeated using 20-ul, and 40-ul.
aliquots of the Eu’* and EDTA stock solutions. The recorded absorbance at 540 nm

was plotted versus the addition of Ew’* or EDTA in order to determine the reversibility,
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which was defined as the increase and subsequent decrease in absorbance at 540 nm

following the addition of Eu’" or EDTA, respectively.

Results and discussion

We wanted to control the extent of nanoparticle aggregation that occurs for our
MHTMMA AuNP colorimetric lanthanide ion sensor,”! to investigate whether the
preparation of a reversible sensor was possible. To address this challenge, we
incorporated a large amount of ‘inert” MEEE ligand that provides the gold nanoparticle
surface with solubility and stability with a small amount of ‘active’ MHTMMA ligand
that drives nanoparticle cross-linking. The MEEE Bunte salt was chosen as the inert
diluent ligand because MEEE has no affinity for lanthanide ions, but has demonstrated
the ability to effectively passivate water-soluble gold nanoparticles28 with core
diameters greater than 3 nm. Synthesis of gold nanoparticles with core diameters greater
than 3 nm is important parameter for this study because in this size regime, the surface
plasmon absorbance at 520 nm becomes prominent, which enables colorimetric AuNP-
based sensing.’' Use of the MHTMMA Bunte salt ligand precursor has been shown to
provide selective, colorimetric sensing of lanthanide ions in water.! We investigated
whether sensor reversibility could be tuned by preparing gold nanoparticles comprised
of a mixed ligand composition through combination of the MEEE and MHTMMA
ligands. The main objective was to explore the hypothesis that a mixed-ligand

composition, containing a few MHTMMA ligands on an otherwise MEEE
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functionalized particle surface, could impart control over the nanoparticle cross-linking
event and ultimately allow reversibility to be engineered into the function of the sensor.

Batch-based syntheses of MEEE/MHTMMA gold nanoparticles. Preparation
of MEEE/MHTMMA mixed ligand nanoparticles through batch synthetic methods
including direct synthesis and place exchange reactions were first investigated. **> A
total of 34 trials using various ratios of MEEE and MHTMMA were performed. The
direct synthesis of MEEE/MHTMMA functionalized gold nanoparticles using mixtures
of MEEE and MHTMMA ligand solutions resulted in the preparation of nanoparticle
solutions that were stable and water-soluble. Of these experiments, 2 trials resulted in
nanoparticles that showed spectral and colorimetric changes upon the addition of
Eu’*and EDTA. A total of 8 trials resulted in nanoparticles that responded to the
addition of Eu*", but no changes were observed after EDTA addition. Nanoparticles
that showed no spectral or colorimetric response after the addition of Eu*" or EDTA
dominated the experiments (24 of 35 total). The relative ligand composition was
qualitatively determined using the spectral and colorimetric response of the
nanoparticles after aqueous solutions of Eu**and EDTA were introduced to the particle
solution. Nanoparticles functionalized primarily with MEEE displayed no changes;
MHTMMA functionalized gold nanoparticles responded both visually and spectrally
from the Eu’* addition. Particles containing only a few MHTMMA ligands responded
to both the Eu’* and EDTA additions. The inconsistency of our results suggested that
despite consistent synthetic procedures, the ligand shell composition varied greatly from

batch to batch. Furthermore, efforts to functionalize gold nanoparticles with a small
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number of MHTMMA ligands through introduction of low concentration MHTMMA
solutions or through exposure of MHTMMA functionalized AuNPs to an excess of
MEEE, led to nanoparticle solutions that aggregated upon exchange or during the
purification process, preventing the nanoparticles to be captured for analysis. Both
aggregation events suggest that the stability of the functionalized products were
compromised during exchange. Although initial attempts to produce mixed ligand gold
nanoparticles using these approaches were not reproducible, the two reaction trials that
led to the synthesis of functionalized gold nanoparticles that showed reversible
colorimetric response implied that fabrication of a reversible sensor was possible.
However, the inconsistency in our results indicated that minor variations inherent in the
batch conditions prevented control over the final ligand shell composition, proving to be
detrimental to the reproducibility of our sensor. We thus sought an alternate method for
nanoparticle production that would minimize variability during nanoparticle synthesis.

Microscale flow system for synthesis of MEEE/MHTMMA gold
nanoparticles. Microscale reactors have been shown to impart precise control over
synthetic parameters during nanoparticle synthesis.”****’ Use of a microscale flow
system was therefore investigated to control the delivery and mixing of reagents in
order to reproducibly synthesize MEEE/MHTMMA mixed ligand nanoparticles. The
system consisted of three automated syringes (one for each reagent), two tees, and a
selection of Teflon tubing lengths (Figure 4.2). The mechanical syringe pumps
eliminate small variations in reagent concentration and the tees provide enhanced

reagent mixing. Both result in greater control over the nanoparticle products



90
synthesized from the microscale system. In this system the ligand and gold salt are
introduced at the first tee, where the gold and ligand solutions react to form Au-ligand

complexes. These complexes, or monomers, consist of precursor species that become

34-37

the nanoparticle product upon addition of reductant.

MEEE/MHTMMA

HAuUCl,

NaBH4

Accurate Rapid mixing Controlied Collected
reagent residence nanoparticles
delivery time ready for

purification

Figure 4.2: Schematic of a microscale flow system for mixed ligand AuNP
production. Mechanical pump syringes provide accurate reagent delivery. Tees that
connect the tubing on the syringe pumps provide rapid mixing of the reagents. The
residence time for nanoparticle formation can be precisely controlled by the length and
flow rate of the of the tubing. Nanoparticles are synthesized within minutes, and are
ready for purification immediately following collection.

Following complex formation, the solution is carried to the second tee where
introduction of a sodium borohydride solution occurs. Within two seconds of travel
along the tube, the solution in the tubing shows an obvious color change after the
addition of NaBHj, that indicates nanoparticles are forming. The nanoparticle solution
is collected at the end of the tubing and unreacted gold salt, unbound ligands, and other

by-products are removed by diafiltration.*’



Synthesis and evaluation of nanoparticles prepared with the microscale
flow system. Two synthetic methods that produced the same nanoparticle product were
investigated in order test the efficacy of our microscale system for nanoparticle
production. Gold nanoparticles having a full MHTMMA ligand shell prepared using a
batch synthesis resulted in particles with a prominent surface plasimon absorbance at

520 nm (Figure 4.3 A. red trace).
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Figure 4.3: UV-vis spectra and TEM micrographs of MHTMMA AuNPs. The
surface plasmon absorbance of the MHTMMA AuNPs prepared using the flow system
(A. black trace) is not as distinct as the plasmon absorbance of the MHTMMA AuNPs
prepared in batch (A, red trace) suggesting the AuNPs prepared in tlow are not as large
as those from the batch reaction. The micrographs show both methods for nanoparticle
synthesis to provide dispersed solutions of nanoparticles. However. TEM analysis
confirms the AuNPs prepared in flow (B) are approximately 2 nm smaller than those
from the batch reaction (C). 4.5 nm versus 6.8 nm, respectively.
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TEM confirmed these particles to be well dispersed, with a core diameter of 6.8
+ 2.7 nm (Figure 4.3, C). The analogous MHTMMA gold nanoparticles prepared using
the microscale flow system also have a surface plasmon absorbance at 520 nm (Figure
4.3 A, black trace), but it is not as prominent as the particles prepared in batch. This
suggested that the nanoparticles synthesized from the flow system were smaller than
those prepared using the batch method. Size distribution analysis from the TEM images
of the flow system MHTMMA AuNPs (Figure 4.3, B) confirm the product distribution
is smaller, with a core diameter of 4.5 £ 1.7 nm. The nanoparticles synthesized from
both synthetic methods, however, produced stable MHTMMA AuNPs that performed as
colorimetric sensors for europium. This confirmed that use of the microscale flow
system for nanoparticle production was possible with the MHTMMA ligand. In
addition, these results also showed that nanoparticle size did not dictate reversibility, as
addition of EDTA did not change the colorimetric or spectral response for either of the
MHTMMA AuNPs prepared for this study.

Synthesis and characterization of a library of nanoparticles with varying
ligand composition. Once the efficacy of nanoparticle production was confirmed with
the microscale system, we investigated whether it could be used to prepare
nanoparticles with varying ratios of MEEE and MHTMMA ligands (Chart 4.1). All of
the nanoparticles that were synthesized for this study were water-soluble and stable.
However, only some of the nanoparticles met the requirement for reversible detection of

europium.



Chart 4.1: Nanoparticle mixtures prepared with the microscale flow system.

Theoretical number Colorimetric
MEEE:MHTMMA of MHTMMA metri .
. . . response to Reversible?

ratio ligands on NP -

surface (d_,,.= 5 nm) '
100:0 0 No N/A
99.99:0.01 > No N/A
99.9:0.1 >1 Yes Yes
99:1 4 Yes Yes
95:5 18 Yes Yes
90:10 37 Yes Yes
80:20 73 Yes No
70:30 110 Yes No
50:50 183 Yes No
0:100 367 Yes No

The theoretical number of total ligands available on the particle surface was
approximated from the surface area of the particle and the footprint of the individual

ligand.*® This information was used to estimate the number of individual MHTMMA
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ligands on the particle surface after introduction of different MEEE/MHTMMA ligand

ratios. A nandparticle with a full MHTMMA ligand shell contains roughly 367 ligands

on the particle surface. Although this provides for immediate and sensitive colorimetric

detection of europium, the nanoparticle surface plasmon cannot be recovered even with

the addition of a large excess of EDTA (Figure 4.4, A). Because the MEEE particles do

not bind to lanthanide ions nanoparticle cross-linking does not occur, and no spectral
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response is observed. after addition of Eu™ to a solution of AuNPs functionalized with a
p

full MEEE ligand shell (Figure 4.4. B).
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Figure 4.4: Spectral response of AuNPs passivated with a full ligand shell of
either MHTMMA or MEEE. Gold nanoparticles with the MHTMMA ligand shell (A.
black trace) show a distinct change upon the addition of Eu**(A. red trace). The shift
and broadening of the surface plasmon is an indication of nanoparticle cross-linking.
Upon addition of EDTA. the plasmon absorbance remains red-shifted (A. blue trace)
indicating the nanoparticles remain bound to Eu’*. Unlike the MHTMMA particles.
AuNPs having a full MEEE ligand shell (B. black trace) show no spectral change upon
addition of Eu”"(B. red trace) indicating that the MEEE functionality does not bind to
the Eu™ ion. and no nanoparticle cross-linking occurs.

Finally. synthetic trials using MEEE/MHTMMA ratios to form nanoparticles with one
MHTMMA ligand were performed to determine if nanoparticle dimer formation could
be controlled. The 99.99:0.01 MEEE/MHTMMA AuNPs did not allow colorimetric

sensing to occur. likely due to the ligand ratio being too dilute in MHTMMA to allow

sufficient cross-linking to occur for spectral response. However. nanoparticles
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synthesized with a 99.9:0.1 MEEE/MHTMMA ratio did show a colorimetric response
to Eu’*. Furthermore, all nanoparticle trials that contained 10% or less of the
MHTMMA ligand during synthesis were reversible. The results of these studies
confirm the successful synthesis of mixed ligand gold nanoparticles and also, to our
knowledge, constitute the first report of a reversible, colorimetric AuNP-based sensor
for europium.

Investigating MHTMMA concentration and nanoparticle cross-linking.
The extent of nanoparticle cross-linking that occurs during Eu’* addition was evaluated
to assess the relationship between the concentration of MHTMMA precursor ligand
used during nanoparticle synthesis and the extent of nanoparticle cross-linking after
interaction with Eu**. TEM images of the resulting nanoparticle aggregates formed
after introduction to a solution of Eu** (Figure 4.5) showed a direct relationship
between MHTMMA concentration, nanoparticle cross-linking, and ultimately, the
reversibility of the sensor. When a solution of gold nanoparticles with a full MHTMMA
ligand shell was introduced to a Eu’* solution, mass aggregation occurred during
nanoparticle cross-linking. These large aggregates prevented EDTA from accessing the
lanthanide ions bound to the malonamide functionality on the MHTMMA ligand. The
binding affinity of malonamides for europium ions holds the nanoparticle networks
together, thus the particles cannot be released from one another unless the ion is no
longer chelated to the terminal malonamide group. Furthermore, when the large
aggregates are unable to be re-dispersed back into solution, the particles eventually

precipitate and are unable to be recaptured for further use. As the concentration of
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MHTMMA ligand was decreased during nanoparticle synthesis, the resulting
aggregates that formed upon addition of the Eu’" solution also became reduced (Figure

4.5, A-C).

N
50 nm 20 nm 50 nm

Decreasing concentration of MHTMMA

Figure 4.5: TEM micrographs of AuNP aggregates formed after introduction to
a solution of Eu**. Nanoparticles that are passivated with a full MHTMMA ligand shell
form large, extended networks of nanoparticle aggregates after introduction to Eu’* (A).
The mass aggregation prevents EDTA to access the bound europium, subsequently
preventing the nanoparticle aggregates to be re-dispersed. As the number of
MHTMMA ligands on the nanoparticle surface decreases, much smaller nanoparticle
clusters form (B). This trend continues until only dimer, trimer and small chain clusters
of nanoparticles can be seen (C). As the extent of nanoparticle aggregation declines,
EDTA is able to release the Eu’*-bound nanoparticles from the MHTMMA
functionality, and provide the basis for sensor reversibility.

Nanoparticles that were synthesized with a MEEE/MHTMMA ratio consisting of 10%
or less of the MHTMMA ligand showed reversibility, suggesting that the reduced
number of MHTMMA ligands able to bind europium were the driving force behind the

extent of nanoparticle aggregation. It is therefore necessary for nanoparticle networks

small enough for EDTA to access the bound europium in order for the sensor to display
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reversibility. The synthetic trial utilizing a 99.9:0.1 MEEE/MHTMMA ratio formed the
smallest networks of nanoparticles upon addition of europium (Figure 4.5, C). This ratio
of MEEE and MHTMMA should have a theoretical >1 MHTMMA on the surface.
However, it is likely that the ligands on the particle surface were not evenly distributed,
as the TEM images showed a mixture of single nanoparticles, as well as nanoparticle
dimers, trimers, and small clusters (Figure 4.5, C). Further analysis of the ligand
arrangement may be possible with use of a scanning tunneling microscope (STM), as
information relating the spatial distribution of ligands on 2-D and 3-D gold surfaces
have been reported.'’

Investigating a reversible, colorimetric sensor for Eu’’. Initial data from the
nanoparticle library produced with the microscale system suggested that the
nanoparticles prepared with a 99.9:0.1 MEEE/MHTMMA ratio formed the smallest
networks of cross-linked particles, and met the requirement of reversible, colorimetric
detection of europium. Nanoparticles prepared with this ligand ratio were thus chosen
to further investigate whether Eu®" is removed from the nanoparticle aggregates
following addition of EDTA.

UV-vis spectra and TEM images were first obtained to confirm the performance
of the 99.9:0.1 MEEE/MHTMMA AuNPs. The absorption spectra for these
nanoparticles have a plasmon absorption centered at 520 nm that suggested the
nanoparticles to be greater than 3 nm in size (Figure 4.6 A, black trace). Size
distribution analysis®® of the TEM images (Figure 4.6, B) show that the nanoparticles

are 4.2 +/- 1.8 nm in diameter, are spherical in shape, and are well dispersed on the grid.
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Absorbance spectra and TEM images showed obvious changes with the addition of
Eu(NO3); (aq) and EDTA(,q) to the nanoparticle distribution. The addition of an aliquot
of Eu(NOs3);3 (aq) caused an immediate change in the color of the nanoparticle solution
from red to blue. A broadening and bathochromic shift in the absorbance spectra
accompanied the change in color (Figure 4.6 A, red trace). The changes in the
absorbance spectra occurred as the nanoparticles were brought to within close proximity
for nanoparticle cross-linking. The cross-linking event was driven by the malonamide
functionality tethered to the nanoparticle surface by the MHTMMA ligand, and was
confirmed by the presence of small nanoparticle clusters on the TEM grid surface
(Figure 4.6, C). The addition of EDTA restored the plasmon absorbance back to 520
nm (Figure 4.6 A, blue trace), and changed the color of the nanoparticle solution back to
red. Restoration of the initial absorbance spectra and nanoparticle color suggest that the
nanoparticles were no longer cross-linked through the bound Eu*" ion, and were freely
dispersed back in solution. TEM images (Figure 4.6, D) reveal that no nanoparticle
clusters remained on the grid and the particles were again well dispersed.

To confirm that europium had been removed from the dispersed nanoparticles,
energy dispersive X-ray (EDX) spectra were obtained to analyze the composition of the
nanoparticle networks following the addition of europium and EDTA. The EDX
spectrum corresponding to a nanoparticle cluster after the addition of Eu®* showed
multiple peaks corresponding to europium (Figure 4.7, A), and confirmed the presence
of this ion within the cross-linked structure. A second EDX spectrum was obtained for

the dispersed nanoparticles following incubation with EDTA, and revealed that all of
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the peaks corresponding to europium were no longer detectable (Figure 4.7. B). This
suggests that europium was successtully removed from the bound nanoparticle
networks. The combined UV-vis. TEM and EDX data provide conclusive evidence that
upon addition of EDTA europium is removed from the MEEE/MHTMMA mixed

ligand AuNPs. and which permits reversible. colorimetric detection of europium.
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Figure 4.6: Absorbance spectra and TEM micrographs of MEEE/MHTMMA
AuNPs. UV-vis spectra of 99.9:0.1 MEEE/MHTMMA AuNPs after purification (A,
black trace) show a distinct absorption at 520 nm. Following the addition of europium
(A. red trace). the absorption is red-shifted. The addition of EDTA (A. blue trace)
restores the initial absorption at 520 nm. TEM micrographs show the nanoparticles to
be well dispersed and spherical in shape (B). After addition of europium, small clusters
of nanoparticles can be seen (C). Addition of EDTA removes the europium from the
malonamide functionality. which enables the nanoparticles to be re-dispersed (D). and
restores the initial plasmon absorbance at 520 nm (A. blue trace).
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Figure 4.7: EDX spectra of MEEE/MHTMMA AuNPs after introduction to
solutions of Eu’" and EDTA. Europium can be detected within the nanoparticle cluster
after introduction to europium (A). Following addition of EDTA, the same nanoparticle
sample shows no europium on the particle surface (B). This indicates that the EDTA
can successfully remove all measurable amounts of europium from the nanoparticle
sample.

Determination of detection limit for Eu®* binding. The dynamic range of the
MEEE/MHTMMA AuNP sensor is defined as the upper and lower limits that display a
change in the UV-vis absorbance spectra upon addition of a solution of Eu’*. The lower
limit of the dynamic range corresponds to the detection limit of the sensor. Titration of
a 0.1 mM Eu(NOs3); solution into the 99.9:0.1 MEEE/MHTMMA functionalized gold
nanoparticles allowed the quantitative determination of the detection limit for this
system (Figure 4.8). The change in the absorbance spectra at 570 nm was monitored as
the concentration of Eu®* was increased. An increase in this region of the spectra

corresponds to nanoparticle cross coupling, induced by Eu**-particle binding. The

second 1 uL addition of 0.1 mM Eu** resulted in a measurable increase in the in the



101
absorbance at 570 nm. The absorbance continued to increase as the concentration of
Eu*" increased, until the upper limit of the dynamic range was reached. Beyond this
point the absorbance did not change and presumably, all of the Eu®* binding ligands
were occupied. The titration data show the upper and lower limits of the dynamic range
for this system to be 500 nM and 100 nM, respectively (Figure 4.8, B). The 100 nM
detection limit of the MEEE/MHTMMA mixed ligand sensor is two times higher than
that of the full MHTMMA AuNP sensor.”! Because the mixed ligand system has fewer
TMMA functionalities to cross-link particles, more Eu’* might be needed to initiate
substantial particle interaction for the detector to measure. In addition, the smaller
aggregate size may impact the lower measurable limit of the sensor, as the shift of the
surface plasmon absorption that occurs when particles interact is directly related to the
extent of interaction.'® The titration data for the full MHTMMA AuNP system used 620
nm as the wavelength corresponding to interacting particles. The nanoparticle solution
prior to europium addition has a very small absorbance in this region. Thus, when the
nanoparticle solution was blanked, there was little overlap between the regions of the
absorbance spectra corresponding to dispersed and coupled particles. On the contrary,
the mixed ligand system has a much higher relative absorbance at the wavelength (570

nm) corresponding to nanoparticle cross-linking.
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Figure 4.8: Spectral titration and resulting A vs. Eu concentration data that
define the dynamic range of the mixed ligand AuNP sensor to Eu’™. A UV-vis titration
(A) was performed to determine the absorbance change as subsequent aliquots of Eu’™
were added to the MEEE/MHTMMA AuNPs. An initial spectrum of the
MEEE/MHTMMA AuNPs was recorded and this solution was used as the blank. Upon
addition of the Eu’" solution. one can monitor the increase in the longer wavelength
absorbance resulting from the interaction of surface plasmons of the particles. From the
titration data, the absorbance at a single wavelength (570 nm) can be plotted as a
function of concentration for the added Eu’™ metal ion (B) to determine the dynamic
range of the sensor. The low limit of the sensor correlates to the detection limit of the
system. and was determined to be 100 nM. In this sample the upper limit was 500 nM.
though the upper limit can be tuned as a function of nanoparticle concentration, as the
upper limit decreases as the concentration of nanoparticles increases.
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However, regardless of whether the increase in detection limit was due to spectra
subtraction during the titration, or the overall lower number of malonamide groups on
the particle surface, the 100 nM detection limit is well within the same order of
magnitude as our previously reported lanthanide sensor that contains the lowest
reported detection limit for AuNP-based colorimetric detection of this jon.*!

Determination of MEEE/MHTMMA AuNP reversibility. Reversibility is

defined for our system as the ability to control particle-particle interactions of
MEEE/MHTMMA functionalized gold nanoparticles. Particle interaction was initiated
by introduction of a Eu’* solution. EDTA was used to unlock the nanoparticle networks
by releasing the bound europium ion, allowing the nanoparticles to become re-dispersed
into solution. Subsequent addition of europium resulted in nanoparticle cross-linking
once again. Control over the cross-linking event must occur without interruption to the
stability of the particle solution. Nanoparticle stability was an important factor because
precipitation would imply that the nanoparticle binding event was perturbed but not
manipulated. The absorbance spectra and color of the nanoparticle solution were
monitored during additions of Eu’* and EDTA to the 99.9:0.1 MEEE/MHTMMA
functionalized AuNPs (Figure 4.9). The absorbance at 540 nm increased and
subsequently decreased as equivalent aliquots of Eu*" and EDTA solutions were added

to the NP solution (Figure 4.9, A).
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Figure 4.9: Absorbance data and images confirming sensor reversibility.
Control over the composition of the ligand shell allows reversibility to be engineered
into the function of the sensor. The nanoparticles can cross-link and be subsequently
released after multiple additions of europium and EDTA. respectively. Reversibility is
monitored by the increase and decrease in absorbance at 540 nm after europium and
EDTA additions (A). respectively. The color of the nanoparticle solution toggles back
and forth as the nanoparticles become cross-linked and re-dispersed (B). suggesting that
the EDTA is successtully removing the lanthanide ion from the nanoparticle surface.
allowing the malonamide functionality on the nanoparticle surface to become available
tor binding to additional europium ions added to the nanoparticle solution.

Absorbance at 540 nm (a.u.)

No scattering was detected in the UV-vis absorbance spectra suggesting that the
nanoparticles remained dispersed and well solvated. Furthermore, the final nanoparticle
solution following the third EDTA addition showed no sign of aggregation or
precipitation. In addition to changes in the absorbance spectra. the color of the
nanoparticle solution was monitored by visual changes that occurred during each

addition. The nanoparticle solution toggled between blue and red after addition of
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europium and EDTA, respectively (Figure 4.9, B). The ability to restore both the
absorbance and color of the initial nanoparticle solution after repeated additions of Ew’*
and EDTA confirmed the reversibility of this system. Reversibility can be advantageous
for applications requiring multiple test iterations. The results of this study show that it is
possible to control the nanoparticle cross-linking event through ligand-ion interactions

that occur at a gold nanoparticle surface.

Conclusions

In summary, gold nanoparticles comprised of a mixed MEEE/MHTMMA ligand
shell have enabled reversible, colorimetric sensing of europium to occur. The
MHTMMA-Eu*" binding event drove particle interaction and the MEEE ligand
controlled the extent of nanoparticle cross-linking by diluting the particle surface with
inert, non-Eu’* binding functionality. The detection limit was found to be 100 nM for
the MEEE/MHTMMA AuNP sensor. Use of a microscale flow reactor over traditional
batch syntheses provided the necessary control over reaction conditions, namely the
accurate delivery and thorough mixing of reagents, to prepare these mixed ligand
nanoparticles. The ligand shell composition varied according to the ratio of MEEE and
MHTMMA ligand precursor solution used during synthesis and was used to tune the
extent of nanoparticle cross-linking, which allowed reversibility to be engineered into
the function of the sensor. Use of the microscale flow system has shown that the surface
ligand chemistry can be controlled. This type of control may prove useful for future

studies to allow the spatial assembly of nanoparticles, including the assembly of higher
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ordered nanoparticle architectures, to occur and provide access to applications not

currently available using traditional, batch techniques.

Bridge

During the trials to prepare MEEE/MHTMMA mixed ligand gold nanoparticles
using batch synthetic methods, we noticed that several of the control experiments
involving the synthesis of MEEE functionalized AuNPs resulted in nanoparticle
solutions that were not stable to the addition of Eu®*. These nanoparticle solutions
formed mass agglomerates that immediately precipitated upon the addition of europium,
and were not consistent with previous MEEE functionalized AuNPs that showed no
response to excess amounts of this lanthanide ion. Agglomeration occurred with the
addition of any solution that changed the ionic concentration of the prepared
nanoparticles. In addition, the nanoparticles would precipitate from solution over the
course of several days without any perturbation to the ionic concentration of the
nanoparticle solution. Despite keeping the synthetic conditions constant, the MEEE
AuNP products varied greatly. The reaction trials either produced stable nanoparticles
that showed no response to changes in ionicity or resulted in solutions of unstable
nanoparticles that precipitated from solution. The lack of reproducibility led to the
investigation of the nature of the observed instability. Chapter V consists of
experiments that were carried out by Sam Lohse and myself to understand the role that
synthetic batch conditions have on the stability of MEEE gold nanoparticles prepared

from the MEEE Bunte salt ligand precursor.
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CHAPTER V

INVESTIGATING THE ROLE OF REDUCING AGENT ON THE
STABILITY OF GOLD NANOPARTICLES PRODUCED FROM

BUNTE SALT LIGAND PRECURSORS

Note: Experimental design and data acquisition corresponding to Chapter V were
executed in equal parts by the author and S. Lohse. S. Golledge performed acquisition
and peak fitting of XPS data. J. E. Hutchison provided experimental and editorial
guidance.

Introduction

The high surface area, reactivity, and unique, size-dependant properties of
inorganic nanoparticles (NPs) has prompted numerous developments for functional
hybrid nanomaterials in sensing'~, bio-molecular tagging,*® microelectronic,”® and
optical device application.”!! A well-defined molecular coating, or ligand shell, on the
nanoparticle surface is crucial for proper performance. The ligand shell helps to prevent
irreversible fusion, or aggregation, of the nanoparticle cores, controls interparticle

interactions, and enhances nanoparticle solubility.'>"> These attributes determine the
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nanoparticles stability, and capability for additional functions that include ligand
exchange'® subsequent synthetic modification,' - functionalization to solid

" : 212
1920 and molecular recognition to chemical analytes.”'** However, surface

supports,
ligands that are not securely anchored to the particle core can become dissociated from
the surface, which causes the particles to aggregate.”>*® This can negatively impact
particle solubility and stability, two key requirements for performance. For these
reasons, a well-defined ligand shell is vital for proper functional nanomaterial design.
Ligand shells can be comprised of a complex multilayered assembly of organic
molecules held to the particle surface by electrostatic interaction, such as that of citrate-
stabilized nanoparticles.'*?* Alternately, nanoparticles can also be stabilized by ligands
that form a covalent interaction between a terminal ligand functionality and the particle
core. Thiols are one terminal ligand functionality that are often used to provide a stable
surface coating for gold nanoparticles (AuNPs), due to the strong covalent bond that
forms between sulfur and gold.'®*"***° This strong interaction has prompted the
development of a vast library of thiol ligands designed to provide passivation of the
gold nanoparticle core while also allowing w-functionalities to be displayed on the
particle surface. In addition, thiol ligands can permit direct AuNP synthesis, but the
range of nanoparticle core sizes available using thiol ligands is limited to core diameters

#3132 Direct methods to produce functionalized AuNPs having a

less than 4.0 nm.
variety of sizes thus require the use of alternate ligand functionalities.

Protected, or masked, thiols are a group of ligands that form w-functionalized

thiolate monolayers on both 2-D gold surfaces and gold nanoparticles. This class of
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ligand precursor includes sodium thiosulfates, or Bunte salts, (R-S,0;Na),”*¥ disulfides
(R-SS-R),*® and thiocyanantes, (R-SCN).>"*3and have allowed the preparation of thiol-
protected gold nanoparticles to be synthesized in a single, direct step, while providing
access to particle sizes that are unavailable in direct syntheses with unmasked thiol
ligands.*® In particular, Bunte salts have been used to access thiol-protected gold
nanoparticles with core diameters ranging from 1.5 to 20 nm in diameter,*” as well as
functionalized AuNPs designed for functional application.?! In these cases, the larger

particle sizes were thought to result from the slower passivation kinetics of monolayer

st
S

formation from the terminal Bunte salt functionality. Despite the differences in their

41,42

chemical and electronic behavior, the mechanism of Bunte salts monolayer

formation on gold nanoparticle surfaces is understood primarily by analogy to thiolate

33,37,38,43

monolayer formation studies on 2-D gold substrates, where the formation of the

thiolate-Au bond is thought to occur via adsorption of the protected thiol followed by
catalytic sulfur-sulfur bond breakage at the gold surface.”

Surface characterization of gold nanoparticles produced using masked thiol
ligands suggests that the final nanoparticle product is stabilized with a protective Au-

12-14,29

thiol monolayer, analogous to AuNPs produced using traditional, unprotected thiol

3340 and should therefore have the same chemical behavior and stability against

ligands,
aggregation and precipitation. However, in the course of synthesizing gold
nanoparticles from the Bunte salt analog of 2-[2-(2-mercaptoethoxy)-ethoxy Jethanol

(MEEE), we found that our final nanoparticle products were inconsistently stable. The

MEEE nanoparticles would precipitate when the environment of the nanoparticle
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solution was perturbed. Such perturbations included extensive purification by
diaﬁltration,44 changes in the nanoparticle concentration from centrifugation, and
changes to the solution pH, as well as ionic strength. In addition, MEEE AulNPs
produced in 250-mL round bottomed flasks were often stable, producing nanoparticles
that remained dispersed in solution indefinitely, regardless to purification, changes in
pH, ionicity, or concentration. Conversely, all synthetic trials to produce MEEE AuNPs
20-mL scintillation vials resulted in unstable nanoparticles that could not be purified,
and eventually precipitated over the course of a few hours to a couple of days. The
precipitation event could be expedited when the volume of the nanoparticle solution
was reduced, or the ionic strength was altered by addition of a metal ion solution.
Although the precipitation event was not desirable, addition of Eu(NO3); or Gd(NOs3);
could be used as a rapid assay to monitor the stability of our prepared AuNPs. These
results were in direct contrast to AuNPs produced from the traditional MEEE thiol
ligand, which are reproducibly synthesized, purified, and stable to wide variations in pH
and ionic strength.'®4*

The observed inconsistencies in our nanoparticle products led us to hypothesize
that instability may be the result of insufficient reduction of the Bunte salt, which would
prevent the formation of the Au-thiolate linkage on the nanoparticle surface. An
investigation of thiolate formation on the surface of gold nanoparticles from Bunte salt
precursor ligands should provide insight into the mechanism of ligand transformation
during nanoparticle synthesis, and lead to an improved synthetic method for gold

nanoparticle formation from Bunte salt ligand precursors. To investigate our
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hypothesis, the reaction variables present during ligand shell formation were
systematically evaluated, including reaction vessel size, heat, mixing time allowed for
reaction between the ligand and gold precursors, and concentration of the reducing
agent.

Herein we report the investigation of the thiolate monolayer formation on AuNP
surfaces during direct nanoparticle synthesis from the Bunte salt analog of 2-[2-(2-
mercaptoethoxy)-ethoxy]ethanol (MEEE). XPS analysis confirmed that the surface of
unstable MEEE AuNPs were dominated by oxidized sulfur species, present from the
incomplete reduction of the Bunte salt precursor. Conversely, stable MEEE AuNPs
were passivated with a ligand shell that was predominantly composed of a thiolate
monolayer. The concentration of sodium borohydride used during synthesis impacted
the composition of the monolayer on the AuNP surface (Figure 5.1). The results of this
study confirm that the reducing agent plays a role in the ligand transformation from
thiosulfate to thiolate functionality, which impacts the formation of the thiolate
monolayer, a mechanism that was previously attributed to the catalytic reduction of the
sulfur-sulfur bond at the gold nanoparticle surface.’*** The formation of a complete
thiolate monolayer was found to have a direct relationship to the stability of the
nanoparticle solution. All of the nanoparticle samples that were passivated with a
MEEE ligand shell bound to the gold core by thiolate linkage remained in solution after
extensive purification, and were resistant to changes in pH and ionic strength. The
nanoparticles passivated with oxidized species were unstable under analogous

conditions.
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Figure 5.1: Schematic of AuNP formation from Bunte salt ligand precursors.
An initial addition of sodium borohydride to an aqueous solution of gold
tetrachloroaurate and MEEE Bunte salt ligand forms nanoparticles stabilized with a
shell of oxidized sulfur species. A subsequent addition of borohydride results in the
conversion of oxidized sulfur to thiolate linkage, producing stable solutions of MEEE
functionalized gold nanoparticles.

Experimental methods

Materials. Hydrogen tetrachloroaurate was obtained from Alfa Aesar. All other
reagents were obtained from Aldrich and used without further purification. Deionized,
Nanopure water (18.2 MQ-cm) was purified with a Barnstead Nanopure Diamond
system, and was used for the preparation of stock solutions and as a solvent for
nanoparticle synthesis.

Synthetic procedures. Synthesis of the Bunte salt analog of 2-[2-(2-
mercaptoethoxy)-ethoxy Jethanol (MEEE). The MEEE Bunte salt ligand precursor was

prepared according to a reported procedure.39 Briefly, 2-[2-(2-
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chloroethoxy)ethoxy]ethanol (5.8 g, 34.8 mmol) was combined in water with sodium
thiosulfate (5.0 g, 31.6 mmol) and heated to reflux for three hours.

Flask-based synthesis of functionalized gold nanoparticles. An aqua regia (3:1
HCIL:HNO3) cleaned 250-mL round bottom flask equipped with a stir bar was charged
with 100 mL of H,0, 1 mL of HAuCls*xH,O solution (0.1 M), and 500 uL of an
aqueous MEEE solution (0.1 M ). The reaction mixture was allowed to stir for 10
minutes, and then 2.0 mL of a freshly prepared aqueous 0.1 M NaBHj4 solution was
added. The reaction mixture was allowed to stir for 3 hours. The resulting nanoparticles
are filtered through a coarse-fritted glass funnel, collected and purified via diafiltration
with twenty volume equivalents of Nanopure water through a 70 K membrane (Pall
Corporation).**

Vial-based synthesis of functionalized gold nanoparticles. An aqua regia (3:1
HCIL:HNO;) cleaned 20-mL scintillation vial equipped with a stir bar was charged with
10 mL of H,0, 0.1 mL of HAuCls*xH,O solution (0.1 M), and 50 uL. of an aqueous
MHTMMA or MEEE solution (0.1 M ). The reaction mixture was allowed to stir for 10
minutes, and then 0.2 mL of a freshly prepared aqueous 0.1 M NaBH, solution was
added. The reaction mixture was allowed to stir for 3 hours. The resulting nanoparticles
are filtered through a coarse-fritted glass funnel, collected, and purified via diafiltration
with twenty volume equivalents of Nanopure water through a 70 K membrane (Pall
Corporation).**

Determining the effect of reducing agent concentration on particle stability.

AuNPs were synthesized using the standard flask synthesis method described above.
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Following diafiltration, the AuNP solution was divided into thirds, and placed in three
separate 100-mL round bottom flasks. 5.0 mL of Nanopure water was added to the first
flask. 3 mL of aqueous NaBH, (0.1 M) and 2 mL of Nanopure water were added to the
second flask. This solution remained a vibrant red color. To the final flask, 3.0 mL of
aqueous NaBHy4 (0.1 M) and 2 mL of MEEE (0.01 M) were added. This solution
remained a vibrant red color. Samples of all solutions were retained for UV-vis and
TEM analysis.

Analytical procedures. Nanoparticles were characterized using a combination
of transmission electron microscopy, UV-visible spectroscopy, and X-ray photoelectron
spectroscopy.

Transmission electron microscopy (TEM). TEM analysis was performed on a
FEI Titan FEG-TEM. Gold nanoparticle samples were prepared for analysis by floating
amine-functionalized Smart Grids™ (Dune Sciences) on top of a drop of MEEE AuNP
solution for 1 minute followed by copious rinsing with Nanopure water. The grids were
placed in a desiccator and allowed to dry overnight. After scanning the entire grid, five
representative images were collected for each sample. A minimum of 600 nanoparticles
per sample was used for size analysis. The images were then processed using Image J
software to determine average core diameter, size distribution and standard deviation
following the reported method.*

UV-visible (UV-vis) spectroscopy. All measurements were performed using a
Mikropack DH-2000 UV-vis-NIR light source equipped with an Ocean Optics

USB2000 spectrophotometer. Absorbance of purified AuNPs was measured in a quartz
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cuvette that was cleaned with aqua regia and rinsed with copious amounts of Nanopure
water in between all measurements. Absorbance spectra from nanoparticles that
required dilution to prevent the absorbance from exceeding the saturation limit of the
instrument were carried out using Nanopure water.

Determination of stability. Stability measurements of the AuNPs formed from
the Bunte salt ligand precursor of MEEE were carried out through the addition (100-uL)
of an aqueous solution of either 0.1 M Gd(NO;); or Eu(NOs3); to 1-mL of NPs.

X-ray photoelectron spectroscopy (XPS). XPS analysis was performed on a
ThermoScientific ESCALAB 250 XPS. NP samples prepared for XPS analysis were
first centrifuged for 6 min at 6,000 rpm to concentrate the NP solution. A 20-uL. droplet
of concentrated MEEE AuNPs were then placed on the surface of a 1 x1 mm segment
of silicon wafer that was covered by an approximately 500 angstrom layer of
evaporated chromium. This process was repeated 5 times, or until the deposited NPs

formed a non-transparent sample layer on the wafer surface.

Results and discussion

The formation of a robust ligand shell can impact nanoparticle solubility, as well
as provide the ability to withstand changes to the local chemical environment that can
lead to irreversible nanoparticle aggregation.'****° Bunte salt ligand precursors produce
colloidal solutions of functionalized nanoparticles, where the ligand is held to the
nanoparticle surface through thiolate linkage.* The synthesis of gold nanoparticles

from Bunte salt ligand precursors has allowed the direct synthesis of AuNPs with
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various core sizes and surface functionality.*’*>*" In the course of our previous
investigation of gold nanoparticles functionalized with Bunte salt ligands designed for
colorimetric Ln’" detection, we explored the synthesis of AuNPs from Bunte salt
ligands having various terminal functionality.”! However, it was found that the
synthesis of AuNPs from Bunte salt ligand precursors did not consisteﬁtly resultin a
final product that remained well dispersed in solution after perturbation of the
nanoparticle solution.

AuNPs synthesized from a MEEE Bunte salt precursor ligand resulted in the
formation of nanoparticles that were not reliably stable to purification by diafiltration,”
or concentration by centrifugation. In addition, the synthesis of MEEE AuNPs
produced particles that were inconsistently stable to changes in ionic strength, or the
size of reaction flask used during synthesis. This type of sensitivity to changes in the
local chemical environment is characteristic of ionically stabilized nanoparticles, such
as particles that have a citrate-passivated shell.**** To understand the origin of the
instability displayed between various trials of synthesized MEEE AuNPs, comparisons
between stable and unstable samples were performed.

Comparing stable and unstable MEEE AuNPs. Despite analogous reaction
conditions, the synthesis of MEEE AuNPs resulted in products that were inconsistently
resistant to the addition of an aqueous Gd(NOs); metal ion solution, resulting in
particles that sometimes aggregated upon ion addition. The sensitivity to the Gd*" metal
was used as a rapid method to assay the stability of the nanoparticle solution. The

spectral response of stable and unstable MEEE AuNP solutions was monitored using
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UV-vis spectroscopy before and after the addition of this trivalent cation (Figure 5.2,
A). The addition of a 0.1 M aliquot of Gd*>* to the unstable MEEE AuNPs (Figure 5.2
A, blue trace) caused a bathochromic shift and significant broadening in the absorbance
spectra (Figure 5.2 A, red trace). In addition, the shifted absorbance spectra showed a
distinct rise above the baseline that was consistent to light scattering off of aggregated
nanoparticles that were no longer in solution. NP aggregation was confirmed by eye as
well as TEM, where large aggregated masses of NPs were seen throughout the grid
surface (Figure 5.2, C). We observed that the aggregation event occurred slowly over
time, but could be induced by changing the concentration or ionic strength of the NP
solution. In contrast, the stable solution of MEEE AuNPs showed no spectral response
to an equal addition of Gd®* (Figure 5.2 A, black and orange traces), and TEM analysis
of this NP sample revealed the NPs to remain well dispersed on the grid surface (Figure
5.2, B). Although the absorbance spectra of both the stable and unstable NP solutions
appeared similar after synthesis, the drastic difference in the spectral response to the

addition of gadolinium suggested compositional discrepancies.
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Figure 5.2: UV-vis spectra and TEM micrographs of MEEE functionalized
AuNPs. Stable and unstable MEEE particles have a plasmon absorbance at 520 nm.
characteristic for NPs greater than 3 nm in size (A. black and blue traces, respectively).
The stable MEEE AuNPs show no response to the addition of Gd*™ (A. orange trace).
suggesting the particles remain dispersed in solution. The addition of Gd*" results ina
rise of the baseline and bathochromic shift in the absorbance spectra of the unstable
MEEE AuNPs (A. red trace). indicative of particle aggregation. TEM images contirm
these UV-vis results. where the stable MEEE particles remain dispersed on the grid (B).
and large aggregated clusters of NPs dominate the unstable MEEE AuNP sample(C).

To gain further insight about the differences that existed between the two MEEE
AuNP samples. X-ray photoelectron spectroscopy (XPS) was used to analyze the

surtace of the stable and unstable AuNP samples (Figure 5.3). Nanoparticle size and
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ligand footprint were used to estimate the theoretical ligand coverage for functionalized
gold nanoparticles.’! From this information it was possible to use the thiolate to gold
ratio (thiolate S2P:Au4f) for each analyzed sample to understand differences that
existed in the passivating ligand shell surrounding the gold cores. The stable particles
have a thiolate:gold ratio of 0.11 £ 0.02 (Figure 5.3, A). In contrast, the unstable MEEE
AuNPs contain a thiolate to gold ratio of 0.05 + 0.02 (Figure 5.3, C). These differences
were significant considering that the mean core diameter of the stable and unstable
MEEE AuNPs were nearly the same, at 5.0 + 0.9 nm (Figure 5.3, B) and 4.5+ 1.9 nm
(Figure 5.3, D), respectively. It is expected that a fully functionalized gold nanoparticle
(dcore ~ S-nm) should have a S:Au ratio of 0.14, and a 7-nm AuNP should have a S:Au
ratio of 0.11. The unstable MEEE AuNP sample was found to have a S:Au ratio that is
less than half the predicted value, while the stable MEEE AuNPs display nearly full
monolayer coverage. These results suggested that the particle instability was from the
incomplete transformation of the thiosulfate Bunte salt functionality to that of a bound
thiolate at the gold particle surface, which caused the nanoparticles to lose solubility
and undergo irreversible aggregation. Conversely, the MEEE AuNPs that were
passivated with a shell of ligands held to the particle surface primarily by thiolate
linkage remained stable, suggesting that the thiolate ligand shell acts as a physical
barrier to aggregation. Several control experiments were performed to understand the
parameters necessary to form a robust thiolate ligand shell on the gold nanoparticle core
and to determine the effects that variable reaction conditions have on the final MEEE

AuNP product.
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Figure 5.3: XPS spectra and TEM micrographs of stable and unstable MEEE
AuNPs. The XPS data reveal the ligand shell on the stable MEEE AuNPs to be
predominantly bound to the AuNP surface through covalently bound thiols (A). In
contrast, the unstable MEEE AuNPs are predominantly passivated with oxidized sulfur
species (C). The core diameters of both synthesized particles are similar. The stable
particles are 5.0 = 0.9 nm (B) and the unstable particles are 4.5 + 1.9 nm (D). However,
the micrographs show that the stable MEEE AuNPs are more evenly distributed on the
grid surface as compared to the unstable MEEE AuNP sample.

Evaluation of ligand solution and reaction vessel size as causes for particle
instability. First, two trials to prepare MEEE functionalized AuNPs were performed

using analogous experimental procedures except for the age of the prepared MEEE
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Bunte salt precursor ligand solution. The first batch employed a MEEE ligand solution
that had been aged for a two-month period in a scintillation vial. The second batch of
AuNPs was synthesized from a freshly prepared solution of the same precursor ligand.
UV-vis spectroscopy was used to determine the resulting stability of each nanoparticle
sample. Following synthesis and purification, both samples of MEEE AuNPs showed a
distinct absorption at 520 nm (Figure 5.4 A, green and purple traces). No spectral
response was noted for either NP solution upon the addition of GA(NO3); (Figure 5.4 A,
pink and blue traces), indicating that the age of the ligand solution did not play a
contributing role in complete thiolate monolayer formation of MEEE functionalized
AuNPs.

The second control study was designed to understand the role that reaction
vessel size had on the final stability of MEEE AuNPs. Specifically, reaction vessel size
was tested to determine the impact that surface area plays in monolayer formation. A
series of reactions having identical synthetic conditions except for vessel size were
performed. All 10 reactions carried out in 20-mL scintillation vials produced AuNPs
that were not stable to the addition of Gd°* (Figure 5.4 B, black and green traces). Of
the 10 trials performed in a 250-mL round bottomed flask, 6 of the trials produced
MEEE AuNPs that were stable to the addition of Gd*" (Figure 5.4 B, blue and red
traces). The production of both stable and unstable MEEE AuNPs from the larger
reaction flask implied that surface area was not a primary contributing factor to

stability. However, the inability to prepare stable NPs in the scintillation vials
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suggested that mixing. the only variable we were unable to keep constant between the

two trials. contributed to particle instability.
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Figure 5.4: UV-vis spectra for control experiments designed to explore ligand
solution age and reaction vessel size. The initial absorbance spectra for particies
synthesized using a freshly MEEE ligand solution (A. green trace) and particles
prepared from an aged MEEE solution (A. purple trace) both have a distinct absorbance
at 520 nm. The absorbance remains unchanged upon the addition Gd*, indicating that
the age of ligand solution does not play a significant role in the final nanoparticle
product. MEEE AuNPs prepared in a 250-mL reaction flask (B. blue trace) and a 20-
mL scintillation vial (B. black trace) also have a distinct absorption at 520 nm. The
particles prepared in the larger flask show no response to the addition of Gd*" (B. red
trace). while the particles prepared in the smaller vial aggregate immediately upon the
addition of Gd*" (B. green trace). These results indicate that variations in reaction
conditions generated from the vessel impact the stability of the final nanoparticle
product.

Evaluation of reagent addition and mixing on particle stability. The time of
addition of the reducing agent was varied in order to determine the necessity to mix the
gold salt and ligand prior to reduction. Synthetic trials to produce AuNPs that involved
the addition of NaBH,4 immediately following the addition ot gold and ligand solutions
consistently resulted in AuNP aggregation and precipitation. Conversely. NP trials that

allowed the gold and ligand solutions to stir before the addition of the reducing agent
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resulted in a higher proportion of stable AuNPs. This suggested that an interaction
between the gold and ligand species must take place prior to the addition of reductant in
order for NP formation to occur. UV-vis spectroscopy was used to monitor a mixture of
Au salt and ligand solution over time. Two distinct absorbencies corresponding to the
gold salt and precursor ligand were seen (Figure 5.5 A, red and blue traces,
respectively). The UV-vis spectra showed a distinct change from the initial mixture of
Au salt and precursor ligand to the formation of a new species at t = 6.5 minutes. By t=
9 minutes, formation of this species was complete and no further changes were
monitored. The formation of a complex, or monomer, species has been reported for
nanoparticle formation, and this change over time is consistent with previous reports*®
for complex formation between gold salt and the thiosulfate functionality on the
precursor ligand. As a final confirmation that the formation of this monomer was
occurring and the heat from the UV-vis light source did not impact the changes in
absorbance observed, the gold salt was heated and monitored by UV-vis. An aqueous
solution of gold salt was first heated for 40 minutes (Figure 5.5 B, red trace). No change
in the absorbance spectra was determined after prolonged, gentle heating. The gold salt
solution was then subjected to quick, intense heating (Figure 5.5 B, red trace). Once
again, no changes were observed in the absorbance spectra. These studies confirmed
that the spectral changes observed for the gold salt and precursor ligand were the result
of the formation of a gold-ligand species, and suggested that the ligand and gold salt

should be allowed to stir for a minimum of 10 minutes prior to addition of the reducing

agent,



124

A\ 06 -
A | I\ MEEE Bunte salt i3 :
| (3 Au salt
x t=1min
= \ 1=2 min
= \ —
K ',_‘ =3 min z Au sall
] \\ t=4 min ; .
c \ [} Au sall after 60C heal for 40min
E \ ~-—1=5 min ﬁ
5 . t=20 min ‘g —Au sall alter heat gun
bt 2
g al
<
0 = T = =S5
200 300 400 250 350 450
Wavelength (nm) Wavelength {nm)

Figure 5.5: UV-vis spectra of Au-ligand complex formation and the impact of
heat on HAuCly (aq. The absorbance spectra of the gold salt and ligand solution (A)
were collected over a 20 min time interval to monitor the Au-ligand complex formation
that occurs prior to the NaBHy4 addition. Initially. the gold salt shows an absorbance
peak at 300 nm corresponding to the presence of Au™™ in solution (A. red trace). Within
a minute. the formation of a new gold species begins to change the absorbance spectra.
After 4 minutes the absorbance peak at 300 nm has disappeared. suggesting Au™" is no
longer present. In order to explore whether heat causes changes to the gold salt. UV-vis
spectra were collected after sustained heating (B. red trace) and direct high temperature
heating (B, black trace). No changes in the absorbance spectra were observed under
either of these conditions. suggesting that the heat from the UV-vis lamp was not
responsible for the changes in the absorbance spectra observed during experiment A.

The results of our initial experiments examining reaction vatiables did not
provide sufficient data to determine the direct cause for MEEE gold nanoparticle
instability. However, the inability to prepare stable nanoparticles in the scintillation
vials, even after the ligand and gold precursors were given sufficient time to form the
Au-ligand complex. suggested that the borohydride was prevented from interacting with
the precursor complex. This may have been due to inefficient mixing in the vials which

caused the formation of a concentration gradient in the reaction media, a variation that
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is known to impact NP species.!” This would result in variable concentrations of the
reducing agent available to the complex, which would prevent complete reduction of
the Bunte salt ligand, and provide explanation for the inconsistencies in particle stability
observed for our MEEE AuNP system. We therefore chose to investigate the role that
reducing agent has on MEEE AuNP stability.

Investigating reducing agent concentration on particle stability. In order to
test whether borohydride concentration played a role in the formation of stable AuNPs,
we prepared MEEE-stabilized gold nanoparticles using varying concentrations of
sodium borohydride. We found that unstable particles were more likely to form when
the ratio of gold:reducing agent was low (1:2.5 molar equivalents or less), but at higher
reducing agent concentrations (1:5-10 molar equivalents), the final nanoparticle
products were stable, and did not aggregate during the metal ion assay. Furthermore,
XPS analysis indicated that the AuNPs prepared with 5-10 equivalents of NaBH, were
protected by a monolayer that was dominated by covalently bound thiolate ligands, but
AuNPs produced with low concentrations of sodium borohydride showed significantly
more oxidized sulfur in the XPS analysis, results that were consistent with the XPS data
acquired for our initial stable and unstable particles samples provided in Figure 5.3.
Based on this data we hypothesized that the reducing agent impacts the formation of the
thiolate monolayer, ultimately determining the stability of the MEEE-functionalized
AuNPs in solution, as irreversible aggregation during perturbations of the nanoparticle
solution is more consistent with particles that are passivated with adsorbed anionic

ligands.*®
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Bunte salt reduction to thiolate functionality by sodium borohydride has been
reported,” and is likely the driving force for ligand transformation in our system, either
by direct reduction of the Bunte salt, or by indirect methods, allowing reduction at the
gold surface, which then catalyzes the Bunte salt reduction. If sodium borohydride was
responsible for Bunte salt conversion to thiolate linkage, the addition of sodium
borohydride to an unstable nanoparticle solution should result in the formation of a
complete thiolate monolayer, and therefore stabilize the nanoparticle sample.

Transformation of MEEE AulNPs from unstable to stable. To test the ability
of sodium borohydride to complete the formation of a thiolate ligand shell on unstable
nanoparticles, a sample of purified, unstable MEEE AuNPs was treated with additional
borohydride and the resulting changes in particle stability were evaluated with our metal
ion assay and XPS analysis. First, a single batch of unstable MEEE AuNPs was divided
into three equal parts. To the first sample, three additional molar equivalents of NaBH,4
(with respect to gold) were added. To the second portion, an additional three molar
equivalents of NaBH,, combined with two additional equivalents of MEEE precursor
ligand, were added. To the final portion, an equal volume of Nanopure (no reducing
agent, no ligand) was added as a control. Each solution was then stirred for three hours.

The AuNP sample that only received additional water slowly transformed in
color from red to deep purple, and eventually resulted in the precipitation of gold metal.
The loss of NP stability was observed with UV-vis spectroscopy, where the absorption
at 520 nm was lost (Figure 5.6 A, green trace). TEM confirmed the loss of NP stability,

where the micrograph image clearly showed the presence of highly aggregated AuNP
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species (Figure 5.6, C). The AuNPs treated with additional sodium borohydride
(whether in the presence or absence of additional ligand precursor) became stabilized to
perturbation in ionicity, pH, or centrifugation. The AuNP solution that received
additional NaBHj retained the distinct plasmon absorbance at 520 nm (Figure 5.6, red
trace), and the plasmon absorption remained unchanged after the addition of Eu®*
(Figure 5.6, black trace). The increased resistance to solution perturbation suggested
that the second NaBH, addition completed the formation of a thiolate monolayer on the
surface of the gold nanoparticles. TEM provided further evidence that the AuNPs
treated with additional NaBH, became stabilized, as the micrograph revealed the
particles to have remained well dispersed on the grid surface after the lanthanide ion
addition (Figure 5.6, B). Size analysis of the stable and unstable samples show that the
stable particles have a diameter of 11.1 + 5.7 nm, and the unstable particles have a mean
diameter of 26.7 = 15.9. This suggests that the additional NaBH, suppressed particle
growth, but the untreated AuNPs continued to increase in size via aggregation (Figure
5.6, C).

XPS analysis was used to determine the monolayer coverage by comparing the
S:Au ratio and the oxidation state of the sulfur on the AuNP surface of the stable and
unstable samples. XPS analysis of the stabilized particles revealed a thiolate: Au ratio of
0.17 £ 0.05, while the untreated particles had a thiolate: Au ratio of 0.05 + 0.01. This
data provided final confirmation that the increased stability of the AuNPs treated with
additional NaBH4 was due to the formation of a more complete thiolate monolayer on

the nanoparticle surface (Figure 5.6, D).
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Figure 5.6: UV-vis spectra, TEM micrographs, and XPS spectra of MEEE
AuNPs. MEEE AuNPs treated with a second addition of NaBH4 (A, gray trace) show
no spectral response to the addition of Eu®* (A, black trace). Micrograph images
confirm that these NPs remain well dispersed after the addition of this trivalent cation
(B). XPS reveal the MEEE ligand is bound to the AuNP surface through thiolate
linkage (D). MEEE AuNPs that were not treated with a second addition of NaBH, do
not remain stable in solution (A, broken trace), and aggregate over time (C).
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Conclusions

The use of Bunte salts as ligand precursors offers the distinct advantage of direct
synthesis of large gold nanoparticles. However, the unique thiosulfate functionality that
enables large AuNP syntheses also makes the prepared AuNPs susceptible to
incomplete ligand shell formation. Initial investigations of this transformation suggests
that incomplete reduction of the thiosulfate functionality to allow thiolate linkage on the
AuNP surface can lead to unstable nanoparticle solutions. To date, the combined
results from UV-vis, TEM, and XPS analysis indicate that sodium borohydride, the
reducing agent used during synthesis, plays a significant role in this transformation.
Several additional experiments are currently underway to provide conclusive
confirmation of these results. First, the preparation of MEEE AuNPs in a microreactor
are being synthesized to determine the impact that mixing has on NP formation.
Secondly, an investigation pertaining to monolayer coverage after additional NaBHj is
added to stable MEEE AuNPs is in progress, and finally, trials have begun to complete
the formation of the thiolate monolayer on unstable MEEE AuNPs through ligand
exchange and/or addition of the thiol-terminated MEEE precursor ligand. The
completion of these experiments should lead to a more reliable synthetic method for
producing stable gold nanoparticles from Bunte salt ligand precursors. The ability to
prepare stable nanoparticle solutions from Bunte salt ligand precursors will advance our
current understanding of nanoparticle formation, and will enable their desirable
properties to be reliably incorporated into hybrid materials designed for functional

application.
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Bridge

Having demonstrated that proper reaction conditions and appropriate synthetic
design can permit incorporation of malonamide functionality onto the surface of
nanoparticles, we wanted to explore whether this was possible for our bicyclic
malonamide (BMA) ligand. However, the previously reported BMA synthesis does not
allow synthesis of BMA derivatives that would permit surface functionalization to
inorganic substrates to occur. A synthetic strategy that allows differentiation to be
incorporated into the BMA molecule was necessary prior to developing materials
containing this unique molecule. Chapter VI describes the synthetic strategy to produce
differentially substituted BMA molecules. We demonstrate the capability of this new
synthetic method to produce molecules for hybrid material design by synthesizing a
BMA molecule that incorporates gold nanoparticle-binding thiol functionality within

the backbone of the molecule.
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CHAPTER VI

SYNTHESIS OF BIFUNCTIONAL BICYCLIC MALONAMIDES

DESIGNED FOR HYBRID MATERJAL APPLICATION

Note: Portions of Chapter VI are expected to appear in an upcoming publication, co-
authored by C. E. Lisowski, T. Zaikova, B.W. Parks, D.W. Domaille, R. Gilbertson, and
J. E. Hutchison. R. Gilbertson, B. W. Parks, and D. W. Domaille developed the initial
synthetic strategy. T. Zaikova assisted in the purification of several intermediates and
the final protected thiol product. The first author performed the experiments necessary
to optimize the synthesis and composed the manuscript corresponding to Chapter VI. .
E. Hutchison provided experimental and editorial guidance.

Introduction

Rational, molecular design allows binding interactions, assembly, and reactivity
to be considered in order to aid in the development of next-generation molecules for
functional materials designed for application in sensing,' optoelectronics,” energy
storage,“'6 enzyme activation,’ and environmental remediation.®'® Diamide, or
malonamide, molecules are one class of ligand that has benefited from the use of
rational design in order to enhance the molecular recognition of lanthanide ions.

Acyclic malonamides have been studied as agents for f-block ion extraction and
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sequestration.' ! The increased use of lanthanides for commercial application'*'” has
generated concern about their potential for pollution and warrants the need for agents
able to detect and remove these ions from the environment.'*'®2° The ability to
incorporate surface-binding functionality within the backbone of acyclic malonamides
ligands without interference to the lanthanide-binding site permits the synthesis of
acyclic malonamides able to simultaneously bind f-block ions and inorganic
nanostructures. Organic/inorganic hybridization of acyclic malonamides with
mesoporous supports” and gold nanoparticles®! have shown the potential use of this
ligand class for f-block ion extraction and detection. However, similar efforts to
incorporate bicyclic malonamides into hybrid organic/inorganic substrates have not yet
been realized.

Recent reports from the Hutchison lab describe the synthesis of 6,6,-bicyclic
malonamides (BMAs) and highlight the utility of computer-aided molecular design.”**’
The substituent on each of the two amide groups (R; and R;) in the BMA structure
permit functionality to be incorporated into the molecule. The synthetic approach allows
the preparation of bis-functionalized (R;=R;) 6,6-BMA (R;BMA) derivatives using the
same strategy. With this general synthetic method we can prepare a diverse library of
R2BMA molecules that includes alkyl chains, alcohols, esters, and fluorinated
functional groups.?? R;BMAs bind lanthanide and actinide (Ln/Ac) ions in acidic
aqueous environments and are able to compete with water and nitrate ions under the

same conditions.**** Furthermore, preorganization of the BMA ring structure locks the

molecule into the preferred conformation for binding, which results in an enhanced
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binding affinity and extraction for Ln/Ac ions over that of its acyclic analogs.
Spectrophotometric titration of dimethyl BMA (Me,BMA) and tetramethyl malonamide
(TMMA) with Ho(III) confirm the increased binding of BMAs over analogous acyclic
malonamides (Figure 6.1).2* The binding affinity, ability to bind under harsh conditions,
and the relatively simple synthesis make R,BMA molecules ideal ligands for potential

application in f-block ion-based functional materials.
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Figure 6.1: UV-vis spectra showing the enhanced binding of BMAs over acyclic
malonamides. Me;BMA (A) or TMMA (B) is slowly titrated into a 1M HNO; solution
of Ho(III) ion. The absorbance of the peak at 451 nm increases as the ratio of ligand-to-
metal is increased, and the intensity of the peak correlates to stronger binding of the
ligand to the Ho(IlI) ion. The increased intensity of the ligand-to-metal peak confirms
the enhanced binding of bicyclic over acyclic malonamides.****Adapted from Parks, B.
W.; Gilberston, R. D.; Hutchison, J. E.; Healey, E. R.; Weakley, T. J. R.; Rapko, B. M.;
Hay, B. P.; Sinkov, S. I.; Broker, G. A.; Rogers, R. D. Inorganic Chemistry 2006, 45,
1498-1507. Copyright 2006, American Chemical Society.

However, the incorporation of BMA ligands into hybrid complexes remains challenging
due to the potential for more reactive derivatives wherein the functional groups attached

to the amide lead to polymerization through cross-linking. The synthetic approach is

also limited by the inability to incorporate certain (thiol and alkene) functional groups
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into the ligand structure. These limitations make it desirable to develop an approach to
allow synthesis of BMA ligands where R; # R,.

Access to differentially substituted BMAs (R; = R;) eliminates the potential for
cross-linking, and permits BMA derivatives to be developed for organic/inorganic
material hybridization. Independence of the lanthanide-binding site from the amide
substituent allows the binding affinity to be maintained, while the amide groups can be

individually functionalized to exploit each R group for separate functions (Figure 6.2).
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Figure 6.2: Schematic depiction of bifunctional bicyclic malonamide 1.
Successful incorporation of two different groups on each amide substituent decreases
the propensity for cross-linking. One group can be used to tune solubility and the other
to interact with other molecules or substrates. The preparation of R{R,BMA derivatives
with R; = methyl and R; = octyl, octadecyl, and pentanethiol are herein described.

For example, one side of the BMA ligand can be incorporated with functionality
designed to control solubility, while the other amide substituent can be designed to

incorporate functionality to allow post-synthetic modification and surface

functionalization. The incorporation of bicyclic malonamides into hybrid materials
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designed for f-block ion extraction and detection should result in enhanced performance
due to the increased binding affinity gained from preorganization. Thus, in order to
access bifunctional BMAs (R;R,BMAs) capable of inorganic hybridization, a
successful organic synthetic strategy that permits not only the incorporation of unique
functionality on each amide substituent, but also the ability to prepare BMAs with
reactive functional groups must occur.

A new synthetic approach is reported that yields three examples of bifunctional
BMA molecules that incorporate different functional groups on each amide substituent
of the lanthanide binding site. The amide functionalities can be introduced by two
stepwise reductive aminations to a mono protected dialdehyde that is the key
intermediate in the synthesis. After each of the reductive aminations, one of the rings in
the bicyclic structure is closed. Each of the three syntheses can be carried out in seven
steps in modest overall yields (23-35%). Purification is facilitated by either a
complexation-based method that was developed in our lab,* or by standard
chromatographic methods. The generality of the synthesis allowed all three different
RiR;BMA molecules to be prepared using the same synthetic strategy. The stepwise
approach permits introduction of more sensitive functionality late in the reaction
sequence. Sequential ring closure along with the mild reaction conditions used in the
final steps, allow preparation of a bifunctional BMA containing sensitive thiol
functionality. Synthesis of a bifunctional bicyclic malonamide containing thiol

functionality was not accessible by our previously reported method, and can be used
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prepare functional, hybrid materials designed for applications including colorimetric

detection of f-block ions.?!

Experimental methods

Materials. 'H and "*C NMR spectra were recorded on a Varian Inova 300 MHz
spectrometer (‘H, 299.95 MHz and *C, 75.43 MHz). Beta-Alanine Ethyl Ester
hydrochloride was obtained from TCI America. All other reagents were obtained from
Aldrich and used without further purification. Dichloromethane was distilled from
calcium hydride prior to use. Tetrahydrofuran was distilled from potassium prior to
use. Deionized water (18.2 MQ-cm) was purified with a Barnstead Nanopure Diamond
system.

Synthetic procedures. 5-(tritylthio)pentanenitrile, 6. To a solution of 120 mL
of freshly distilled THF at 0 °C, triphenylmethanethiol (6.98 g, 0.025 mol) and sodium
hydride (NaH) (0.66g, 0.028 mol) were added, followed by fast addition of 5-
bromopentanenitrile (4.09 g, 0.025 mol). The reaction was stirred for 2 hours while
warming to room temperature. 40 mL of CH3OH was added to quench unreacted NaH
and concentrated by rotary evaporation. 120 mL of EtOAc was added and the resulting
precipitate filtered. The organic layer was washed 2 x 100 mL H,O, followed by 1 x
100 mL of aqueous saturated NaCl. The organic layer was dried over MgSO, and the
solvent was removed by rotary evaporation to yield a pale yellow solid.

Recrystallization from acetone/water yielded nitrile 6 as needle-like white crystals (7.2
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g, 80 %). 'H NMR (300 MHz, CD,Cl,) & 7.2-7.45 (m, 15H), 2.18 (t, 2H), 1.4-1.6 (m,
6H).

S-(tritylthio)pentan-1-amine, 7.To a solution of 200 mL of freshly distilled
diethyl ether (Et;O) at 0 °C nitrile 6 (7.2 g, 0.020 mol) was added, followed by slow
addition of lithium aluminum hydride (LiAlH4) (0.030 mol, 1.15 g). The reaction was
stirred an additional 45 minutes while coming to room temperature. The reaction was
quenched by sequential addition of 1.3 mL H,O, 1.3 mL of aqueous 15 % NaOH, and
4.55 mL H,0. The resulting solids were removed by vacuum filtration, and the solvent
was removed by rotary evaporation to give amine 7 as yellow oil, which solidified upon
standing. Triturating with 4 x 3 mL of pentane gave compound 7 as a white solid (6.4
g, 89 %). 'H NMR (300 MHz, CD,Cl,) § 7.2-7.45 (m, 15H), 2.53 (t, 2H), 2.18 (t, 2H),
1.3 (m, 6H), 1.25 (t, 2H).

diethyl 2-(1, 1-diethoxy-5-oxopentan-3-yl)malonate, 4. To 70 mL of freshly
distilled THF in a 125 mL round-bottomed flask equipped with a stir bar NaH (0.067 g,
2.9 mmol) and diethyl malonate (0.468 g, 2.9 mmol) was added under inert atmosphere,
and the mixture stirred for 10 minutes, followed by rapid addition of aldehyde 3 (0.505
g, 2.9 mmol).2® The solution was stirred at 25°C until TLC indicated complete
consumption of the starting aldehyde (approximately 30 min). 1 mL of deionized H,O
was added to quench unreacted NaH. Most of the THF was removed by rotary
evaporation, and the resulting solution diluted with 100 mL of CH,Cl,. The aqueous
phase was extracted with 2 x 50 mL of CH,Cl, and the combined organics were washed

with 1 x 50 mL dilute aqueous acid (pH = 5) and 2 x 100 mL saturated aqueous NaCl.
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The organic layer was dried over Na,SOs, filtered, and the solvent was removed using
rotary evaporation. The resulting oil was triturated with 5 x 10 mL of n-heptane, and
the remaining solvent was removed via rotary evaporation. Due to rapid decomposition
of the product under ambient conditions, the resulting yellow oil was used immediately
without further purification: "H NMR (300 MHz, CDCL3) 8 9.71 (s, 1H), 4.5 (t, 1H),
4.18 (q, 4H), 3.6 (m, 4H), 3.41 (m, 2H), 2.8 (m, 1H), 2.6 (m, 1H), 1.8 (m, 2H), 1.15-
1.25 (mm, 12H).

diethyl 2-(5-(benzyl(methyl)amino)- 1, 1 -diethoxypentan-3-yl)malonate, 9. To a
solution of 30 mL of freshly distilled 1,2-dichloroethane in a 125 mL round-bottomed
flask equipped with a stir bar, aldehyde 4 (0.55 g, 1.7 mmol) and methylbenzylamine
(0.23 g, 1.9 mmol) was added under inert atmosphere. After the reaction mixture was
stirred for 1 h, Na(OAc);BH was added (0.52 g, 2.4 mmol) and stirred for an additional
12 h. The organic layer was then washed with 3 x 100 mL saturated aqueous NaHCO;,
and 2 x 100 mL saturated aqueous NaCl. The organic layer was dried over Na,SOy,
filtered, and the solvent was removed using rotary evaporation. The product was
purified by thin-layer rotary chromatography (purification started with a
CH,Cl,/CH;0H ratio of 5:0.1, which was slowly transitioned to a 5:1 CH,Cl,/CH;0H
ratio to allow adequate separation of the polar impurities) to give 9 as a pale yellow oil
(0.43 g, 58%). "H NMR (300 MHz, CD,Cl,) & 7.25 (m, 5H), 4.5 (t, 1H), 4.18 (q, 4H),
3.6 (q, 4H), 3.41 (m, 4H), 2.38 (m, 3H), 2.1 (s, 3H), 1.67 (m, 4H), 1.15-1.25 (mm,
12H). >C NMR (75 MHz, CD,Cl,) 8 169.2, 169.1, 129.1, 128.2, 126.9, 101.8, 62.5,

61.5,61.2,61.2,61.0,41.9,35.1, 32.7,28.9, 15.3, 14.1.
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ethyl 4-(2,2-diethoxyethyl)-1-methyl-2-oxopiperidine-3-carboxylate, 10. To 10
mL of absolute ethanol in a 500 mL Parr hydrogenation flask, 9 (0.75 g, 1.7 mmol) and
20% palladium hydroxide on charcoal (150 mg) were added. Hydrogenolysis of the
benzyl group was carried out at 50 psi until H, uptake had ceased (~12 h). The
suspension was filtered through Celite to remove catalyst, and the remaining solvent
removed using rotary evaporation to afford 10 as a colorless oil. The product was
purified using thin-layer rotary chromatography (CH,Cl, in CH3;0H) (0.51 g, 99 %). 'H
NMR (300 MHz, CDCl3) 8 4.5 (t, 1H), 4.18 (g, 2H), 3.2 - 3.7 (mm, 9H), 3.1 (d, 1H), 2.9
(s, 3H), 2.35 (m, 1H), 2.2 (m, 1H), 1.7 (m, 2H), 1.5 (m, 2H), 1.15-1.25 (mm, 9H). *C
NMR (75 MHz, CD,Cl,) 6 181.0, 170.9, 100.8, 85.6, 85.4, 62.2, 61.4, 60.2, 61.0, 55.8,
48.6,37.5, 33.0, 27.1, 15.6, 15.5.
ethyl 1-methyl-2-oxo-4-(2-oxoethyl)piperidine-3-carboxylate, 11. To a solution
of 5 mL of acetone and 2 mL of 10% aqueous HCl in a 25 mL round-bottomed flask
equipped with a stir bar, acetal 10 (0.19 g, 0.6 mmol) was added, and the solution was
stirred for 30 minutes. The acetone was removed by rotary evaporation, and the
resulting solution diluted with 10 mL of CH,Cl,. The aqueous phase was extracted with
2 x 10 mL CH;Cl; and the organic layer washed 1 x 20 mL aqueous saturated NaCl,
dried over Na,SOy, and filtered. The solvent was removed by rotary evaporation to
afford 11 as a colorless oil that was used immediately without further purification due to
decomposition of the product under ambient conditions. "H NMR (300 MHz, CDCl;) &
9.74 (t, 1H), 4.18 (q, 2H), 3.21 - 3.55 (mm, 2H), 3.1 (d, 1H), 2.9 (s, 3H), 2.45 (m, 1H),

2.2 (m, 2H), 1.45 (m, 2H), 1.25 (t, 3H).
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General procedure A: Reductive amination to afford secondary amine 12a-c. To
freshly distilled 1,2-dichloroethane in a 125 mL round-bottomed flask equipped with a
stir bar, aldehyde 11 (1 equiv.) and primary Ry-amine (1.1 equiv.) were added under an
inert atmosphere, and the reaction mixture was stirred for 1 h. Na(OAc);BH was then
added (1.4 equiv.) and the solution stirred for 12 h. The organic layer was then washed
with 3 x 100 mL saturated aqueous NaHCOQ;, and 2 x 100 mL saturated aqueous NaCl.
The organic layer was dried over Na,SOy, filtered, and the solvent was removed using
rotary evaporation. The product was carried to the next reaction step without
purification.

General procedure B: Ring closing to afford 1a-c. Amine 12 (1 equiv.) was
added to absolute ethanol and brought to reflux. The solution was stirred until NMR
analysis revealed that final ring closure had occurred (24-76 h). Ring closure was
indicated by the downfield shift of the methylene proton bridging the two carbonyls.
The solvent was removed using rotary evaporation. The crude product was purified by
the uranyl precipitation method or thin-layer radial chromatography.

General procedure for purification of 1a and 1b by uranyl precipitation.
Purification by uranyl precipitation followed previously reported methods.?* Briefly, a 2
mL methanolic solution of crude 1 (maximum 0.76 mmol) was added to a 2 mL
methanolic solution of uranyl nitrate (0.76 mmol). The resulting yellow precipitate was
recovered, washed with 10 mL of CH3;0H, and stirred with 0.5 M EDTA (aqueous, pH

8.0, 5 mL) for 30 min. This solution was extracted with 6 x 15 mLL CHCIs, and the
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combined organics concentrated using rotary evaporation to afford 1a as oil (0.35 g,
40% from crude product). [1b yields a white solid (0.67 g, 56% from crude product).]

2-methyl-7-octylhexahydro-2, 7-naphthyridine-1,8(2H,8aH)-dione, 1a. "H NMR

(300 MHz, CDCl;) & 3.3 (m, 6H), 3.16 (d, 1H), 2.89 (s, 3H), 2.4 (m, 1H), 1.93 (m, 2H),
1.64 (m, 2H), 1.56 (t, 3H), 1.5 (m, 2H), 1.28 (m, 10H), 0.87 (t, 3H). *C NMR (75 MHz,
CD,Cl,) 6 166.9, 166.8, 50.8, 48.5, 47.6, 45.6, 34.9, 32.3, 31.4, 29.7,27.7, 27.5, 27 .4,
27.3,27.1,23.2, 14 4.

2-methyl-7-octadecylhexahydro-2, 7-naphthyridine-1,8(2H,8aH)-dione, 1b. 'H
NMR (300 MHz, CDCl3) 8 3.3 (m, 6H), 3.16 (d, 1H), 2.89 (s, 3H), 2.4 (m, 1H), 1.93
(m, 2H), 1.69 (m, 2H), 1.5 (m, 2H), 1.28 (m, 32H), 0.87 (t, 3H). *C NMR (75 MHz,
CD,Cl,) 6 166.4, 166.3, 48.1, 47.3,45.3, 34.5, 32.1, 31.1, 29.9, 29.8, 29.6, 29.5, 27.4,
27.2,217.0, 26.8,22.9, 14.1.

Purification of 2-methyl-7-(5-(tritylthio)pentyl) hexahydro-2, 7-naphthyridine-
1,8(2H,8aH)-dione, 1¢. Amide 1¢ (0.7 g, 1.3 mmol) was purified using thin-layer radial
chromatography (CH,Cl, in CH3OH) to afford 1¢ as a pale yellow solid (0.42 g, 60%
from crude product). 'H NMR (300 MHz, CD;Cl,) 6 7.23 — 7.43 (m, 15H), 3.26 (m,
7TH), 2.93 (s, 3H), 2.4 (m, 1H), 2.17 (t, 2H), 1.97 (m, 2H), 1.67 (m, 2H), 1.38 (p, 4H),
1.26 (m, 2H). *C NMR (75 MHz, CD,Cl,)  167.7, 145.3, 129.7, 128.0, 126.7, 97.5,

97.0, 88.7, 66.5, 50.2, 48.1, 47.1, 45.3,31.9, 31.0, 28.5, 26.9, 26.8, 26.8, 26.5.
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Results and discussion

The previous method to prepare our bis-functionalized bicyclic malonamide
efficiently allowed the preparation of R,BMAs having enhanced binding affinity to f-
block ions over analogous acyclic malonamides.”**%* In that synthesis the key
intermediate is cyclopentene 2 that affords a dialdehyde upon ozonolysis of the ring,
which, after reductive amination with benzyl-protected alkylamines, deprotection and
ring closing, yields the R, BMA. This approach, however, did not permit incorporation
of different groups on each of the two amide positions. In order to explore the utility of
this extraordinary binding site, a strategy was established to allow individual
functionalization of each amide group in order to obtain a bifunctional bicyclic
malonamide. The key was to tap the strengths of the established R, BMA synthetic
method, but find a way to break the symmetry of the dialdehyde intermediate. Thus, we
chose the diethylacetal aldehyde 4 as the key intermediate that would provide access to
BMAs that have different functional groups on each amide substituent.

We initially considered the Schreiber ozonolysis method*’ followed by monoprotection
to prepare a protected dialdehyde because it would make use of the cyclopentene
starting material, 2, from our R,BMA synthesis, offering a route to 4 (Scheme 6.1).
However, purification of the intermediates led to significant loss of product, and
separation of the product following monoprotection was difficult due to the instability
of 4. The better route to 4 was determined to be conjugate Michael addition of
aldehyde 3 to diethyl malonate. Aldehyde 3 could be prepared from commercially

available materials in a single step.”®
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Scheme 6.1: Possible route to a monoprotected dialdehyde.

At first, proline catalyzed Michael addition to provide 4 from protected aldehyde
3 and diethyl malonate was explored because simple synthetic procedures and high
yields have been reported.**° However, the use of diethyl malonate with aldehyde 3
using proline salts of lithium and sodium led to the production of side products that
proved to be detrimental to subsequent reaction steps. Because aldehyde 4 readily
decomposes under ambient conditions, and extensive purification leads to significant
product loss, a synthetic method to afford 4 without significant side products was
necessary. Deprotonation of diethyl malonate by K,CO; has been reported,31 but results
showed that conjugate addition did not occur. The use of sodium ethoxide also did not
provide the desired aldehyde. However, deprotonation of diethyl malonate by NaH led
to appreciable yield of aldehyde 4 with very little side product. It was therefore
determined that use of the NaH method was the preferred route to 4 because the crude
product could be used with minimal purification, affording 4 in high enough purity to

proceed without detriment to subsequent reactions (Scheme 6.2).
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Scheme 6.2: General synthetic route to derivatives of bifunctional bicyclic
malonamide 1. Reagents and conditions: (a) TrtSH, NaH, THF; (b) LiAlH,, EtZO (©)
IM ZnCl, in Et,0, CH,Cly; (d) diethylmalonate, NaH, THF, Ny; (e) BnNHR
NaBH(OAc)s, 1,2- dlchloroethane (f) Ha, 20% Pd(OH),, CH3;CH,OH; (g) 10% HCI @),
acetone, rt; (h) NH,R?, 1,2-dichloroethane, NaBH(OAc)3, Ny; (i) CH;CH,OH, reflux.

For simplicity in synthesis and characterization, the first amide substitution was
held constant (R; = methyl). Benzyl methylamine was chosen for the initial reductive
amination of 4 to form 9, providing a distinct singlet corresponding to the methyl group
as a simple spectroscopic handle to follow though the reaction sequences. The use of a
benzyl-protected methylamine at this step afforded an intermediate that was shelf stable,
and amenable to chromatographic purification methods. Palladium catalyzed

hydrogenation of 9 selectively cleaved the benzyl protecting group. Intramolecular

reaction of the methylamine with the ethyl ester to form lactam 10 occurred rapidly
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during the hydrogenolysis, providing methyl functionality on the amide substituent, and
leaving the diethyl acetal intact. The formed lactam was readily soluble in a 2:1
acetone/10% aqueous HCI mixture that allowed transformation of protected aldehyde
10 to aldehyde 11 within minutes with little to no decomposition.

Reductive amination of 11 with a primary amine leads to 12. Heating at reflux
in ethanol leads to formation of BMA 1. The second amide substituents (R, = octyl,
octadecyl) were initially chosen for their usefulness in synthetic development (e.g. good
solubility and stability). The use of primary amines during the second reductive
amination allows the second amide functionality to be incorporated into the BMA
molecule without the use of hydrogenolysis. Elimination of catalytic hydrogenation
enables the incorporation of functionalities that cannot tolerate the conditions (alkenes)
or might poison the catalyst (thiols). A thiol derivative was also prepared to demonstrate
the utility of this synthetic method to incorporate functional groups that were
inaccessible by our previous method. The methyl- tritylthiopentyl- BMA derivative was
readily synthesized from primary amine 7 in 35% yield over 6 steps.

In addition to serving as confirmation of the utility of the mild synthetic
conditions that our new synthetic method provides, BMA 1c¢ will permit the preparation
of BMA-functionalized gold nanoparticles through one of its functional groups (R, =
protected thiol).”* We recently reported the preparation of an acyclic malonamide
functionalized gold nanoparticle sensor that provides selective, colorimetric detection of
laﬁthanide ions.”! A hybrid organic/inorganic nanostructure that incorporates 1¢ should

therefore serve as a colorimetric gold nanoparticle sensor for f-block ion detection.
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However, the higher binding affinity of BMAs over analogous acyclic malonamides
should result in a lanthanide sensor with even higher sensitivity. Successful use of BMA
1¢ will provide a way to compare the performance of this bicyclic malonamide to the
acyclic analog that we investigated earlier, and will allow the impacts that molecular

structure and binding affinity have on gold nanoparticle-based detection strategies.

Conclusions

The described synthesis focuses on the preparation of bifunctional bicyclic
malonamides. The key modification of the BMA synthesis was a successful route to a
mono protected dialdehyde that permitted stepwise reductive amination and subsequent
ring closing. This class of f-block ion coordinating ligand provides differentiation of
the amide substituent, and the mild synthetic procedure allows BMAs containing
sensitive functional groups not previously attainable with our previous method to be
achieved. Synthesis of a bifunctional BMA containing thiol functionality confirms the
ability to incorporate sensitive functionality and represents the synthesis of a RjR;BMA
capable of inorganic surface functionalization. Thus, our flexible and mild synthetic
strategy not only allows BMAs with diverse functionality to be prepared, but also
enables future studies designed to explore the potential utility of these molecules for

incorporation into functional materials designed for f-block ion application.
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CHAPTER VII

CONCLUDING SUMMARY

In this dissertation, a strategy to allow the synthesis and characterization of
hybrid nanoscale materials for application in spectroscopic and colorimetric lanthanide
ion detection was described. Construction of the hybrid materials were made possible
through the successful design of dual function molecular linkers able to bind lanthanide
ions and nanoscale substrates simultaneously. The linkers incorporated malonamide
functionality that provided a site for lanthanide binding and maintained flexibility for
further synthetic modification. Carboxylic acid and thiosulfate functionalities were
used to functionalize the surface of zinc oxide (ZnO) and gold (Au) nanoparticles
(NPs), respectively, to take advantage of the spectroscopic and colorimetric properties
inherent to these inorganic nanoscale substrates. The generality of our design strategy
enabled our gold nanoparticle colorimetric sensor to be adapted in order to engineer
reversibility into the function of the sensor. The use of Bunte salts to synthesize our
functionalized gold nanoparticles also provided an opportunity to investigate the
requirements necessary to produce stable gold nanoparticle solutions. Finally,

development of a synthetic organic strategy that permitted amide differentiation in our
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bicyclic malonamide ligand to allow the synthesis of BMA derivatives able to be
incorporated in hybrid nanoscale material design was described.

Chapter II described a method for enhanced europium sensitization through the
use of an inorganic antenna. We designed a molecular receptor to contain malonamide
and carboxylate functionality in order to tether europium ions close to the surface of
zinc oxide nanoparticles. This ligand allowed the synthesis of a ZnO-ligand-Eu®*
hybrid complex to occur. Upon excitation, the ZnO-ligand-Eu’" complex resulted in
europium sensitization. The europium emission observed for the ZnO-ligand-Eu**
complex was enhanced over that of the individual components of the system. The
enhanced emission observed from our hybrid structure confirmed that, with use of a
molecular linker, the absorption properties of ZnO, and the emission properties of
europium, could be hybridized for lanthanide sensitization. Study of the sensitization of
other lanthanide ions with this system can be envisioned. In addition, the general
design used to synthesize the molecular linker created for this system can be extended
to study the modification of additional inorganic substrates.

Chapters I1I and I'V build off of the successful synthesis of a specific molecule
designed for simultaneous lanthanide ion coordination and nanoparticle
functionalization, and describe the development of colorimetric sensors for lanthanide
ion detection. The sensors incorporate the binding affinity and binding preference of a
malonamide ligand with the size-dependant optical properties of gold nanoparticles to
synthesize colorimetric sensors that are both selective and sensitive to the detection of

lanthanide ions in water. The sensor in Chapter III utilized the MHTMMA ligand to
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functionalize the entire gold nanoparticle surface, which resulted in a sensor having a
detection limit of 50 nM for Eu®* and Sm®*, which are the lowest reported limits for
lanthanide detection for colorimetric sensors of this kind. Chapter IV described the use
of a microscale flow reactor to synthesize gold nanoparticles with a mixed ligand shell
in order for reversibility to be engineered into the function of our AuNP based
lanthanide sensor. The flow system provided the necessary control over the mixing and
reagent delivery during NP synthesis to allow formation of a ligand shell comprised
mostly of an inert MEEE ligand and only a small amount of the MHTMMA ligand.
Dilution of the MHTMMA ligand on the nanoparticle surface limited the extent of
nanoparticle cross-linking that occurred during lanthanide recognition, which ultimately
determined the extent of reversibility for our sensor. The MEEE/MHTMMA mixed
ligand AuNPs maintained sensitive lanthanide detection; we calculated the detection
limit to be 100 nM for Eu’*. The nanoparticle cross-linking event that provided the
colorimetric sensor response maintained reversibility over several iterations.
Additionally, we were able to use the colorimetric response and nanoparticle cross-
linking event to provide semi-quantitative assessment of the efficacy of the microscale
flow reactor to generate mixed ligand nanoparticles. One can envision using ligands
with specific binding functionalities to prepare mixed ligand nanoparticles able to direct
the deposition of nanoparticles on surfaces. Specific ligand-binding properties can also
be used to assemble higher ordered nanoscale architectures. Use of the microscale flow
system to prepare nanoparticles with mixed ligand compositions other than MEEE and

MHTMMA are currently underway.
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Chapter V explored the reaction parameters necessary to produce stable AUNP
solutions from Bunte salt ligand precursors. Reaction parameters including
concentration, ligand age, heat and order of reagent addition during nanoparticle
synthesis were investigated in order to determine that inadequate mixing and
insufficient reducing agent available during nanoparticle formation and stabilization led
to unstable AuNPs. The instability was found to be related to the relative amount of
oxidized sulfur species on the nanoparticle surface. Upon adequate addition of NaBHy,
AuNPs that were stable to perturbations in solution pH and ionicity were prepared. The
observed increased stability was the result of the Bunte salt precursor ligand being fully
transformed from its oxidized state, to that of bound thiolate linkage on the AuNP
surface.

To take advantage of the enhanced lanthanide ion binding of bicyclic
malonamides in hybrid nanoscale materials, a synthetic strategy that differentiates the
functionality on each amide group was needed. Chapter VI described the preparation of
bifunctional bicyclic malonamides (R;R,BMAs) with two different functional groups
attached to each amide group. Stepwise closing of the rings allowed unique
functionality to be individually incorporated on each side of the bicyclic structure. In
addition, the mild conditions used during synthesis permitted sensitive functionality not
previously attainable with known methods to be realized. Differentiation of the amide
groups allows one substituent to be explored for solubility control, and the second
amide group to be used to explore reactive groups that would enable functionalization

to various surfaces. The successful synthesis of a BMA having protected thiol
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functionality allows the development of a RjR,BMA functionalized gold nanoparticle to
be envisioned. Much like the studies of our acyclic malonamide AuNP system, BMA
AuNPs can be used to prepare colorimetric lanthanide ion sensors. However, the
enhanced binding affinity of the BMA molecules should permit the fabrication of AuNP
sensors with higher sensitivity to occur. Future studies comparing the detection limit
for lanthanide ions with gold nanoparticle sensors prepared with acyclic versus bicyclic

malonamides can thus be anticipated.
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