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DISSERTATION ABSTRACT
Patrick Michael Haben
Doctor of Philosophy
Department of Chemistry
September 2013

Title: Controlling the Synthesis of Bunte Salt Stabilized Gold Nanoparticles Using a
Microreactor Platform in Concert with Small Angle X-ray Scattering Analysis

Gold nanoparticles (AuNPs) have garnered considerable attention for their
interesting size-dependent properties. These properties have fueled applications that span
a continuum ranging from simple to sophisticated. Applications for these materials have
grown more complex as syntheses for these materials have improved. For simple
applications, current synthetic processes are sufficient. However, development of
syntheses that generate well-defined particle sizes with specifically tailored surface
functionalities is an on-going challenge for chemists. The aim of this dissertation is to
improve upon current AuNP syntheses to produce sophisticated materials needed to
discover new material properties and provide efficient access to materials to develop new
advanced applications.

The research described in this dissertation improves upon current methods for
AuNP production by using a microreactor to provide enhanced mixing and synthetic
control and small angle X-ray scattering (SAXS) as a precise, rapid, solution-based
method for size distribution determination. Using four ligand-stabilized AuNP samples as
reference materials, SAXS analysis was compared to traditional microscopic size
determination. SAXS analysis provided similar average diameters while avoiding

deposition artifacts, probing a larger number of particles, and reducing analysis time.
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Next, the limits of SAXS size analysis were evaluated, focusing on identifying multiple
distributions in solution. Utilizing binary and ternary mixtures of well-defined AuNP
reference samples, SAXS analysis was shown to be effective at identifying multiple
distributions. While microscopy has limited ability to differentiate these modes, SAXS
analysis is more rapid and introduces less researcher bias.

Because AuNP size and ligand functionality are interdependent, accessing desired
core sizes with varied functionality is challenging. To address this, a new microfluidic
synthetic method was developed to produce thiolate-passivated AuNPs with targeted core
sizes from 1.5 - 12 nm with tailored functionality. This ability to control size while
independently varying surface functionality is unprecedented.

Lastly, AuNP core formation was probed by simultaneous in situ SAXS and
UV/visible spectroscopy. A coalescence mechanism for AuNP growth was observed
when using Bunte salt ligands. This finding compares well to observed coalescence in
other systems using weakly-passivating ligands and supports the hypothesis that Bunte

salts passivate ionically during particle growth while resulting in covalent linkages.
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CHAPTER I
STUDYING GOLD NANOPARTICLES FROM THE PERSPECTIVE OF A

SYNTHETIC CHEMIST

Introduction

Over the past few decades, colloidal nanoparticles (NPs) have garnered considerable
attention for their interesting and useful size-dependent properties (i.e.; optical, catalytic,
cell localization).' Most simply, a nanoparticle is defined as a spheroid of material with
a diameter < 100 nm. Applications for these materials have grown more complex as
syntheses and understanding of these materials have improved over centuries. One of the
earliest examples of nanoparticle use is the Lycurgus cup from 4™ century Rome, where
gold nanoparticles (AuNPs) were incorporated into glass to create a dichroic effect.® This
made the glass appear white in bright, reflective light and deep red in low lighting. Early
applications for nanoparticles focused on physical properties that have little dependence
on particle size and polydispersity.

While all nanoparticles are comprised of a core (usually inorganic) and stabilized
with a passivant, the various applications for NPs exist on a continuum ranging from
simple to sophisticated. Applications at the simple end of this spectrum require little
control over nanoparticle physical properties while sophisticated applications require
precise control over both particle size distribution and external functionality (Figure 1).
Simple applications such as hydrophobic coatings’ and light-scattering paint pigments®

take advantage of physical properties of the materials that do not have a strong size-

1



dependence across large range of sizes (e.g.; hydrophobicity, refractive index) and do not
require a specific surface coating on the nanoparticles. More sophisticated applications

like selective catalysis'*'”

take advantage of highly core size-dependent properties, while
not requiring any specific surface functionality. Other sophisticated applications like
patterning and annealing films requires a high degree of control over the surface
functionality, but little control over the core size.!' The most sophisticated applications
like nanotherapeutics,'*" harness both size-dependent core properties and require precise
control over the surface functionality.

For simple applications, current synthetic processes are sufficient. Kilogram
quantities of material can be synthesized, and polydispersity in the particle distribution is
not problematic because the physical properties of interest are easily identified and do
not vary strongly across a range of NP sizes.™'* Thus, there is little incentive for
researchers to seek a higher degree of control over these particles.

In contrast to NPs intended for simple applications, appropriate processes to
synthesize NPs intended for advanced applications have been much more difficult to
develop for consumer production.'? For these NPs, the development of efficient
syntheses has lagged behind the development of potential applications largely due to the
need for much tighter control over NP properties used in advanced applications.'> For
applications like theranostic agents that combine imaging and therapeutic ability, the NP
size distribution and the relative ratios of the active ligands must be tightly controlled to

achieve the desired particle localization and surface chemistries.'*'® Current synthetic

methods achieve this control through post-synthetic modification, greatly reducing
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Figure 1. Examples of nanoparticle applications spanning the spectrum of necessary
control over core size and surface functionality. Sunscreen applications require little
control over core size or external functionality because light absorption characteristics
have little dependence on size or surface coating. Selective catalysts show high size
dependence, but require bare surfaces, which precludes the need for a high degree of
control over surface functionality. Film patterning via annealing nanoparticles requires
a high degree of control over ligand functionality to bind the particles in required
locations, while core size is of little concern because the particle cores fuse after
annealing. The most sophisticated applications, like theranostic agents, require control
over both core size and ligand functionality to achieve necessary cellular targeting,

sensing, and solubility.



overall throughput and efficiency. This results in difficulties scaling syntheses, achieving
reproducibility, and limiting hazard while seeking control over the material properties of
interest,*'*!7

Au nanoparticles (AuNPs) are a well-studied class of nanomaterials due to the
strong size-dependence of their physical properties (especially in the size range deow. = 1 —
10 nm).>'® These NPs are comprised of a Au core, which defines optoelectronic
properties, and an organic ligand shell, which defines chemical interactions with the

1'” vary with particle core size.

environment. Properties of both the core’ and ligand shel
AuNPs are also heavily investigated because gold is toxicologically benign.?’ While the
toxicology of colloidal nanoparticles as a whole is not completely understood, current
research suggests that the toxicity of these materials arises primarily from the exposed
functionality on the surface of the particle and the elemental composition of the inorganic
core.*** With this in mind, we can utilize judicious ligand choices with benign Au core
material to access products that are both useful and minimally hazardous. Through this
responsible development of synthetic processes, we can harness the size-dependent
properties of AuNPs to safely access tunable materials for a wide range of applications.
Diverse selections of functionalized AuNPs have been incorporated into many

13,21-23

advanced applications and devices, including single-electron transistors, selective

9,21,24-26 21,27,28 29-31

catalysts, plasmonic devices, colorimetric sensors, and therapeutic

materials.'*'>'*2 While many of these applications have been demonstrated with proofs-
of-concept, these designs have yet to reach mass-production because of the high cost of

AuNP production.®'>*® This is largely because current syntheses are inefficient for
p gely y
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producing materials with control over both core size and ligand functionality.'? To achieve
cost-effective materials for advanced applications, researchers need high-throughput
synthetic methods that allow reproducible access to AuNPs of desired size and ligand
functionality.

The aim of this dissertation is to harness the perspective of a synthetic chemist to
improve upon current AuNP syntheses. Using this perspective, the goal of this work is
to develop a high-throughput, direct synthesis for AuNPs that enables a high degree of
control over core size independent of chemical functionality. These improvements in
AuNP synthesis will facilitate the development of current advanced applications into
consumer production and provide access to materials to develop new, more sophisticated
applications. The remainder of this introduction will focus on the relevant literature for
AuNP synthetic methods and mechanistic understanding, focusing on how to use the

lessons learned from these studies to improve future syntheses.

Traditional AulNP Syntheses

Researchers have approached the synthesis of functionalized AuNPs with a variety
of strategies. Perhaps the most common approach has been to synthesize particles with a
well-studied ligand, then perform ligand exchange to introduce a new functionality of
interest. This has been effective when the outgoing ligand is weakly-binding (e.g.; citrate),
though traces of the initial ligand are typically still observable after exchange.* This
strategy is less effective when the initial ligand is strongly binding. For example, thiol-for-

thiol exchanges can require multiple days to reach completion and are often incomplete,
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leaving multiple functionalities bound to the particles.’**” Purification of these materials
typically requires copious washes, which increases solvent usage, decreases yield, and
decreases throughput, all of which result in higher production cost.*'? This strategy can
be thought of as a brute-force method for AuNP functionalization.

More efficient methods for producing functionalized AuNPs access desired core
sizes and surface coatings through a direct synthesis. This strategy dramatically improves
overall efficiency compared to ligand exchange methods, but requires a more thorough
understanding of the reaction chemistry. Due to the strong interdependence of ligand
identity and particle core size trends must be identified to define this relationship. The
vast majority of syntheses following this strategy utilize a variation in ligand : Au ratio to
achieve size control.” The drawback to this approach is that the trend of particle size vs.
ligand : Au ratio varies for each ligand. Thus, there is a trade-off in time investment
required between direct synthetic approaches and ligand exchange approaches. More
initial experiments are required to understand chemical relationships for the direct
synthetic approach, while more post-synthetic procedures are required for the ligand
exchange approach.

The ideal scenario would be a direct synthesis where size control and functionality
control were decoupled, where both variables could be tuned separately. While this ideal
has not yet been realized, we can study the current state of AuNP synthetic methods to
identify which aspects must be improved upon to access a more ideal synthetic approach.
The following section summarizes literature methods for the synthesis of AuNPs with

tunable core size and variable functionality.



Turkevich Preparation

The first AuNP preparation that demonstrated the ability to access a range of sizes
was the Turkevich preparation,®® published in 1951, where HAuCl, is reduced and
passivated by sodium citrate while at elevated temperatures.’’ The original procedure
claimed that particles ranging from 20 — 150 nm in diameter could be synthesized this
way, though a clear trend of size control was not demonstrated. In a 1973 publication by
Frens®® it was shown that AuNP size could be reproducibly controlled by adjusting the
amount of citrate introduced to the system.

Numerous researchers have built upon the pioneering work of Turkevich and Frens
to further develop the synthesis of citrate-stabilized AuNPs and to understand the
underlying mechanisms of AuNP formation in this system.***** Efforts to explain the
mechanistic pathway in this system continued over the next few decades with mixed
results. Some researchers argued that the reaction proceeded through a chain-like growth
pathway®® while others suggested that discrete nucleation, growth, and ripening were
occurring.*” While it was clear that citrate was acting as both the reducing agent and the
ionic passivant in this system, the role pH played in this system wasn’t fully
understood.

Citrate’s role in pH modulation was not well understood until the work of Ji et al.
in 2007.*® The authors showed that citrate concentration affects the pH of the system,
which in turn affects the reduction potential of aqueous HAuCl, to produce different
sizes of AuNPs (see Chapter III for more detail on this reactivity). Depending on pH,

AuNP formation proceeds either though chain-like aggregates that break apart and form
7



spheres, or through a nucleation-and-growth pathway. It is notable that Ji et al. also
showed a high degree of size control with their increased understanding of AuNP
formation in the Turkevich preparation.

The primary advantage of the Turkevich preparation is the wide range of core sizes
available through control over ligand : Au ratio. In addition, this is an aqueous synthesis
with relatively benign reagents. The most prominent disadvantage to this synthesis is the
need for post-synthetic ligand exchange to achieve discrete ligand functionality.*>*!
Citrate-stabilized AuNPs are not considered to be functionalized particles because of their
weak, ionic multilayer passivation. The necessity for ligand exchange not only results in
some amount of citrate remaining in the ligand shell,**” but this post-synthetic processing

is also undesirable because it is low-throughput and cannot be scaled up easily for an

industrial process.'?

Two-phase Brust Preparation

The two-phase Brust preparation (also known as the Brust-Schiffrin method) was
first developed in 1994 to synthesize functionalized AuNPs in a single reaction step.*®
This synthesis involves a water-toluene mixture where HAuCl, is dissolved in the
aqueous layer, then transferred to the organic layer by complexation with
tetraoctylammonium bromide (TOAB), a phase transfer catalyst. Subsequently, a desired
thiol (originally dodecanethiol) is added to the organic layer and NaBH., is slowly added to
the aqueous layer to induce particle formation at the organic-aqueous interface. By

altering the ligand : Au ratio, AuNPs ranging from 2 — 8 nm can be accessed. A variety of
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hydrophobic ligands have been utilized in this synthesis, though typically alkanethiols are
used.**~°

This synthesis is advantageous because it allowed access to various functionalized
particles with tunable size in one synthetic step. The ability to intentionally alter particle
size and terminal functionality are two of the key components to an ideal nanoparticle
synthesis. Additionally, the small core sizes available have been shown to be interesting
for a variety of AuNP applications, and a high percentage of Au surface area is exposed to
solution.””!'® The utility of this approach is evident when one reviews the vast amount of
literature based upon the two-phase Brust preparation or modifications thereof.

There are, however, some drawbacks to the two-phase Brust preparation. First,
this method only produces organic-soluble AuNPs. Other methods must be pursued to
produce water-soluble AuNPs. Second, the presence of TOAB is problematic because it
is highly persistent in the ligand shells of AuNPs.* This is important because TOAB can
disrupt the ligand functionality on the particle surface and because TOAB is cytotoxic.*!
Therefore, removal of this molecule is of paramount importance for biological and
toxicological applications. Considerable solvent washes must be performed to remove
TOAB from the particles, greatly reducing the solvent and time efficiency of this
process.*!'? Thus, while the 2-phase Brust preparation made for significant progress in

AuNP syntheses, other methods were needed to access materials for aqueous (e.g.;

biomedical) applications.



Single-phase Brust Preparation

In 1995 Brust et al.’* published a single phase, methanolic adaptation to the two-
phase Brust preparation of AuNPs. This synthesis represents a simpler, more efficient
process than the biphasic counterpart, and has been since adapted for aqueous conditions
to access hydrophilic functionalities.”®~* An example of a modified single-phase Brust

prep was shown by Brifias et al.”

in 2008, where glutathione-passivated AuNPs were
produced. The authors show one of the few examples of controllable particle size in a
direct AuNP synthesis using thiols. AuNPs from 2 — 6 nm in diameter were obtained by
varying the reaction pH from § - 5.5.

The size trend by Brifias et al., however, has large error associated with each data
point (as much as +/- 1 nm) making it difficult to achieve a desired size reproducibly.
Aside from the large errors, a number of the data points deviate significantly from the
trend, further complicating efforts to obtain specific sizes of AuNPs. This method is
advantageous because it enables direct, aqueous synthesis of size-tunable, functionalized

AuNPs. Disadvantages to this approach include a small range of sizes and a lack of

precision in size control.

Murray Bunte Salt Preparations

The Murray group published two papers in 2000°® and 2001°7 using thiosulfates
(Bunte Salts) as ligands in a modified single-phase Brust preparation to synthesize
AuNPs. These papers each present one ligand and one particle size, but they show that

AuNPs synthesized with these ligands are indistinguishable in composition from particles
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made with analogous thiols. This makes Bunte Salts very attractive ligands, because,
unlike thiols, they do not form disulfides in solution, and a wide variety of water-soluble
functionalities are accessible through simple syntheses with few synthetic steps. Thus,
this approach is advantageous because it utilizes versatile ligands in a direct, aqueous
synthesis with benign reagents. The major drawback to this approach is a lack of

understanding of chemical relationships necessary to control core size.

Hutchison Bunte Salt Preparation

After Murray et al. demonstrated that thiolate-passivated AuNPs could be
synthesized using Bunte Salts, the Hutchison lab began investigating this as a route to
generating versatile AUNP functionalities. Lohse et al.*’ demonstrated that a wide range of
AuNP sizes (dco: ~ 2 — 20 nm) and functionalities were available with this method. This
synthetic approach is promising because of the wide range of core sizes and
functionalities available. However, the synthesis suffered from high polydispersities and
no single variable provided precise control of particle core size.

Considerable work has been done working toward direct syntheses of size-
controlled, functionalized AuNPs (Figure 2). However, barriers to producing these desired
materials still exist: poor reproducibility, low throughput, low yield, and limited range of
core sizes. Target attributes for an ideal AuNP synthesis include highly reproducible
particle size distributions, high throughput of synthesis and analysis, high initial yields,

and precise control over both average core size and external functionality. The following
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section reviews literature formation mechanisms to enact practical improvements to direct

AuNP syntheses.

Prominent Syntheses of AuNPs

Hutchison Method Ligand Type
Murray Method Size Control = Bunte Salt
== Thiol

---- Poorly-understood

1-phase Brust —— Well-developed = Citrate
2-phase Brust Method Turkevich Method*
| l
| T

| | / |
| I / 1

1 nm 5 nm 10 nm 20 nm 100 nm

AuNP Core Diameter

* - Requires ligand exchange to achieve functionality

Figure 2. Summary of direct synthetic routes to size-tunable AuNPs. The Turkevich
method accesses a large range of AuNP sizes, but particles must be post-synthetically
functionalized. Brust methods utilize functional thiol ligands, but 2-phase method uses
deleterious TOAB phase-transfer catalyst and 1-phase method accesses limited size
range. Murray and Lohse methods use Bunte Salts to access larger range of functional

materials, but trends to control size are still poorly understood.
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AuNP Formation Mechanisms

The study of AuNP formation mechanism has been challenging because of the
complexity of the materials and due to overlapping mechanistic processes. The drive to
understand these mechanistic processes, however, is closely tied to attempts to improve
current synthetic methods. A prime example is in CdSe nanocrystal systems where
nucleation and growth have been separated temporally using a microreactor.’®>° Probing
the optimal duration of nucleation enabled researchers to induce particle formation by
heating the precursor solution for specific durations, then reduce the temperature to
prevent further nucleation and facilitate growth processes.’® Understanding which
mechanisms are relevant to a particular system directly aids in the improvement in that
system, and provides researchers with areas of focus when optimizing reaction
conditions. This section summarizes common nanoparticle reaction processes and then

describes more detailed AuNP formation mechanisms.

Nanoparticle Reaction Processes

Nucleation. Nucleation (Figure 3) is the process through which particles are
initially formed. Comparison of total surface energy and bulk energy for a given particle
dictates that a critical nucleation size exists.®' Below this size, particles exist in
equilibrium with molecular species and can re-dissolve when formed. A certain
probability exists that the particle will grow to exceed this critical nucleation size. Above
the critical nucleation size, the bulk energy gained from bonds in the particle core

overtakes the loss of surface energy and it becomes favorable for particles to grow larger.
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Growth. The growth phase involves the incorporation of molecular monomeric
species into growing nanoparticle cores. This process could potentially be either
diffusion-limited or reaction-limited, depending on how strongly the monomeric species
interact with the growing particle core.> Once the growth process begins, it will continue
until the reservoir of growth monomer is depleted. It is typically assumed that these
growth monomers are single molecules or ionic complexes of core material (e.g., HAuCl,),
but it is possible that small clusters of a few bound atoms could exist as growth monomer
species.

Coalescence. Coalescence is the process during nanoparticle formation where
weakly passivated nanoparticle cores fuse to form larger particles.® This process is more
likely when weak or ionic ligands are used. A hallmark of this process is a drop in particle
concentration as core size increases.

Ripening. This process typically occurs at long reaction times, after nanoparticles
have formed and been passivated.®*®° If ligand passivation is sufficiently weak (eg.,
citrate), material can escape the particle core and diffuse away from the particle. Studies
of ligand exchange suggest that association of a ligand species to molecular core material is
required for these species to escape the particle in this fashion.®® To minimize surface
energy, the ligand-associated material transfers from small particles to large particles, first
creating a bimodal size distribution and eventually leading to a larger monomodal
distribution of particles.

Aggregation. Aggregation is considered to occur when passivated particles in

solution come into close contact and the cores become bound irreversibly.®” The cores are
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often observed to fuse completely, forming irregular shapes or necks between individual
particles. Aggregation is almost always considered undesirable, as it is very difficult to
control and drastically alters the size-dependent properties of the initial particle size
distribution. This process should not be confused with sintering, which is a process
observed on solid supports where bare particles at elevated temperatures fuse
completely.

Agglomeration. Agglomeration is a process similar to aggregation, but where the
particle cores remain distinct and partially separated.®® This usually involves a significant
interaction between neighboring ligand shells where the particles are strongly attracted,

but the cores are still observably distinct.

AuNP Formation Theories

Classical Nucleation Theory. The most commonly cited theory for colloidal
AuNP growth is the LaMer mechanism, also known as classical nucleation theory (CNT).
This theory was first applied to colloids by LaMer and Dinegar® to describe the
precipitation of sulfur colloids from solution. The theory described in this paper involves
the buildup of a reactive species (molecular sulfur, S.) in solution over time. During this
period, the concentration is too low to nucleate particles. This is referred to as an
incubation period. As the concentration continues to increase past the saturation point
into supersaturation, particles of sulfur spontaneously nucleate (also referred to as burst
nucleation), rapidly consuming the reactive species. The initial concentration of sulfur

species dictates the length of time over which nucleation can occur, where higher
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concentrations will result in a longer nucleation period and vice versa. The ideal scenario
to generate monodisperse particles is a short nucleation period, where a quick burst of

nucleation occurs, quickly ceases, and subsequent growth of the nuclei then occurs. These

Nucleation >T"/\ —

Growth / —

Coalescence - —

Ripening + — +
w, n § n,
Agglomeration .. ™ 4w 7 ——3 ”"»f‘ iw

Y i Sy,

Figure 3. Summary of relevant mechanistic processes for AuNP systems. In
addition to those shown here, Aggregation can be thought of as coalescence where

the particles become insoluble and precipitate.
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growing nuclei can continue to incorporate reactive S, into the colloid even after the
concentration of reactive species drops below the saturation level. At this point the
critical nucleation energy has been surpassed, meaning that it is thermodynamically
favorable to minimize the surface area of sulfur exposed to solution. This is described as
the growth phase. Growth continues until the reactive monomer species is depleted.

While LaMer’s original work was limited to studying sulfur sols, Sugimoto® was
the first to adapt CNT to describe inorganic nanoparticle formation. In this work, the
focus was on obtaining monodisperse colloids through temporal separation of nucleation
and growth phases, and subsequently inhibiting coagulation of particles through the use of
various passivating agents. Sugimoto goes into great detail discussing diffusion-controlled
reactivity versus reaction-controlled reactivity and a variety of other inorganic
nanoparticle systems. This work inspired many other researchers to consider nanoparticle
reactions as a combination of nucleation, growth, and coagulation processes, and provided
some useful mechanistic insight for improvement to existing syntheses.

CNT suggests that the key to obtaining monodisperse AuNPs is to maintain a
short nucleation phase while keeping the growth phase temporally distinct. This strategy
has been effectively employed for the synthesis of CdSe nanocrystals in microreactors
where nucleation in initiated in a region of increased heat, then growth is allowed to
continue at reduced temperatures, once the critical nucleation size has been exceeded.’®>’
Further, CNT suggests that passivating agents must interact with the core material with

rapid kinetics to prevent coagulation as the particles are growing. Thus, for AuNP
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systems, thiolate ligands have been a common choice of passivant due to their strong
interaction with Au.

While CNT provides some useful mechanistic hypotheses, there are shortcomings
in the ability to describe NP systems. CNT assumes that the nucleation process is
solubility-driven, meaning that some reactive species must accumulate in solution past
saturation to induce nucleation. This is an effective description of sulfur sol behavior, but
a different material may not require supersaturation if bond formation is more
energetically favorable. In the case of AuNPs, it’s well known that Au has a high self-
affinity, where aurophilic bonding strength is roughly on the order of hydrogen
bonding.””! Thus, we would expect very rapid formation of NPs in this system where
Au-Au bond formation is highly favorable. This rapid particle formation has been
confirmed experimentally.’>”* In cases with rapid reduction, there is often no evidence of
an incubation period, suggesting that supersaturation is not required to form particles in
these systems. Thus, while CNT does offer insight toward achieving monodisperse,
passivated particles in certain systems, it does not completely describe formation and
growth of functionalized AuNPs.

Dispersive Kinetic Theory of Nucleation. Skrdla highlights the shortcomings of
CNT in his paper as reason to utilize a dispersive kinetic model of NP nucleation.”
Therein, the author points out that CNT assumes only one critical nucleation size exists
(corresponding to a unique nucleation/activation energy) for a given set of reaction
conditions. However, as the reactants are depleted from solution, the changes in reaction

conditions cause variation in the critical nucleation size. This approach presents a method
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for determining the varied critical nucleation size at different stages of reactant depletion.
The overall goal in developing this approach is to more accurately describe the kinetics of
nucleation.

This model is attractive in its ability to explain polydispersity in a AuNP sample
due to variable nucleation conditions. However, this approach has been criticized for
using empirical fitting parameters that have little physical meaning. Further, this model
doesn’t offer much additional insight into synthetic design as the theory suggests that,
like CNT, the nucleation phase should be a short as possible to achieve monodisperse
particles.

Ostwald Ripening. There are a number of mathematical treatments for Ostwald
ripening in the literature, though Lifshitz-Slyozov-Wagner (LSW) Theory is most
commonly cited.”” Ostwald ripening is a well-understood phenomenon where core
material transfers from small NPs to large NPs in order to minimize surface energy. Thus,
LSW theory is comprised of diffusion rates for molecular species and various sizes of
NPs with the minimization of particle surface area as the driving force.

Ostwald ripening has been observed for citrate-stabilized AuNPs and other
particles with weak surface passivation that facilitate material transfer to and from the
gold cores.***! This ripening is typically a slow process relative to particle nucleation and
growth, and is thus observed at long reaction times in AuNP systems. In the case of
citrate particles, the AuNPs are often stirred at elevated temperatures after particle
formation to enable Ostwald ripening, because this causes the particle distribution to

focus, becoming less polydisperse over time. The average AuNP size also increases during
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the process. While this is a convenient process for AuNP systems with weakly bound or
ionic ligand shells, strongly binding ligands prevent material transfer to and from the NP
cores. Thus, direct AuNP preparations using thiols, or other covalently binding ligands
preclude Ostwald ripening from occurring, and therefore this process need not be
considered under these synthetic conditions.

Coalescence Models. While ripening involves the molecular transfer of material,
coalescence is the process of two or more NP cores fusing to become one larger NP. A
model that was originally developed by Avrami to describe grain coarsening in a solid has
been adapted in a variety of ways to mathematically explain coalescence of particles in
solution.”®”® This is inherently problematic, because in Avrami’s original model there is
no consideration of solvent or diffusion of growing nuclei. Only the original crystalline
material, growing grain nuclei, and final coarsened crystalline phases are included in the
model. Researchers have tried to utilize this model for colloidal systems because the
mathematical treatment of nucleation and growth are attractive, but the base assumptions
in the model are not sufficient to describe AuNP growth in solution.” In general, it can be
assumed that coalescence only occurs when particles are weakly passivated during
growth. Attention should be paid to the nanoparticle concentration during growth to
assess whether this process is active.

Four-step Double-autocatalytic Mechanism. This theory, developed by Finke
et al.,** was developed to explain growth of a variety of catalytic inorganic clusters. The
general mechanism is based on four distinct chemical steps, two of which are autocatlytic.

This kinetic model is fitted to cyclohexene reduction data, treated as an indirect
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measurement of catalyst formation. This model has been cited in the literature for its
ability to fit sigmoidal kinetic curves,®' but has been criticized as being overly complex.™
Further, it was suggested that a mechanism with four chemical steps having similar rates
to the rate-limiting step is highly improbable. Finke et al. argue that 4 unique rates are the
minimum required to fit their data.*’

It is interesting that Finke et al. were able to gain kinetic insight into their system
by monitoring the formation of the Pt catalyst via hydrogenation of cyclohexene. This
type of indirect study can be used to cleverly monitor other nanoparticle systems, but
care must be taken to consider other variables that may affect the hydrogenation.
However, this model has been effective as modeling sigmoidal kinetics and can be
considered when autocatalytic reactivity is possible.

A number of consistent themes arise throughout AuNP mechanism literature. First,
the active mechanisms in AuNP systems can vary depending on the ligand used. This is a
major challenge for studying these materials, because similar systems can follow
drastically different pathways. However, all nanoparticle reactions must have some
nucleation phase to begin particle growth. There is mounting evidence that this is the
most important stage of nanoparticle formation, as polydispersity introduced early in the
reaction can be carried throughout the reaction.”

It is clear that AuNP reactions are very rapid,”*”* and more rapid mixing is
required to achieve consistent conditions over multiple syntheses.***> Comparing current
synthetic methods to literature using applied nanomaterials, it is also clear that more high-

throughput, cost-effective methods are needed to produce large quantities of AuNPs with
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tunable sizes and variable functionality.*'? Focus should be directed on covalently bound
ligand shells that present specific desired moieties to the local environment around the
nanoparticle to access the desired material properties.

Overall, traditional synthetic methods are not sufficient to achieve the necessary
level of control over many nanomaterial preparations. Batch reactions do not allow
researchers the ability to control mixing rates or reagent addition rates precisely enough.®
New synthetic platforms along with new AuNP preparations are necessary to obtain
control over these complex materials and to generate well-defined products with desired

properties.

Microreactors as a Synthetic Platform for Nanomaterial Production

Because of the complex nature of nanoparticle syntheses, traditional batch
methods are insufficient to achieve control over these reactions.*® New synthetic
platforms are needed that have fast mixing times, precise reagent addition times, and the
ability to implement in-line observation or synthetic manipulation (e.g., heating,
microwave exposure) at specific reaction times.”®” Microreactor platforms (defined for
this work as having channel diameters of < 1 mm) offer three broad benefits over
traditional batch reactions: (1) the potential to obtain more well-controlled nanomaterials
with improved throughput, (2) rapid methods development, and (3) flow-based in situ
characterization.***’

Microfluidic synthetic platforms offer the potential to access improved

nanomaterial properties over batch reactions because of more reproducible synthetic
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conditions (i.e.; mixing rates, reagent addition rates) and rapid reagent mixing.
Reproducible reaction conditions provide obvious benefits from synthesis-to-synthesis,*
and there are multiple advantages of rapid mixing. Since many nanoparticle reactions occur
on fast time scales, with observable particle sizes as early as 75 us,* rapid mixing is
necessary to achieve homogeneous conditions during relevant stage of particle growth. In
addition, it has been shown that product distributions are more monodisperse when
synthesized under the more homogeneous conditions presented by microfluidic
systems.®”**?? Polydispersity is still present to some degree because reaction times can
still be more rapid than the fast mixing times in a microreactor.®® It should also be noted
that mixing rate in microreactors has been utilized as a reaction parameter. At varied flow
rates, different sizes of particles are produced for certain reactions.*””! Though some
increase in polydispersity may be observed in cases of slower flow rates, using mixing
rate as an additional reaction parameter can be a useful way to tune product distributions.
Overall, the rapid mixing observed in flow provides the potential for more reproducible
nanoparticle syntheses with improved material propreties.

Another distinct advantage of a microreactor platform over traditional batch
syntheses is the potential for scale-up.***** Batch reaction volumes cannot always be
increased without altering NP product distributions, making scale-up challenging.
Microreactors, however, can be run continuously with a peristaltic pump to produce
material continuously.'*** In addition, microreactors can be run in parallel to multiply the

reaction throughput.***%*
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It is important to note that a variety of microreactor platforms exist with drastically
different throughput. The smallest scale, on-chip, microreactors utilize small volumes and,
thus, low total flow rates. These reactors exhibit the best control over mixing, but reaction
throughput is low and the necessary components are relatively expensive, requiring
etching or lithographic techniques to produce the very small reactor channels. Larger-scale
microreactors sacrifice some control over mixing rates to access higher reaction throughput
at lower cost. These reactors utilize polymer tubing and simple T-mixers instead of
prefabricated chips to combine reagents in flow. These components can be readily
purchased at low cost. Overall, the versatility in microreactor technology means that
different systems can be assembled for unique needs. If an industrial lab requires precisely
made materials, small chip-based reactors can be assembled in parallel. Conversely, an
academic lab pursuing reaction optimization or fundamental studies can utilize a larger-
scale reactor to perform larger numbers of syntheses and generate more material. Thus,
the range of potential designs for microreactors makes these versatile synthetic platforms
for a variety of research needs.

Another advantage microfluidic platforms offer is the ability to perform in-line
characterization. A unique aspect of microreactor technology is the steady-state
conditions at each point along the length of the reactor.””® Though the solution is
continuously flowing, each point after mixing along the reactor length corresponds to a
specific reaction time. Additional input streams can be added at specific locations in the
flow path to introduce reagents at precise reaction times.”' Further, if a reaction requires

heating, exposure to microwaves, or another external treatment, this can be done over
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specified durations in the reactor.”®** The continuum of sequential steady-states along the
microreactor enables a wide variety of advanced reaction geometries. This enables
researchers to achieve product distributions with a high degree of control and tunability.

The unique steady-state conditions in a microreactor facilitate incorporation of an
observation cell at any point to observe a specific reaction time for extended
durations.”*® These types of reactors are highly valuable for mechanistic studies, as the
observation cell can be utilized to observe which products or intermediates are present at
various reaction times.”>> A variety of studies have been performed where particle sizes
are observed over time and a general growth mechanism can be inferred,’?"*81:88:92.93.97.98
Incorporating different in situ techniques in this way accesses a comprehensive, time-
resolved picture of reactivity. This is a powerful way to monitor reactions and allows
researchers to elucidate more detailed NP reaction mechanisms.

Despite the range of advantages, microreactors do not always add significant value
to a given system (Figure 4). For example, slow reactions do not require fast mixing and
the 10-15 sec mixing times in a batch reaction are sufficient. However, very fast reactions
show significant benefits from microfluidic synthesis because mixing occurs on the same
time scale as the reaction. Mixing in batch conditions is much slower than reactivity in
these cases. AuNP reactions benefit greatly from microfluidic synthesis because

7388 which necessitates rapid mixing.

nucleation occurs on the order of milliseconds,
Further, improvements to polydispersity are observed because the increased homogeneity

of reaction conditions limits the formation of byproducts.*® Thus, while microreactors do

25



not necessarily result in significant benefits to every synthetic system, the rapidity of

reactivity in AuNP systems makes the use of microreactor platforms highly beneficial.

When do Microreactors add Value to a Synthetic System?

&
B

Batch Reactions Microfluidic Reactions
@ Simple reaction setup @ More complex reaction setup
@ Slow mixing @ Rapid mixing - useful for fast reactions
@ Imprecise reagent addition rates | |¢ Highly reproducible addition rates
@ Difficult to monitor in situ @ Facilitates in situ monitoring
@ Low throughput @ High throughput for large-scale
production

Figure 4. Summary of the scenarios when microreactors add value to a synthetic system.
Simple batch reactions are sufficient for many systems, especially when reaction rates are
slow. When reaction rates a fast, however, slow mixing in the batch reaction can lead to a
range of products. More rapid mixing in a microreactor results in more homogeneous
products for these reactions. In addition, highly reproducible addition rates are beneficial
for these fast reactions. Further, the steady-state conditions in a microreactor facilitate in
situ monitoring. Lastly, microreactors can be run with peristaltic pumps and in parallel to

achieve large-scale production if large quantities of material are needed.

Microreactors represent the next generation of nanomaterial synthetic

methods for rapid, complex reactions, in addition to enabling in situ observation. Now
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researchers must develop methods to match the throughput of characterization with the
high throughput of synthesis. The so-called characterization bottleneck has been a major
factor in limiting the incorporation of NPs into commercial products, since materials must
be thoroughly vetted before passing regulatory hurdles.”® It can require days to
completely characterize a new nanomaterial, while organic chemists can analyze their
products within minutes using NMR techniques. Materials scientists must pursue new
characterization strategies to minimize time of analysis and maximize overall throughput
of material generation if they are to make new nanomaterials accessible for commercial

products.

Characterization Methods

Characterization is a crucial and challenging aspect of generating new nanomaterials.
In contrast to small molecules, where NMR is often sufficient to characterize the product,
nanoparticles must be observed with a variety of techniques to fully define the relevant
physical properties. Given the complexity of nanomaterials, quantification of the particle
core size, polydispersity, concentration, and surface chemistry is needed.”” When new
materials are developed, a comprehensive characterization strategy should be employed,
while only a few rapid techniques are necessary once the class of materials has been well-
studied. Understanding the necessary level of characterization is an important aspect to
minimizing characterization time commitment.

As researchers push the characterization of nanomaterials forward, focus will be

directed towards techniques that provide rapid, quantitative feedback of material
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properties.”” These techniques must be used in an integrative, complementary fashion to
fully characterize a material quickly. Techniques such as TEM, SAXS, and XPS are often
time-consuming, but new automated methods”*'**!! for collecting and processing data
are greatly reducing the time investment required by researchers to obtain these data.
Widening the characterization bottleneck will require an increasing use of these automated
techniques so that researchers can spend less of their time analyzing current materials and
more time developing the next generation of materials.

The characterization methods utilized in this thesis work are described below.
Small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) were
utilized to quantitatively determine AuNP size distributions and morphology, while
UV/visible spectroscopy (UV/vis) was used to qualitatively corroborate these data and
determine bulk optical properties. X-ray photoelectron spectroscopy (XPS) provided
ligand shell composition data while thermogravimetric analysis (TGA) was used to
determine particle surface coverage. Nuclear magnetic resonance (NMR) was utilized to
determine ligand identity and purity. More detail for each of these characterization

methods is provided below.

Transmission Electron Microscopy (TEM)

TEM has traditionally been used as the standard measurement of nanoparticle
core size.">™* This technique utilizes an electron beam focused on a nanoparticle sample
that has been deposited on a substrate.'’> Analysis works best if there is a significant

difference in electron density between the nanoparticles and the substrate. A typical
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sample might consist of AuNPs deposited on a silica substrate. This substrate is
fabricated as a TEM grid, where very thin, electron transparent windows are spaced
periodically across a thicker, more robust substrate. In a standard ‘bright field” TEM
experiment, the beam is focused at one of these windows where incident electrons largely
pass through the substrate and the electron-dense nanoparticles absorb or diffract the
electron beam, creating what is essentially a shadow or negative exposure at a phosphor
screen (for temporary viewing) or CCD detector (for data collection). Note that older
TEM instruments may utilize a photographic emulsion to collect data. While all of the
data shown in this thesis work are bright field images, note that some of the electrons
absorbed by the nanoparticle sample are back-scattered, and can be collected by a second
detector to form a dark field image (positive exposure) where the direct beam is excluded.
Once an image is collected, it will contain particle size information for all of the
individual nanoparticles that were in the direct electron beam path. If the beam is focused
properly, the shadows representing each of the particles will correspond directly to the
core size of the particles. With resolution and magnification information, these magnified
images are analyzed in a program such as ImageJ or Fiji to determine the size of each of
the particles.'” These collected data are then input into a spreadsheet for more detailed
analysis and are typically displayed as a histogram. Data are most often displayed as the
average core diameter (in nm) +/- one standard deviation of the distribution width (again in
nm). Note that thorough TEM experiments will analyze at least several thousand to
several tens-of-thousands of particles to obtain appropriate statistical counts for the

sample. This is important because a large component of sample bias can be introduced
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when image locations are chosen on a sample TEM grid. In addition, deposition artifacts
can skew results, necessitating a large number of particle counts to average out these
effects.”®

Traditionally, the major drawback to TEM analysis has been the large time
investment required to collect and process data. The advent of automated TEM has
significantly reduced this necessity,'® though samples must be sufficiently homogenous
for this technique to be effective. In addition, liquid cell sample holders are now available
for TEM instruments, allowing researchers to view samples under solution phase
conditions.'® These new techniques will ideally allow more TEM measurements to be
collected with less researcher time input, mitigating one of the most prominent drawbacks

to these analyses.

Small-angle X-ray Scattering (SAXS)

SAXS has historically been confined to use at high-intensity synchrotron X-ray
sources,*'”*!%° but has become much more common over the past few years with the
advent of lab-scale SAXS technologies.”*'? For this technique, a solution of nanoparticles
is exposed to monochromated X-rays.'” Based upon the size, shape, and polydispersity
of the particles, a varied number of X-ray photons will scatter off of the sample at
various angles (~ 0.1° — 10°). The function of scattering intensity vs. scattering vector, q,
is characteristic of the sample size distribution.

SAXS is attractive because of its ability to quantitatively determine particle core

size, polydispersity, and concentration (utilizing a standard to normalize beam intensity
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to the absolute scale) in solution.'”” The ability to collect these data in solution is of
particular importance because deposition artifacts often observed in TEM analyses are
avoided. In addition, this allows a much larger number of particles — often an increase of
10 orders of magnitude — to be analyzed by SAXS than with TEM measurements. This
higher degree of statistical relevance means that SAXS analysis gives much more
representative core size and polydispersity information than TEM analysis(see Chapter
IT).°° This has resulted in a general trend where researchers are beginning to treat SAXS as
a standard nanoparticle size analysis technique over the historical prevalence of TEM.
While SAXS analysis is highly useful for precise core size determination, this
technique does have some limitations. SAXS is a model-based technique, meaning that
considerable expertise is required to fit models to raw data.'’” As with any model-based
technique, there can be ambiguity from the modeled results. Reduced chi-squared values
can be used to assess fit quality, but reports in the literature often do not provide any
value for model fit quality. A further challenge with SAXS analysis is the accurate
determination of error values. Due to the unique nature of individual CCD detectors,
challenges of binning CCD pixels, and the complicating factor of polydisperse samples,
determined error values are only considered to be estimates. This is a difficult problem to
circumvent; therefore the error bars shown in this thesis work were generated by
performing analyses of multiple AuNP syntheses to determine the standard deviation
between final results. In this manner, real error values between output values of modeled

core size and polydispersity values were determined.
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It should be noted that SAXS presents the opportunity for high-throughput,
automated analysis: a capability that is often unavailable or impractical for TEM analysis.
The lab-scale SAXS in the University of Oregon Lokey Labs is equipped with an
autosampler, such that dozens of samples can be analyzed in rapid succession without
researchers present. This aspect was particularly useful during this dissertation work,
enabling rapid optimization of AuNP syntheses and providing the ability to probe a

multitude of synthetic variables quickly (see Chapter I1I).

UVvisible Spectroscopy (UVvis)

UV/vis is a simple, ubiquitous technique that is particularly useful for AuNP
samples.'® AuNPs have unique, size-dependent optical properties that can be used to
estimate core size. Qualitative determination of particle core diameter and concentration is
possible based on the relative absorbance at the surface plasmon resonance lambda-max
(ranging from ~ 500 nm — 530 nm) and the absorbance at 450 nm.'**''® Estimation of
particle size works well for AuNPs larger than 5 nm in diameter.

In addition to core size and concentration estimations, UV/vis also provides
excellent indication of particle stability due to the strong dependence of AuNP optical
properties on size and morphology.” It is trivial to compare UV/vis spectra at different
times to determine if the sample has changed. Additionally, a raised baseline in UV/vis is a
telltale sign for particle precipitation. Further, plasmon lambda-max shifts to longer
wavelengths (> 550 nm) indicate particle aggregation in solution.’® Overall, this is a quick

and simple method for determining qualitative stability information of AuNPs in solution.
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UV/vis has also been useful for determining what molecular precursor species are
left in solution. HAuCl,, for example, has a characteristic absorbance at ~315 nm from a
Au-Cl LMCT band. Au(I) species, however, have small but distinct absorbance at ~210
nm and ~215 nm. UV/vis is a convenient way to determine if these species are present,
and if the AuNP formation reaction has gone to completion. This simple method can be

extended to any precursor species having absorbance in the UV/visible range.

X-ray Photoelectron Spectroscopy (XPS)

XPS is considered the standard method for determining the oxidation states of
species bound to (or closely associated with) a nanoparticle surface.'® For this technique,
a nanoparticle sample is directly deposited onto a substrate (typically chromium) and
dried. Once placed into a vacuum, the sample is then exposed to monochromated X-
rays.'% Upon absorption of X-rays, electrons are ejected from the sample with different
energies and collected for analysis. The specific observed energies are characteristic of the
element and its oxidation state such that the chemical environment of the adsorbed
molecule can be inferred. The penetration depth of XPS is only a few nanometers, making
this a surface sensitive technique, and the primary way researchers characterize the
bonding environment of nanoparticle ligands.

In this dissertation work the majority of collected XPS data were used to
distinguish sulfur oxidation states in AuNP ligand shells. Thiosulfate-terminated ligands
have distinct oxidation states from thiols. XPS was utilized to determine what percentage

of the thiosulfate ligands had been converted to thiolate ligands.
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Thermogravimetric Analysis (TGA)

TGA is a simple technique where a dried sample is placed in a tared pan and
exposed to increasing temperature at a defined ramp rate.”*’** The mass of the sample is
recorded as a function of temperature. More volatile compounds will vaporize at low
temperatures, and vice versa. These experiments are typically run up to temperatures that
will vaporize all organic matter, but leave inorganic material. In the case of nanoparticles,
the mass lost corresponds to the mass of the ligand shell plus any remaining solvent. The
remaining mass corresponds to the inorganic nanoparticle cores. In this work, TGA is

used to calculate the AuNP surface coverage of the ligand shell.

Nuclear Magnetic Resonance (NMR)

NMR is a ubiquitous technique for determining the identity of molecular
compounds.’ Molecules bound to nanoparticles still give distinct resonance peaks if the
particles are small (< 2 nm), but these are significantly broadened due to the slowed
relaxation time they experience and varied chemical environments across the particle.
Large particles often show no distinct NMR peaks. Slowed relaxation times are attributed
to the effect of being bound to a substrate and not freely diffusing through solution. The
majority of the NMR data shown in this work are to characterize ligands before use in

synthesis and determine purity.
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Dissertation Overview

Chapter I described the relevant background information on gold nanoparticle
applications, synthesis, mechanistic studies, and characterization methods. Chapter I1
was coauthored with Lallie C. McKenzie, Stephen D. Kevan, and James E. Hutchison.
This chapter focuses on the use of SAXS to analyze known AuNP samples.
Comparisons of four AuNP standards are drawn between SAXS size analysis and TEM
size analysis using UV/visible spectroscopy as a bridging technique. Chapter III was
coauthored with Edward W. Elliott III and James E. Hutchison. This chapter shows the
development of a new synthetic method to target and synthesize 2 — 10 nm AuNPs with
a variety of terminal functionalities. SAXS is instrumental in determining the precise, pH-
dependent size trends shown in this chapter. Chapter IV utilizes the synthesis developed
in the previous chapter to access a direct preparation of ~ 1.5 nm functionalized AuNPs,
improving upon the efficiency of previous methods for accessing this material. Chapter V
probes the ability of several size determination techniques to analyze three standard
samples and binary and ternary mixtures made from those samples. This work shows that
SAXS reliably identifies bimodal and trimodal distributions, while TEM has a more
limited ability to do so. Lastly, Chapter VI probes AuNP growth in situ to determine
whether a nucleation-and-growth mechanism is operative. This work shows that a
coalescence mechanism is the most likely mechanism for growth when using Bunte salt

ligands.
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Bridge to Chapter 11

Chapter I summarizes Au nanoparticle syntheses, mechanistic studies, and what
ultimate lessons the synthetic chemist can learn from these studies. This chapter
demonstrates the progress that has been made in AuNP synthesis, and where researchers
are currently looking to improve upon these methods and make the next generation of
advanced nanomaterials. Specifically, microreactors and SAXS are highlighted as
important areas of progress. Chapter II utilizes a microfluidic platform to validate SAXS
as a quantitative method for AuNP size determination against traditional TEM analysis,

utilizing UV/visible spectroscopy as a bridging technique.
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CHAPTER 11
DETERMINING NANOPARTICLE SIZE IN REAL TIME BY SMALL ANGLE

X-RAY SCATTERING IN A MICROSCALE FLOW SYSTEM

This chapter was coauthored with Lallie C. McKenzie who assisted in both data
collection and manuscript editing. Dr. Stephen D. Kevan provided assistance in
processing and interpreting small-angle X-ray scattering data. My advisor, Dr. James E.

Hutchison, helped conceptualize the project and provided editorial assistance.

Introduction

Precise structural analysis is becoming more important as we seek to identify and
harness the size-dependent physical and biological properties of nanomaterials, ~ yet
most current analytical approaches provide incomplete structural information. For
example, the most widely used technique, transmission electron microscopy (TEM),
provides precise, structural information on individual nanostructures but requires that
samples be isolated prior to analysis, is time-consuming, only probes a small number of
particles, and is subject to sample preparation artifacts.'"* A popular alternative involves
solution-based measurements, such as optical absorption or emission spectroscopy, that
sample statistically larger numbers of particles and require no isolation or specialized
sample preparation. However, these methods cannot directly determine nanoparticle size
or structure.™® A variety of other techniques (e.g., dynamic light scattering, atomic force
microscopy, field flow fractionation, differential mobility analysis) have been used to
determine nanoparticle size, but these do not measure the core diameter directly.

Additionally, each measured value is uniquely influenced by the nature of the ligand shell
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of the particle and the measurement medium (e.g., solvent). Definitive determination of
core size and size distribution within a nanoparticle sample, therefore, requires the use of
multiple techniques in combination with TEM, as has been done for gold nanoparticle
reference materials.’

Small-angle X-ray scattering (SAXS) has shown promise as a method for
precisely determining the size, shape, and polydispersity of a variety of nanoparticles in

solution.> !

The SAXS measurements of core size and dispersity for a variety of metal
and metal oxide nanoparticles have been shown to correlate well with those obtained
from other techniques (e.g., TEM, XRD).*'? Of particular interest to this work, SAXS
has been demonstrated to be a fast and precise method for determining the sizes and size
distributions of a series of gold nanoparticle reference materials.”> The in situ application
of a wide range of X-ray techniques, using a variety of cells and reactors, has facilitated

14-18
I

the study of many complex structural reorganization processes at the nanoscale. n

particular, time-resolved reaction data have provided insights into new intermediate
species, reaction kinetics, and nanoparticle growth mechanisms.®"'"'*>*

Monitoring the dynamics of nanoparticle systems by SAXS presents a number of
challenges related to the need for long data acquisition times. In sealed capillaries and
stopped-flow reactors, extended data collection times reduce the temporal resolution of
the experiment and therefore preclude the study of fast reactions.”''"'*'"*2! Another
complication with X-ray monitoring of nanoparticle reactions involves damage to the
sample or radiation-induced reactivity of the species in solution during extended and/or
intense X-ray exposure.”>*> Recent work suggests that flow-based, in sifu SAXS analysis
could improve time resolution and increase signal-to-noise ratios and reduce the potential

23,26

for beam damage.””” However, direct corroboration of the in sifu measurements by TEM
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was not possible because the particles continue to grow during the time between the
SAXS and TEM measurements.

The challenges highlighted above led us to develop a new multitechnique
approach for analyzing nanoparticles in real time wherein in situ SAXS and UV-vis
measurements could be validated using ex situ UV-vis and TEM. UV-vis data serve to
bridge in situ and ex situ analyses. Thus, a critical aspect of our strategy was the design
and use of a microscale flow system that included a custom-made monitoring cell for
simultaneous, in situ SAXS and UV-vis analysis (Figure 1). Commercially available
syringe pumps, fittings and tubing were incorporated to feed standardized nanoparticle
solutions through the cell while SAXS and UV-vis absorbance data were collected
through perpendicular observation pathways. A selection valve and separate syringe
were included so that clean solvent could flow through the system for rinsing and
background collection. Although the work we describe here focused on monitoring static
nanoparticle populations, the system was designed so that residence time in the system

could be correlated to reaction time of rapidly changing nanoparticle populations.
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Figure 1. Microscale flow system with specially designed cell for in situ multitechnique
measurement of nanoparticle size distributions. As shown in the diagram, flowing
nanoparticle solutions pass through the cell where the nanoparticles are probed
simultaneously by UV-visible spectroscopy and SAXS through perpendicular observation
paths. The flow system permits extended data collection without X-ray damage, and the
acquisition time is limited only by syringe volume. Switching the selection valve

accesses a solvent syringe for rinsing and background collection.

Here we report the real-time SAXS and UV-vis measurement of a series of
ligand-stabilized Au nanoparticle standards (dcore = 0.8, 2, 3 and 5 nm) within a
microscale flow system and corroboration of those measurements with ex sifu techniques.
These precisely engineered, purified samples have defined structures and core diameters
within a size range that is expected to be present during early stages of nanoparticle
growth. The use of stable, prefabricated nanoparticles permitted extended analysis of the
materials, ensured stability during the flow studies, and validated the applicability of the
approach for a range of nanoparticle populations. Continuous monitoring by UV-vis and

comparison to ex situ measurements confirmed the identity, stability and concentration of
40



the nanoparticle population in the X-ray path. This approach allows in situ SAXS and ex
situ TEM measurements to be correlated through the direct comparison of associated UV-

vis spectra.

Experimental

Materials

Hydrogen tetrachloroaurate hydrate (HAuCls® xH>0, 99.9%) was purchased from
Strem and used as received. Dichloromethane was distilled over calcium hydride prior to
use. Nanopure water was prepared with a Barnstead NANOpure filtration system (18.2
MQ cm) and used for all aqueous samples. Au(PPh;3)CI and
mercaptoethoxyethoxyethanol (MEEE) were synthesized according to known
procedures.**”*® Sephadex LH-20 was obtained from GE Healthcare/Amersham
Biosciences. All other reagents and solvents were purchased from Aldrich or

Mallinckrodt and used as received.

Nanoparticle Synthesis and Functionalization

Synthesis of Auy;. Triphenylphosphine-stabilized undecagold (Au;;) was
synthesized by previously reported methods.”~° Briefly, 55 mL of absolute ethanol was
added to a 100-mL round bottom flask containing 1.00 g (2.02 mmol) Au(PPh;)ClL. The
cloudy white solution was stirred while finely ground NaBH, (76 mg, 2.02 mmol) was
added in small portions over 15 min (~1 addition/minute). After stirring at room
temperature for two hours, the mixture was poured into hexanes (1 L) and allowed to
precipitate overnight (~20 hours). The brown precipitate was collected and washed with

hexanes (4 X 15 mL), CH,Cly/hexanes (1:1, 4 X 15 mL), and CH,Cly/hexanes (3:1, 1 X
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10 mL). The remaining solid was dissolved and washed through the frit with CH,Cl, (~
40 mL). Crystallization by vapor diffusion of hexanes/CH,Cl, at 4 °C produced red and
orange crystals (~180 mg). The UV-vis (Appendix A) and NMR data were in agreement
with the literature, and the particles were used without further functionalization. Single-
crystal X-ray structure determination of Au;; compounds has indicated that the cores of
these species are almost identical with slight distortions due to ligand substitution.”’ TEM
analysis yielded a size distribution of 0.8 = 0.4 nm (Appendix A).

Synthesis of 2nm-AuNP-MEEE. MEEE-stabilized Au nanoparticles were
synthesized through a previously reported two-step procedure. Precursor PPh3-stabilized
Au nanoparticles (Au-TPP) were synthesized as described by Hutchison et al.*> The data
were in agreement with the literature. MEEE ligand exchange reactions were performed
as described in the literature with minor modifications.”®* Briefly, Au-TPP (80 mg in 40
mL of CH,Cl,) and MEEE (80 mg in 40 mL water) were stirred rapidly at room
temperature for 8 hours until the transfer of the nanoparticles to the aqueous layer was
complete. Upon completion of the exchange, the layers were separated, and any residual
CH,Cl, was removed from the aqueous layer in vacuo. The aqueous layer was
concentrated and purified via column chromatography using Sephadex LH-20. The
purified nanoparticles were lyophilized and stored as a solid at -20 °C. The absence of
sharp resonances from the free ligand and resonances in the aromatic region in the 'H
NMR spectrum indicated that the sample was pure and that the exchange had gone to
completion. The average core diameter was 2.6 = 1.3 nm as determined by TEM. The
TEM micrographs, however, showed a significant amount of aggregation and/or
agglomeration (Appendix A). This suggests that the size of the nanoparticles determined
via TEM is larger than the average size of those in solution. Additionally, the UV-visible
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spectrum included a broad absorbance and no evidence of a surface plasmon band,
indicating a core diameter of <2 nm (Appendix A).

Synthesis of 3nm-AuNP-MEEE. MEEE-stabililized Au nanoparticles were
synthesized through a procedure developed by Brust and co-workers with minor
modifications.* Briefly, in a 125-mL round-bottom flask, MEEE (0.0126 g, 0.1 mmol)
and HAuCl, (0.1050 g, 0.322 mmol) were dissolved in 40 mL of 2-propanol, yielding a
yellow solution. To this solution, 5.5 mL of a 1.6 M methanolic NaBH, solution was
added rapidly with stirring, which resulted in an immediate color change from yellow to
dark purple. The solution was stirred under ambient conditions for 1.5 hours and was
then filtered through a 150-mL fine porosity fritted funnel. The resulting dark solid was
washed through the frit with 20 mL of water. The nanoparticles were purified through
diafiltration with 300 mL of water using a 70 kDa diafiltration membrane (Pall).>* The
solution was concentrated to 10 mL by ceasing makeup flow, and the nanoparticles were
collected by pumping the solution into a 20-mL scintillation vial. The purified
nanoparticles were lyophilized and stored as a solid at -20 °C. As for 2nm-AuNP-MEEE,
the absence of sharp resonances from the free ligand and resonances in the aromatic
region in the |H NMR spectrum indicated that the sample was pure and that the exchange
had gone to completion. Measurement by TEM indicated that the average core diameter
was 3.4 = 1.7 nm (Appendix A). A broad surface plasmon band dominated the UV-
visible spectrum, suggesting nanoparticles with a core diameter of >2 nm (Appendix A).

Synthesis of Snm-AuNP-MEEE. MEEE-stabilized Au nanoparticles were
synthesized through MEEE ligand exchange reactions with Au nanoparticles stabilized
with tetra-n-octylammonium bromide (TOAB) through a previously reported procedure

with minor modifications.* Briefly, in a 500-mL round-bottom flask, HAuCl, (0.74 g,
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1.8 mmol) was dissolved in 60 mL of H,O, yielding a yellow solution. TOAB (4.4 g, 8
mmol) was dissolved in 160 mL of toluene and added to the reaction flask, and the
mixture was stirred for two hours, producing a red organic phase. 50 mL of a 0.4 M
NaBH; solution in water was added over the course of two minutes, with stirring,
resulting in an immediate color change from red to dark brown. The solution was stirred
under ambient conditions for 5 h. The organic phase was separated, washed with H,O (3
X 50 mL), dried over sodium sulfate, filtered, and diluted to 375 mL. To a 250-mL
round-bottom flask was added 50 mL of toluene solution of TOAB-stabilized Au
nanoparticles. MEEE (0.325 g, 3.3 mmol) was dissolved in 50 mL of H20 and added to
the reaction flask. The mixture was left to stir under ambient conditions for 16 hours.
After the color transferred to the aqueous layer, it was separated, washed with toluene (20
mL), concentrated to ~5 mL of solution, and purified via column chromatography using
Sephadex LH-20. The purified nanoparticles were lyophilized and stored as a solid at -20
°C. Sharp resonances in the NMR spectrum indicated the presence of a small amount
free ligand and remaining TOAB. However, the exchange had gone to completion and
the impurities were not expected to impact the experiments, so no further purification was
performed. The UV-visible spectrum included a strong, narrow surface plasmon band
(Appendix A), suggesting the presence of larger nanoparticles, and the average core
diameter was 5.3 = 2.1 nm as determined by TEM (Appendix A).

Microscale Flow System

Two syringe pumps (Kloehn Versa 6), a selection valve, PTFE tubing (1/16” OD,
0.030” ID), and a monitoring cell were assembled into a flow system using fittings and
connectors (Upchurch). The monitoring flow cell was machined from a cylinder of Kel-F

with perpendicular pathways for X-ray and UV-visible measurements. Solutions were
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pumped at a flow rate of 0.125 — 4.8 mL/min through a predetermined length of tubing
into an inlet in the bottom of the cell, crossed through the middle of the cell, and exited
through the top. Solution concentrations were adjusted to be similar to those used in
nanoparticle syntheses (i.e., 4-6 mM in Au atoms as calculated from concentrations of Au
precursors). Background spectra were collected using the selection valve to allow
solvent to flow through the system. Bubble traps (Stovall Life Sciences, Inc.) were
incorporated to eliminate the propagation of bubbles through the flow system. The
SAXS measurements were collected across the flow channel (path length = 750 pm)
through parallel mica windows that were seated in removable stainless steel holders and
twisted into the cell to form the sides of the channel. UV-visible absorbances were
collected along the flow channel with variable pathlength optical fibers that extended into
the channel and attached to the cell with ferrules and %4-28 fittings (Ocean Optics). The
pathlength for UV-vis measurements varied from 4-10 mm and was adjusted based on the

nanoparticle concentrations.

Analytical Procedures

Transmission electron microscopy (TEM) was performed on a Philips CM-12
operating at 120 kV accelerating voltage. Samples were prepared by aerosol deposition
of aliquots of nanoparticles dissolved in CH,Cl, or H,O onto SiO, Smart Grids™ (Dune
Sciences) or carbon-coated Cu grids (Ted Pella).* The samples were dried under ambient
conditions prior to inspection by TEM. Images were recorded and processed as described
previously.* UV-visible spectra of nanoparticle solutions (CH,Cl, or H,0) were obtained
with an Ocean Optics USB2000 spectrometer using 1-cm quartz cuvettes. Nuclear

magnetic resonance (NMR) spectra were collected on a Varian Unity Inova 300 MHz
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instrument equipped with a 4-channel probe. For IH NMR spectroscopy, the spectra
were collected from samples dissolved in CD,Cl, or D,O, and chemical shifts were

referenced to the residual proton resonance of the solvent.

In Situ Measurements

SAXS measurements were performed at BL 11.3.1 and BL 7.3.3 at the Advanced
Light Source (ALS, LBNL, Berkeley, CA). BL 11.3.1 is an X-ray diffraction facility that
is mounted on a regular ALS bending magnet that provides monochromatic X-rays in the
range of 6-17 keV (0.73 - 2 A). X-ray beams of 11 keV were used for these experiments,
and the spot size at the sample was 100 wm. The volume of solution observed by SAXS,
defined by the pathlength and the dimensions of the X-ray beam, is 0.18 uL. At a flow
rate of 0.08 mL/sec, this volume is refreshed every two milliseconds. A CCD detector
(Bruker/ Fairchild) was used to record images that were processed to determine the
scattering intensity, I(q), as a function of the modulus of the scattering vector q=(4n/\.)
sin (0/2), where 0 is the scattering angle and A is the wavelength of the X-rays. BL 7.3.3
is a SAXS/WAXS facility and also is mounted on a regular ALS bending magnet. A
Mo/BC double multilayer monochromator provides monochromatic X-rays at 10 keV,
and the spot size at the sample is 1 mm horizontal x 0.24 mm vertical. The scattering
intensity was recorded using ADSC Quantum 4u CCD detectors. With SAXS and
WAXS measurements, the total q range of the system is between 0.004 and 8.7 A™. The
accumulation time for SAXS measurements of each sample was between two and five
minutes. Several measurements were taken for each sample and averaged to determine
scattering intensity. The observed scattering intensities were corrected by subtraction of

scattering of the solvent-filled cell and with corrections for the fluctuation of the beam
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intensity. In situ UV-visible absorbance spectra were collected from flowing nanoparticle
solutions in methanol or H,O using ferrule-terminated fiber optics (Ocean Optics - FIA-
P400-UV), an Ocean Optics DT-MINI-2-GS Deuterium-Tungsten-Halogen light source,

and an Ocean Optics USB2000 spectrometer.

SAXS Data Analysis

SAXS data were processed using IGOR Pro v6.02A software. SAXS data
averaging, background subtraction, and conversion from 2D CCD images to 1D plots
were performed using the Nika v1.17 macro.’® Application of models to the SAXS plots
was performed using the Irena v2.27 macro.”’ Solvent plots were normalized at large q
values to compensate for the variation in X-ray intensity between runs. Normalized
solvent plots were then subtracted from corresponding Au nanoparticle plots, and the
resultant data were fitted to an appropriate model as discussed below.

Each set of Au nanoparticle data was fitted to a monomodal distribution of
scatterers, and each component of the distribution was modeled using a spheroidal form

factor, F, defined by the equation:

3
*(sin(gR)) — (gR * cos(gR))

F?=
3
R (1)

where q refers to the scattering vector in nm™ and R is the average spheroid radius. Data
were fitted to both Gaussian and lognormal distributions of nanoparticle sizes. Best-fit
models were developed by minimizing % values. In all cases, models using a lognormal
distribution output a smaller % value than for the corresponding Gaussian distribution.

Thus, all reported values for nanoparticle size and polydispersity have been derived from
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models using a lognormal distribution. Final SAXS patterns were depicted as Is(q) vs. q,

where q is expressed in nm™ and Ig(q) is defined by the equation:

WV2(r)*N*P(r)* Ap

Iﬁ;(Q) = |Ap|2 S |F(q,7‘)
o (2)

where Ap refers to contrast, F(q,r) is the structure form factor, V(r) is the particle volume,
N is the total number of scattering particles, and P(r) is the probability that a particle
possesses a radius equal to r according to the lognormal distribution.

The same standardized modeling procedure was utilized to fit the data for all
samples. Models were applied to the SAXS data over select q ranges where signal-to-
noise ratios were adequate and the scattering intensity was reproducible between runs.
The 5nm-AuNP-MEEE SAXS data were fit from q = 0.64 — 2.3 nm™, 3nm-AuNP-MEEE
data were fit from q = 0.60 — 2.6 nm™', 2nm-AuNP-MEEE data were fit from q = 0.82 —
3.8 nm’', and Auy; data were fit from q = 1.5—4.5 nm™. Best-fit models were developed
for each data set by iteratively refining distribution parameters and performing a cross-
correlation analysis to determine which values minimized x°. We have not reported these
* values in this publication because some of the models resulted in % values of less than
one. Although %’ values are expected to be greater than one, anomalous error values are
sometimes recorded because the modeling software is designed to use a multitude of
different detectors. The modeling software only assesses quality of fit by minimizing %,
regardless of whether the value is greater or less than one. Therefore %” values are a valid
method to identify the best fit for given SAXS patterns, but comparisons of these values
across data sets are not meaningful. In our recent studies at a beamline optimized for

SAXS measurements, we typically obtain % values of 1-5. In all cases, lower x” values

48



corresponded to a closer fit between the model and the data, as determined by analyzing

residual values. All final models fit the data well over the q ranges of interest.

Results and Discussion

A series of ligand-stabilized Au nanoparticle standards was synthesized and
analyzed to facilitate comparisons between in sifu and ex situ techniques. Simultaneous
UV-visible spectra and SAXS patterns were collected using a specially designed
observation cell embedded within a microscale flow system. The SAXS measurements
of the four standards were correlated to ex situ TEM measurements via bridging UV-

visible spectroscopy.

Standard Nanoparticles

We chose a series of small Au nanoparticles with average core diameters of 0.8,
2, 3, and 5 nm as standard materials for our flow experiments because these core sizes
would be present during the early stages of nanoparticle growth reactions. They are also
of interest due to the size-dependent electronic and optical properties exhibited by small

gold particles.”**%*

The nanoparticles were coated with ligand shells to fully passivate
and stabilize the Au cores. The choice of standard materials facilitated comparisons
between in situ and ex situ analytical techniques.

Prior to our experiments, the series of stable nanoparticles was prepared through
direct synthesis or ligand-exchange reactions, purified, and stored as solids. Au;; (dcore
= 0.8 nm) was synthesized by a procedure described previously.*'*** MEEE-stabilized Au

nanoparticles with average core sizes of 2, 3, and 5 nm (2nm-AuNP-MEEE, 3nm-AuNP-

MEEE, and 5Snm-AuNP-MEEE) were synthesized through previously reported one- or
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. . . . 28,32,33,35,41
two-step procedures with minor modifications.””"">"" Each

standard nanoparticle
sample was fully characterized by 'H NMR, TEM imaging, and UV-visible
spectroscopy (Appendix A) to confirm the previously reported compositions and
structures.

Quantitative ex situ measurements of the size and size distributions of the four
standard samples were determined by TEM. Au,;, 2nm-AuNP-MEEE, 3nm-AuNP-
MEEE and 5nm-AuNP-MEEE were determined to have average sizes and size
distributions of 0.8 + 0.4 nm, 2.6 + 1.3 nm, 3.4 = 1.7 and 5.3 = 2.1 nm, respectively. In
each of these samples some degree of aggregation and/or agglomeration was observed as
a consequence of the sample deposition. Aggregation and/or agglomeration inflates the
average core size and uniformly leads to large size dispersities.*”**

UV-visible absorption spectroscopy provides qualitative information about
particle size and served as a bridge between in sifu and ex situ data. Because differences
in the peak positions and shapes in UV-vis spectra can be used follow changes in core
size, the optical spectra provide a method for verifying that the nanoparticles were stable
prior to and during the flow experiments. Thus, baseline ex situ data were collected for
each of the four samples. All Au,; spectra showed the expected sharp absorbance peaks
due to molecule-like transitions.31 The slightly larger 2nm-AuNP-MEEE sample
exhibited a broad featureless optical absorbance spectrum with no evidence of a surface
plasmon band, which indicated a core diameter of <2 nm. For the larger 3nm-AuNP-
MEEE sample, a broad surface plasmon band dominated the UV-visible spectrum and

suggested that the nanoparticles had a core diameter of >2 nm. The UV-visible spectrum

of the largest nanoparticle sample, Snm-AuNP-MEEE, included a strong, narrow surface
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plasmon band in the region of 520 nm that suggested the particles possessed core

diameters >3 nm.*

Technique Development and Cell Design

A primary goal for this research was to develop an in situ method for
quantitatively determining nanoparticle size and dispersity under conditions typical of
nanoparticle growth reactions. Use of a microscale flow system and specially designed
monitoring cell addressed many of the challenges inherent in SAXS measurements of
nanoparticles in solution. In contrast to stopped-flow reactors or sealed capillaries,
continuous-flow systems provide extended access to steady-state populations of species
at a given tubing length and flow rate. Data collection times of several to tens of minutes
are possible and are limited only by the capacity of the syringe used and the flow rate.
Longer acquisition times provide increased signal-to-noise ratios, making it practical to
collect useful data from dilute solutions or weak scatterers moving through the system.®
L1925 A further benefit of the flow-based approach is reduced X-ray exposure. Whereas
deleterious effects of X-rays on the sample accumulate in capillary or stopped-flow
systems, the influence of X-rays in a flowing system is minimized because exposures are
very short and any damaged materials rapidly move out of the region of the probe. These
considerations are particularly important when studying nanoparticle reactions with
synchrotron radiation because intense X-ray exposure can induce nanoparticle deposition
or decomposition and can also lead to new particle formation.***°
Initial studies conducted with quartz capillary tubing motivated the need to

develop the monitoring cell described herein. In those studies, consistent alignment of

the capillary, and thus collection of reliable scattering patterns for samples and solvent
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backgrounds, was not possible. These problems motivated the development of a cell that
could be easily aligned and fixed in position. In an ideal cell, samples could be
introduced and rinsed out by a flow system, permitting a fixed geometry that would
facilitate comparison of sample and solvent background runs. In addition, a convenient
technique such as UV-vis was desired to assess the presence of sample in the X-ray
beam. Thus, we designed a monitoring cell that included an integrated flow path for
nanoparticle solutions and provided inline access to simultaneous SAXS and UV-vis
measurements. UV-visible spectra can be used to verify both the presence and
concentration of the nanoparticle solutions being investigated in real time and assess
conditions in the cell.

The monitoring cell was integrated into a microscale flow system that included
syringe pumps, tubing and fittings, and a selection valve. For each measurement,
solutions were pumped through a predetermined length of tubing into an inlet in the
bottom of the cell, crossed through the middle of the cell, and exited through the top
(Figure 1). To maximize SAXS signals, these measurements were collected across the
flow channel (path length = 750 um) through easily replaceable parallel mica windows
that formed the sides of the channel. To extend the range of UV-vis absorption
measurements, the spectra were collected along the flow channel with variable pathlength
optical fibers that extended into the channel and attached to the cell with ferrules and
fittings. The pathlength for UV-vis measurements varied from 4-10 mm and was
adjusted based on the nanoparticle concentrations. SAXS patterns were collected only
when consistent conditions in the cell were indicated by stabilization of the absorbance
spectra (i.e., equilibrated concentrations and no air bubbles). Background spectra of the

solvent were collected using the selection valve to flush solvent through the system.
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In our initial trials, reliable subtraction of the background from SAXS profiles
was challenging due to scattering from the solvents used and gas bubbles within the
observation cell during data collection. In fact, most of the intensity in the SAXS
patterns results from scattering by the solvent because of the small core diameters of the
nanoparticle samples and dilute nature of the solutions. Preliminary experiments were
conducted in ethanol, but scattering in the range of =6 — 10 nm™' (a range of interest)
prevented consistent background subtraction when this solvent was used. An analysis of
SAXS interference of potential solvents (Appendix A) led to the use of water and
methanol for further work in the flow system. These solvents provided effective
solvation of nanoparticle samples and lower scattering intensity in the region of interest.
Occasionally, UV-vis measurements indicated that bubbles became lodged in the cell.
These interfered with consistent measurement of SAXS intensities but could be
eliminated by placing commercially available bubble traps upstream of the flow cell.

Nanoparticle solutions were analyzed by SAXS and UV-visible spectroscopy in
the flow system to determine concentrations and exposure times needed to provide high
signal-to-noise ratios and reproducible values of nanoparticle core size. Concentrations
similar to those used in nanoparticle syntheses, 4-6 mM in Au atoms, required SAXS
exposure times of 2-5 minutes in order to provide adequate signal. Slow flow rates
maximized the flow time for a given volume of solution, and continuous flow enabled a
series of SAXS patterns to be collected from each nanoparticle solution. The separate
data points could be compared or averaged. As expected, shorter exposure times could
be used for the larger nanoparticles, but five-minute data collection was necessary to

extend this method to core diameters of <2 nm.
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In order to determine the reproducibility of the SAXS data obtained from the flow
system, multiple processed SAXS patterns of the same sample were compared.
Solutions of Aull were used for this experiment as a stringent test of the system because
these samples are the weakest scatters and possess the lowest signal-to-noise ratios of the
standard samples. SAXS data were collected during a series of 5-minute runs of the same
Auy; sample. After rinsing the cell until there was no evidence by UV-vis of residual
nanoparticles, scattering patterns from solvent were collected for the same exposure times
as for samples. By collecting multiple sample and background scattering patterns, we
were able to determine that the background-subtracted SAXS patterns were reproducible
over multiple runs. For example, Figure 2 shows two pair of SAXS profiles derived from
two different five-minute SAXS exposures of flowing Au;; in methanol and two separate
5-minute exposures of flowing methanol. After background subtraction the patterns
overlapped from 1.5 — 5 nm™ and yielded nearly identical average diameter values.
Deviations were observed only at low and high q and resulted from differences in
scattering near the beamstop and from the solvent, respectively. The data in the figure
confirmed that the microscale flow system provides precise, reproducible SAXS

measurements of extremely small nanoparticles in dilute solutions.
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Figure 2. Reproducible background-subtracted SAXS patterns of flowing methanolic
solutions of triphenylphosphine-stabilized Au,;. Patterns for two different samples of
Au;; were each analyzed after subtracting either of two background scans. Each of the
resulting scattering patterns is superimposable over the range of 1.5 — 5 nm™'. These
patterns were chosen from a larger data set to illustrate the reproducibility in the middle
of the q range and the deviations in the data at high and low q that result from solvent

scattering and scattering near the beamstop, respectively.

In Situ Measurements and Data Modeling

Once optimized conditions for data collection had been developed, in situ UV-vis
spectra and SAXS patterns were collected from flowing aqueous solutions of the thiol-
stabilized Au nanoparticles (Snm-AuNP-MEEE, 3nm-AuNP-MEEE, and 2nm-AuNP-
MEEE) and methanolic solutions of Au,; (Figure 3). Solvent scans were collected both
before and after each sample run to facilitate background subtraction and quantify any
potential material deposition. SAXS patterns were converted from 2D patterns to 1D

plots of intensity vs. q via radial integration.’**’ Converted plots from each nanoparticle

55



flow run were averaged and then the analogous, averaged background plot was
subtracted. Background solvent plots were normalized at large q values to compensate
for the variation in X-ray intensity between runs. Appropriate models were fitted to the
background-subtracted plots to determine nanoparticle core size and dispersity. Reported
values for nanoparticle diameter and polydispersity were obtained from models fit to a
lognormal distribution with quality of fit being determined through comparison of
values.

Upon examination of the processed data several features were noted that provided
qualitative assessments of nanoparticle size and polydispersity. As shown in Figure 3,
the plots for the larger particles exhibit higher scattering intensity and curve toward
baseline at comparatively lower q values than for the smaller particles. Additionally, each
of the four plots curve smoothly toward the baseline without inflection points or
shoulders, suggesting a single distribution of particles is present in each sample. Plots for
the two larger standards exhibit characteristic increases in scattering intensity at higher q
values, suggesting a narrow distribution of particle sizes. In contrast, the fact that the
2nm-AuNP-MEEE sample does not exhibit a region of increased scattering intensity at
high q suggests a more polydisperse size distribution. The q range accessible in these
experiments was not wide enough to determine whether the Au;; sample exhibited these
characteristic increases in scattering intensity.

The quantitative values determined by fitting the models to the plots agree well
with the qualitative trends observed in the data. Fits to the plots of Snm-AuNP-MEEE,
3nm-AuNP-MEEE, 2nm-AuNP-MEEE, and Auy; yielded size distributions of 5.3 = 0.8
nm (~15% polydispersity), 3.6 = 0.6 nm (~17% polydispersity), 1.8 = 0.5 nm (~30%
polydispersity), and 0.8 nm (monodisperse population) respectively.
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Figure 3. In situ SAXS (left) and UV-vis absorbance (right) data collected
simultaneously for the set of reference AuNPs. SAXS patterns and corresponding UV-vis
spectra were collected for a series of flowing solutions of nanoparticles of different core
sizes and size distributions including 5-, 3-, and 2-nm thiol-stabilized Au nanoparticles
and 0.8 nm phosphine-stabilized Au;;. The trend in the SAXS data (plotted as points)
demonstrates more intense scattering at lower q for larger nanoparticles. The solid lines
represent models fit to the data as described in the experimental section. The UV-vis data
correlate with ex sifu measurements and show the expected broadening of the spectra and

enhanced absorption in the surface plasmon band as nanoparticle core size increases.
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Models for Snm-AuNP-MEEE, 3nm-AuNP-MEEE, and 2nm-AuNP-MEEE
provide good fits to the SAXS plots, having % values < 2. These models fit particularly
well at low q values, where the particles scatter X-rays intensely, but deviate from the
data at higher q values where the particles scatter more weakly and therefore H,O
scattering becomes significant. The model for Auy;, in contrast, does not match the data
well at low values of q. The increased error in this range is most likely a result of low
signal-to-noise ratios from the weakly scattering subnanometer particles combined with
parasitic scattering around the beamstop. In addition, scattering from methanol is more
intense than water at all observed q values (Appendix A) and consequently decreases the
signal-to-noise ratio for the Au;; data. Although modeling particles of this size is
challenging due to their small size and low scattering intensity, we were able to routinely

obtain good fits to the data using the approach described here.

Correlation of Techniques

Our approach utilized highly stable, ligand-passivated Au nanoparticles as
standards to independently confirm the results of in situ (SAXS and UV-vis) and ex situ
(UV-vis and TEM) techniques. We incorporated SAXS into this approach to determine
quantitative size distribution information for nanoparticles in solution. Since SAXS is a
model-based technique, it was important to validate the size analyses determined by
SAXS through correlation to other analytical approaches.

As shown in Figure 4, simultaneous iz situ measurement from the same sample
volume allowed for direct comparison of the UV-vis spectra and SAXS data.
Consistency in the optical absorbance between in situ and ex situ UV-vis measurements

confirmed the identity, concentration, and stability of the standard samples contained
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within the observation cell. Since the samples were probed by ex situ UV-vis and also
analyzed by TEM, a quantitative size distribution could be linked to the representative
optical spectra for each standard sample. Correlation of the ex sifu TEM and in situ

SAXS measurements therefore was possible through the bridging UV-vis data.
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Figure 4. Correlated data for 3nm-AuNP-MEEE samples that establish a direct
relationship between the SAXS and TEM measurements. In situ UV-vis (A) and SAXS
(B) data were collected simultaneously on the same flowing sample volume providing an
in situ, multitechnique comparison. The samples had been previously analyzed by ex situ
UV-vis (C), and comparisons of the two sets of UV-vis data confirmed the identity and
stability of the observed material. Direct visualization of the nanoparticles in the sample
by TEM (D) facilitated the ex situ multitechnique comparison. Therefore, the use of UV-

vis analysis as a bridging technique enabled the correlation of SAXS (B) and TEM (D)

data.
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As shown in Table 1, core diameter measurements from the SAXS data matched
closely with those determined through ex sifu TEM size analysis for most of the samples.
For the Snm-AuNP-MEEE, 3nm-AuNP-MEEE, and Au,; samples, the values fall within
0.2 nm of each other. In the case of 2nm-AuNP-MEEE, the core diameter determined by
TEM is larger than the SAXS value, but the UV-vis spectrum does not show a plasmon
absorbance for this sample (Figure 3). These data suggest that the particles are <2 nm in
diameter and that the value determined by SAXS is more representative of the sample.
The increased core size observed via TEM measurement is likely due to drying

4,944

effects upon deposition of the Au nanoparticles onto TEM grids (Appendix A).

Table 1. Comparison of size distribution measurements obtained from SAXS and TEM
techniques

Size Distribution”

Nanoparticle
Sample by TEM (nm) by SAXS (nm)
Snm-AuNP-MEEE 53=+2.1 53=x0.8
3nm-AuNP-MEEE 34+1.7 3.6 0.6
2nm-AuNP-MEEE 26=13 1.8 £0.5
Aull 0.8+0.3 0.8

“ The size distribution is defined as the average diameter * the distribution width. Both
values are directly output by the Irena software.”’

For every sample, the SAXS data exhibit lower polydispersity values than the
TEM data. This trend might be expected since SAXS is a solution-based technique and is
therefore devoid of sample deposition artifacts. In addition, the number of observed
particles by SAXS is much larger than can be analyzed by TEM measurements. For
example, in the 2nm-AuNP-MEEE sample, 978 particles were analyzed by TEM while
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~5 x 1015 particles were analyzed by SAXS. The increased sample size of SAXS
measurements combined with the avoidance of deposition effects result in the
significantly lower polydispersities observed across the SAXS data set. In the case of
Auyj, the TEM data show a 37% polydispersity while the SAXS data show a completely
monodisperse population that has a distribution width less than the diameter of a single
Au atom. The fact that the structure of Au;; has been determined by X-ray
crystallography®' and confirmed by UV-vis suggests that SAXS is a more accurate
technique for assessing the size distribution of these particles. Collectively, the data in
Table 1 show that this multitechnique approach is a valid method to obtain quantitative

size distribution data for nanoparticles between 0.8 and 5 nm in diameter.

Conclusion

The results presented here show that it is possible to quantitatively determine
nanoparticle sizes and distributions over the range of 0.8 to 5 nm in dilute solutions
flowing through a microscale flow system. By using a series of small nanoparticle
standards and a specially designed observation cell that enabled the simultaneous
collection of in situ SAXS and UV-vis data, it was possible to compare in situ and ex situ
UV-vis spectra and thereby corroborate the SAXS measurements with ex situ TEM
analysis. Core sizes correlate well between these two techniques while SAXS exhibited
systematically lower polydispersity values than TEM measurements. This approach
establishes the foundation for the investigation of dynamic nanoparticle transformations
in flowing solutions such as might be found when studying nanoparticle growth
reactions. In the configuration described here, the microscale flow system is able to

access residence times from 1.4 seconds to 14 minutes with a time resolution of 2 ms.
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The ability to collect data for extended acquisition times for a steady-state population of
particles within the observation cell opens the door to obtain kinetic data on nanoparticle
formation reactions for which the reaction dynamics are too rapid to measure in bulk

solution or in stopped-flow configurations.

Bridge to Chapter 111

The work in Chapter II demonstrated that SAXS analysis is effective for precise
determination of AuNP core size in solution. The determined core sizes correlated well
with TEM size determinations, though SAXS analyses avoided deposition artifacts and
observed much higher particle counts. Having demonstrated that this technique is reliable
for AuNP size determination, SAXS was used as the primary method of size analysis for
developing a new AuNP synthesis.

In Chapter III, a combination of microfluidic synthesis and rapid SAXS size
analysis are used to reproducibly generate and measure AuNPs of a desired core size.
Through tuning of Au(III) speciation, specific core diameters are targeted and
synthesized from 2 — 10 nm. The precision of this targeted size control is unprecedented

in previous literature.
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CHAPTER III
DIRECT SYTHESIS OF FUNCTIONALIZED, WATER-SOLUBLE GOLD

NANOPARTICLES WITH TARGETED CORE SIZES FROM 2-10 NM

This chapter was coauthored with Edward W. Elliott III, who assisted in experimen-
tal design, manuscript editing, and probing the species of Au(Ill) at varied pH’s. My ad-
visor, Dr. James E. Hutchison aided in project conceptualization and manuscript editing.

Gold nanoparticles (AuNPs) with size-dependent properties and chemical function-
alities are being widely investigated.'” Despite considerable effort to develop syntheses
of thiolate-stabilized gold nanoparticles with specific core sizes and molecularly-defined
surface functionality,” preparation of each new structural variant typically requires a con-
siderable amount of trial and error to identify conditions that lead to the desired size and
coating.” Here we describe a systematic approach to rapidly develop reaction conditions
that produce water-soluble, functionalized AuNPs with specifically targeted core sizes
over the range of 2-10 nm.

AuNPs have become frequent synthetic targets for applications that require (1) spe-
cific control of optical properties through tuning of core size and (2) chemical targeting
combined with biocompatibility through control of the ligand shell. For example, recent
interest has been directed towards the diagnosis and treatment of cancer as targeted con-
trast agents for CT imaging”® and as agents for chemotherapy, hyperthermic therapy and
radiotherapy.”'” In these applications both the optoelectronic properties and the fate and
transport in vivo depend strongly on the nanoparticle size and functionality.'"'* A recent

study by Oh et al.”* showed that for small oligoethyleneglycol-functionalized AuNPs,
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particle diameter greatly influences localization to various cellular compartments.'* The
smallest, dcorg = 2.4 nm, AuNPs localized to the nucleus, while 5.5 and 8.2 nm AuNPs
localized to the cytoplasm, and 16 nm AuNPs did not enter the cell.

To realize the potential for analogous applications, synthetic methods are needed
that offer simultaneous control over both targeted core size and ligand functionality. This
is challenging due to the strong influence of ligand functionality on the resulting core size
during synthesis. Although two-step synthetic methods involving core formation fol-

>1317 each additional synthetic step adds

lowed by ligand exchange have shown success,
complexity and introduces the potential for persistent impurities such as unexchanged
ligands or surfactants.” Thus, a direct (single-step) process to produce this range of tar-
geted materials would minimize complexity if the core size and surface coating can be
independently controlled during synthesis.

Typical syntheses for sub-10 nm AuNPs are either limited in the range of accessible
core sizes and functionalities available, involve multiple steps, and/or utilize toxic surfac-
tants during particle formation. In the well-known biphasic Brust preparation, 2-8 nm
particles are synthesized with organic soluble ligands in the presence of tetraoctylammo-
nium bromide.'® Ligand exchange is necessary to obtain water-soluble particles from this
synthesis. Unfortunately, these exchanges are often time-consuming,”'® incomplete,'*™'
and may alter the core size of the particles.”'> To circumvent these issues, single phase
methods were developed; however the size range available is further restricted to 1-4
nm.”* Oh, et al.>> employed specialized dithiol binding functionalities and large polym-

eric ligands to produce AuNPs over the range of 2-20 nm, utilizing ligand / gold ratio to

control the core diameter.
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In the examples above, size is controlled by adjusting the ligand / gold / reducing
agent ratio,”* however the size range available is typically constrained. In addition, the
use of specialized ligands limits the types of functionality that can be introduced. We
aimed to develop an alternative method of controlling the nanoparticle formation kinetics
that would permit the use of a range of desired surface functionality.

We reasoned that it might be possible to control the reaction kinetics by taking ad-
vantage of the different reduction potentials of the Au(III) species that result from pH-
dependent hydrolysis of HAuCly.*>° Initial attempts using this approach in the presence
of thiol or disulfide ligands resulted in no significant variation in NP diameter (Appendix
B), perhaps owing to the strong surface passivation of these ligands. Recent reports have
demonstrated that AuNP diameter does depend upon the Au(IIl) speciation in the pres-

25,26
“? Thus, we

ence of a weakly-passivating ligands such as citrate or benzenesulfonate.
explored the use of alkyl thiosulfates (Bunte salts) to control size through pH variation of
the Au(IIl) solution while introducing desired functionality. Bunte salts are known to
passivate the NP core weakly during nanoparticle growth, yet produce strong covalent
linkages to the final AuNPs.*"

Using this strategy we developed a direct synthesis of functionalized AuNPs with
precise control over final core size across the range of 2-10 nm. AuNPs were synthesized
with three different Bunte salt ligands in batch conditions. A Bunte salt, HAuCly and
NaBH,4 were combined (in a 1 : 5 : 2 ratio) in a round bottom flask stirred at moderate
speed. NaBH,4 was first added to the flask, followed by Bunte salt solution, with HAuCly4

added last. Prior to addition, NaOH was added to both the HAuCls and NaBH4 solutions.

The base added to the HAuCly solution controls the Au(IIl) speciation and thus AuNP

65



size (Appendix B). Base was added to the NaBH,4 solution to maintain the same final pH
between batches.

Increasing the pH of the Au(III) solution produced larger particles as indicated by a
shift in the plasmon A-max in the UV/visible spectra.’’ (Appendix B). There appeared to
be differences in the AuNP size dependence on pH when using different Bunte salt
ligands, but the qualitative nature of optical spectroscopy and batch-to-batch variation
precluded drawing definitive conclusions. Understanding this dependence on pH re-
quired quantitative size analysis, good reproducibility, and high throughput of synthesis
and analysis.

In order to quantify the pH-dependent size trends, SAXS was performed on the

AuNPs in solution.>**

TEM analysis confirmed that the particles were spherical but
proved to be too time-consuming for efficient size determination.”> SAXS analysis con-
firmed batch-to-batch variation in AuNP core size. When different researchers performed
these syntheses, this variability was as high as 18% (Appendix B). When a single re-
searcher performed multiple syntheses in succession, the variation in AuNP core size was
reduced to 5%. The use of microfluidic synthesis (Figure 1) to control reagent addition
and mixing rates significantly reduces variation,*® to less than 2%, even when performed

by different researchers.”>~"®
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Figure 1. Microfluidic system for the synthesis of thiolate-passivated AuNPs using a
selection of Bunte Salt ligands. Adjustment of the pH of the Au (III) solution produces

NPs with targeted core diameters.

Microfluidic syntheses were performed at 60 mL/min using identical reagent ratios
as previous batch syntheses. Thus, 10 mL of 5.0 mM HAuCls, 10 mL of 1.0 mM Bunte
Salt ligand, and 20 mL of 1.0 mM NaBH,4 were prepared for each flow synthesis (40 mL
total volume). A total of 0.825 mL of 1.0 M NaOH was added, divided between the
HAuCly and NaBHy solutions. The required amount of NaOH (ranging from 0.127 mL —
0.510 mL) was first added to the HAuCly solution, changing the Au(III) speciation and
controlling the final AuNP dimensions. Volumes of NaOH added and corresponding
Au(III) solution pH values are summarized in Appendix B. The remaining amount of
total NaOH was added to the NaBH4 solution. The solutions were delivered by syringe
pumps and mixed in Tefzel T-mixers connected by FEP tubing. Details are provided in

Appendix B.
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Combining the improvements from microfluidic syntheses and automated SAXS,
we rapidly generated AuNPs with uniform, reproducible core sizes (Figure 2). There is a
smooth, non-linear trend in AuNP core size as the pH of the Au(III) solution is scaled
from ~ 3 to 7. From pH 3 to 5, a gradual increase in AuNP core size is observed. A more
rapid rise in the slope of this trend occurs as the pH is increased, with the steepest slope
observed as the pH approaches 7. The observed trend appears to correlate with the chang-
ing speciation of the Au(III) salt from HAuCls to HAuCls«(OH)x and finally to
HAu(OH), as pH increases. Multiple species co-exist at each pH (Appendix B).* The
reduction potential of the Au species is most positive with four chloro ligands and de-
creases as hydroxo ligands are substituted onto the Au(III).*® Greater substitution of hy-
droxo ligands decreases the rate of reduction and, consequently, increases the final AuNP
core size. The change in the observed sizes correlates to the changes in Au(Ill) speciation
across the measured pH range.

This synthetic method affords the ability to incorporate specific functionality on the
AuNP surface while simultaneously maintaining control over core size. The NP size and
surface chemistry were characterized using a multitechnique approach.®® Details are pro-
vided in Appendix B. Briefly, XPS of the S2p region indicates the ligands are bound as
thiolate, while TGA mass loss is consistent with a fully formed monolayer on the gold
surface. AuNP functionality is confirmed by the presence of relevant peaks in the XPS
spectra of the purified products and corresponding ratios of elements. Collectively these
data suggest that the particles should exhibit the stability of thiol-stabilized AuNPs. The
particles exhibited long term (> 3 months) stability in solution as well as stability during

diafiltration, lyophilization and resuspension.””
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Figure 2. Compiled SAXS data for AuNPs made in a microreactor system showing
smooth trends of core size vs. Au(Ill) solution pH. Each data point is the average of at

least three synthetic runs.

Each of the three ligands examined in this study produced different plots of size vs.
pH. At the extremes of pH, the dependence of size upon ligand type is reversed. At low
pH, MEEE produces the largest NPs, whereas at high pH, MHA produces the largest
cores. Thus, it is necessary to compare the particle sizes across this whole pH range to
elucidate the ligands’ effects on the passivation chemistry.

Given the smooth trend of particle sizes as a function of pH, we examined whether
a continuous curve drawn through these points (a working curve) could be used to gener-
ate AuNPs with targeted core sizes.*” These are particularly useful when describing com-
plex trends or when mechanistic understanding is limited. Here the curves could be used
to predict the pH needed to produce a particle with a specific core size for a selected

ligand.
69



We tested the utility of the working curve shown for MHA in Figure 3 by attempt-
ing to synthesize 3.0, 5.0, and 7.0 nm functionalized AuNPs. Using values from the
working curve, we determined the appropriate Au(III) solution pH for the targeted core
sizes and then synthesized AuNPs at each of these conditions through addition of NaOH
to the Au(IIl) solution (Appendix B). Size distributions determined by SAXS show that
these syntheses produced AuNPs with diameters of 3.0, 4.9 and 6.9 nm respectively, with
< 1% average variation in size between three runs. Each synthesis produced core diame-
ters within 3% of targeted value. It was possible to target specific nanoparticle sizes for
each of the ligands used in this study (Appendix B). These results suggest that the work-
ing curves are descriptive of the trend in AuNP size vs. Au(III) solution pH, and facilitate
targeted synthesis of AuNPs across a continuous size range.

The direct synthetic method described here utilizes systematic control of Au(III)
speciation using a variety of Bunte salt ligands targeting AuNP core sizes while inde-
pendently tailoring functionality. This is the first work to utilize Au(III) speciation as a
method for controlling the size of covalently-passivated AuNPs. The use of a microreac-
tor facilitated rapid, more reproducible syntheses compared to batch reactions while an
autosampler-equipped SAXS instrument provided rapid analysis of AuNP core size as-
synthesized.”*”” Future studies that require specific nanoparticle core sizes with different

ligand shell functionalities should benefit from this method.
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Figure 3. A working curve, fitted to the observed size data (using MHA Bunte salt
ligand) guided the synthesis of AuNPs of a desired core diameter. Using the working
curve to determine appropriate pH values for the Au(III) solutions, three particle sizes

were targeted and synthesized within 3% of desired diameter.

Bridge to Chapter IV

The work in Chapter IV developed a new method for synthesizing targeted AuNP
sizes across 2-10 nm. The only variable used to achieve this size control was Au(III) so-
lution pH. Chapter IV focuses on extending this size range through variation of other syn-
thetic variables. This chapter investigates flow rate, ligand concentration, and reducing

agent concentration in order to access both larger and smaller AuNPs.
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CHAPTER 1V
EXTENDING THE SIZE RANGE AVAILABLE THROUGH THE SYNTHESIS
OF GOLD NANOPARTICLES USING BUNTE SALTS: INVESTIGATION OF

REACTION PARAMETERS

Introduction
Controlling the core size of gold nanoparticles (AuNPs) is crucial to researchers’
ability to utilize the size-dependent properties of these materials for specific
applications.'™® In previous work, we have demonstrated a high degree of control over
AuNP core size by tuning the pH-dependent speciation of Au(Ill) in an aqueous
microfluidic synthetic method.” While a useful range of sizes was produced with this
method, it would be beneficial to extend this range of size control through variation of

reaction parameters other than the pH of the Au(III) solution.'*"

The method we recently developed’ utilizes a microreactor'>™"’

to produce AuNPs
with precise control over core size while introducing tailored functionality to the particle
surface by using Bunte salt ligands (Figure 1)."™!” A range of core sizes (dcore =2 — 10

nm) is accessible by varying the pH of the Au(III) solution'>*

and keeping all other
synthetic variables constant. This work aims to extend this size range by altering other

reaction variables, specifically (1) flow rate, (2) ligand concentration, and (3) reducing

agent concentration.
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Figure 1. Microreactor setup to synthesize AuNPs with controlled core size and
functionality. Size control afforded by tuning Au(Ill) pH accesses 2 — 10 nm AuNPs.
Variation of other reaction parameters (flow rate, ligand concentration, and reducing

agent concentration) is expected to extend this available size range.

The flow rate is hypothesized to affect AuNP core size by affecting the rate of

20,21

reagent mixing in the microreactor. Because AuNP reactions are very rapid, particles

22.23 Paster

are already formed before the precursor reagents have mixed completely.
mixing results in a greater apparent concentration of NaBH,4 with respect to Au(I1I)
during AuNP formation. This increase in apparent concentration is expected to produce
more growing nuclei during the early stages of NP formation, which leads to smaller final
particles.”” Conversely, lower flow rates are expected to result in larger core sizes. Since

the synthetic method developed previously used the maximum flow rate available to the

microreactor, the flow rate can only be lowered to access larger AuNP core sizes.
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Ligand concentration is expected to affect AuNP core size through varying the
kinetics of passivation during particle growth.** Raising the ligand concentration is
expected to decrease AuNP core size by increasing the rate of passivation. Conversely,
lowering the ligand concentration is expected to increase core size.

Reducing agent concentration is expected to affect AuNP core size by altering the
rate of Au(III) reduction.”* An increased rate of reduction is hypothesized to result in a
higher rate of AuNP formation, and thus a larger number of growing nuclei. An increased
number of nuclei should result in smaller AuNP core sizes. Therefore, a lower reducing
agent concentration is then hypothesized to yield larger AuNP core sizes (assuming
enough equivalents are present to reduce all of the Au(IlII)).

In this work, these three synthetic variables were probed to determine their effect
on AuNP core size. Flow rate, ligand concentration, and reducing agent concentration
were varied with the goal of maximizing the range of available sizes for the microfluidic
synthetic method described in our previous work.” In the case of ligand and reducing
agent concentration variables, hypotheses are based on previous observations in systems
with strong passivants. It will be interesting to determine if these predictions hold for a
system using Bunte salt ligands. Small-angle X-ray scattering (SAXS) was utilized as a
precise and rapid method for determining AuNP size distributions.”® Decreasing flow rate
allowed access to larger AuNP sizes (up to 12 nm) while increasing ligand and reducing

agent concentrations allowed access to smaller AuNP sizes (down to 1.5 nm).
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Experimental

Materials and Analytical Methods

Hydrogen tetrachloroaurate hydrate (HAuCl. xH.O, 99.9%) was purchased from
Strem and used as received. Water used for syntheses was purified with a Barnstead
NANOpure filtration system (18.2 M€ resistivity). Bunte Salt ligands were prepared
using known procedures,** or slight modifications thereof. Briefly, 1 molar equivalent of
appropriate alkyl halide precursor was dissolved in nanopure water. Sodium thiosulfate
(0.8 molar equivalents) was added and the solution was refluxed for 3 hours. Water was
removed en vacuo, then the crude product was triturated with ethanol to remove salt
impurities. All other reagents and solvents were purchased from Sigma-Aldrich or
Macron Chemicals and used as received.

The nanoparticle sizes in solution were determined by SAXS. Details are provided
in our recent publication.”” Briefly, AuNP samples were analyzed as synthesized and
exposed to monochromated X-rays from a Long Fine Focal spot (LFF) sealed X-ray tube
(Cu 1.54 A) powered by a generator at 2 kW focused by multilayer optics, measured with
a Roper CCD in a Kratky camera. The Anton Paar SAXSess, in line collimation mode,
was set to average 50 scans of 20 sec for all samples. The corresponding dark current and
background scans were subtracted from the data before desmearing was performed using
the beam profile in Anton Paar SAXSQuant software. The desmeared data were
imported to IGOR Pro (v. 6.22A) software for modeling with third-party macros. The
size distribution of the sample was determined by using the Modeling II macros in the

IRENA package (v. 2.49). ?® The SAXS patterns were fitted using least-squares fitting

75



(LSQF), a size distribution model, a spheroidal form factor (Aspect Ratio = 1), a
Gaussian distribution, and a dilute system (Structure Factor = 1). For each sample,
reported polydispersity and average core size values were determined through
optimization of volume, mean size, and distribution width values to produce the lowest
%’ value for the model fit to the data.

All AuNP samples were analyzed by UV/visible spectroscopy (Ocean Optics) for
determination of particle concentration and qualitative determination of particle stability.
Ligand precursors and final Bunte Salt products were analyzed by 'H NMR (300 MHz,
Varian). For XPS analysis, excess ligand and salts were removed from solution by
diafiltration using a 5 kDa membrane (Pall).'! XPS spectra were taken at 20 eV pass
energy on a ThermoFisher ESCALab 250 with a monochromated Al K-alpha, using a 400
um spot size. Spectra were corrected to aliphatic carbon at 84.95 eV. Peak fitting was

performed using ThermoFisher Avantage software.

Batch AuNP Syntheses

All glassware and stir bars were cleaned with aqua regia, rinsed with nanopure
water, and dried before synthesis. Stir rates were kept low, at ~ 200 rpm. Syntheses were
performed according to the pH-dependent size-controlled method developed in our
previous work.” Briefly, the particles were synthesized in 80 mL batches using 250 mL
round bottom flasks. Nanopure water (39.05 mL) was added to the flask first. The
appropriate amount of 1.0 M NaOH (0.46 mL) was added to the stirring flask. The

MEEE Bunte Salt (0.56 mg) was prepared in a centrifuge tube to produce 20 mL of a 1.0
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mM solution from. The HAuCl, (20 mL of 5.0 mM solution, 34 mg) was prepared in a
separate centrifuge tube and an appropriate amount of 1.0 M NaOH was added to this
solution to adjust the Au salt solution pH to ~ 3 and ~ 7, respectively (0.08 mL to result
in Au(Ill) pH =3). Approximately 15 min were allowed for this solution to reach
equilibrium. A 0.10 M solution of NaBH, was prepared and 0.40 mL was added to the
stirring round bottom flask. The MEEE Bunte Salt solution was then added to the
stirring flask. ~ 20 second were allowed for equilibration, then the pH-adjusted HAuCl,
solution was added rapidly to the stirring flask. An immediate color change was

observed.

Microfluidic AuNP Syntheses

Syntheses were performed according to the pH-dependent size-controlled method
developed in our previous work.” Three syringe pumps each equipped with 3-way
distribution valves were purchased from Kloehn (Versa 6, 48k model with rotary valve).
All other microreactor components were purchased from IDEX Health and Science. FEP
tubing (1/16” outer diameter, 0.030” inner diameter), T-mixers (1/16”, 1/4-28, 0.020”
Thru, ETFE), 15 psig check valves, and appropriate fittings (1/4-28) and ferrules were
assembled with the syringe pumps as shown to enable microfluidic generation of AuNPs.
Tubing and T-mixers were swapped out if material deposition occurred. Solutions were
pumped at a total flow rate of 60 mL/min, with tubing lengths selected to allow for
sufficient mixing time in the microfluidic system.

Aqueous solutions were prepared to enable three successive microfluidic syntheses
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at each reaction condition. Thus, 30 mL of 5.0 mM HAuClL, 30 mL of 1.0 mM Bunte Salt
ligand, and 60 mL of 1.0 mM NaBH, were prepared. A total of 0.825 mL of 1.0 M
NaOH was added to these solutions, split between the HAuCl, and NaBH, solutions.
The desired amount of NaOH (ranging from 0.127 mL — 0.510 mL) was first added to the
HAuCI, solution, determining the initial Au(III) speciation and effectively controlling the
final AuNP dimensions. Corresponding Au(IIl) pH values and added volumes of NaOH
are summarized in Table 1. The remaining amount of total NaOH (ranging from 0.698
mL — 0.315 mL) was added to the NaBH. solution to maintain final pH of the system. It
is advantageous to prepare the HAuClL solution first, as it can take up to 15 min to reach
equilibrium at high pH. Additionally, the NaBH. solution should be prepared last, as this
reagent also undergoes undesirable hydrolysis in water, albeit slowly.'* Note that 0.125
mL of additional 1.0 M NaOH was added to the 30 mL of 1.0 mM MHA ligand solution

to ensure the acid group was deprotonated at all conditions (a total of 0.837 mL base).

Table 1. Summary of NaOH volumes added to precursor solutions to tune Au(Ill) pH
and achieve AulNP size selectivity.

1M NaOH added 1M NaOH added

Au(Ill) pH Aill;(rlelxlfzalziljn to HAuCl, solution to NaBH, solution
(mL) (mL)
2.97 ~3 0.127 0.698
3.93 ~4 0.225 0.600
4.90 ~5 0.325 0.502
5.87 ~6 0.420 0.405
6.76 ~7 0.510 0.315
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Once the appropriate amount of base was added to the respective solutions, each
of the three solutions was aspirated by the three syringe pumps as shown in Figure 1.
The 20 mL of NaBH, solution was dispensed at 30 mL/min, mixed with a stream of 10
mL of ligand solution flowing at 15 mL/min, mixed along a 1.64 m length of tubing (1
second of residence time), before introducing the third stream of 10 mL of Au(III)
solution flowing at 15 mL/min. Two simple T-mixers were used to mix the reagents. 15
psig check valves were utilized at each of the 10 mL syringes to avoid backflow. Ata
total flow rate of 60 mL/min, the final mixed solution is allowed to flow through the
reactor for ~ 2 seconds (~ 5 m of tubing) before being collected. Small fractions at the
beginning and end of each reaction were discarded. The microreactor system was rinsed
with nanopure water three times (full aspirate/dispense cycles of the syringe pumps)
after each synthesis. Each synthesis was repeated another two times, using the remainder
of the prepared solutions, to determine reproducibility. After each set of three syntheses,
the downstream T-mixer that introduces the HAuCl, solution was replaced with a clean
mixer. The used mixers are later cleaned with aqua regia and water to remove any plated
Au material left behind. If any plated material was evident in the reactor tubing, it was

discarded and replaced with fresh tubing.

Results and Discussion

The flow rate within the microreactor was the first variable investigated in
attempts to extend the available AuNP size range for the synthetic method of interest.

Using a 1 : 5: 2 ratio of MEEE Bunte salt / Au(Ill) / NaBHa, a series of particles were
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synthesized with the Au(III) solution pH set to 5 using different flow rates (3 — 60
mL/min) in the microreactor (Figure 2). Tubing lengths were adjusted for each flow rate
to maintain identical residence times in the reactor. Small-angle X-ray scattering (SAXS)
size analysis was utilized to determine AuNP size distributions.”>*’ Comparing the AuNP
sizes produced across the range of flow rates reveals that a threshold exists at ~ 20
mL/min. Decreasing flow rate below this threshold results in larger AuNPs. Increasing
flow rates above 20 mL/min results in no significant change in size distribution. This
suggests that at this threshold, the rate of mixing is on the order of AuNP formation.
Decreasing the flow rate results in slower mixing than NP formation, while raising the
flow rate maintains efficient mixing and has little impact on the final products.

The threshold that exists at 20 mL/min is indicative of where mixing efficiency
matches the rate of AuNP formation in this synthetic system. Based upon simple
calculations for a T-mixer in a microreactor system, fully turbulent mixing doesn’t occur
until ~ 60 mL/min, with higher flow rates showing similar turbulent mixing. In this case,
turbulence is desirable because the individual reagents become completely mixed,
creating homogeneous conditions.”® Below this flow rate, a mixing regime referred to as
chaotic advection occurs.” In this regime, complex flow patterns cross and mix reagents
over different durations, depending on the flow conditions. This type of mixing occurs
more slowly than true turbulent mixing, but reagent mixing reaches equilibrium on the

millisecond time scale for small volumes.*®
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Figure 2. Compiled SAXS data for AuNP syntheses performed with pH of Au(IlI)
solution set to 5. Flow rate was varied from 3 — 60 mL/min and a batch synthesis was
included for comparison. Below 20 mL/min, there is a significant impact of flow rate on
AuNP size distribution where lower flow rates result in larger AuNPs. Above 20 mL/min,
there is little change in size distributions with increased flow rate. Polydispersity scales
proportionally to core diameter across these data. Values for a corresponding batch

synthesis of AuNPs are shown for comparison: 3.7 +/- 0.8 nm (21% polydispersity).

Calculations for the system used in this study suggests that chaotic advection
dominates from 20 — 60 mL/min. Below 20 mL/min, laminar flow dominates, where the
two incoming streams do not combine upon mixing, but rather flow along the tubing
parallel to one another. Mixing in this scenario occurs more slowly, through diffusion
between the parallel flow paths.”® We observe a clear size dependence on flow rate in this

regime. This suggests reaching the rate of mixing in the chaotic advection regime (20 —
81



60 mL/min for this system) is sufficient to reach homogeneous conditions before AuNP
formation has occurred. However, the size dependence observed at lower flow rates
suggests that the reagent mixing reaches homogeneity more slowly than NP formation.
Although larger NPs can be produced at these flow rates, this scenario is generally
undesirable, as evidenced by the increase in polydispersity.

Having investigated flow rate at a specific pH for the Au(III) solution, we sought
determine how flow rate affects AuNP size using a series of pH values. Thus, plots of
size as a function of pH were generated according to the previously developed synthetic
method at 5, 20, and 60 mL/min flow conditions, along with a set of analogous batch
conditions for comparison (Figure 3). Results followed the overall trend observed in
Figure 2, with 5 mL/min conditions resulting in the largest particles across all pH values
(for the investigated flow rates). Batch conditions resulted in slightly smaller AuNP sizes
across this range, while 20 and 60 mL/min conditions resulted in almost identical trends,
having the smallest observed core sizes at all pH values. This suggests that the effect of
flow rate (and thus mixing) is independent from the pH of the Au(IlI) solution.

The flow rates investigated facilitate synthesis of AuNPs up to ~12 nm diameters,
extending the accessible size range available trough this synthetic method. This increased
level of control over size is advantageous; however, polydispersities are observed to
increase proportionally with increased core size. In addition, reducing the flow rate
necessarily decreases reaction throughput. Thus, the increased size range comes at the

cost of increased polydispersity and decreased reaction throughput.
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Figure 3. Compiled SAXS data, showing 4 different plots of AuNP size vs. pH of the
Au(III) solution where each trace represents different mixing conditions. Three traces
(5, 20, 60 mL/min) were generated through microfluidic syntheses using varied flow
rates, and a data series generated from batch conditions are shown for comparison. The
varied mixing conditions for each series results in a different window of accessible
sizes. Faster mixing results in smaller AuNPs at all pH values, while slower mixing
results in larger AuNPs. Flow rates of 20 mL/min and 60 mL/min yield virtually
identical size trends, suggesting that a threshold is reached where increasing flow rate
further has no appreciable effect. Notably, batch conditions result in smaller AuNPs than
5 mL/min conditions at all pH values (as in Figure 2), suggesting mixing is faster in
batch than at 5 mL/min conditions. Given that 5 mL/min flow rates are known to result
in laminar flow in this system, this is not surprising that batch conditions can achieve
more rapid mixing. Each data point is obtained by averaging the determined core size

from three different syntheses.
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While decreasing flow rate is a useful strategy to increase AuNP core diameters,
methods are still needed to access smaller sizes. We hypothesized that varying ligand
concentration and reducing agent concentration would facilitate access to smaller AuNPs
than had been possible with the standard reaction conditions.** Thus, two series of
AuNPs were synthesized to probe the effect of (1) ligand concentration and (2) reducing
agent concentration, using batch conditions with pH of the Au(IIl) solution set to 5.

The MEEE Bunte salt concentration was varied from 0.002 — 1 equivalents with
respect to Au to determine the effect on AuNP size distribution (Figure 4). As ligand
concentration was increased, a decrease in core size was observed along with a slight
drop in polydispersity. The decrease in size is attributed to an increase in the rate of
passivation.***’

In parallel experiments to the ligand concentration study, the NaBH4
concentration was varied for a series of AuNP syntheses (Figure 5). NaBH,4 concentration
was varied from 0.1 — 5 mM (0.02 — 2 equivalents with respect to Au) to determine the
effect on AuNP size distribution. As NaBH, concentration is increased, a modest
decrease in AuNP size is observed, while polydispersity remains roughly constant. This
decrease in size is attributed to an increased rate of particle nucleation and a higher final

AuNP concentration.>*>°
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Figure 4. SAXS data showing AuNP batch syntheses, with pH of the Au(III) solution set
to 5, using varied MEEE Bunte salt concentrations. Increased ligand concentration results
in decreased particle size due to increased rate of passivation during NP growth. These
experiments preceded the development of the microfluidic synthesis, and were thus

performed in batch.

While we observe a modest effect of reducing agent concentration on AuNP size,
we might expect this effect to be more prominent. Only ~ 1 nm difference in AuNP size
is observed across the investigated range, excluding data points with incomplete
reduction. While a distinct lower threshold exists for reducing agent equivalents, these
data show no indication of an upper threshold. Thus, it is possible that even smaller

AuNP sizes can be accessed by a further increase in reducing agent concentration.
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Figure 5. SAXS data showing AuNP batch syntheses, at Au(Ill) pH = 5, using varied
NaBHj4 concentrations. Increased reducing agent concentration results in a higher rate of
particle nucleation. The higher concentration of AuNPs results in smaller final core
sizes. These experiments preceded the development of the microfluidic synthesis, and

were thus performed in batch.

Given that increased ligand concentration and reducing agent concentration result
in smaller AuNP sizes, we sought to produce the smallest possible AuNPs using
microfluidic synthesis. To accomplish this, we utilized high flow rates (60 mL/min), and
low pH of the Au(III) solution. The MHA Bunte salt was used because previous studies
demonstrated that this ligand provides the smallest core sizes of those investigated.” From
the standard 1 : 5 : 2 ratio of Bunte salt / Au(III) / NaBH4, we increased the concentration
of each reagent, to maximize the rate of passivation, minimize the pH of the Au(III)
solution, and maximize the rate of nucleation. A series of experiments varying each

individual reagent concentration were performed to optimize reaction conditions and
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minimize AuNP core size. These studies show that a 10 : 7 : 10 ratio (of Bunte salt /

Au(IIl) / NaBHy) produces 1.5 nm AuNP cores (Figure 6).
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Figure 6. SAXS data showing modeled scattering pattern (red) and output size

distribution (blue) of 1.5 nm AuNPs functionalized with MHA Bunte salt. These AuNPs

are remarkable because they were directly synthesized in high yield with no post-

synthetic washes. This represents a greener route to this size of functionalized AuNPs

than previous methods. '’
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The synthetic method shown here accesses 1.5 nm AuNPs more efficiently than
previous methods. Previous syntheses of this size of AuNP required lengthy reaction

times, copious washes, and post-synthetic ligand exchange to achieve functionalized

1,2,10,31

particles. This direct synthetic method both improves total yield and reduces the

number of synthetic steps required to access these materials. However, XPS analysis
reveals that these particles are passivated by both oxidized and reduced sulfur-containing

species (Figure 7).
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Figure 7. XPS data of the S2p region for the 1.5 nm MHA-stabilized AuNPs. Two
distinct species are observed. The species at ~163 eV corresponds to bound thiolate on
the AuNP surface, while the species at ~169 eV corresponds to strongly-adsorbed Bunte
salt species. Peak integration suggests that ~50% of the ligands on the AuNP surface are
thiolate, and ~50% are Bunte salt. Diafiltration was performed to remove excess

11,12

ligands.
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XPS analysis of the 1.5 nm AuNPs revealed that ~50% of the ligand shell is
comprised of bound thiolate species while the other ~50% is comprised of Bunte salt
species. Because this sample was diafiltered, the Bunte salt species must be strongly
associated with the particles.'' It is not clear whether or not the thiosulfate functionality is
adsorbed directly to the AuNP surface. Additional trials showed that the smallest
particles synthesized through the described synthetic method that display complete
thiolate monolayers are 1.9 nm (Figure 8). It is possible that reaction conditions can be
further optimized to achieve complete conversion of Bunte salt to thiolate for 1.5 nm

AuNPs, but this has not yet been demonstrated.
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Figure 8. XPS data of the S2p region for the 1.9 nm MHA-stabilized AuNPs. This XPS
spectrum shows ~ 95% of the sulfur species are bound to the AuNP surface through
thiolate linkages, while only trace Bunte salt is observed. Diafiltration was performed to

. 11,12
remove excess ligands. >

&9



The observed disparity between the surface chemistry of 1.5 and 1.9 nm AuNPs
could arise for a number of reasons, and may not be due simply to size differences. It
could be that a high enough radius of curvature facilitates interdigitation of ligands,
retaining unreduced Bunte salt in the ligand shell. This seems unlikely because the
extensive purification of these samples should remove any excess ligand. Another
possibility is the initial solubility of the Bunte salt ligand. In the 1.5 nm synthesis, the
ligand solution was cloudy and required sonication to prevent precipitation. In the case of
the 1.9 nm synthesis, a new batch of ligand had been synthesized and the ligand solution
was clear upon synthesis. The difference between these is likely the amount of residual
NaBr salt left in the ligand. Thus, the cloudy solution may have simply resulted in more
oxidized sulfur due to the poor solubility, though smaller sizes were reached due to the
higher effective concentration of ligand. Reaching 1.5 nm AuNPs with fully reduced
ligand shells will likely require the maximum possible concentration of ligand while
maintaining solubility. Future efforts should be directed at generating a supersaturated
ligand solution by heating the solvent, dissolving the ligand in as high a concentration as
possible, and then allowing the solution to return to room temperature before use in

synthesis.

Conclusion
In this work, we have shown the ability to extend the available size range for the
microfluidic synthetic method described in our previous work.” Decreasing flow rate
provided access to larger (> 10 nm) AuNPs while increasing the ligand and reducing

agent concentrations provided access to smaller (<2 nm) AuNPs. Studying the effect of
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these reaction conditions has expanded the utility of this synthetic method, providing the
ability to synthesize ~ 1.5 — 12 nm AuNPs with controlled core size and desired

functionality.

Bridge to Chapter V

Chapter IV demonstrated that, through tuning of several synthetic variables, the
new synthetic method developed in Chapter III can access a wider range of sizes than
was originally possible with only Au(III) solution pH variation. It is interesting, however,
that AuNP growth using Bunte salts shows significant differences from thiol ligands. We
still desired a deeper understanding of the AuNP reaction chemistry using Bunte salts.

First, we needed to understand which techniques are best equipped to probe
complex AuNP distributions. With the intent of investigating AuNP formation processes,
four workhorse techniques are compared in Chapter V. In this next chapter, three well-
characterized reference materials are used to compare each technique’s ability to identify

binary and ternary mixtures of these materials.
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CHAPTER V
EXAMINING CHARACTERIZATION METHODS TO RESOLVE MULTIPLE
GOLD NANOPARTICLE DISTRIBUTIONS IN BINARY AND TERNARY

MIXTURES

Introduction

Nanoparticles (NPs) have well known, interesting size-dependent properties.'™
Gold nanoparticles (AuNPs), for example, have size-dependent properties that are useful
for a variety of applications.”” The strong dependence of these properties on the
diameter of the particles makes analytical determination of particle size of crucial
importance for several reasons.®” First, understanding how NP size varies with changes
in synthetic parameters helps to guide future syntheses and realize optimal reaction
conditions to produce materials with well-defined properties.*'® Second, the ability to
precisely determine size is central to identifying structure-activity relationships for these

112 Third, determination of NP size distributions is necessary to achieve

materials.
quality control for the materials and assure that the particles behave similarly from batch-
to-batch.”” Lastly, size determination is needed to observe any variation in particle
dimensions during transformations of the material.'' In all, accurate size determination is
as important as synthesizing the NPs."?

Despite the importance of NP size determination, it has not been clear which
analytical technique is optimal to achieve this. While microscopy has historically been

the standard method to obtain core size measurements for NPs,'*'* this analysis is limited

because it is time-consuming, prone to deposition artifacts, and can only access low
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particle counts to determine size distributions. A number of other techniques have
become more prominent over the last decade. These techniques have varying degrees of
usefulness for day-to-day NP characterization. In this work, we briefly review all major
NP size-determination techniques, then evaluate and compare four workhorse techniques,
with respect to routine NP analysis, using a set of ligand-stabilized AuNPs as reference
materials.

The six major techniques for NP size analysis that will be discussed herein are:
(1) transmission electron microscopy (TEM), (2) UV/visible spectroscopy (UV/vis), (3)
dynamic light scattering (DLS), (4) small-angle X-ray scattering (SAXS), (5) diffusion-
ordered spectroscopy (DOSY), and (6) analytical ultracentrifugation (AUC). Each
technique is compared and evaluated based on access to a large range of particle sizes
(dcore = 0 — 30 nm), reproducible size analysis, and rapid characterization. Techniques
that are impractical for routine analysis of a range of particle sizes are briefly reviewed,
while potential workhorse techniques are experimentally evaluated using AuNP reference
materials.

Transmission electron microscopy (TEM) is a straightforward technique where
particles are directly visualized by exposure to an electron beam and differences in
contrast between the particles and the substrate allow the particles to be observed.'®
Multiple images are collected and processed to obtain sufficient particle counts and
generate a distribution histogram. TEM has traditionally been considered the standard
technique for NP size determination because it provides the ability to directly visualize
particles and generate unambiguous size distribution results. In addition, morphology

information is easily obtained for NP samples.'” TEM is limited, however, by low
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statistical counts of particles (100’s — 1000’s), which can result in noisy histogram data or
overlooked distributions.”” The advent of image processing software'® has reduced the
time commitment required to process these data, but particle counts are still limited.
Further, there are often deposition artifacts that result in larger apparent particle sizes.'’
This has been mitigated by improved TEM grid fabrication (e.g.; Dune Smart Grids®),
though these artifacts are still a common issue. Despite improvements to data collection
and processing, TEM analysis is still time-consuming, hindered by low statistics, and
presents a high chance for researcher bias because images are chosen deliberately on the
sample grid."*’

UV/visible spectroscopy (UV/vis) is a ubiquitous optical technique where

. 21,22
wavelength-dependent absorbance is measured.”

Estimation of particle size can be
achieved with this technique if a distinct, size-dependent optical signature can be
measured. However, the size distribution of some materials cannot be determined with
this technique. AuNPs have observable absorbance across the UV/visible spectrum, and
particles with dcorg > 3 nm have a distinct plasmon absorbance at ~ 520 nm. Literature
comparisons between UV/vis and TEM measurements have led to an empirical
relationship between the two techniques.”’ This empirical relationship allows particle
size to be estimated in solution through determining the ratio of absorbance at 450 nm
and the plasmon absorption maximum. This analysis is rapid, but the literature trend is
only shown to be valid for 5 — 50 nm AuNPs.*'

Dynamic light scattering (DLS) measures scattering of visible light in a solution

of dissolved nanoparticles.”> A laser probes a sample solution where particles are
p p p p

undergoing Brownian motion. A detector records the time-dependent fluctuations of the
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light scattering. Smaller particles fluctuate more quickly and larger particles fluctuate
more slowly based on their relative rates of diffusion. A correlation function is applied to
the raw data and a series of modeling steps (often automated) extract particle size,
polydispersity, and relative mass if other distributions are observable.** This technique is
advantageous because hydrodynamic size distributions are determined rapidly in
solution® and minimal expertise is required to run the instrument. However, drawbacks
to this technique include high sensitivity to solution conditions (i.e., total concentration,
ionic strength, minor dust impurities), questionable accuracy for particles with dcore < 20
nm, and a limited ability to optimize modeling of the data through control of software
variables.'>***°

Small angle X-ray scattering (SAXS) utilizes a focused beam of X-rays passed
through a sample to determine particle dimensions.”” The intensity and angles at which
X-rays are scattered by the sample are characteristic of the size, shape, polydispersity,
and concentration of the particles in the sample.”” Plots of scattering intensity vs.
scattering vector are modeled to extract the relevant NP parameters. Both solid and liquid
samples can be quantitatively analyzed, though analysis in solution is preferable for
colloidal species because deposition artifacts are avoided.'® This technique does,
however, require some expertise to model the data and determine these values. In
addition, data collection times can be lengthy for samples with low signal-to-noise,
though researchers need not be present for this process. SAXS had traditionally been
confined to synchrotron sources to generate sufficient flux of X-rays for analysis.***’
Advances in lab-scale X-ray sources in recent years have increased the accessibility of

this technique.**°
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DOSY is an NMR-based technique that measures how quickly an analyte diffuses

through a magnetic gradient.'>~'*?

Larger analytes have slower diffusion rates, providing
a means for determining the hydrodynamic radius of particles in solution. This technique
is advantageous because it is non-destructive, can detect multiple species simultaneously,
and is relatively rapid to perform.”” Disadvantages to DOSY include the need to correct
for solution viscosity, and the need for discrete NMR signals, which requires very high
concentrations.*®> Because NPs over dcore ~ 3 nm do not exhibit strong NMR signals,
this technique is highly limited in the sizes of particles and types of ligands that can be
analyzed.”> Thus, DOSY is only useful for a small subset of NPs, and cannot be
considered a workhorse method.

Analytical ultracentrifugation (AUC) is a fractionation technique that can measure

3436 These data can

the sedimentation coefficient and/or diffusion coefficient of colloids.
be collected using a variety of experimental setups to determine NP size, polydispersity,
concentration, shape, molar mass, and density.34 However, considerable modeling is
required to extract these relevant parameters from the raw data.”> This modeling is non-
trival and is computationally intensive due to AUC’s sensitivity to many solvent and
solute variables.”®> NPs in particular have several characteristics making them particularly
challenging to analyze with AUC: (1) size polydispersity results in sedimentation
polydispersity, often making small volumes of large AuNPs or other small impurities
unobservable, (2) particles can aggregate during sedimentation, (3) the density of the
particles is often unknown, hampering conversion of sedimentation coefficient to particle

size, (4) particles stabilized by charge exhibit non-ideal sedimentation characteristics, (5)

multiple-distribution samples are difficult to identify and differentiate, and (6) scattering
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of the particles requires a further mathematical correction.”® Overall, AUC is potentially
powerful because so many sample variables can be probed, but it is challenging to
account for the interdependence of these variables. Thus, AUC experiments, while useful
for a specific research question or a unique sample, is not practical for day-to-day
analysis of NPs.

Four workhorse methods are evaluated in this study: (1) small-angle X-ray
scattering, (2) transmission electron microscopy, (3) dynamic light scattering, and (4)
UV/visible spectroscopy. Each of these workhorse techniques has demonstrated utility
for analyzing pure NP samples.'®*'***" Literature reports have also compared size
analysis between these techniques,'”~*>’ including one report by Roebben et al. that
investigated DLS size analysis between various labs.*’ Yet, no study has compared the
ability of these techniques to differentiate binary or ternary mixtures of particles. There
is a need for a robust technique that can reliably model multiple distributions in solution.
Researchers would ideally have access to a rapid technique, free from artifacts, that could
determine if multiple mixtures of particle sizes were present in solution, and
quantitatively determine the average core size, polydispersity, and relative volume of
each distribution. The goal of this work is to evaluate the relative merits of the four listed
workhorse methods with respect to their ability to differentiate binary and ternary
mixtures of known reference materials.

Well-defined reference materials that maintain stability under a variety of
conditions are needed for this study. In addition, each set of reference materials must
have identical ligand shells to facilitate comparisons of core diameter and hydrodynamic

diameter and ensure identical behavior for each material under various analytical
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conditions. In addition, the need for a variety of sizes requires that materials be chosen
where size-tunable syntheses are accessible.
This study focuses on ligand-stabilized AuNPs because of their stability and their

4,9,41-43

utility in a variety of potential applications. In addition, there are several well-

known methods for producing AuNPs with tunable core sizes.'>****

Polydispersities for
these materials often range from 15 —25%, making it challenging but possible to
differentiate mixtures with different size distributions. Specifically, this study utilizes
three AuNP samples with unique average diameters and identical
mercaptoethoxyethoxyethanol Bunte salt (MEEE) ligand shells as reference materials.
These ligands were chosen because AuNPs can be synthesized with a wide range of sizes
where the particles exhibit long-term stability, as demonstrated previously.*

The four workhorse techniques are evaluated in their ability to analyze each of the
three pure reference materials, the three corresponding binary mixtures, and a ternary
mixture of these samples. The sample variables of interest are: (1) average particle
diameter, (2) distribution polydispersity, and (3) relative volume of each mixed sample.
In addition, each technique is evaluated for whether standard analytical procedures

identify the multiple modes of mixed solutions in an automated fashion to facilitate future

application of this analysis to unknown samples.

Experimental

Materials
Hydrogen tetrachloroaurate hydrate (HAuCL* xH,O, 99.9%, Strem), sodium citrate

dihydrate (Mallinckrodt), sodium hydroxide (Macron), sodium borohydride (Sigma
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Aldrich) were purchased and used as received. Water used for aqueous syntheses was
purified with a Barnstead NANOpure filtration system (18.2 MQ resistivity). MEEE
Bunte Salt ligand was prepared using known procedures.”® Briefly, 1 molar equivalent of
2-[2-(2-chloroethoxy)-ethoxy]ethanol was dissolved in nanopure water. 0.8 molar
equivalents of sodium thiosulfate were added and the solution was refluxed for 3 hours.
Water was removed in vacuo, and the crude products were purified by dissolution in cold
ethanol followed by gravity filtration.

Au Nanoparticle Synthesis

All glassware and stir bars were cleaned with aqua regia, rinsed with nanopure
water, and dried before synthesis. Stir rates were kept low, at ~ 200 rpm.

Synthesis of Pure Reference Materials: 3 nm Sample A and 9 nm Sample B.
All AuNPs were synthesized in batch reactions. Samples A and B were synthesized
directly using the MEEE Bunte Salt. Syntheses were designed to yield core diameters of
~ 3 nm for Sample A and ~ 9 nm for Sample B. The difference in core size was achieved
using the method described in previously,*” where AuNP core size is controlled by pH-
dependent Au(Ill) speciation in solution upon addition of reducing agent. Briefly, the
particles were synthesized in 80 mL batches using 250 mL round bottom flasks.
Nanopure water (39.05 mL) was added to the flask first. The appropriate amount of 1.0
M NaOH was added to the stirring flask (0.46 mL for Sample A synthesis; 0.21 mL for
Sample B synthesis). The MEEE Bunte Salt (0.56 mg) was prepared in a centrifuge tube
to produce 20 mL of a 1.0 mM solution from. The HAuCL (20 mL of 5.0 mM solution,

34 mg) was prepared in a separate centrifuge tube and an appropriate amount of 1.0 M
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NaOH was added to this solution to adjust the Au salt solution pH to ~ 3 and ~ 7,
respectively (0.08 mL for the Sample A synthesis; 0.34 mL for Sample B synthesis).
Approximately 15 min were allowed for this solution to reach equilibrium. A 0.10 M
solution of NaBH, was prepared and 0.40 mL was added to the stirring round bottom
flask. The MEEE Bunte Salt solution was then added to the stirring flask. ~20 second
were allowed for equilibration, then the pH-adjusted HAuCl, solution was added rapidly
to the stirring flask. An immediate color change was observed.

Synthesis of 15 nm Sample C. Sample C was prepared by using a modified
Turkevich method from the literature® to produce AuNPs with ~ 15 nm diameter cores.
Briefly, 99.0 mg of trisodium citrate was added to a three-neck 300 mL round bottom
flask with 149 mL of nanopure H,O and a stir bar. The solution was stirred vigorously
and brought to reflux. A 25 mM aqueous solution of HAuCl, was heated to a low boil,
then 1 mL of solution was added to the refluxing citrate solution. Color changed to grey
immediately, then changed to red over 5 minutes, after which heat was removed. The
solution was allowed to cool to room temperature over 3 hours while still stirring. The
particles were passivated by MEEE Bunte salt via ligand exchange, where 10 mL of the
as-synthesized citrate AuNPs were added to a separate flask and stirred vigorously and
then 1.0 mL of 10 mM MEEE Bunte salt solution was added to the flask. The solution
was allowed to stir for 10 hours, though exchange appears to be complete after ~ 30 min
by UV/vis. Excess ligand was removed by diafiltration. This procedure for ligand
exchange can be scaled up to larger batches as well. All AuNP samples were purified via

diafiltration using a 75 kDa or 10kDa membrane (Pall) before analysis.'?
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AuNP Characterization

Each of the three reference AuNP samples was stable for long durations in
solution (> 3 months) and stable to diafiltration.'? Each was passivated with the
mercaptoethoxyethoxyethanol Bunte salt (MEEE) during synthesis, which results in a
mixture of thiolate linkages to the Au surface in addition to residual thiosulfate adsorbed
to the surface. XPS analysis of S2p region (Appendix C) indicates the ratio between
these two species, with bound thiolate appearing at ~ 163 eV and adsorbed thiosulfate
appearing at ~169 eV. These XPS spectra indicate that no free ligand is left in the
samples. Previous studies indicate that SAXS provides accurate determination of AuNP
core size and polydispersity.'”” The SAXS core size distribution values for Samples A,
B, and C were 3.1 £ 0.6 nm, 9.1 = 1.9 nm, and 14.6 + 2.2 nm, respectively.

SAXS Data Collection and Analysis. Details for nanoparticle size
determination by SAXS are provided in our recent publication.'” Briefly, AuNP samples
were analyzed as synthesized and exposed to monochromated X-rays from a Long Fine
Focal spot (LFF) sealed X-ray tube (Cu 1.54 A) powered by a generator at 2 kW focused
by multilayer optics, measured with a Roper CCD in a Kratky camera. The Anton Paar
SAXSess, in line collimation mode, was set to average 50 scans of 80 sec for each sample.
The corresponding dark current and background scans were subtracted from the data
before desmearing was performed using the beam profile in Anton Paar SAXSQuant
software. The desmeared data were imported to IGOR Pro (v. 6.22A) software for
modeling. Initial estimates for the number of distributions, average diameters, and

polydispersities were identified using the ‘Size Distribution’ software within the IRENA
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macro (v. 2.49).”? These estimated values were input into the ‘Modeling 2 software
within IRENA to determine quantitative values to be reported for each sample. The
SAXS patterns were fitted using least-squares fitting (LSQF), a size distribution model, a
spheroidal form factor (Aspect Ratio = 1), a Gaussian distribution, and a dilute system
(Structure Factor = 1). For each sample, reported polydispersity and average core size
values were determined through optimization of volume, mean size, and distribution
width values to produce the lowest % value for the model fit to the data.

TEM Data Collection and Analysis. Transmission electron microscopy (TEM)
was performed on an FEI Tecnai Spirit instrument, operating at 120kV accelerating
voltage. Amine-functionalized SiO, Smart Grids (Dune Sciences) were used for all TEM
analysis. TEM grids were prepared by aerosol spray deposition (two sprays for each
sample grid) to ensure that no preferential adsorption of AuNPs occurred. The substrates
were allowed to dry for 24 hours before analysis. TEM images were processed using Fiji
software as discussed previously.'®

DLS Data Collection and Analysis. DLS measurements were taken using a
Mobiul instrument from Wyatt technologies. The samples were filtered using a 0.1 um
PTFE syringe filter to remove any particulate matter. Hydrodynamic diameters were
calculated using Dynamics software and averaged over 20 measurements with 5 second
integration time per acquisition.

UV/vis Data Collection and Analysis. An Ocean Optics UV/visible
spectrometer was used to collect UV/vis data for these studies. The Spectrasuite
software package was used to operate the spectrometer and view the data. A 1 cm
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pathlength quartz cuvette was used to contain the sample solutions. Samples were
diluted as necessary to obtain spectra.

XPS Data Collection and Analysis. XPS spectra were taken at 20 eV pass
energy on a ThermoFisher ESCALab 250 with a monochromated Al K-alpha, using a 400
um spot size. Spectra were corrected to Au 4f peak at 84.95 eV. Peak fitting was

performed using ThermoFisher Avantage software.

Results and Discussion

Evaluation of Three Reference Materials

The reference materials were designed to have distinct average core diameters and
modest polydispersities that result in partial overlap of the distributions. With the
intention of later mixing these samples for analysis, the materials were synthesized to be
challenging, but possible to differentiate in an equal-volume mixture. Each sample was
diafiltered after synthesis to ensure that any excess ligand or salt species in solution were
removed prior to analysis.'> The reference samples were synthesized to have average
diameters of ~3 nm, ~ 9 nm, and ~ 14 nm and 15 — 25% polydispersities (as determined
by SAXS) for all of the experiments in this study. Each reference sample was
functionalized with a neutral, water-soluble ligand: mercaptoethoxyethoxyethanol Bunte
salt (MEEE).”” Each sample used in this study was analyzed once with each technique
using standard methodology and available software.

For SAXS measurements, each purified sample was analyzed in solution. After
subtraction of the dark and water backgrounds using SAXSQuant software, the data were

imported into the IGOR software. Then the IRENA macro was used with known
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procedures to model the data and determine average diameter, polydispersity, and
distribution volume values for each reference sample (Figure 1).> Within the IRENA
macro, two programs are used sequentially to model the data. First, the Size Distribution
program is used to identify the number of unique distributions within the data and give a
rough estimate of the distribution parameters. These values are used as a starting point in
the more rigorous program, Modeling II. This program quantitatively evaluates
distribution parameters, but requires more information input. Fits in this program were
optimized by minimizing reduced-y’ values. This two-step modeling process effectively

identifies distributions, then applies quantitative models to extract size distribution

parameters.
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Figure 1. Modeled SAXS patterns for three reference samples used in this study.
Imported data were binned logarithmically and modeled as such. An increase in the slope
of the data at low q values corresponds to larger average AuNP sizes. Patterns are offset

for clarity.
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The SAXS measurements provided size distribution information rapidly.
Reproducibility is high for these measurements, with confidence within 0.1 nm for core
sizes. In all, we find that this is a highly reliable technique for measuring single
distributions of particles in this size range.

For TEM measurements, each pure reference sample was deposited onto an
amine-functionalized SiO, substrate using aerosol spray deposition.” Eight individual
micrographs were captured for each sample at several magnifications on multiple grid
windows. Each image was analyzed using known procedures to produce binary images
where particle sizes were counted and a number distribution histogram was generated."®
These number distribution histograms were converted to volume distribution histograms
(Figure 2). These histograms were imported into IGOR v.6.31 software and were fitted
to Gaussian distributions to determine average core size and polydispersity values for
each reference sample. Bins with fewer than 5 particle counts on the periphery of each
sample distribution were ignored for curve fitting.

TEM measurements, when performed with standard methodology, show similar
average diameters to SAXS. Because of some observed rafting of particles (Appendix
C), measured core sizes were slightly larger than SAXS values for Samples B and C. In
addition, measured polydispersities from TEM data are typically larger than for SAXS
measurements.'” This has been attributed to the higher statistics and lack of deposition
artifacts for SAXS measurements. Further, TEM data collection and processing are

relatively time-consuming compared to SAXS.
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Figure 2. Overlaid histograms of the three individual reference samples used in this
study. Each histogram was fitted to a Gaussian curve to determine average size and
polydispersity. Listed polydispersities are one standard deviation from the average
diameter. Note that the individual distributions of Samples B and C exhibit some
overlap, and several of the larger diameter bins for Sample B are hidden behind those of

Sample C.

For DLS measurements a beam of visible light (530 nm) is exposed to the sample
solution. The light scattered off of particles in solution is monitored by a CCD detector.
The DynaPro Dynamics software utilizes an autocorrelation function to fit the scattering
data in real time, separating the random noise in the signal from the real fluctuations of
the signal due to Brownian motion of the particles.”* The software determines the rate of
diffusion from these data, from which the hydrodynamic diameter of the particles is

determined.” When multiple distributions are present the program outputs a normalized
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intensity (displayed as % intensity), which indicates how much of the detected light is
scattered from each particle distribution. Because larger particles will scatter more
strongly, the program utilizes an algorithm to convert % intensity to % mass, based upon
the observed intensity and the size of the particles.”* During analysis of collected DLS
data, peaks that exhibited a % intensity or % mass of less than 0.5% were ignored.

DLS analysis (Table 1) was very rapid, requiring only several minutes to collect
the data. However, each of the three reference materials showed smaller values than
would be expected from SAXS measurements of core size. Note that both techniques
measure particle volume distributions. Subtracting the expected ligand shell thickness of
~1.5 nm (for the MEEE ligand) from DLS measurement of hydrodynamic diameter, the
analyses showed smaller core sizes of Sample A by ~ 50%, Sample B by ~ 20%, and
Sample C by 4% compared to SAXS measurements. While the value for Sample C is
reasonable, the collective data suggest that AuNPs < 14 nm in core diamter are too small

to accurately measure by DLS.

Table 1. DLS data for each of the three reference samples used in this study

Sample DLS Size Distribution Caleulated DLS Core

Diameter “
Sample A 4.4+ 0.4 nm 1.4 nm
Sample B 10.2 + 1.5 nm 7.2 nm
Sample C 17.0 £ 1.9 nm 14.0 nm

a - Expected ligand shell thickness is ~1.5 nm for all three pure samples
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For UV/vis measurements (Figure 3), data were collected in a standard 1 cm path
length cuvette. Size analysis was achieved by observing the absorbance values at 450 nm
(A4s0) and at the AuNP plasmon lambda-max (Aspr). These values were input into

Equation 1, taken from Haiss et al.?! to determine AuNP core diameter (dcorg).

dCORE = EXP(3.00*(ASPR/A450) — 220) (1)
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Figure 3. UV/vis data for the three reference samples. Increased intensity of the
plasmon resonance relative to the absorbance at 450 nm corresponds to an increase in

core diameter. Approximate core diameters were determined by using Equation 1.

Of the techniques discussed in this work, UV/vis analysis is the most rapid,
requiring only a couple minutes to perform. UV/vis size analyses of the reference
samples shows smaller core sizes than expected. Given that the literature trend was

developed for particles 5 — 50 nm in diameter, it is not surprising that some error is
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present here. In addition, very small AuNPs like Sample A do not have a sharp plasmon

peak, making determination of the A-max difficult.

The values shown in Table 2 were collected using typical analytical methodology
for each technique. SAXS data yield reasonable core sizes for these samples. TEM
micrographs showed deposition artifacts in the form of rafting for samples B and C,
which is known to artificially increase the observed core diameter.'” Given an expected
ligand shell thickness of ~1.5 nm, the hydrodynamic diameter determined for sample C
matches well with the expected value of 17.0 nm (calculated using SAXS measurement of
core size). The observed diameter values for samples A and B are lower than the
expected values of 5.7 nm and 11.7 nm, respectively. UV/vis core diameter
determinations are lower than expected for all three samples. In summary, SAXS
analyses showed values with no obvious indication of artifacts, TEM analyses appeared
to overestimate AuNP size for samples exhibiting rafting, while DLS and UV/vis analyses

underestimated particle size.

Table 2. Summary of size analyses for three reference samples

Sample SAXS TEM DLS UV/vis
A 3.1£0.6 nm 3.3+£0.9 nm 4.4+0.4 nm ~2.2nm
B 9.1 +1.9 nm 11.3+2.2 nm 10.2+ 1.5 nm ~ 7.5 nm
C 14.6 £ 2.2 nm 16.2 £ 1.7 nm 17.0 £ 1.9 nm ~12.8 nm
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Evaluation of Binary Mixtures

The reference samples were intentionally mixed to evaluate each of the workhorse
techniques’ ability to differentiate multiple, polydisperse distributions. To generate
binary and ternary mixtures with equivalent volumes of gold in each distribution, the
scatterer volumes determined by SAXS were utilized to identify the proper amounts of
each sample to be mixed. Because SAXS measures particle volume distributions, the
scatterer volume is a parameter output by the software, and can be readily used to
calculate solution volumes needed for these mixtures. Thus, binary mixtures were
generated combining samples [A+B], [A+C], and [B+C] where each mixed distribution
contained the same amount of gold. These binary mixtures were analyzed with each of
the four workhorse techniques using standard procedures.

SAXS analysis was performed on the binary mixtures following the same
experimental procedure as the pure reference samples. By eye, bimodal distributions are
apparent in the data, as distinct changes in slope are observed for each binary mixture
below =1 nm™. These changes in slope are distinct from the Bessel oscillations,*
observed at q > 2 nm™', which reach a local minimum, then rise away from the baseline as
q increases. Bessel oscillations are indicative of relative monodispersity in a single
distribution.”” For each binary mixture, the Size Distribution program within the IRENA
software” identified two distinct distributions. The Modeling II program output AuNP
core size, polydispersity, and relative distribution volumes, which are summarized in
Table 3. The modeled functions are shown in Figure 4 overlaid onto the raw data. Both
the raw data and the modeled data give clear indication that bimodal distributions are

present in each of the three binary mixtures.
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Figure 4. Modeled SAXS patterns for the three binary mixtures used in this study. The
sharp changes in slope at ~ 0.9 nm™, ~0.6 nm™, and ~ 1.0 nm™' for binary mixtures
[A+B], [A+C], and [B+C] respectively indicate two unique distributions in the data.
Comparing these data to the pure reference samples (Figure 1) reveals that these distinct
changes in slope are not present for monomodal distributions. The local minima and
maxima observed at > 2 nm™ for mixtures [A+B] and [A+C] correspond to Bessel
oscillations from a single distribution, and are not indicative of additional distributions.

Data are offset for clarity.

The SAXS size distributions match well to the that of the individual reference
samples. Core size determinations were within 6% of values observed for the pure
reference samples. Polydispersities for each mixture were higher than observed values for

the corresponding pure samples. These data are summarized in Table 3. In all, the data
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analysis procedure was effective at identifying each distribution and average core
diameter, though polydispersity values were artificially inflated.

TEM data collection and processing were carried out as with the pure reference
samples. In the case of [A+C] and [B+C] two modes were clearly visible, but not in the
case of [A+B]. This was a surprising result, but is likely due to a low volume of 3 nm
AuNPs. It is also possible that some of these particles were lost during image
thresholding. When the original number distribution is converted to a volume
distribution, these small, low-contrast particles are more difficult to observe, especially
when particle counts are low (< 2000). Collection of more TEM images would improve
this analysis, but would require more time. When samples clearly exhibited multiple
distributions, IGOR software was used to fit models to the data. Peaks were added
manually to model observed distributions. Multipeak least-squares fitting was used to
optimize the distribution parameters (Figure 5). These data are summarized in Table 3.

DLS data were obtained for the binary mixtures following the same procedure as
the pure samples. The autocorrelation function in the Dynamics software has the ability
to pick out multiple distributions through detection of the Brownian motion of the
different sizes of particles.”* However, the user has little ability to impact the software’s
detection of these multiple distributions, in part because the raw data are difficult to
interpret by eye. Thus, multiple distributions are only detected when the autocorrelation
function picks out multiple, distinct fluctuations in the scattering signal that correspond to
distinct sizes of particles. Overlapping, polydisperse distributions are difficult to observe
this way. Of the three binary mixtures, only the [A+C] mixture showed a bimodal

distribution in the DLS analysis, and both distributions modeled in this sample deviated
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significantly from expected values. For the [A+B] and [B+C] mixtures, only the larger of

the two expected distributions was observed. These data are summarized in Table 3.
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Figure 5. TEM histrograms generated from three different binary mixtures of samples
A, B, and C. Binary mixtures [A+B], [A+C], and [B+C] are shown. TEM data are
shown in gray histogram bars. Solid purple traces represent the optimized peak fits to the
data, where bins with less than 5 particle counts were ignored. Expected distributions

were taken from TEM analysis of the pure samples, and shown as dashed traces.
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UV/vis data were collected for the binary mixtures in the same fashion as the pure
reference samples. Each of the binary mixtures showed only a single plasmon peak in the
UV/vis spectrum (Figure 6). Thus, there was no indication of multiple distributions. The
size analysis was performed as if only a single distribution were present in the data.

These size estimations are summarized in Table 3.
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Figure 6. UV/vis spectra for each of the three binary mixtures. Because only one
plasmon peak is observed for each sample, the multiple distributions are not detected.
Size approximations were determined using Equation 1, and result in a value between the

average diameters of the two pure samples for each mixture.
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Table 3. Summary of size analysis for three binary mixtures

Sample SAXS TEM DLS UV/vis
3.0+ 1.7 nm -- --
45% - -
+ ~
[A+B] 9.0+ 2.2 nm 10.3 + 2.4 nm 8.6 + 0.6 nm 3.8 nm
55% - -
33+2.0nm 33+ 1.0 nm 1.2+0.2 nm
41% 48% 99,

+ ~
[A+C] 15.1 + 2.9 nm 15.6 + 0.8 nm 18.2 + 3.6 nm >.1nm
599, 52% 1.0%

9.0+ 1.5 nm 9.6+ 1.8 nm _
34% 399/, -
+ ~
[B+Cl 14.0 + 3.7 nm 14.7 + 1.0 nm 19.4 + 8.5 nm 108 nm
76% 61%* 999/, *

1 - Measured mass contributions for each distribution are shown in bold. The expected
value is 50% for each distribution.
* - Additional large aggregates observed.

Compiled size determination data for the three binary mixtures generated from the
three AuNP reference samples used in this study are shown in Table 3. SAXS data show
clear indications of bimodal distributions for each mixture with no additional distributions
indicated. Observed volumes deviate significantly from expected values when the
distributions overlap. All core diameters are within 6% of expected values.
Polydispersity values are off significantly in some cases. TEM and DLS data exhibit
some ability to differentiate bimodal distributions, missing distributions for the [A+B]
mixture and showing additional distributions for the [B+C] mixture. Both techniques are
able to detect a bimodal distribution in the [A+C] mixture, as this mixture has the largest

difference in average core size between the two distributions. UV/vis shows no ability to
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resolve bimodal distributions, and yields an average value between the two mixed
samples. In summary, SAXS was the only technique to identify each mode in the three
binary mixtures using standard methodology, while TEM was able to identify both modes
in two out of three mixtures, DLS identified both modes in only one out of three mixtures,

and UV/vis could not identify multiple modes in any of the samples.

Evaluation of Ternary Mixture

Since the workhorse techniques showed some success at identifying the multiple
modes in binary mixtures, we sought to determine if any of the investigated techniques
could identify an even more complex mixture using all three reference materials. As with
the binary mixtures, SAXS scatterer volumes were used to determine appropriate mixed
amounts of each pure sample to obtain equal-volume distributions in the ternary mixture.
This mixture was analyzed by each of the four workhorse methods to determine which of
these techniques can differentiate the three particle size distributions present in solution.
All data collection and analysis procedures remained the same as with previous pure
samples and binary mixtures, simulating the expected analysis for an unknown sample.
SAXS analysis of the ternary mixture is shown in Figure 7, while TEM and UV/vis

analyses are shown in Figures 8, 9 respectively. DLS data are summarized in Table 3.
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Figure 7. Raw SAXS data with fitted model from analysis of ternary mixture [A+B+C].

Each of the three mixed samples is clearly identified with average core diameters within

10% of expected values.
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Figure 8. TEM histograms generated from the ternary mixture of samples A, B, and C.
TEM data are shown in gray histogram bars. The solid purple trace represents the least-
squares optimized peak fits to the data, where bins with less than 5 particle counts were
ignored. Expected distributions were taken from TEM analysis of the pure samples, and
shown as dashed traces. All three of the added mixtures are apparent in the histogram,

though over 10,000 particle counts were required to resolve these modes.
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Figure 9. UV/vis spectrum of ternary mixture of pure samples A, B, and C. Traces of
pure samples are shown for comparison. UV/vis shows no ability to differentiate the

components of this mixture.

Table 3. Summary of size analysis for ternary mixture’

Sample SAXS TEM DLS UV/vis
34+1.0nm 39+1.2nm 2.0+0.1 nm
24% 38% 97%
8.2+ 3.0 nm 9.6 +£1.5nm -
+B+ ~
[A+B+C] 18% 18% B 7.5 nm
13.4 £3.7 nm 15.9 £2.4 nm 17.0 £ 1.0 nm
58% 44% 3%

1 - Values in bold are measured distribution volumes. Expected values are 33% for each.

Compiled size determination data for the ternary mixture, [A+B+C], show that
SAXS and TEM are able to resolve all three distributions. The particle core size values
for each distribution have varying amounts of error. SAXS average diameters are within
10% of expected values, while volumes deviate from expected values by up to 25% and

polydispersity values deviate by up to 60%. TEM average diameters are within 15% of

118



expected values, volumes deviate by up to 15%, and polydispersity values deviate by up
to 50%. In summary, both SAXS and TEM can identify the individual modes of a ternary
distribution, but SAXS provides the ability to perform this analysis more rapidly and
identify the modes in an automated fashion. Modeled modes in the TEM data were
picked manually, potentially introducing researcher bias. DLS and UV/vis measurements

cannot resolve the trimodal distribution.

Comparison of Techniques

Comparing the four workhorse techniques, there are five general attributes by
which to rate them: (1) ability to identify multimodal distributions without introducing
researcher bias, (2) speed of analysis, (3) error associated with determination of average
diameter, (4) error associated with determination of polydispersity for mixtures, and (5)
error associated with determination of volumes for mixtures. This section will assess the
selected techniques based on these attributes. These techniques will be summarized with
respect to the error associated with each of the relevant parameters.

Of the four workhorse techniques, SAXS was the only technique to identify each
individual distribution in an automated fashion. The two-step data processing procedure
first identifies distributions, then allows the researcher a great deal of control over
modeling the observed distributions. For each sample observed, SAXS analysis
identified the correct number of distributions. Additional distributions were not
observed, nor were any distributions missed during analysis. In addition, SAXS data

collection was easily automated and data processing was rapid.
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Observed average diameters for mixed samples were within 10% of expected
values (from analysis of pure reference samples). Polydispersity values were more
difficult to resolve, and varied by up to 60% from expected values. Distribution volumes
varied up to 25% from expected values, where smaller particle distributions were
underrepresented, especially when overlapping significantly with a larger distribution.

TEM analysis also shows the ability to resolve multimodal distributions, though it
has limitations. However, even in the pure reference samples, deposition artifacts were
observed and average diameters were larger than expected. This was more prominent for
the larger AuNPs. For the mixed samples, TEM analysis was able to pick out the
multiple distributions, but only when particle counts were >10,000 (mixtures [A+C] and
[A+B+C]). When particle counts were lower than this (1700 counts for mixture [A+B]
and 550 counts for [B+C]), the multiple distributions were not well resolved or were
unobservable. It should be noted that the ability to resolve these distributions is only
limited by the time input of the researcher. Given more images and particle counts, the
data suggest that all of the mixtures could eventually be resolved, though the necessary
time input could be prohibitive.

Gathering enough images to reach high particle counts (> 10,000) is time
consuming and it is not practical to automate this data collection process. For some
samples with less dense particle packing on the TEM substrate, dozens of images may be
required to reach 10,000 particle counts. This high number of images is not typical,
where 6 — 10 images are generally collected to achieve several hundred particle

19,50

counts. " While automated image analysis is performed by some groups, each of the
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TEM images were manually processed for this work, contributing to the considerable
time input required to adequately analyze each sample."’

When particle counts were sufficiently high, TEM size analysis of mixed samples
performed similarly to SAXS analysis. Average diameters were within 15% of expected
values. Polydispersity values were within 50% of expected values. Distribution volume
values were slightly closer to expected values than SAXS, remaining within 15% error.
Overall, it appears that TEM and SAXS show similar ability to differentiate multiple
distributions, though TEM requires considerably larger time input to obtain sufficient
data and analysis can suffer from deposition artifacts.

DLS size analysis is more rapid than either SAXS or TEM measurements. Once
the sample is loaded, the data are collected within minutes and the data processing is
mostly automated.>* This is convenient for simple samples, but the researcher has little
control over modeling of the output signal. There is more advanced software that exists,
but the standard, manufacturer-provided software was used for this study. Thus, while
analysis is rapid, it is also limited to what distributions the software can identify. In the
cases of the mixed samples used in this study, DLS showed poor ability to differentiate
these multimodal distributions. It appears that mixed samples with the degree of
polydispersity used in this study are not differentiable by DLS. Even in the cases where
multiple distributions were identified, diameters, polydispersities, and volumes deviated
significantly from expected values.

DLS analysis of the pure reference samples and comparison to SAXS core
diameter values suggests that DLS can accurately determine the hydrodynamic diameter

for the largest particles used in this study, Sample C. The measured hydrodynamic
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diameter of 17.0 nm was within 4% of the expected value, given a core diameter of 14.6
nm (from SAXS analysis) and expected ligand shell thickness of 1.5 nm. However, DLS
analysis of the smaller Samples A and B yielded hydrodynamic diameters that were
lower than expected. Analysis of Sample B showed a diameter 21% lower than expected
while Sample A showed a diameter 43% less than expected. It appears that these
particles are too small for DLS to accurately determine their diameters.

UV/vis size analysis of the AuNPs used in this study showed no ability to resolve
multiple distributions. The optical properties of the polydisperse AuNPs in Samples A,
B, and C were too similar to differentiate with this method. While this technique is the
most rapid of those investigated, it also proved to be the least informative. Size analysis
for Samples A, B, and C yielded average diameters that were 29%, 18%, and 12% less
than expected for these samples. This suggests that size analyses used here are not
appropriate for AuNPs in this size range.

Table 4. Summary of size analysis for four workhorse techniques

Attribute SAXS TEM DLS UV/vis
) ) Yes, with ..
Iden‘glﬁe?s Multlple Yes enough NP L1n.11.ted No
Distributions ability
counts

Rescarcher Time Input ~ 30 min ~ 2.5 hours ~ 15 min ~ 5 min
for One Sample

Error for Mixed

Sample Diameter 10% 15% -- --
Determination

Error for Mixed
Sample Polydispersity 60% 50% -- --
Determination

Error for Mixed
Sample Volume 25% 15% -- -
Determination
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Conclusion

This work compared four prominent analytical methods with respect to their
ability to analyze three pure reference samples, and mixtures of these samples. Each of
the investigated techniques were able to adequately analyze the pure reference materials,
where SAXS analysis showed the most reliable core size values, TEM analysis
overestimated core size for some samples, and both DLS and UV/vis analyses
underestimated core size. For binary mixtures, SAXS analysis identified each mode
within 10% error. TEM and DLS identified both modes for some of the mixed samples,
but not all. UV/vis showed no ability to identify multiple modes. For the ternary
mixture, SAXS and TEM identified all three modes, though SAXS required much less
time input and introduces less researcher bias.

It should be noted here that the observed performance of each technique is
indicative of a single, standard analysis of each sample. This methodology is intended to
represent a typical day-to-day analysis of a nanoparticle sample, and not necessarily an
exhaustive analysis. Thus, the limitations of the analyses described here are not
descriptive of the true limits for each analytical technique as a whole.

Of the tested techniques, SAXS provided the most consistent ability to detect
multiple distributions. TEM shows similar ability to resolve different modes, but requires
more time input to perform this analysis. However, it should be noted that SAXS is not a
direct imaging method, and cannot access morphology information. For an unknown
sample, SAXS is best performed in tandem with TEM, where morphology can be
confirmed. A large number of particle counts is not needed to confirm the morphology of

the particles, which reduces the time needed to collect the data. Further, DLS analysis is
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the only method investigated here which can detect hydrodynamic diameter, and is a
rapid technique. Similarly, UV/vis can be performed rapidly to gain qualitative
information about the sample. It should be noted, that each of these techniques present
distinct advantages, and each should be used in tandem to gain a broader understanding
of a particular sample.

For the analysis of nanomaterials in general, each of the workhorse techniques
described here provide valuable information (with the possible exception of UV/vis if
there are no optical signatures). For the most complete characterization of a material, we
recommend first using UV/vis to gain rapid qualitative information about the stability and
size of the particles. Then, quick spot checks should be performed in TEM to confirm
particle morphology, followed by DLS if ligand shell thickness is desired. Lastly,
detailed SAXS analysis should be performed to obtain reliable, quantitative measures of
particle size distributions. This flow of information will provide the most complete

understanding of a new material while minimizing time input.

Bridge to Chapter VI

Chapter V showed that SAXS and TEM size analyses have the potential to
differentiate binary and ternary mixtures, though SAXS requires less time, is more
reliable, and introduces less researcher bias. Thus, we determined through this
comparative study that SAXS is the best candidate to study AuNP formation processes.
Chapter VI focuses on the use in situ SAXS incorporated into a microreactor to probe the
size distributions of AuNPs at early reaction times to determine which mechanistic

processes are relevant for AuNP growth when Bunte salt ligands are used.
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CHAPTER VI
OBSERVING GOLD NANOPARTICLE GROWTH USING SIMULTANEOUS IN

SITU SAXS AND UV/VISIBLE SPECTROSCOPY

Introduction
Gold nanoparticles (AuNPs) have been shown to be useful for a wide variety of
applications because of their interesting size-dependent properties.' While these
materials have been studied thoroughly for their interesting physical properties, much less
is known about the mechanistic processes that form AuNPs.® Many studies of AuNP
systems assume the Classic Nucleation Theory (CNT), as the operative mechanism for
particle formation and growth.” This theory was developed in the 1920’s and 1930’s by

1111 aMer and Dinegar

several researchers to describe vapor to liquid phase transitions.
utilized CNT in 1950 to describe the formation of sulfur sols from molecular precursors
in solution,'” though it wasn’t applied to NP systems until Sugimoto’s work in 1986."
This theory has been generally useful to describe nanoparticle reactions, especially for
semiconductor nanocrystals, but more recent work has demonstrated that CNT does not
explain observed experimental results for specific AuNP systems.

Study of AuNP formation mechanisms using traditional strategies has been
challenging for several reasons. First, AuNP formation reactions are typically very rapid,
occurring on the order of milliseconds, making these reactions difficult to monitor.'*"’
While the use of pseudo-first-order conditions has been used to simplify the kinetics and

facilitate data collection for NP catalytic activity'® or ligand exchange,' this strategy has

not been useful for studying this very rapid particle formation because the necessary
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changes in synthetic conditions yield unique size distributions. Further, polydispersity in
samples complicates analysis and introduces an additional parameter that must be
measured.”’ These product distributions can also change significantly with small changes
to reaction conditions.”’ These challenges have necessitated new strategies to access
mechanistic information on AuNP systems.®

Researchers are currently focusing on in situ methods to gain further insight into
AuNP reactions, using citrate,”' amines,'’ or weak ionic species to passivate the
particles.”” Microfluidics have proven essential in these studies, providing rapid mixing
and steady-state observation conditions at each point along the reactor, facilitating in situ
observation at early reaction times (as early as 100us).'****> An observation cell
incorporated into the system allows a specific residence time (corresponding to a specific
reaction time) to be studied for extended durations as material flows through the cell. In
situ studies with small-angle X-ray scattering (SAXS) have shown how particle size and

721222029 1y situ UV visible spectroscopy (UV/vis)

polydispersity evolve over time.
provides information about AuNP optical properties and concentration, along with a
qualitative indication of particle size.”'"**?° Other in situ studies (such as XANES and
XAFS) have provided time-resolved information about molecular oxidation states (i.e.;
precursor species), though these data provide limited insight about the nanoparticles

21,28,31-33
themselves.” >

In combination, these in situ strategies have begun to illuminate
reaction processes in AuNP systems.
A notable example by Polte et al.** studied AuNP formation using a combination

of continuous flow and in situ SAXS to probe a synthesis with HAuCly as a NP precursor

and NaBH, as reducing agent. The authors observed a rapid reduction of Au(IlI) to
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Au(0), forming small nuclei.** This was followed by growth exclusively through
coalescence. Given that no passivating agent was used in this system, these observations
are unsurprising, but another study using citrate as a passivating agent and reductant
demonstrated AuNP growth via coalescence as well.>' However, no study has yet
investigated whether AuNP systems using strongly-binding ligands that form covalent
linkages to the AuNP surface proceed through a coalescence mechanism.

Recent work in our lab has shown that AuNP synthesis using Bunte Salts ligands
provides a convenient route to thiolate-passivated AuNPs.** Bunte salts form covalent
thiolate linkages to a Au surface while initially having ionic character that can act as a
stabilizing surfactant prior to conversion to thiolate.”> This system is interesting because
of the ability to tune the particle size and the wide range of ligands that can be easily
synthesized with Bunte Salt functionality.**>®*” The utility of this synthetic system
warrants further efforts to elucidate reaction processes.

The aim of this work was to determine whether coalescence is observed during
AuNP growth when using Bunte salt ligands. Utilizing the steady-state observation
conditions in a microreactor, simultaneous SAXS and UV/vis were used to probe AuNP
growth as a function of reaction time. SAXS provided quantitative measurement of
AuNP size and polydispersity,’® while UV/vis provided real-time qualitative assessment
of particle size and stability.” The combination of both techniques provided quantitative
determination of AuNP concentration.’® Assessment of time-resolved AuNP size,
polydispersity, and concentration data showed that coalescence is an active process in

AuNP growth when using Bunte salts, consistent with previous in situ studies.
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Experimental

Materials

Hydrogen tetrachloroaurate hydrate (HAuCl. xH.O, 99.9%) was purchased from
Strem and used as received. Sodium hydroxide was purchased from Macron and used as
received. Sodium borohydride was purchased from Sigma Aldrich and used as received.
Water used for aqueous syntheses was purified with a Barnstead NANOpure filtration
system (18.2 MQ resistivity). MEEE Bunte Salt ligand was prepared using known
procedures.** Briefly, 1 molar equivalent of 2-[2-(2-chloroethoxy)-ethoxy]ethanol was
dissolved in nanopure water. 0.8 molar equivalents of sodium thiosulfate were added and
the solution was refluxed for 3 hours. Water was removed en vacuo, and the crude
products were purified by dissolution in cold ethanol followed by gravity filtration.

Microfluidic AuNP Synthesis

Aqueous solutions were prepared for three successive microfluidic syntheses at
each reaction condition. Thus, 30 mL of 5.0 mM HAuCl,, 30 mL of 1.0 mM Bunte Salt
ligand, and 60 mL of 1.0 mM NaBH., were prepared. A total of 0.825 mL of 1 M NaOH
was added to the NaBH, solutions. Once the appropriate amount of base was added to the
respective solutions, each of the three solutions was aspirated by the three syringe
pumps as shown in Figure 1.

60 mL/min Conditions. The 20 mL of NaBH., solution was dispensed at 30
mL/min, mixed with a stream of 10 mL of ligand solution flowing at 15 mL/min, allowed
to mix for 1 second in the reactor before introducing the third stream of 10 mL of HAuCL

solution flowing at 15 mL/min. Two simple T-mixers were used to mix the reagents.
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20 mL/min Conditions. The 20 mL of NaBH, solution was dispensed at 10
mL/min, mixed with a stream of 10 mL of ligand solution flowing at 5 mL/min, allowed to
mix for 1 second in the reactor before introducing the third stream of 10 mL of HAuCl,
solution flowing at 15 mL/min. Two simple T-mixers were used to mix the reagents.

3 mL/min Conditions. The 20 mL of NaBH, solution was dispensed at 1.5
mL/min, mixed with a stream of 10 mL of ligand solution flowing at 5 mL/min, allowed to
mix for 1 second in the reactor before introducing the third stream of 10 mL of HAuCl,
solution flowing at 0.75 mL/min. Two simple T-mixers were used to mix the reagents.

Microreactor System

Three syringe pumps each equipped with 3-way distribution valves were
purchased from Kloehn (Versa 6, 48k model with rotary valve). All other microreactor
components were purchased from IDEX Health and Science. FEP tubing (1/16” outer
diameter, 0.030” inner diameter), T-mixers (1/16”, 1/4-28, 0.020” Thru, ETFE), 15 psig
check valves, and appropriate fittings (1/4-28) and ferrules were assembled with the
syringe pumps as shown to enable microfluidic generation of AuNPs. The microreactor
system was rinsed with nanopure water three times (full aspirate/dispense cycles of the
syringe pumps) after each synthesis. After each set of three syntheses, the downstream
T-mixer that introduces the HAuCl, solution and tubing thereafter was replaced with a
clean mixer and tubing. The used mixers are later cleaned with aqua regia and water to

remove any plated Au material left behind. All used tubing was discarded.
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In Situ Measurements

SAXS measurements were performed at BL 7.3.3 at the Advanced Light Source
(ALS, LBNL, Berkeley, CA). BL 7.3.3 is a SAXS/WAXS facility and also is mounted
on a regular ALS bending magnet. A Mo/BC double multilayer monochromator provides
monochromatic X-rays at 10 keV, and the spot size at the sample is | mm horizontal x
0.24 mm vertical. The volume of solution observed by SAXS, defined by the pathlength
and the dimensions of the X-ray beam, is 0.72 uL. At a flow rate of 3 mL/min, this
volume is refreshed every 14 milliseconds. At a flow rate of 60 mL/min, this volume is
refreshed every 0.72 milliseconds.

The scattering intensity, I(q), as a function of the modulus of the scattering vector

q=(4n/\) sin (0/2), where 0 is the scattering angle and A is the wavelength of the X-rays

was recorded using ADSC Quantum 4u CCD detectors. With SAXS and WAXS
measurements, the total q range of the system is between 0.004 and 8.7 A™'. The
accumulation time for SAXS measurements of each sample was between two and five
minutes. At least seven measurements were taken for each sample and averaged to
determine scattering intensity. The observed scattering intensities were corrected by
subtraction of scattering of the solvent-filled cell and with corrections for the fluctuation
of the beam intensity. /n situ UV-visible absorbance spectra were collected from flowing
nanoparticle solutions in H,O using ferrule-terminated fiber optics (Ocean Optics - FIA-
P400-UV), an Ocean Optics DT-MINI-2-GS Deuterium-Tungsten-Halogen light source,

and an Ocean Optics USB2000 spectrometer.
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SAXS Data Analysis

SAXS data were processed using IGOR Pro v6.02A software. SAXS data
averaging, background subtraction, and conversion from 2D CCD images to 1D plots
were performed using the Nika v1.17 macro. Application of models to the SAXS plots
was performed using the Irena v2.27 macro.” Solvent plots were normalized at large q
values to compensate for the variation in X-ray intensity between runs. Normalized
solvent plots were then subtracted from corresponding Au nanoparticle plots, and the
resultant data were fitted to an appropriate model as discussed below.

Each set of Au nanoparticle data was fitted to a monomodal distribution of
scatterers, and each component of the distribution was modeled using a spheroidal form

factor, F, defined by the equation:

3
F? = —*(sin(gR)) - (¢R * cos(gR)) (D
gR

where q refers to the scattering vector in nm™ and R is the average spheroid radius. Data
were fitted to both Gaussian and lognormal distributions of nanoparticle sizes. Best-fit
models were developed by minimizing % values. In all cases, models using a lognormal
distribution output a smaller % value than for the corresponding Gaussian distribution.
Thus, all reported values for nanoparticle size and polydispersity have been derived from
models using a lognormal distribution. Final SAXS patterns were depicted as Is(q) vs. q,

where q is expressed in nm™ and Ig(q) is defined by the equation:

1y

Lo\) = |Ap E\F (@) VA N Piy* Ap )
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where Ap refers to contrast, F(q,r) is the structure form factor, V(r) is the particle volume,
N is the total number of scattering particles, and P(r) is the probability that a particle

possesses a radius equal to r according to the lognormal distribution.

Results and Discussion

A microreactor system, shown in Figure 1, was used to collect simultaneous
SAXS and UV/vis data in situ. The steady-state observation conditions provided by a
microfluidic system are ideal for these studies because residence times correspond to
reaction times. This approach to in sifu observation is advantageous because sample
damage from X-ray exposure is minimized, as individual particles spend very short
durations in the beam path.>> Moving the observation cell closer to or further from the
final mixer accesses unique residence times, facilitating observation of the reaction
progression.

Two different flow rates were utilized to observe a wider range of residence
times. At a total flow rate of 60 mL/min, residence times from 0.15 — 3.0 sec were
observed. To observe longer residence times, up to 60 sec, a 3 mL/min flow rate was
used. While varied flow rates result in different final size distributions,* it is necessary
to use slower flow rates to observe the longer reaction times needed for this study. The
difference in size is attributed to differences in mixing rates. At higher flow rates a larger
number of AuNPs with smaller diameters are formed,*’ and, conversely, slower flow
rates result in a small number of AuNPs with larger diameters. While the data taken at
different flow rates cannot be directly compared, relevant mechanistic pathways should

be similar because the reaction conditions are still very similar.
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Figure 1. Microreactor setup for in sifu studies. Steady-state conditions at each point
along the microreactor after mixing allows residence time to be correlated to reaction
time. Inclusion of an observation cell allows a specific residence time (and thus reaction
time) to be observed for extended durations as material flows through the system. The
length of tubing between the final mixer and the observation cell is varied to select the
residence time observed. There are practical maximum and minimum tubing lengths
available in this setup, meaning that for specific flow rates, defined residence times are
observable. Thus, fast flow rates are used to access early residence times while slow
flow rates are used to access later residence times. A 60 mL/min flow rate was used to

observe 0.15 — 3 sec and 3 mL/min was used to observe 1 — 60 sec residence times.

Studies at the highest observed flow rate (60 mL/min) show that the AuNPs are
1.8 nm in diameter by 150 ms residence time (Figure 2). This corresponds to ~ 200 Au

atoms in the particle cores at this very early reaction time. This matches well to
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observations made by Polte et al. that AuNPs were ~ 1.6 nm in diameter by 100 ms.*
Indeed, it appears that AuNPs are formed immediately upon exposure to NaBHy4, and that
no buildup of reactive species is necessary for AuNP formation and growth. This is in
contrast to systems with weaker reducing agents, such as citrate, where particle growth

. 21
continues for several hours.

3.0 — 100
2.5 — L 0
E o § X
g 2.0 — s ¢ o
N’
y ¢ — 60 o
° 15 — ® AuNP Diameter '}g_
g - ®m % Polydispersity %
5 - - - Final AuNP Diameter 40 &
E 1.0 — - - - Final % Polydispersity 2
Z. <
0s - By " T
0.0 — 0

]IIII]Illlllllllllllllllllllllll

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Residence Time (sec)

Figure 2. Compiled SAXS data for AuNPs observed at 60 mL/min. Data points shown
are from three individual synthetic runs and corresponding in situ data collection to
determine run-to-run error. The dashed lines depict final values for AuNP diameter and
polydispersity from collected AuNP samples. These data demonstrate very rapid AuNP
formation, with ~ 200 Au atoms in the particle cores by 150 ms residence time. The

particles then continue to grow, with polydispersity decreasing during growth.
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To determine how long the AuNPs continue to grow, slower flow rates were
necessary. Reactions were run at 3 mL/min to access longer residence times up to 60 sec.
Observation at longer residence times shows that the AuNPs continue to grow in
diameter until ~ 20 sec (Figure 3). In addition, relative polydispersity drops until this
point. After 20 sec residence time, there appear to be no further changes in the size
distribution. It is interesting that the AuNP reaction reaches completion so rapidly. This
means that the particles can be synthesized very quickly, and implies that performing the

. . . . . 36,41-44
reactions in flow can reduce long reaction times used in other systems.””
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Figure 3. Compiled SAXS data for AuNPs observed at 3 mL/min flow rates. Data were
collected from 1 — 60 sec residence times. AuNPs reach final size distribution
dimensions by ~ 20 sec. While the final size distribution is distinct from that produced at
a 60 mL/min flow rate, all reagent concentrations are identical and it is expected that

reaction processes proceed similarly, aside from the number of nuclei initially produced.
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To determine quantitative AuNP concentrations, SAXS and UV/vis data were
used in concert (Equation 1).>” SAXS data provide determination of the average particle
core diameter, which correlates to a specific extinction coefficient of the plasmon
resonance. UV/vis data provide the absorbance at the plasmon resonance. The UV/vis
path length was fixed and SAXS and UV/vis data were collected simultaneously,
allowing the concentration of particles to be determined quantitatively at each residence

time.

Aspr = €spr * b * Caunps (1)

Examining the time-resolved AuNP concentration data reveals strikingly that the
concentration of nanoparticles in solution drops during particle growth (Figure 4). For all
flow rates investigated, a decrease in AuNP concentration is observed as the reaction

. . . 45-47 48-50 :
progresses. These observations suggest that a ripening or coalescence mechanism
is active, rather than the CNT prediction of simple particle growth. Because of literature

6,21,22 . . 51
% and previous work in our lab™" that shows how

precedent showing coalescence,
multiple distributions can be observed by SAXS (as in Ostwald ripening), coalescence is
the most likely mechanism for AuNP growth using Bunte salt ligands.

The observed coalescence is similar to that observed in previous literature

utilizing weakly-passivating ligands.**"**

In cases using more strongly-passivating

: : 17,26 31
ligands, coalescence is not observed.'***! Notably, coalescence ceases after ~ 20 sec
when using Bunte salts, while cases using purely ionic passivation exhibit coalescence

for long durations (~ 24 hours).” This suggests that Bunte salts act as weak passivants

during particle growth, then strong passivants after ~ 20 sec of reaction time.
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Figure 4. Combined SAXS and UV/vis data collected in situ simultaneously enable

determination of quantitative AuNP concentrations. As residence time (and thus reaction

time) increase, AuNP concentration decreases. This is observed for all flow rates

investigated. The cessation of the AuNP concentration drop coincides with cessation of

particle growth. These data show clearly that the particles are growing through a

mechanism other than that predicted by CNT. Though ripening could be occurring,

SAXS data show monomodal distributions at all time points, meaning a coalescence

mechanism is more likely.
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These observations of particle coalescence have interesting implications for Bunte
salt ligands. It is known that Bunte salts first associate with a Au surface in ionic form.”
After associating with the Au surface, the sulfite group dissociates and eventually
diffuses away from the surface, leaving a thiolate linkage to the Au surface.”””*
Presumably, there is a phase during AuNP growth in this system where the particles are
weakly passivated with ionic Bunte Salt ligands before thiolate linkages have formed
(Figure 5). It is likely that during this stage the ionic passivation of the AuNPs is weak
enough to facilitate coalescence, resulting in fusion of growing AuNP cores and a lower
total concentration of particles over time. As the reaction progresses, more thiolate
linkages are expected to form, fully stabilizing the particles and preventing further
coalescence. This hypothesized model of reactivity is consistent with previous in situ

6,21,22

studies, and fits well with the available data.

In summary, it has been observed in cases with weak, ionic passivation that

62122 1 cases with strong,

particles grow through coalescence over long durations.
covalent passivation, no coalescence is observed.'?*’! Shown here, the AuNP synthesis
using Bunte salts resembles cases using ionic passivation at early reaction times, with
observed particle coalescence. However, this observed coalescence occurs only for ~ 20
sec, while cases using purely ionic passivants continue to exhibit coalesence for hours of
reaction time.** These comparisons support the idea that Bunte salts act as ionic

passivants early in the AuNP reaction, while forming strong, covalent linkages on the

final particle surfaces.
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Figure 5. Hypothesized model for AuNP growth using Bunte salt ligands. Nucleation
occurs when Au salt is introduced to NaBH4 in the presence of Bunte salt ligand. This
process is not well understood, but occurs very rapidly (<150 ms). After the nuclei are
formed, Bunte salt ligands weakly associate with the particle surface in their ionic form.
The weakly passivated AuNPs proceed to grow through a coalescence pathway. As the
reaction progresses, the weakly-bound Bunte salt functionalities are converted to thiolate
linkages as sulfite dissociates from the ligand substrate, more strongly passivating the
particle surface. Thus, the particles become more stable as the reaction proceeds, until ~
20 sec when sufficient Bunte salt has converted to thiolate to prevent further coalescence.

Thus, by ~20 sec reaction time the AuNPs reach their final size distribution.

This work demonstrates in situ observation of AuNP reactions by SAXS and
UV/vis, utilizing a microreactor system to enhance mixing. We have shown particle

growth occurs rapidly in this system, where AuNPs of appreciable size (dcore ~ 1.8 nm)
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are present by 150 ms reaction time. This rapid NP formation corresponds well to studies
using NaBH, as reducing agent.”> We have also shown that AuNPs grow through a
coalescence mechanism, where a decrease in particle concentration is observed,
consistent with the works of Polte, et al. that use weakly-passivating ligands.®*' Notably,
a study that used strongly passivating polymeric ligands showed no evidence of
coalescence.”’ Collectively, these findings suggest that the ligand identity has a
significant impact on the mechanism of growth in AuNP systems. Specifically, Bunte
salts are unique ligands due to their ionic passivation during particle growth and covalent

passivation of final products.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER 11

Additional Characterization Data for the Four Au Nanoparticle Standards

Used in this Study

Ex situ UV-vis data were collected in tandem with solution deposition onto TEM
grids. These data confirmed nanoparticle identity and provided a link between TEM and

in situ UV-vis data.
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Figure S1. Ex situ UV-visible absorbance spectra for (A) Au;; and (B) 2nm-AuNP-
MEEE, 3nm-AuNP-MEEE, and 5Snm-AuNP-MEEE samples. Note that the peak at
~655nm in (B) is an artifact due to poor subtraction of the D-alpha feature from the

deuterium spectrum.
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TEM micrographs were taken for each of the four Au nanoparticle standards. The
micrographs shown here are representative images of the larger data sets. A major goal

of collecting these data was to correlate TEM size analysis with SAXS size analysis.

Figure S3. Processed TEM micrograph of 2nm-AuNP-MEEE sample. Note the

significant degree of aggregation and/or agglomeration.
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Figure S4. Processed TEM micrograph of 3nm-AuNP-MEEE sample. While it is a
concern that this TEM micrograph shows a number of non-spherical particles, UV-vis
analysis suggests that neither aggregation nor agglomeration are occurring in solution. If
either were occurring in solution, a Amax plasmon shift or a baseline rise would be evident
in the UV-vis spectrum. Since neither occurred, we concluded that these non-spherical
particles are the result of deposition artifacts. Thus, when these micrographs were
processed, each counted particle is analyzed for circularity and the non-spherical particles
are filtered out. While this does decrease the number of particles counted, this
micrograph was only one of four analyzed to provide size analysis for this sample. In
this particular micrograph, about half of the particles counted passed our circularity

criteria, providing 454 counted particles in this image alone.

143



: * o . *®
"
,‘.. . » s & .
. 9 » - .
) 5 .:. : o= ..s > ..'
- ‘u’ - o" s "
™ -
- o ‘. . . ,r. f
» .
., - Ny .y
, . . .: .
I’..\‘ - . . ‘ - . ..
' . . w - - . #’
A « o P %0gm

Figure S5. Processed TEM micrograph of Snm-AuNP-MEEE sample.

SAXS Data to Identify Optimal Solvents for Flow Experiments

These data were collected and analyzed to determine the solvents that would provide
minimal scattering backgrounds for SAXS experiments. Water and methanol were

identified as the most desirable solvents of this selection based upon the SAXS data.
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1000

500

Figure S6. Comparison of X-ray scattering patterns from selected solvents. PC —
propylene carbonate, MEK — methyl ethyl ketone, EtOH — ethanol, MeOH — methanol,
H20 — water. The low scattering intensity of water across this q range makes it a

desirable solvent for SAXS studies.
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER III

Materials and Analytical Methods

Hydrogen tetrachloroaurate hydrate (HAuCls » xH>0, 99.9%) was purchased from
Strem and used as received. Water used for syntheses was purified with a Barnstead
NANOpure filtration system (18.2 MQ resistivity). Bunte Salt ligands were prepared
using known procedures, or slight modifications thereof.! Briefly, 1 molar equivalent of
appropriate alkyl halide precursor was dissolved in nanopure water. Sodium thiosulfate
(0.8 molar equivalents) was added and the solution was refluxed for 3 hours. Water was
removed in vacuo, then the crude product was dissolved in ethanol and filtered to remove
salt impurities. All other reagents and solvents were purchased from Sigma-Aldrich or
Macron Chemicals and used as received.

The nanoparticle sizes in solution were determined by SAXS. Details are
provided in our recent publication.? Briefly, AuNP samples were analyzed as synthesized
and exposed to monochromated X-rays from a Long Fine Focal spot (LFF) sealed X-ray
tube (Cu 1.54 A) powered by a generator at 2 kW focused by multilayer optics, measured
with a Roper CCD in a Kratky camera. The Anton Paar SAXSess, in line collimation
mode, was set to average 50 scans of 20 sec for all samples. The corresponding dark
current and background scans were subtracted from the data before desmearing was

performed using the beam profile in Anton Paar SAXSQuant software. The desmeared
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data were imported to IGOR Pro (v. 6.22A) software for modeling with 3 party macros.
The size distribution of the sample was determined by using the Modeling II macros in
the IRENA package (v. 2.49).3 The SAXS patterns were fitted using least-squares fitting
(LSQF), a size distribution model, a spheroidal form factor (Aspect Ratio=1), a
Gaussian distribution, and a dilute system (Structure Factor = 1). For each sample,
reported polydispersity and average core size values were determined through
optimization of volume, mean size, and distribution width values to produce the lowest >
value for the model fit to the data.

Transmission electron microscopy (TEM) was performed on an FEI Tecnai Spirit
instrument, operating at 120kV accelerating voltage. Amine-functionalized SiO2
SMART Grids (Dune Sciences) were used for all TEM analysis. TEM grids were
prepared by floating the grid on top of a small droplet of the as-synthesized AuNP sample
for ~ 30 sec. After removal from the droplet excess liquid was wicked away using a
Kimwipe. TEM images were processed using Fiji software as discussed previously.* All
AuNP samples were analyzed by UV/visible spectroscopy (Ocean Optics) for
determination of particle concentration and qualitative determination of particle stability.
Ligand precursors and final Bunte Salt products were analyzed by '"H NMR (300 MHz,
Varian). For XPS and TGA analysis, excess ligand and salts were removed from solution
by diafiltration using a 75 kDa membrane (Pall).> XPS spectra were taken at 20 eV pass
energy on a ThermoFisher ESCALab 250 with a monochromated Al K-alpha, using a 400
um spot size. Spectra were corrected to Au 4f at 84.95 eV. Peak fitting was performed

using ThermoFisher Avantage software. TGA measurements were conducted on a TA
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Instruments Q500 TGA under nitrogen atmosphere. Samples were run from 25°C to
500°C at a ramp rate of 10°C/min. Gold nanoparticle samples were prepared by placing ~
0.5 - 2 mg of lyophilized nanoparticles into a tared pan. The sample was then

immediately analyzed.

NMR of Bunte Salt Ligands
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Figure S1. NMR spectrum for MEE Bunte salt ligand.
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Figure S2. NMR spectrum for MEEE Bunte salt ligand.
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Experimental Details for Micror r Synth

Three syringe pumps each equipped with 3-way distribution valves were
purchased from Kloehn (Versa 6, 48k model with rotary valve). All other microreactor
components were purchased from IDEX Health and Science. FEP tubing (1/16” outer
diameter, 0.030” inner diameter), T-mixers (1/16”, 1/4-28, 0.020” Thru, ETFE), 15 psig
check valves, and appropriate fittings (1/4-28) and ferrules were assembled with the
syringe pumps as shown to enable microfluidic generation of AuNPs. Tubing and T-
mixers were swapped out if material deposition occurred. Solutions were pumped at a
total flow rate of 60 mL/min, with tubing lengths selected to allow for sufficient mixing
time in the microfluidic system.

Aqueous solutions were prepared to enable three successive microfluidic
syntheses at each reaction condition. Thus, 30 mL of 5.0 mM HAuCl4, 30 mL of 1.0 mM
Bunte Salt ligand, and 60 mL of 1.0 mM NaBH4 were prepared. A total of 0.825 mL of
1.0 M NaOH was added to these solutions, split between the HAuCls and NaBH4
solutions. The desired amount of NaOH (ranging from 0.127 mL — 0.510 mL) was first
added to the HAuClys solution, determining the initial Au(Ill) speciation and eftectively
controlling the final AuNP dimensions. Corresponding Au(Ill) pH values and added
volumes of NaOH are summarized in Table S1. The remaining amount of total NaOH
(ranging from 0.698 mL — 0.315 mL) was added to the NaBH4 solution to maintain final
pH of the system. It is advantageous to prepare the HAuCls solution first, as it can take
up to 20 min to reach equilibrium at high pH. Additionally, the NaBH4 solution should

be prepared last, as this reagent also undergoes undesirable hydrolysis in water, albeit
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slowly.® Note that 0.012 mL of additional 1.0 M NaOH was added to the 30 mL of 1.0
mM MHA ligand solution to ensure the acid group was deprotonated at all conditions (a

total of 0.837 mL base were added for these syntheses).

Table S1. Summary of NaOH volumes added to precursor solutions to tune Au(Ill) pH
and achieve AuNP size selectivity.

Au(IIl) pH Au(IIl) pH 1M NaOH added 1M NaOH added
Abbreviation to HAuCl4 to NaBH4 solution
solution (mL) (mL)
2.97 ~3 0.127 0.698
3.93 ~4 0.225 0.600
4.90 ~5 0.325 0.502
5.87 ~6 0.420 0.405
6.76 ~17 0.510 0.315

Once the appropriate amount of base was added to the respective solutions, each
of the three solutions was aspirated by the three syringe pumps as shown in Figure 1 in
Chapter III. The 20 mL of NaBHj4 solution was dispensed at 30 mL/min, mixed with a
stream of 10 mL of ligand solution flowing at 15 mL/min, mixed along a 1.64 m length of
tubing (1 second of residence time), before introducing the third stream of 10 mL of Au
(III) solution flowing at 15 mL/min. Two simple T-mixers were used to mix the reagents.
15 psig check valves were utilized at each of the 10 mL syringes to avoid backflow. Ata
total flow rate of 60 mL/min, the final mixed solution is allowed to flow through the

reactor for ~ 2 seconds (~ 5 m of tubing) before being collected. Small fractions at the
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beginning and end of each reaction were discarded. The microreactor system was rinsed
with nanopure water three times (full aspirate/dispense cycles of the syringe pumps) after
each synthesis. Each synthesis was repeated another two times, using the remainder of
the prepared solutions, to determine reproducibility. After each set of three syntheses, the
downstream T-mixer that introduces the Au(III) solution was replaced with a clean mixer.
The used mixers are later cleaned with aqua regia and water to remove any plated Au
material left behind. If any plated material was evident in the reactor tubing, it was

discarded and replaced with fresh tubing.

Nanoparticle Characterization

Transmission Electron Microscopy
TEM analysis was performed across the size range for each working curve shown
to determine particle morphology. AuNPs synthesized at all pH values were observed to

be spherical. The following are representative images for each AuNP working curve.
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Figure S4. TEM micrograph of MHA-passivated AuNPs synthesized at Au(IIl) pH ~ 3.

200 nm

Figure S5. TEM micrograph of MHA-passivated AuNPs synthesized at Au(IIT) pH ~ 7.
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Figure S6. TEM micrograph of MEE-passivated AuNPs synthesized at Au(III) pH ~ 3.

Figure S7. TEM micrograph of MEE-passivated AuNPs synthesized at Au(III) pH ~ 7.
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Figure S8. TEM micrograph of MEEE-passivated AuNPs synthesized at Au(Ill) pH ~ 3.

Figure S9. TEM micrograph of MEEE-passivated AuNPs synthesized at Au(Ill) pH ~ 7.
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Thermogravimetric Analysis of AuNPs

TGA data were collected to determine the relative coverage of ligand on AuNPs at

the extremes of the observed pH range. Beginning and end of ligand mass loss was

determined by identifying when the derivative of mass loss vs. temperature had a slope of

zero before and after the first major mass loss peak. All values match well to expected

values.

Table S2. Comparison of calculated expected mass loss and observed mass loss for

thiolate-passivated AuNPs.

Sample Expected Mass Loss? Observed Mass Loss
MEE-AuNPs pH ~ 3 10.5% 11.4%
MEE-AuNPs pH ~ 7 4.2% 5.1%
MEEE-AuNPs pH ~ 3 11.9% 15.8%
MEEE-AuNPs pH ~ 7 6.1% 6.0%
MHA-AuNPs pH ~ 3 13.1% 13.1%
MHA-AuNPs pH ~ 7 4.4% 6.1%

a - Expected mass loss calculated for complete thiolate monolayer on AuNP

surface
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Figure S10. TGA data for AuNPs synthesized at Au(III) solution pH ~ 3 using MEE

Bunte salt ligand.
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Figure S11. TGA data for AuNPs synthesized at Au(III) solution pH ~ 7 using MEE

Bunte salt ligand.
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Figure S12. TGA data for AuNPs synthesized at Au(III) solution pH ~ 3 using MEEE

Bunte salt ligand.
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Figure S13. TGA data for AuNPs synthesized at Au(III) solution pH ~ 7 using MEEE

Bunte salt ligand.
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Figure S14. TGA data for AuNPs synthesized at Au(IIl) solution pH ~ 3 using MHA

Bunte salt ligand.
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Figure S15. TGA data for AuNPs synthesized at Au(III) solution pH ~ 7 using MHA

Bunte salt ligand.
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X-ray Photoelectron Spectroscopy

XPS spectra were collected to ensure that thiolate linkages had been formed on
the AuNP surface for AuNPs from each of the working curves. Peaks at ~163 eV
correspond to thiolate linkages to the AuNP surface. Peaks observed at ~169 eV
correspond to small amounts of oxidized sulfur, either from atmospheric oxidation or
residual thiosulfate trapped in the ligand shell. These oxidized peaks comprise less than

10% of the sulfur in all cases.
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Figure S16. Representative XPS spectra for AuNPs synthesized using MEE Bunte salt

ligand.
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Figure S17. Representative XPS spectra for AuNPs synthesized using MEEE Bunte salt

ligand.
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Figure S18. Representative XPS spectra for AuNPs synthesized using MHA Bunte salt
ligand. Signal-to-noise is lower for these samples than the MEE- or MEEE-

functionalized AuNPs due to a shorter collection time on the XPS instrument.
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Determining Au(Ill) pH Dependence

UVvisible Spectroscopy

UV/vis was performed to corroborate other analyses and ensure that particles
were stable in solution without flocculation. A plasmon lambda-max shift to higher
wavelengths (~ 500 nm to ~ 520 nm across the range) as Au(IIl) solution pH increases
was observed in all sample sets. This shift to higher lambda-max corresponds to

observed increases in particle diameter by SAXS.
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Figure S19. Representative UV/vis spectra of AuNPs synthesized with MEEE Bunte salt
ligands. The samples shown were included in the sample set used to determine the

MEEE Bunte salt working curve.
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Figure S20. Representative UV/vis spectra of AuNPs synthesized with MEE Bunte salt
ligands. The samples shown were included in the sample set used to determine the MEE

Bunte salt working curve.
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Figure S21. Representative UV/vis spectra of AuNPs synthesized with MHA Bunte salt
ligands. The samples shown were included in the sample set used to determine the MHA

Bunte salt working curve.
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Figure S22. Representative UV/vis spectra of AuNPs synthesized with predictive sizes
using MHA Bunte salt ligands. The samples shown were not included in the working

curve fit, but match well to the observed trend (Figure 3 in Chapter III).

Raw SAXS Data

All working curves were based off of modeled SAXS data. Below are
representative SAXS patterns for each pH point on the three working curves shown in
this study. Data points in these graphs represent raw data while solid traces represent

models from which size distributions were determined. Traces are offset for clarity.
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Figure S23. Raw SAXS data for the AuNP working curve using MEE Bunte Salt as

ligand.
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Figure S24. Raw SAXS data for the AuNP working curve using MHA Bunte Salt as

ligand.
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Figure S25. Raw SAXS data for the AuNP working curve using MEEE Bunte Salt as

ligand.
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Figure S26. Raw SAXS data for the predictive AuNP syntheses (expected 3.0, 5.0, and

7.0 nm) using MHA Bunte Salt as ligand. Modeled AuNP diameters were found to be 3.0,

4.9, and 6.9 nm.
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Nanoparticle core sizes were determined by SAXS for each sample produced for a
given ligand across the range of pH from 3 to 7. Smooth working curves through these
data were produced using a 3-variable polynomial function. For the following, equation
(1) corresponds to the MHA ligand working curve while equations (2) and (3)

correspond to MEE and MEEE ligand working curves, respectively:

D = 0.486(x2) — 3.09¢-2(x) + 7.12 (1)
D = 0.366(x2) — 2.26e-2(x) + 5.94 2)
D = 0.0716(x?) - 0.722(x2) + 2.60(x) - 0.410 3).

D represents average AuNP core diameter as determined by SAXS. The value x
represents the Au(III) solution pH. Interested readers should note that size trends using
other ligands might fit functional forms other than the polynomial fits utilized here.
Fitted curves, however, should be smooth with no local minima or maxima between data
points. To determine the appropriate amount of NaOH to add to a 30 mL solution of 5.0
mM HAuCly, a titration using 1.0 M NaOH was performed. Corresponding Au(III)
solution pH values for NaOH additions are listed below in Table S3. Working curves
were based on AuNP diameter vs. Au(Ill) solution pH. This titration was used to
determine appropriate volumes of NaOH to add to adjust Au(III) solution pH to desired

values.
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Table S3. Titration of 1.0 M NaOH into 30 mL of 5.0 mM HAuCls.

Volume IM  Au(Ill) pH Volume IM  Au(IIl) pH Volume IM  Au(IIT) pH

NaOH (uL) NaOH (uL) NaOH (uL)
0 2.47 140 3.09 280 4.53
10 2.47 150 3.16 290 4.64
20 2.5 160 3.24 300 4.78
30 2.53 170 3.33 310 4.87
40 2.57 180 3.43 320 4.98
50 2.6 190 3.54 330 5.04
60 2.64 200 3.68 340 5.17
70 2.68 210 3.76 350 5.26
80 2.72 220 3.87 400 5.75
90 2.77 230 3.98 450 6.17

100 2.82 240 4.09 500 6.59
110 2.88 250 42 550 7.02
120 2.94 260 431
130 3.00 270 4.42

Individual working curves with polydispersities

Here each working curve is shown individually to demonstrate predictive ability
and observed polydispersities across the pH range. Working curve data points are solid
and predictive data points are open. For each data point, 3 syntheses were performed
where corresponding SAXS size analyses were averaged to determine average diameters

and standard deviations.
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Figure S27. Combined SAXS data for AuNP working curve using MEEE Bunte salt as

ligand.
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Figure S28. Combined SAXS data for AuNP working curve using MEE Bunte salt as

ligand.
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Figure S29. SAXS data for AuNP working curve using MHA Bunte salt as ligand.
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reduction potentials and contribute more to AuNP formation.
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Attempts to Vary Core Size in the Presence of Thiols and Disulfides

AuNPs were synthesized in flow using MEEE thiol ligand across the Au(IIT) pH
range of interest (pH ~ 3 - 7) to determine if particle core size varied. AuNPs made in the
presence of disulfide were only synthesized at extremes of this pH range. MEEE thiol
was synthesized according to known procedures.® Briefly, 2 molar equivalents of
thiourea were added to 1 equivalent of 2-(2-chloroethoxy)ethanol in 40 mL nanopure
water with Ar(g) bubbling through solution. The solution was refluxed for 20 hours, then
20 mL of 5 M KOH was added and the solution was allowed to reflux for another 3
hours. The solution was then brought to pH ~ 1 with HCI. The acidified solution was
extracted with chloroform, then the organic layer was extracted with brine solution.
Chloroform was removed in vacuo. A 1 mM solution of MEEE thiol in sparged nanopure
water was used as ligand solution in the described microfluidic synthesis (See
Experimental Details above). This solution was then left open to air at pH = 10 for 48
hours to generate a 0.5 mM solution of MEEE disulfide. A second, 1 mM disulfide

solution was also made in this fashion.
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Figure S31. SAXS data of AuNPs synthesized in a microflow system across the Au(III)
solution pH range of interest. No size selectivity is observed across this pH range. All
syntheses performed with | mM MEEE thiol or 0.5 mM MEEE disulfide produce dcore
~ 4.5 nm AuNPs, though the particles made with disulfide show larger polydispersities.
With a 1 mM ligand solution of MEEE disulfide, smaller (dcore ~ 3.5 nm) AuNPs are
generated than with 0.5 mM disulfide solution. Note that AuNPs made with these ligands
show no significant core size variation across this pH range while all Bunte salts

investigated show significant differences in core diameters.
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Figure S32. Raw SAXS data for AuNPs synthesized with MEEE thiol across Au(Ill) pH

range. Models of these patterns yield average AuNP diameters that are very similar

across the pH range. This result is surprising in comparison to AuNPs synthesized with

analogous Bunte salt ligands where large differences in AuNP diameter are observed.
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Figure S33. UV/vis spectra for AuNPs synthesized with MEEE thiol across the range of

Au(IIl) pH ~ 3 - 7. Minimal differences in plasmon lambda max correlate well to similar

observed AuNP sizes determined by SAXS.
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Figure S34. Raw SAXS data for AuNPs synthesized with two different concentrations of
MEEE disulfide at two Au(IIl) pH values. Models of these patterns yield average AuNP

diameters that are very similar at different pH values when the same ligand concentration

is used.
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Figure S35. UV/vis spectra for AuNPs synthesized with MEEE disulfide at Au(IIl) pH ~
3 and 7. Minimal differences in plasmon lambda max correlate well to similar observed

AuNP sizes determined by SAXS.
173



mparison of Batch and Micr idic Synth
UVvisible Spectra for AuNPs across Au(Ill) pH range
UV/vis spectra were collected for each batch of AuNPs produced to determine

stability and qualitative size distributions.
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Figure S36. Selected UV/visible spectra for AuNPs synthesized in 80 mL batches using
MHA Bunte Salt as ligand. A clear size trend, evidenced by increasing wavelength of the
plasmon absorbance lambda-max, exists across the pH range, with higher Au(III) solution

pH’s resulting in larger AuNPs.

SAXS Working Curve for AuNPs made in Batch
SAXS data were collected for AuNPs synthesized in 80 mL batches. For each
data point, 3 syntheses were performed where corresponding SAXS size analyses were

averaged to determine average diameters and standard deviations.
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Figure S37. Combined SAXS data for batch AuNP working curve using MHA Bunte
salt as ligand. These data correlate well to observed UV/vis trend. Sizes determined by

TEM show much larger error bars than analogous SAXS analyses.

Comparison of Variability in AuNP Core Size for Batch and Flow Syntheses

AuNPs were synthesized in (1) batch reactions performed by a single researcher,
(2) batch reactions performed by 3 different researchers, and (3) microfluidic reactions by
multiple researchers. AuNP size distributions were determined by SAXS. Variability in
core size is low when a single researcher performs batch syntheses in rapid succession,
but rises dramatically when multiple researchers perform these batch syntheses. When
syntheses are performed in a microreactor and the same stock solutions are utilized,

researcher-dependent variables are eliminated and variability is much lower than for
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reactions performed in batch. Microfluidic reactions performed by single or multiple

researchers yield consistent results between syntheses.

Table S4. Summary of AuNP core sizes for 9 different AuNP syntheses, using he MHA
ligand, as determined by SAXS

Synthetic Method SAXS AuNP Diameter D1amete1: Sfandard
(nm) Deviation
A) 7.77
Single Researcher Batch B) 7.45 50,
Syntheses
C) 8.22
A) 7.87
Multiple Researcher Batch B) 5.71 18%
Syntheses
C) 8.17
A) 5.73
Microfluidic Syntheses B) 5.88 2%
C) 5.92
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER V

Additional Characterization Data
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Figure S1. XPS spectra in S 2p region for pure reference materials A, B, and C. Red
traces correspond to the raw data, blue traces correspond to fitted background, yellow
traces correspond to individual peak fits, and black traces correspond to the overall fit to
the data. A set of reduced and a set of oxidized sulfur peaks are observed in each sample.
The reduced sulfur peaks (~ 163 eV) represent thiolate bonds to the AuNP surface, while
the oxidized peaks (~ 169 eV) represent thiosulfate groups (Bunte salts) that are strongly
associated with the Au surface. The percentage of the ligand shell that is composed of
reduced sulfur is 69.3% for Sample A, 78.0% for Sample B, and 33.4% for Sample C.
While the ratio of oxidized to reduced sulfur varies across these samples, each spectrum is
typical of Bunte salt stabilized AuNPs, and each exhibits long-term stability in solution,

suggesting strong passivation.
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Figure S2. Modeled distributions output for SAXS analysis of binary mixtures [A+B]
(S2a), [A+C] (S2b), [B+C] (S2c¢), and ternary mixture [A+B+C] (S2d). Each individual

mode is clearly identified for these mixed samples.

[e—T - ] - +———— 200 nm
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Figure S3. TEM micrographs for reference samples A, B, and C. Sample A shows good
dispersion of AuNPs, while Sample B shows several dimers and trimers upon deposition,

and Sample C shows significant rafting of particles.
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