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Abstract

Gold nanomaterials have received great attention within the scientific community
mostly due to their unique optical properties. Many forms of gold nanomaterials have
been developed for various applications. The simplest form of gold nanomaterials is
spherical in shape and known as gold nanoparticles (AuNPs), whose dispersion is ruby
red in color (for widely used AuNPs of diameter ~13 nm). The widely adopted synthesis
methods of AuNPs include Turkevich and seed-mediated growth. For the two methods
with citrate as reducing agent, a purple/blue intermediate stage has been reported by
some literatures. However, no consensus has been reached on the underlying reason for
such coloration. There are five main schools of thoughts proposed in the literature: (i)
formation of fluffy large aggregates from AuNPs which are spherical in shape; (ii)
formation of solid polycrystalline nanowires via aggregation from AuNPs or deposition
of gold along certain facet of AuNP seeds; (iii) formation of spherical aggregates from
“glue” particles (liquid globules or Au(l)/sodium acetone dicarboxylate (SAD) complex)
within which AuNPs nucleate and grow, without AuNPs directly interacting with each
other; (iv) Kinetic intermediate from closely spaced gold clusters/particles before
compacting into AuNPs without any aggregates formation; (v) attachment of gold ions
at electric double layer of the AuNPs without any aggregates formation. This study
closely examined the seed-mediated growth of 5 nm citrate-capped AuNPs at room
temperature. By close monitoring of the different color stages and manipulation of the
colors, the purple/blue color appearance and disappearance have been proposed in this
thesis to result from the formation and disintegration of chain-like structures which form

from AuNPs interconnected by some liquid “glue”. Key components within such liquid



“glue” include Au(l1l) complex ions (in the form of [AuCl3(OH)] ) and SAD (oxidation
product of sodium citrate), cross-linking probably via hydrogen bonds and ligand
replacement of chloride ions within [AuCI3(OH)] by the carboxylate groups of SAD.
The close proximity of the connected AuNPs results in red shift of the localized surface
plasmon resonance peak and increase in the near-infrared absorption for the red-to-
purple/blue color change. With complete consumption of Au(lll) complex ions by
reducing agents (e.g., citrate, SAD, and acetone), the “glue” is depleted and such chain-
like structures can no longer maintain, redispersing AuNPs for purple/blue-to-red color
change. The red-to-purple/blue-to-red color reversal can be viewed as the dynamic
process between chain-like structure formation (facilitated by liquid “glue” formation
from interaction between Au(lll) complex ions and SAD; SAD is gradually produced
from citrate oxidation) and chain-like structure disintegration (induced by depletion of
liquid “glue” from consumption of Au(lll) complex ions). This proposed mechanism is
also applicable to illustrate the red-to-purple/blue-to-red color reversal in seed-mediated
growth of 13 nm citrate-coated AuNPs as well as the purple/blue-to-red color change in
Turkevich method, offering new insights into the underlying physicochemical processes

for the two widely adopted AuNP synthesis methods.
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Chapter 1. Introduction

1.1. Nanomaterials

Nanomaterials, generally accepted as materials with at least one dimension in 1—
100 nm, have been under intense research over the past decades. With distinct properties
from their bulk counterparts, nanomaterials have sparkled in a multitude of areas
including but not limited to catalysis and energy storage [1-4], in vitro diagnostics and
sensing [5-8], in vivo disease diagnosis and treatment [9-12].

Intense research effort has been put into this field to synthesize and study both
organic (polymeric nanoparticles [13-16], liposomes [17-18], dendrimers [19-21],
fullerene [22-24], carbon nanotubes [25-28], graphene [29-31], peptide and protein
nanoparticle conjugates [32], etc.) and inorganic (gold nanomaterials [33-34], silica
nanoparticles [35], quantum dots [36], magnetic nanoparticles [37], etc.) nanomaterials.

Some examples of nanomaterials are depicted in Figure 1.1.



e)

Figure 1.1. Examples of nanomaterials. (a) polymeric nanoparticles, (b) liposomes, (c)
quantum dots, (d) spherical gold nanomaterials, (e) zeolite L, (f) magnetic nanoparticles,
(9) dendrimers, (h) carbon nanotubes, (i) upconverting nanophosphors. Adapted from

[12].

1.2. Gold nanomaterials

Gold has long been valued as coinage and jewelry in human history largely due
to its extremely low abundance and extraordinary stability [38]. In the nano regime,
which is billionth of 1 meter, the gold nanomaterials (or colloids) have also been
employed for various applications. One famous example is the Lycurgus Cup which was
crafted in the 4™ century. The existence of gold nanomaterials endows this piece of art
with different colors when light was shined from different directions through it. In the
6™ to 15™ centuries, gold nanomaterials were incorporated into glass windows in many
European cathedrals to create vibrant colors. Besides, gold nanomaterials were even
prescribed by doctors for treatment of many diseases including heart diseases and

tumors, and many books were published on their curative functions in the 17™ century



[39]. The scientific study of gold nanomaterial synthesis was pioneered by Michael
Faraday in 1857, who also found the ruby red color of the synthesized gold materials
could be varied by changing their size [40]. Huge progress has been made afterwards,

and more thorough understanding of their properties and applications has been achieved.

1.2.1. Optical properties
1.2.1.1. Localized surface plasmon resonance (LSPR)

The striking color of the gold nanomaterials was attributed to their extinction
(sum of absorption and scattering) of light by Gustav Mie in 1908 via solving the
Maxwell equations for spherical gold nanomaterials [41]. The extinction peak of gold
nanomaterials corresponds to the resonant collective oscillation of the gold surface free
electrons with the incident electromagnetic fields, which is also referred to as the
localized surface plasmon resonance (LSPR, Figure 1.2). Two types of light-matter
interactions can occur: absorption (the incident light can be converted to heat via
phonon—phonon relaxation) and scattering (the light is re-radiated to all directions with
no change in the photon frequency) [38, 42-43]. Apart from the properties of the
dispersing medium, the size, shape, and interparticle distance of the gold nanomaterials

can all affect the LSPR and thus tune their extinction spectra and colloidal colors.



Electric field

Metal sphere S s

AN
* l

Electron cloud

Figure 1.2. Schematic diagram for LSPR. Adapted from [44].

1.2.1.2. Size-dependent optical properties

Although Faraday documented the first hypothesis that the color of his prepared
gold colloid depends on its size [40], Mie established the mathematical explanation of
the size-dependence of extinction coefficients of spherical gold nanomaterials [41]. As
illustrated in Figure 1.3A, an increase in the diameter can shift the LSPR peak to a
longer wavelength, corresponding to red-to-purple/blue change of the colloid color.
Another trend worth noting is a larger scattering portion with an increase in particle size.
This is due to the faster increase of scattering cross section relative to the absorption
cross section. For 150 nm spheres (which is beyond the size range of being defined as
nanomaterials), scattering accounts for most part of their extinction (Figure 1.3B). Such
size-dependent optical properties are also apparent in other shapes of gold nanomaterials

(Figure 1.3C-H).
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Figure 1.3. Measured size-dependent extinction of spherical gold nanomaterials—AuNPs
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calculated scattering and absorption portion of the extinction cross section of one

specific size of AuNPs (B), AuNRs (D), AuNSs (F), and gold nanocages (H). Adapted

from [38].
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1.2.1.3. Shape-dependent optical properties

Since tuning the LSPR of the spherical form of gold nanomaterials, or gold
nanoparticles (AuNPs), from 5 to 70 nm, does not vary the extinction spectrum
significantly, research efforts have explored synthesizing other shapes of gold
nanomaterials including gold nanorods (AuNRs) [45-46], gold nanoshells (typically with
a silica core, AuNSs) [47-48], gold nanocages [49], etc. Their optical properties can be
well tuned over a large wavelength range, as depicted in Figure 1.3. The underlying
mechanism for their special optical extinction is their unique LSPR modes with the

incoming electromagnetic radiation from the case of AuNPs [44, 50].

1.2.1.4. Interparticle distance-dependent optical properties

One striking feature of surface plasmons is their ability to couple with each other.
When two individual plasmonic materials are in close proximity, within nanometers,
their oscillating plasmons interfere to create new mode of LSPR [51-52]. As one
example, Mirkin et al. employed oligonucleotides to cross-link individual AuNPs and
observed a red-to-purple/blue color change (Figure 1.4). The color can be reversed back
to red by heating to denature the formed duplex and dissociate the linked AuNPs [53]. A
seminal work studied the LSPR peak shift dependence on interparticle distance and
found an exponential decay. Such LSPR coupling would vanish when the particle
distance is 2.5 times larger than the particle size [51]. Actually the coupling of LSPR can
also create extremely high local electric fields or “hot spots”. This phenomenon is very
useful in the area of surface-enhanced Raman scattering (SERS) and other spectroscopic
methods, enabling great improvement in their detection limits and even the detection of

a single molecule [44, 50, 54-55].
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Figure 1.4. An example of manipulating the color of AuNPs via a linking DNA duplex
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color change after cross-linking. The blue dispersion will even settle to form precipitates.
Both the blue and precipitated samples can be reversed back to the red state via heating

to dissociate the linked AuNPs. Adapted from [53].

1.2.1.5. Applications
The LSPR extinction of gold nanomaterials results from the light-matter
interactions. Plentiful applications of gold nanomaterials in various fields, exploiting

their LSPR, have been achieved. This section will briefly introduce some of them.



(a) Photocatalysts

It was proposed that LSPR can donate electrons to the adsorbed reactants,
therefore gold nanomaterials have been studied in photocatalysis [56]. To name a few,
Fenton reaction [57], reduction of nitroaromatic compounds [58-59], and oxidation of
organic contaminants in air [60], have proven their photocatalytic capability, which is
most efficient at the LSPR wavelength [61]. Even more research has been carried out on
synthesizing gold/semiconductor nanostructures because LSPR can also donate electrons
to the semiconductor and enhance the charge carriers’ stability [56]. Thus, gold

nanomaterials were exploited actively for harvesting solar energy.

(b) SERS substrates

The collective oscillation of free electrons creates a high localized electric field
on the particle surface, which can enhance Raman signal by an enhancement factor (EF)
of 10°~10° [62-63]. SERS is useful in both molecule detection and in vivo imaging (after
localizing the Raman-active vehicles to the target site) [64]. As mentioned in Section
1.2.1.4 on their interparticle distance-dependent optical properties, such enhancement
can further be improved when two discrete particles are placed in close proximity to

form “hot spots”.

(c) Metal surface-enhanced fluorescence (MSEF) substrates

Similarly, the strong electric field is also capable of increasing the fluorescence
yield of adsorbed fluorophores by changing their relaxation pathway from their excited
state [65-66]. The MSEF effect can be optimized after careful consideration of the

particle size (changing scattering over absorption ratio) and fluorophore location to



minimize quenching effect of gold nanomaterials [67-68]. AuNPs of 200 nm diameter
were found to outperform the 40 nm ones and increased the fluorescence yield to 2.5

times over the control [69].

(d) Forster resonant energy transfer (FRET) acceptors for analyte detection

Due to the large extinction cross section of gold nanomaterials, gold
nanomaterials are promising acceptors for many donor fluorophores to construct the
FRET system [70-72], where the photoluminescence from the donor molecules are
effectively quenched. Their quenching capabilities were utilized to construct fluorescent
probes for various targets. Figure 1.5 shows one example by Xia et al. which used gold
nanocage as the quencher. When the target matrix metalloprotease-2 (MMP-2) was
present, the linking peptide was cleaved and the bound fluorescein isothiocyanate (FITC)

was released to the solution, restoring the quenched fluorescence [73].
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Figure 1.5. (A) Schematic diagram showing the detection platform for the target MMP-
2 via FRET. (B) Fluorescence signal of the solution before and after MMP-2 cleavage.

Adapted from [73].

(e) Colorimetric probes for analyte detection

Since LSPR can be tuned by medium properties and the interparticle distance,
detection platforms for analytes (metal ions, small molecules, large biomolecules, etc.)
have been developed via the manipulation of the two parameters, especially the
interparticle distance. Generally, when the distance between two particles is less than 2.5

times their size [51], coupling of LSPR would red shift the extinction curve to longer
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wavelength. Blue shift would occur when the closely spaced particles separate from each
other.

Mirkin et al. pioneered this area in 1997 and developed a method to detect a
target polynucleotide utilizing AuNPs, which were surface modified with the target’s
complementary strands (probes). With the presence of the single-stranded target, the
dispersed AuNPs were cross-linked, changing the color of the spot test result (Figure
1.6A). Another striking finding from this study was the sharp transition temperature of
the oligonucleotide-modified AuNPs (Figure 1.6B and 1.6C), enabling the

discrimination of mismatched targets [74].
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Figure 1.6. (A) The first detection scheme using AuNPs for colorimetric detection of
single-stranded polynucleotide. (B) Thermal dissociation curves of the complementary
duplex (hybridization product of the target and probe), with (black circles) and without
(red squares) AuNPs. (C) The spot test result of the duplex with AuNPs, confirming the

sharp transition temperature at 58.5 <C. Adapted from [74].
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Another seminal work by Li and Rothberg identified different propensities of
single- and double-stranded oligonucleotides (sSDNA and dsDNA) to adsorb onto
citrate-coated AuNPs, and designed a hybridization assay for target sSDNA detection
based on the findings (Figure 1.7). When the target sSDNA coexisted with the probe
sSDNA, they would form dsDNA, which shielded the bases and wouldn’t adsorb onto
the negatively charged AuNPs due to strong electrostatic repulsion between gold surface
and negatively charged phosphate backbone of dsDNA. Without the target, the probe
sSDNA could however favorably interact with the gold surface by uncoiling and
exposing its bases, which could stick to the particle via van der Waals attraction. The
adsorbed probe ssDNA could stabilize the citrate-AuNPs against salt-induced

aggregation, whereas the sample with the target would aggregate to a bluish color [75].

Hybridization of probe and target

ss-DNA ds-DNA
—

\///é/ = il °

Figure 1.7. Schematic diagram illustrating sSDNA target detection via the different salt

stabilities of AuNPs in the absence/presence of the target strand. Adapted from [75].



Aptamers, which are single-stranded nucleic acids and have strong affinity for
many analytes (e.g., metal ions, small molecules, and proteins) with high specificity, can
also be incorporated to the aforementioned systems. Thus, colorimetric assays based on
AUNPs have been extended successfully for the detection of a large pool of targets [76-
78]. A lot of efforts have been made on increasing the detection sensitivity by combining
with target amplification or signal amplification pathways, and designing new assay

schemes via the manipulation of the interparticle distances.

(F) Photothermal therapy (PTT) agents

Gold nanomaterials are burgeoning as PTT agents compared to their traditional
counterparts (e.g., indocyanine green) due to their superior absorption coefficients and
photostabilities. After absorption of the incident photons, the energy can be dissipated
efficiently by coupling to atomic lattice vibrations (phonons). The following phonon—
phonon relaxation can then result in significant heat generation, increasing the local
temperature [79-80]. Photothermal therapy is feasible in anticancer treatment because
tumor cells are more prone to destruction at elevated temperature. Based on the mode of
the applied laser, continuous or pulsed wave, cell death is induced in either apoptotic or
necrotic pathways. For in vivo applications, to minimize the tissue absorption and
maximize penetration depth, near-infrared (NIR) laser is employed. Therefore, gold
nanomaterials with LSPR in the “NIR window” are more suitable for this application
[81]. AuNSs [82-83], AuNRs [84], gold nanocages [85], and self-assembled small
AuNPs [86], with their high photothermal conversion efficiency, have been proven as

excellent PTT agents [87].
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(9) Photoacoustic tomography (PAT) contrast agents

The nonradiative energy relaxation of gold nanomaterials, as mentioned in the
previous section, would result in great heat dissipation. When a pulsed laser with
wavelength at the LSPR is applied, such dissipation would cause a drastic local
temperature increase. The local pressure would then build up in the confined area and
produce ultrasound waves [88]. This light to ultrasound energy conversion enables the
construction of photoacoustic imaging modalities, which encompass both the high
spatial resolution of light-based techniques and the deep penetration of ultrasound [89].
The feasibility of AuNPs [90], AuNSs [91], and gold nanocages [92] as PAT contrast
agents has been established. Figure 1.8 shows that the injected AuNSs and gold
nanocages increased the blood absorption (at wavelength ~800 nm) by 63% and 81%,
respectively. The gold nanocages have slight advantages here due to their higher

absorption vs. scattering [91-92].
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Figure 1.8. (A) Optical absorption of the rat’s blood after 3 injections of AuNSs, and the
calculated extinction. Adapted from [91]. (B) Optical absorption of the rat’s blood after

3 injections of gold nanocages, and the calculated extinction. Adapted from [92].

1.2.2. Other properties
Apart from their fascinating optical properties due to LSPR, gold nanomaterials

also possess other properties which further help pave their way in the biomedical field.

1.2.2.1. X-ray contrast
X-ray-based imaging is one of the most widely used imaging modalities in
hospital. The conventional X-ray contrast agents are iodine-based. Gold nanomaterials

can serve as superior X-ray contrast agents because gold has higher atomic number and
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thus higher electron density than iodine, allowing even stronger attenuation of X-ray.
The first demonstration of using gold nanomaterials as X-ray contrast agent dated back
to 2004, when Hainfeld et al. injected 1.9 nm gold nanoclusters (AuNCs) into Balb/c
mice and clearly visualized the tiny vasculature (~100 pm diameter) around the tumor
region [93]. Later in 2006, the same group compared the 1.9 nm AuNCs and a
commercial iodine-based contrast agent, and achieved better image for the AuNCs [94].
Besides, the traditional small molecule contrast agents generally do not have targeting
capabilities due to short blood circulation time, which is another drawback compared

with the gold nanomaterials.

1.2.2.2. Radiosensitization

Gold nanomaterials are also capable of absorbing and concentrating X-ray to
where they are localized, largely increasing the radiotherapy efficacy [93, 95]. By
distributing the radiosensitizers to the diseased site, selective treatment can be achieved

without damaging the healthy tissue.

1.2.2.3. Enhanced biodistribution

The enhanced permeability and retention effect (EPR effect) results from the
abnormalities of the vasculature and lymphatic drainage around solid tumor region [96-
97]. This allows the preferred biodistribution of nanomaterials at the tumor sites
compared with small molecules. Although the pharmacokinetics is always complicated
by other factors (e.g., protein corona formation, clearance by reticuloendothelial system),
gold nanomaterials were proved to show better accumulation at tumor sites [98-99]. Due

to the advantages of facile surface modification and remarkable biocompatibility, gold
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nanomaterials can serve as a delivery vehicle and be functionalized with different
functional moieties, e.g., cancer drugs, small interfering RNA (siRNA), and
photosensitizer, for drug delivery, gene therapy, and photodynamic therapy (PDT),
respectively [79].

Some of the aforementioned applications can be smartly combined to achieve on-
demand drug delivery using NIR lasers, and even create a single multimodal platform

with both the therapeutic and diagnostic functions [38].
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1.3. Synthesis of gold nanomaterials

1.3.1. Synthesis of different forms of gold nanomaterials
This section briefly introduces the syntheses of some extensively studied gold

nanomaterials, excluding AuNPs, which will be discussed separately in Section 1.3.2.

1.3.1.1. Gold nanoclusters (AuNCs)

Gold nanoclusters, AUNCs, were not included in the previous sections because of
their unique optical properties. This special set of gold nanomaterials contains only a
few to several hundred gold atoms, with a size below 2 nm. In this size range, the LSPR
would vanish due to the spatial confinement of the free electrons, and instead AuNCs
exhibit strong and size-dependent photoluminescence properties [100-101].

AuNCs were previously synthesized via the sputtering of a gold target by some
ions in rare gas matrices [102-103]. However, this method generally produces a mixture
of different clusters and the cluster stability is low without any capping ligands.
Solution-based syntheses of AUNCs are more preferable, which can be surface-protected
by ligands (e.g., phosphines, thiols, and amines). Such syntheses can be divided into two

pathways: “bottom-up” and “top-down”.

(a) “Bottom-up” approach

A seminal work was done by Schmid et al. to synthesize phosphine-stabilized
Auss clusters by the reduction of a gold precursor with diborane gas in benzene [104].
The formed clusters were difficult to isolate and not very stable. Brust—Schiffrin method

is the pioneering work of producing ultrastable monolayer-protected AuNCs in two-
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phase liquid—liquid system [105], inspired by Faraday’s two-phase preparation of gold
colloid in 1857 [40]. Briefly, the gold precursor AuCl,; was transferred from aqueous
phase to the organic toluene phase by a phase-transfer agent tetraoctylammonium
bromide (TOAB), where the precursor was reduced by aqueous sodium borohydride
(NaBHy, a strong reducing agent) and capped by dodecanethiol (C12H25SH). The formed
thiol-stabilized AuNCs were extremely stable and the size could be adjusted by varying
the thiol-to-gold ratio. Later, the same group developed a one-phase method to produce
another thiol-capped AuNCs by p-mercaptophenol [106]. The Brust-Schffrin method
has been modified by many studies to produce thiolated AUNCs with different sizes and

surface chemistries [107-109].

(b) “Top-down” approach

AuNCs can also be prepared via precursor- or ligand-induced etching of the
larger AuNPs. Figure 1.9 shows one example of etching 6 nm dodecylthiol-capped
AUNPs to obtain Aug clusters induced by the excess thiol ligands. The etching reaction
was completed after 50 min of thermal reflux at ~300 <C [110]. Multivalent coordinating
polymer polyethylenimine (PEI) [111] and gold precursors [112] were also proven to

successfully etch AuNPs to prepare luminescent AuNCs.
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Figure 1.9. Schematic diagram showing the ligand-induced etching of larger thiol-
capped AuNPs to form Aus nanoclusters induced by excess dodecylthiol under thermal

reflux. Modified from [110].

1.3.1.2. Gold nanorods (AuNRS)

Rod-shaped gold nanomaterials, or AuNRs, were first electrochemically
template-synthesized by hard anodic aluminum oxide (AAO) membrane [113] or soft
cetyltrimethylammonium bromide (CTAB) surfactants [114]. Seed-mediated growth is
the most widely used method for AUNR synthesis and was developed by the groups of
Murphy and El-Sayed [115-118]. Typically, as depicted in Figure 1.10, CTAB-coated
gold seeds (< 3 nm; produced by NaBH, reduction of chloroauric acid HAuCl,;) were
introduced to a growth solution of gold precursor, reducing agent ascorbic acid,
surfactant CTAB, and silver nitrate (AgNOs3). Ascorbic acid would only reduce Au(lll)
to Au(l) without the presence of seeds. Once the seeds were introduced, anisotropic
growth would occur to produce AuNRs via either surfactant-preferential-binding-
directed [119] or electric-field-directed [120] mechanism. No consensus has been
achieved on the underlying mechanism though. Varying the concentration of the added
silver ions was able to control the AuNR size [118]. Another valuable work for AuNR
synthesis was performed by Jana et al. to synthesize the gold seeds in situ. This

modification enabled the synthesis of smaller rods than the conventional procedure but
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maintaining the aspect ratio (AR, ratio of length over diameter) [121]. Since smaller
AuUNRs have larger absorption portion of the extinction cross section (more preferable
for photothermal conversion), the modified protocol may find more potential use in PTT

applications [122].
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Figure 1.10. Schematic diagram illustrating seed-mediated growth of AuNRs. Adapted

from [123].

1.3.1.3. Gold nanoshells (AuNSs)

AUNS, consisting of a spherical dielectric/semiconductor core and a thin outer
layer of uniform gold, exhibits highly tunable LSPR. Thus, abundant protocols were
developed to obtain AuNSs with different core materials including but not limited to
silica [124-125], quantum dots (QDs) [126], liposomes [127], and polymeric
nanoparticles [128]. The first silica@gold core-shell AuNSs were experimentally
produced by Halas et al. in 1998, which also provided the insights for synthesizing other

AUNS structures [124]. In this pioneering work, monodisperse silica nanoparticles were
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grown by Stcher method [129] and functionalized with amine groups using 3-
aminopropyltriethoxysilane (APTES). Then, 1-2 nm AuNCs [130] were introduced and
bound to the silica surface via gold—amine linkage [131]. Subsequent addition of gold
precursor and reducing agent deposited atomic gold around the AuNCs at the silica

surface, increasing gold coverage to form a complete shell (Figure 1.11).

(b)

Figure 1.11. Transmission electron microscopy (TEM) images of the silica@gold core-

shell formation process. Adapted from [124].

1.3.1.4. Gold nanocages
Gold nanocages have similar optical properties as AuNSs, but with hollow
interior and porous walls. This set of gold nanomaterials was developed by Xia’s group

in 2002 [132]. Since elemental silver can be oxidized by Au(lll), adding HAuCl, to
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silver nanocubes can dissolute the silver atoms while depositing elemental gold at the
cube surface. Due to the 3:1 stoichiometry between displaced silver and the deposited
gold, void spaces would form after the alloying and dealloying processes [133]. Using
silver nanocubes as the sacrificial template, different shapes of gold nanocages have

been obtained by varying the synthesis parameters [134].

1.3.2. Synthesis of gold nanoparticles (AuNPs)

Synthesis of spherical forms of gold nanomaterials, AUNPs, has been
documented by a large amount of literature and is thoroughly summarized in a review
written by Astruc et al. [135], but the three methods presented below are the most
intensely utilized. Most of the published protocols can be considered as modifications

from these methods.

1.3.2.1. Turkevich method

Turkevich method, simply adding sodium citrate to boiling HAuCl, under rapid
stirring, is the most popular synthesis protocol for AuUNPs [136]. Despite the fact that
this method was not firstly reported by Turkevich et al., they systematically studied the
reaction under different temperatures (70, 80, and 100 <C), different concentrations of
sodium citrate, and different dilutions of the reaction mixture. The produced citrate-
capped AuNPs were about 20 nm in diameter. An “organizer” model was proposed in
this pioneering work to explain the nucleation and growth mechanism of AuNPs. Frens
then manipulated the citrate to HAuUCI, ratio to achieve control over the particle size in
the range of 16 to 147 nm, although the monodispersity of the produced AuNPs larger

than 41 nm was poor [137]. Better size and shape control on this method has been
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achieved via tuning the reaction pH [138-145], temperature [140, 146-147], order of
reactants addition [142, 148], citrate to HAuCIl, ratio R [141, 144, 146, 148-149],
addition of silver ions [138], etc. These parameters can affect the redox reaction between
sodium citrate and gold precursor, thus the supersaturation of gold atoms, which
determines the nucleation rate and size as predicted in the classical nucleation theory
[150]. Some parameters can have complex influences on the nucleation and growth of
AuNPs (e.g., mixing rate can affect both the reaction mixture pH and the reactant
concentration).

Chemical reactions involved in this popular method have been revealed as
follows [136, 151-153]. Gold precursor (in the form of Au(l1l) complex ions complexing
with CI" or OH") gains electrons and is reduced to Au(l) complex ions, while sodium
citrate is reduced to sodium acetone dicarboxylate (SAD). Then the Au(l) complex ions
are bridged together by SAD, disproportionating to form Au(lll) and gold atoms for
AUNP nucleation and growth. Such disproportionation reaction can be catalyzed by the
presence of gold surface, enabling surface-catalyzed particle growth. For full reduction
of Au(lll) by sodium citrate, the citrate to HAuClI, ratio R should be larger than their
stoichiometric ratio of 1.5. However, full depletion of Au(lll) was reported by Frens
when R was ~0.4 [137]. This is rationalized by some authors that the degradation
product of SAD, acetone [154-155], is able to reduce HAuUCI, to produce stable AuNPs
[136, 153, 156]. Besides, acid form of SAD (acetone dicarboxylic acid) was also
reported to react with HAuCl, for AuNP formation [136, 157], with final oxidation
products of formic acid and acetic acid. Therefore, even though only two reactants

(sodium citrate and HAuUCI,) are added in this method, there are many species involved
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in the physicochemical processes of AuNP formation, not to mention the hydroxylation

of Au(l11) complex ions and the protonation/deprotonation of citrate.

1.3.2.2. Brust-Schiffrin method

The Brust—Schiffrin method was originally developed for the synthesis of
AUNC s (introduced in Section 1.3.1.1). Modifications of this method (e.g., varying thiol-
to-gold ratio [158]) enabled the synthesis of thiol-capped AuNPs of smaller size, which
is not attainable via the Turkevich method. Generally, NaBH, is used as the reducing

agent due to its strong reducing strength.

1.3.2.3. Seed-mediated growth method

Seed-mediated growth method was briefly introduced in Section 1.3.1 for the
synthesis of AUNRs and AuNSs. In the AuNP synthesis, this strategy is able to address
the low monodispersity issue of Turkevich method when producing larger (> 40 nm)
particles. Seed-mediated growth of AuNPs was modified and intensively employed by
Natan et al. at the end of the 20™ century [159-161]. Their protocol started with
synthesizing 12 nm citrate-AuNPs as seeds, then using citrate/hydroxylamine to reduce
HAUCI, onto the seeds without inducing further nucleation. Their syntheses yielded
small portion of undesired AuNRs. Murphy’s group obtained high-quality AuNPs in the
range of 5-40 nm, wherein 3.5 nm citrate-AuNPs (produced by NaBH, reduction) were
grown with ascorbic acid and CTAB as particle stabilizer [162]. In 2006, Liz-Marzan et
al. successfully produced even larger monodisperse AuNPs by increasing the reaction

temperature to 35 <T and including a filtration step in the procedure [163]. Further
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modifications of seed-mediated approach are available to improve the product quality

[164-167].

1.3.3. Color change in the synthesis of AUNPs
1.3.3.1. Turkevich method

In a typical Turkevich synthesis, once sodium citrate is added to the boiling gold
precursor HAUCI, solution, the light yellow color would disappear, and the whole
mixture would then turn from colorless to purple/blue before the final ruby red colloid is
formed. Since purple/blue color generally indicates a larger particle size compared with
the final red product (refer to Section 1.2.1.2), such color change phenomenon
contradicts the widely accepted LaMer nucleation and growth mechanism for
nanoparticle formation. This classical mechanism consists of two separate steps: a burst
nucleation and then nuclei growth by diffusion [168-169], resulting in an increasing size
of the formed nanoparticles. Therefore, great research effort was made to understand the
purple/blue-to-red color change and illustrated below in chronological order. There are
in total 12 key papers studying such color change in Turkevich method (p. 27-63) and
five possible mechanisms were proposed: (i) formation of fluffy large aggregates from
AuNPs which are spherical in shape; (ii) formation of solid polycrystalline nanowires
via aggregation from AuNPs or deposition of gold along certain facet of AuNP seeds;
(iii) formation of spherical aggregates from “glue” particles (liquid globules or
Au(l)/sodium acetone dicarboxylate (SAD) complex) within which AuNPs nucleate and
grow, without AuNPs directly interacting with each other; (iv) kinetic intermediate from
closely spaced gold clusters/particles before compacting into AuNPs without any

aggregates formation; (v) attachment of gold ions at electric double layer of the AuNPs
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without any aggregates formation. A tabulated summary of these 12 papers and the other
4 key papers studying on color change of seed-mediated growth of AuNPs (with citrate
as reducing agent; Section 1.3.3.2; p. 64—71) is given at Section 1.3.3.3.

(1) Both Turkevich et al. and Frens reported such color change in their work, but
didn’t explore the phenomenon [136-137]. Chow and Zukoski attributed the
intermediate purple/blue color to the formation of fluffy large particles (> 100 nm),
which shrank over time to produce the final particles of around 20 nm (mechanism (i))
[170]. In this study, they found the final particle sizes were weakly dependent on the
reaction temperature, in agreement with Turkevich et al. [136]. At boiling condition, the
color change was too fast to allow detailed analysis. Therefore, three lower temperatures
(60, 70, and 80 <C) were adopted. The evolution of the reaction extinction spectrum in
the ultraviolet—visible (UV-vis) range at a reaction temperature of 70 <C was recorded,
as shown in Figure 1.12A. The peak extinction wavelength changes of the reactions at
the three temperatures were depicted in Figure 1.12B. Using Mie’s theory to convert the
peak location to particle size, the researchers estimated the existence of larger particles

with 110 to 120 nm size in the purple/blue state.
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Figure 1.12. (A) Evolution of extinction spectra of Turkevich reaction under 70 <C. The
concentration of sodium citrate and HAuCl, were 1.6 mM and 0.24 mM, respectively (R
= 6.67). (B) Evolution of extinction peak wavelengths of reactions under 60, 70, and

80 <C. Higher temperature corresponded to faster wavelength change. Adapted from

[170].

lodometric titration was employed to quantify Au(l1l) complex ions in the course
of the reaction. It was found that the isolated structures giving rise to the purple/blue
color only contained little Au(l1l). A trend was noted that ~30% consumption of the total
Au(lll) correlated with the abrupt color change [170]. Dynamic light scattering (DLS;
measuring the hydrodynamic diameter of the nanostructures) also suggested the
existence of larger particles in the purple/blue stage (Figure 1.13). Similar evidence was
visualized under TEM. For the reaction under 60 <C as a typical representative, fluffy

large particles coexisted with smaller electron dense particles (5-15 nm) until 120 min
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after mixing of the reagents (Figure 1.14a-d). Final particles were 15 nm and

monodisperse (Figure 1.14e).
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Figure 1.13. Measured hydrodynamic diameter of the nanostructures in the reaction

mixture at 60, 70, and 80 T (R = 6.67). The arrow indicated higher temperature.
Adapted from [170].
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Figure 1.14. TEM images of reaction mixture under 60 <C (R = 6.67) collected at (a) 10
min, (b) 30 min, (c) 60 min, and (d) 120 min after mixing, and (e) final particles. Scale

bar of 100 nm. Adapted from [170].
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Although the size change during the purple/blue-to-red color change determined
from UV-vis, DLS, and TEM didn’t agree well, a general trend with shrinking particle
size was consistent across the three characterization techniques [170]. Such size change
and associated color change were rationalized by colloidal stability that: (a) the surface
of the formed primary particles was firstly adsorbed by AuCl, ions, which endowed a
low surface potential and aggregated the particles to from the fluffy large particles (the
preferential adsorption of AuCl, ions over citrate onto gold surface was confirmed by
atomic force microscopy studies of this group [171-172]); (b) irreversible aggregation
was limited by the steric barrier formed by adsorbed ions; (c) with the consumption of
the AuCl, ions, citrate ions bound onto the particles and increased the surface potential,
the agglomerates falling apart to individual particles; (d) once the particles were

separated, reduction went faster due to greater availability of reactive surfaces.

(2) To further verify the possible mechanism for the aggregation and dispersion
of fluffy large particles, this group optimized their experimental setup and performed
atomic force microscopy (AFM) again to monitor possible chemical reactions at the
gold/solution interface under room temperature [173]. A gold-coated silica sphere (5 or
20 pm) was mounted to the AFM cantilever tip. The substrate was also coated with gold,
and various solutions were introduced between these two gold surfaces. The deflection
profile of the cantilever was converted to force curve (Figure 1.15A), based on which
the electrostatic diffuse layer potential was calculated via DLVO theory (Figure 1.15B).
Initially, 0.33 mM sodium citrate with pH 6.3 was added to the fluid cell and allowed to
equilibrate for 17 h. Then, 0.1 mM HAuUCI, in 0.33 mM sodium citrate (R = 3.3) was

introduced, decreasing the repulsive interaction and endowing an attractive force within
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15 min. The authors attributed this force change and corresponding potential drop to the
preferential binding of monovalent AuCl, ions over trivalent/divalent citrate ions. With
the reduction of AuCl, ions at room temperature, more citrate ions adsorbed onto the
two gold surfaces and restored the repulsive force, which was also consistent with the
increase in the diffuse layer potential with time. When analyzing the short-range force
profile for the system after adding the reaction mixture for 15 min, the authors identified
a non-linear compression behavior indicating a deformable surface (Figure 1.16).
Despite the preferential binding of AuCl, ions, the labelled ~0.5 nm jumps were well
correlated with the size of a citrate ion, suggesting a multilayer adsorption of citrate ions.
This observation contradicted the potential drop in Figure 1.15B, since citrate ions were
highly charged at the studied pH. They rationalized these findings by proposing the
pairing of citrate ions with counterions and the formation of a neutral deformable
network onto the gold surfaces. They also speculated that AuCl, ions didn’t bind in

their charged form either.
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Figure 1.15. (A) Force—separation profile for the gold-coated silica sphere—gold-coated

substrate interaction in the presence of 0.1 mM HAuUCI, and 0.33 mM sodium citrate (R

= 3.3) at pH 6.3 under room temperature. (B) The calculated evolving electrostatic

diffuse layer potential based on (A). Adapted from [173].
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Figure 1.16. Short-range force—separation profile for the two gold surfaces 15 min after

the introduction of 0.1 mM HAuUCI, and 0.33 mM sodium citrate (R = 3.3) mixture.

Adapted from [173].
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(3) In another study, reducing the sodium salt of HAuCl, (NaAuCl,) with sodium
citrate at 80 <C, with low R values to form nanowires, yielded another possible
explanation for the color change (mechanism (ii)) [174]. When R was in the range of
0.4-2.7, the mixture would go through yellow, colorless, light blue, dark blue, and then
red, whereas R within 0.1-0.3 range stopped at blue as the final color. Figure 1.17 shows
the color changes for R = 0.4, and the UV-vis absorption spectra profiles for R = 0.4 and

R=0.3.
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Figure 1.17. (a) Color change profile for R = 0.4. (b) UV-vis absorption of reaction
with R = 0.4, consistent with the color change. (c) UV-vis absorption of reaction with R

= 0.3. The blue color still persisted till 180 min after mixing. Adapted from [174].

The researchers attributed the blue color appearance to the existence of solid

polycrystalline nanowires observed under TEM [174]. For R = 0.4, the nanowires were
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visible at 6 min, and disappeared at 40 min after the start of reaction (Figure 1.18).

However, such structures persisted till 180 min when R was 0.3 (Figure 1.19).

100% LSS 1"/

Figure 1.18. TEM images taken for quenched samples aliquoted from reaction mixture
with R = 0.4 at (a) 6 min, (b) 20 min, and (c) 40 min after the start of reaction. (d)
Washed sample of (a). Fluffy large particles shown in (a) was washed away, showing

better image of the formed wires. Adapted from [174].
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Figure 1.19. TEM images taken for quenched samples aliquoted from reaction mixture
with R = 0.3 at (a) 10 min, (b) 60 min, and (c) 180 min after the start of reaction. The
wires persisted until 180 min without breaking down to individual particles. Adapted

from [174].

In their previous work, the authors found the nanowires were stable against the
addition of a water-soluble thiol compound, indicating that the wires were made of
tightly fused AuNPs [175]. TEM images were also taken for reaction with R = 0.2 and
similar nanowires were observed (Figure 1.20). High-resolution TEM (HRTEM) image
showed the deposition of metallic gold at the concave surface formed between two
adjacent fused AuNPs. The electron diffraction result revealed the polycrystallinity of

the formed nanowires.
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Figure 1.20. TEM images of reaction with R = 0.2 at (a) 30 min and (b) 60 min. (c)
HRTEM image of (b) showing the deposition of metallic gold at the concave surface
between two tightly fused AuNPs. (d) Electron diffraction of (c¢) showing the

polycrystalline structure of the nanowires. Adapted from [174].

Concentrations of AuCl, and total Au in the solution phase were measured for
both reaction conditions, and the metallic gold concentration [Auy] was calculated by

subtracting [Au] with [AuCl, ]. The normalized results are shown in Figure 1.21. It was
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proposed in this study that AuCl, played an essential role in the formation and
stabilization of the nanowire structures. With the consumption of AuCl, ", such wire-like
structures could no longer be maintained and individual particles would form, causing
the blue-to-red color shift [174]. To further substantiate the importance of AuCl, in
maintaining the wires, a TEM grid carrying the formed nanowires was treated with
hydrogen gas (H,) for 1 h at room temperature (Figure 1.22). The breakdown of the

nanowires to discrete nanoparticles was claimed to result from the reduction of AuCl,

by H, [174].
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Figure 1.21. Normalized concentration of total gold [Au], precursor gold [AuCl, ], and
metallic gold [Auo] in solution phase after centrifuging off the nanostructures, under (a)

R =0.4 and (b) R = 0.3 reaction conditions. Adapted from [174].
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Figure 1.22. (a) TEM image of nanowires prepared at R = 0.3 for 10 min. (b) TEM
image showing breakdown of the wires after treating the same TEM grid in hydrogen

gas (Hy) for 1 h under room temperature. Adapted from [174].

(4) Kimling et al. investigated Turkevich method with different R (0.67-5) and
didn’t find any aggregates in their small angle X-ray scattering (SAXS) results. Thus,
they hypothesized that the blue color came from the plasmon excitation delocalization
among the closely spaced clusters/particles (< 5 nm) formed at the beginning of the
reaction (mechanism (iv)). Such Kkinetic intermediate of undefined shape only
temporarily existed before the clusters agglomerate and compact into AuNPs with

distinct LSPR [149].

(5) Pong et al. performed Turkevich synthesis under boiling condition with R =
3.88 [176]. Aliquots were taken during the reaction and were washed before
investigation using TEM. Figure 1.23 shows the representative TEM images of different
color stages. Basically, colorless stage was populated with 3-5 nm small AuNPs and
some wire-like segments. Dark blue stage got extensive nanowire networks with

diameter of ~5 nm. Then, the nanowires broke down to smaller network with diameter
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of ~8 nm in the purple stage. Individual AuNPs (13-15 nm) would then cleave off the
wires to form the final ruby-red dispersion. Similar gold nanowire structures were
formed when the reaction temperature was 50 < (Figure 1.24a), and when R was

adjusted to 5 (Figure 1.24b) and 2 (Figure 1.24c).

Figure 1.23. TEM images of aliquots taken from AuUNP synthesis using Turkevich
method. (a) Colorless phase with 3-5 nm small AuNPs and some wire-like segments. (b)
Dark blue phase with extensive network of nanowires with diameter of ~5 nm. (c) Dark
purple phase with small segments of nanowires with diameter of ~8 nm. (d) Purple-to-
red transition phase where spherical AuNPs in the range of 10-13 nm were cleaved off
the wires. (e) Constriction and cleavage site. (f) Final ruby-red phase with individual 13—

15 nm AuNPs. Adapted from [176].

40



Figure 1.24. Similar nanowires were formed with different reaction conditions: (a)
reaction temperature at 50 <C, R = 3.88; (b) reaction temperature at 100 <C, R = 5; (c)
reaction temperature at 100 C, R = 2. [HAuUCI,] = 0.91 mM in this study. Adapted from

[176].

The proposed growth mechanism was schematically depicted by the authors
(Figure 1.25) and was similar to the work by Pei et al. [174]. In summary, formed solid
polycrystalline nanowires accounted for the purple/blue color during synthesis
(mechanism (ii)). The breakdown of the nanowires to individual particles marked the
transition to ruby-red color. The reasons behind nanowire formation and disintegration
were also hypothesized (Figure 1.26). The formed ~5 nm AuNPs were adsorbed with
AuCl, , which induced an attractive interaction among the small particles, leading to the
coalescence to form wire-like structures instead of other forms due to steric effects
(geometrical constraints). Newly reduced gold atoms would firstly deposit onto the
concave regions amorphously based on Kelvin equation of condensation, then onto the
crystalline regions creating constriction sites. The amorphous region was depleted
probably due to Ostwald ripening. With the consumption of AuCl, ions, citrate would
adsorb to and cap the primary particles, increasing the electrostatic repulsion to finally

cleave the particles off the nanowires.
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Figure 1.25. Schematic diagram showing the growth mechanism of Turkevich method.
(a) Gold precursor HAuCl, was reduced by citrate to form Au atoms, which nucleated to
form ~5 nm AuNPs. (b, ¢) The formed AuNPs self-assembled to form extensive
nanowires. (d) More Au atoms were formed by reduction, and they adsorb onto the
nanowires, increasing the nanowire diameter. At the same time, the wires were
fragmented into smaller segments. (e, f) Further fragmentation to yield the final AuNPs.

Adapted from [176].
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Figure 1.26. Schematic diagram showing the formation and disintegration of the
nanowire structures. (a) Primary particles coalesced to form nanowires due to the
adsorption of AuCl, ions. (b) Deposition of gold atoms to the concave region
amorphously, smoothing the wire surface. (c) Further deposition of gold atoms to the
crystalline regions on the particles, increasing the wire diameter. (d) Depletion of the
amorphous region, and the particles were capped by citrate ions. (e) Individual particles

cleaved from the wires, forming the final AuUNP product. Adapted from [176].

(6) A systematic study on the third role of citrate in Turkevich synthesis was
done by Ji et al. in 2007 [177]. Apart from functioning as reducing agent and capping
agent, citrate was also found able to tune the reaction pH and thus affect the reaction
pathway. In this piece of work, a threshold in R values (3.5) and thus pH (6.5) was
identified, only below which the purple/blue color could appear. They monitored the
reaction under different R values (0.7-28), and the color images and corresponding UV—
vis absorption spectra of four R values are depicted in Figure 1.27. As can be seen, only

lower R values had the purple/blue color stage. TEM images were taken for two
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representative reactions, namely, R =7 (pH 7.2) and R = 2 (pH 5.8). When R = 7, the
reaction followed a pathway similar to the LaMer’s nucleation-growth model, with the
particle size continuously increasing (Figure 1.28, top row). When R = 2, faster
nucleation occurred within 10 s, and the formed particles aggregated to form wire-like
structures (mechanism (ii)), similar to those observed by Pei et al. [174] and Pong et al.
[176]. The wire structures identified in this study were not uniform in diameter though
(Figure 1.28, bottom row). HRTEM images of the formed wires with R = 2, shown in

Figure 1.29, depict the solid and polycrystalline properties of the nanowires.
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Figure 1.27. Color change and UV-vis spectrum change profile for (a) R =0.7, (b) R =

2,(c)R=7,and (d) R =17.5. Adapted from [177].
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Figure 1.28. TEM images for two representative R values. (a—d) R = 7, the reaction

proceeded in a nucleation-growth pathway. (e-h) R = 2, the reaction had faster

nucleation, and nanowire structures formed as intermediate stage. Adapted from [177].
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Figure 1.29. HRTEM images of the wires formed in reaction with R = 2. Enlargement
of the selected regions shows the solid polycrystalline nature of the nanowires. Adapted

from [177].

To further confirm the pH effects on reaction pathways, two more reaction

conditions were monitored. One with R = 7 but pH adjusted to 5.8 (same as the

unadjusted R = 2 case; Figure 1.30, top row). The other one with R = 2 but pH adjusted
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to 7.2 (same as the unadjusted R = 7 case; Figure 1.30, bottom row). After changing the

pH, the pathways for the two R values were totally reversed.
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Figure 1.30. TEM images for the two R values with pH adjustment. Top row shows R =

=Hd ‘L2

2L

7 with pH adjusted to 5.8. The nucleation occurred faster and wire-like structures
appeared as intermediates. Bottom row shows R = 2 with pH adjusted to 7.2. The

reaction proceeded in a nucleation-growth pathway. Adapted from [177].

pH values were measured across all the R values studied in this work and shown
in Figure 1.31 together with the speciation and reactivity of Au(lll) complexes
dependence on pH. By manipulating the pH at a constant R value at 7, a pH threshold of

6.5 was established for the two reaction pathways shown in Figure 1.32.
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Figure 1.31. Measured pH values for different R ratio with [AuCl, ] at 0.25 mM. The

speciation and reactivity of Au(lll) complexes depend on pH. Adapted from [177].
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Figure 1.32. Schematic diagram showing the two pathways for AuNP synthesis under

different pH, proposed by Ji et al. Adapted from [177].

In the pH range of 3.7-6.5, the Au(lll) precursors would be reduced and undergo
fast nucleation, then aggregate randomly to form nanowires, before intraparticle ripening
to the final AuNPs. The researchers ruled out the possibility of cleavage of nanowires to
form the final AuNPs, as suggested by previous literatures, due to their quantitative
study on the concentration of Au(lll) during reaction (Figure 1.33). As an example, for

the case of R = 2, consumption of Au(lll) was ~80% at 75 s and almost 100% at 2 min
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after the start of the reaction. If the color change was due to particles cleaving off the
wire, there would be too many small particles originating from the thinner portion of the
nanowires (Figure 1.28g). The remaining Au(lll) wouldn’t be sufficient to grow those
small particles to their large size in Figure 1.28h. In the pH range of 6.5-7.7, a slow
nucleation and growth pathway was involved and this pathway was exploited for

monodisperse AUNP synthesis in this study.
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Figure 1.33. Quantification of HAuCl, concentration for different R values. Aliquots
were taken from the reactions and immediately quenched in a mixture of 0.9 M NaCl
and HCI (pH 1). Absorbance at 314 nm (due to ligand—metal transition of AuCl,;
complex at pH < 1.5) was measured and converted to concentration of HAuCl,. Adapted

from [177].

(7) Rodr guez-Gonzdez et al. carried out Turkevich synthesis at R = 6.72 under
boiling condition, and also observed the purple/blue color as the intermediate stage [178].

Correspondingly, the UV-vis absorption spectra displayed a blue shift of the peak
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during the course of reaction (Figure 1.34). The purple/blue-to-red color transition was
reported to occur at 10 min after reaction. The TEM images confirmed the appearance of
fluffy large particles (~100 nm) which seemed to be composed of 5-10 nm smaller
AUNPs at 1 min after reaction (Figure 1.35A; mechanism (i)). As reaction progressed,
the size of aggregates decreased with the size of subunits increasing. Only individual

separated AuNPs (~15 nm) could be observed after 10 min (Figure 1.35B).
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Figure 1.34. UV-vis absorption evolution of the reaction mixture with R = 6.72 under
boiling condition, with 1 min interval between measurements. The inset shows the peak

wavelength position of the spectra. Adapted from [178].
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Figure 1.35. TEM images of the reaction mixture at (A) 1 min, (B) 5 min, 10 min, and

12 min after reaction. Adapted from [178].

The concentration of AuCl, was quantified and a precipitating drop was
observed right before the purple/blue-to-red color change suddenly happened, which
also manifested as a sudden increase of absorbance at 519 nm (Figure 1.36). A gold
electrode was introduced into the boiling reaction to measure the open-circuit potential,
offering semi-quantitative information of the redox potential and electrode potential of
the AuNPs. As can be seen from Figure 1.37, a quick drop from +0.7 V to +0.1 V
coincided with the color change. Actually such decrease in electrode potential should
have rendered the AuNPs more prone to aggregation instead of the disintegration of
aggregates. The authors attributed this observed unexpected color change to the specific
adsorption of citrate. After the consumption of AuCl, , the particle redox potential had
the +0.6 V negative shift, which caused the preferred adsorption of citrate over the
existing chloride ions. Although the gold surface became electrically neutral, the

adsorbed citrate ions rendered a negative zeta potential. The net particle charge, which

51



consists of electronic and ionic part, turned more negative and thus caused the

disintegration to happen [178].
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Figure 1.36. Concentration of AuCl, measured throughout reaction duration. Apart
from the sudden drop at the beginning of reaction due to fast nucleation, another drop
occurred right before the color change. The other set of data was the change of

absorbance at plasmon peak (519 nm) of final AuNPs. Adapted from [178].
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Figure 1.37. The measured open-circuit potential by a gold electrode (vs. Ag/AgCl)

introduced to the boiling reaction. Adapted from [178].

(8) Polte et al. made use of SAXS and X-ray absorption near edge spectroscopy
(XANES) to thoroughly inspect the Turkevich synthesis with R = 10 at 75 <C [179].
Figure 1.38 shows a part of their comprehensive data. As indicated by the arrow in
Figure 1.38A inset, blue shift in their synthesis was observed although not that
distinctive. Calculated from a time series of SAXS curves, the particle size was found
exhibiting a monotonic increase trend throughout the whole reaction (Figure 1.38B).
Similar results were obtained for R = 10 at 85 <€ and R = 6.67 at 75 <C. A detailed
mechanism on Turkevich method was proposed by this group, and then refined by them
later in another publication, as shown in Figure 1.39 [180]. Basically, the reduced gold
atoms would form clusters, which would coalesce to primary particles due to their poor
colloidal stability (phase 1 in Figure 1.38). The primary particles would then serve as

seeds for further particle growth (phase 2 and 3 in Figure 1.38). No aggregate structures
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were involved in their proposed mechanism, and they postulated that the slight purple
color was due to the attachment of gold ions to the electric double layer of the seeds

during particle growth stage (mechanism (v)) [180].
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Figure 1.38. (A) Evolution of UV-vis spectra (inset) and absorbance at the peak
wavelength during synthesis. (B) Particle mean radius and normalized number

calculated from SAXS. Adapted from [179].
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Figure 1.39. Schematic diagram showing the proposed mechanism for Turkevich
synthesis of AuNPs by Polte et al., which can be considered as seed-mediated growth
where the seeds are formed by coalescence of initially formed clusters due to their poor

colloidal stability. Adapted from [180].

(9) Mikhlin et al. performed a modified version of Turkevich synthesis with R =
3 and R = 10 at room temperature [181]. They mixed HAuCl, and sodium citrate, with
sodium hydroxide (NaOH), at 70 <T before cooling the reaction down for close
monitoring at room temperature. The color progression still occurred at this lowered
temperature (Figure 1.40), but the reaction time frame was much longer than at elevated

temperature.
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Figure 1.40. UV-vis absorption spectra of R = 3 (left panel) and R = 10 (right panel).
The six curves represent pale yellow, colorless, gray, blue, purple, and red color phases

during reaction for both R values. Adapted from [181].

Atomic force microscopy (AFM) was employed to probe the reaction in situ. For
R = 3, the colorless state was populated with liquid domains, shown as the 200—-300 nm
long, 100 nm wide, and < 20 nm high droplets in Figure 1.41a. In the blue stage,
aggregates of globules of 30-50 nm were visualized (Figure 1.41b). Their height
increased with reaction time. Both the domains in colorless and globules in blue phases
were found to be more of a liquid or soft matter, because they were easily stretchable by
the AFM cantilever. Once the blue sample was dried, the ex situ AFM images showed
~100 nm solid structures in Figure 1.41c. The final red product contained only
individual particles of size ~30 nm (Figure 1.41d). For R = 10, no submicrometer
droplets were observed due to a faster reaction, but globules of 20-50 nm were

identified in its gray and blue states, as shown in Figure 1.4le and 1.41f. The
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hydrodynamic diameter measured for R = 3 increased from ~70 nm to ~130 nm at 4 h

(purple/blue stage) and then decreased afterwards till the end of reaction.
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Figure 1.41. Tapping mode AFM images (left panel) and phase images (right panel) of
the reactions at (a) colorless, (b) blue, and (d) red state of R = 3. (c) The dried sample at

the blue stage of (b). (¢) Gray and (f) blue state images of R = 10. Adapted from [181].

The acquired SAXS data in Figure 1.42 for R = 3, contrary to the DLS result,
displays an increasing particle size throughout reaction. Although the introduced X-ray
did accelerate the reaction and shorten the reaction time scale, the authors concluded that
no larger particles/aggregates presented during reaction, consistent with the SAXS

findings of Polte et al. [179-180].
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Figure 1.42. SAXS curves for R = 3 at different reaction times. Particle size distribution

was extracted from the curves and shown in the bottom panel. Adapted from [181].

They proposed a reaction mechanism as in Figure 1.43. Basically, decomposition
of supersaturated solution into some liquid domains precedes the globule formation,
within which AuNPs grew to their final size. The color evolution was due to the
aggregation of the globules and disintegration of globule aggregates (increase and then
decrease in hydrodynamic size; mechanism (iii)) instead of AuNPs forming aggregates

(monotonic size progression from SAXS data). The wire-like structures observed in their
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ex situ TEM images were claimed to result from reduction of gold ions in the globules

during drying.
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Figure 1.43. Proposed mechanism for AuNP formation. With the reduction of gold
precursor, the solution decomposes to liquid domains. Then, globules form and
aggregate to submicrometer aggregates. AuNPs form within each globule to their final

size. Adapted from [181].

(10) Georgiev also utilized AFM to study the kinetics of Turkevich method with
R =7.75at 70 and 90 <C [182]. Different from the in situ measurements of Mikhlin et al.
[181], aliquots were taken from synthesis and spin-coated onto a mica support for drying.
Although blue color appeared during the course of reaction (as indicated by the blue
shift of peak wavelength shown in Figure 1.44), no large structures were observed in this
work and particle size evolved monotonically till the final products were formed (Figure
1.45). Their DLS data showed similar trend. No mechanism for the intermediate

purple/blue color was proposed in this work.
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Figure 1.44. UV-vis spectra of reactions with R = 7.75 at (A) 70 <C, and (B) 80 <.

Adapted from [182].
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Figure 1.45. (A) 3D-AFM images of reaction with R = 7.75 at 70 <C of samples taken at
different time after start of reaction. (B) Particle size and normalized number determined

from the AFM images. Adapted from [182].

(11) Zhao et al. tried to investigate the effect of chloride ions on Turkevich
synthesis with R = 5 under boiling condition [183]. For both without and with 10 mM
sodium chloride (NaCl) addition, blue shift was detected (Figure 1.46a and 1.46b). They

identified wire-like structures in their TEM results for both conditions and found the
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transformation of wire-like structures to spherical AuNPs observed under TEM (Figure
1.47) well corresponded to the absorbance change (mechanism (ii)). They also proposed
that chloride ions were able to promote the nanowire formation from particle
aggregation due to reduced colloidal stability of the primary particles, causing a larger

final AuNP size.
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Figure 1.46. Absorption spectra of Turkevich synthesis (a) without and (b) with 10 mM

NaCl. Adapted from [183].
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Figure 1.47. TEM images of reaction without (top panel) and with (bottom panel) 10

mM NaCl added to the synthesis. Adapted from [183].

(12) Xia et al. postulated a mechanism for AuNPs formation during Turkevich
method, based on which high-quality gold particles in the range of 2-330 nm were

synthesized [184].
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The chemical reactions depicted in Figure 1.48a are efforts based on a lot of
literature [136, 151-153, 185] and have been briefly elaborated in Section 1.3.2.1.
Basically, when citrate is in stoichiometric excess (R > 1.5), citrate reduces Au(lll) to
Au(l) meanwhile being oxidized to sodium acetone dicarboxylate (SAD). Then Au(l)
forms complex with SAD, inducing disproportionation of Au(l) to produce gold atoms
for AuNP nucleation and growth. The hydrolysis and protonation of AuCl, and citrate
ions are critical factors affecting the reaction kinetics.

Figure 1.48Db illustrates the proposed particle interactions by the authors [184].
The formed large Au(1)/SAD particles (170 nm then decreased to 75 nm) aggregated to
1600 nm due to protonation of capped citrate, which increased the zeta potential to a less
negative value. The citrate protonation was postulated to be caused by release of
hydrogen chloride (HCI) from the Au(l)/SAD complex particle due to the
disproportionation reaction of Au(l). Nucleation and growth of AuNPs took place
exclusively within those little Au(l)/SAD particle reactors. Such aggregation brought the
AuNPs closer to each other and rendered the solution a blue color. With the
consumption of Au(l) and pH buffering by surrounding environment, capped citrate was
deprotonated, giving rise to a more negative zeta potential and disintegrating the
aggregates. This disintegration changed the color of solution from blue to purple and
then finally to ruby red. The authors claimed that the color change was dependent solely
on the interaction among Au(l)/SAD particles not AuNPs forming aggregates directly
(mechanism  (iii)). Adding another stabilizing chemical tris(hydroxymethyl)
aminomethane (Tris) or increasing the concentration of citrate (R > 6.9) were able to
stabilize the Au(1)/SAD complex particles and free the reactions from the appearance of

blue/purple color.
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Figure 1.48. Schematic diagrams showing (a) the chemical reactions involved in
Turkevich synthesis, and (b) the formation, agglomeration/aggregation, and
disagglomeration/disintegration of Au(l)/SAD complex particles, within which

nucleation and growth of AuNPs occur. Adapted from [184].
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1.3.3.2. Seed-mediated method

The purple/blue-to-red color change, although not as distinctive as reported in
Turkevich, was also studied in some seed-mediated growth of AuNPs with citrate as the
reducing agent.

(13) Polte et al. performed seed-mediated growth on ~14 nm citrate-coated
AUNPs synthesized by Turkevich method at 75 <C [186]. The growth solution,
containing citrate and HAuCl,, was added to the seeds with R = 10 (same ratio as for
seeds preparation). To minimize further nucleation, the growth process was conducted at
65 <C. As shown in Figure 1.49a, the color of solution changed a little bit from red to
purple red upon the addition of growth solution to the seed solution, and then returned

back to ruby red. Such slight color change was detectable in the peak shift of the

absorbance spectra (Figure 1.49b and 1.49c).
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Figure 1.49. (a) Color images of the seed-mediated growth at different time after
addition of growth solution to the seed solution. (b) Absorbance spectra progression

during reaction. (c) Peak wavelength changed from 518 nm to 530 nm, and then back to

518 nm. Adapted from [186].
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SAXS data on this seed-mediated growth with citrate as reducing agent proved
that the red shift was not due to aggregates formation. The authors hypothesized that the
pH change accompanying the addition of HAuCIl, was the reason for such color
transition (Figure 1.50). With the buffering of citrate, such red shift was reversed later.
This hypothesis was revised by the authors in their later publications to the attachment

of gold ions to the electric double layer of the AuNPs (mechanism (v)) [179-180].
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Figure 1.50. Absorbance and SAXS scattering curves change after addition of HAuCl,
to seed solution. Adding HAuUCI, shifted the absorption peak, but didn’t induce any
aggregates formation as indicated by the similar SAXS curves at low g values. Adapted

from [186].

(14) Bastus et al. did a comprehensive study of seed-mediated growth of AuNPs
with citrate as the reducing agent in a step-by-step manner at 90 <C to minimize
nucleation [166]. The seed particles (~10 nm) were synthesized using inverse Turkevich
method (adding HAuUCI, to citrate) with R = 13.2 under boiling. The R value for growth
was 2.4. The observed red shift (Figure 1.51B), right after adding growth components to

the seed solution, was correlated with the observed aggregates found under TEM shown
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in Figure 1.51A, disappearance of which coincided with a slight blue shift of the

absorbance peak. No elaboration on this was made by the authors.
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Figure 1.51. (A) TEM images of one step of the seed-mediated growth with seed size of
29.8 nm. (B) UV-vis absorbance spectrum, absorption peak wavelength, and peak

absorbance during this step of growth. Adapted from [166].

(15) Wau et al. conducted seed-mediated growth on 25 nm citrate-coated AuNPs
synthesized by Turkevich method with R = 7.76 under boiling condition [187]. The
growth process was initialized by simply introducing HAuCl, to the seed solution

without further adding citrate (R = 6.07; pH 5.5). The reaction temperature was set at
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30 <C to suppress intraparticle ripening. UV-vis absorbance spectra and corresponding
TEM images and Au(lll) concentration are shown in Figure 1.52 and Figure 1.53,
respectively. Although no color was reported in this study, the UV-vis data clearly
indicates a red-to-purple/blue-to-red color change, evident from the peak shifts and
absorbance changes in the 700-900 nm range. Such spectral changes correlated well
with the morphology evolution of the gold nanostructures from spheres, to wires with
non-uniform diameter, and finally to rods which can explain the two absorbance peaks
after 150 min in Figure 1.52 (mechanism (ii)). HRTEM image of one nanowire shows
continuous lattice fringes at the junction (Figure 1.54), and the authors attributed the
formation of nanowires to the preferential growth of gold along certain facet of the seeds.
Again, intraparticle ripening was considered as the mechanism for purple/blue-to-red

change because all the Au(l11) ions were depleted at 120 min (Figure 1.53j).
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Figure 1.52. UV-vis absorbance spectra of the growth reaction conducted at 30 <C.
Peak shifts and absorbance changes in 700-900 nm range are detected. A second peak

shows up at 30 min after reaction. Adapted from [187].
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concentration of Au(l1l) throughout reaction. Adapted from [187].
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Figure 1.54. (a) HRTEM of one nanowire, and fast Fourier transformation of (b) region
A and (c) region B at the junction. (d) Enlarged image of the junction showing

continuous lattice fringes throughout the growth point. Adapted from [187].

(16) Leng et al. also performed seed-mediated growth on ~14 nm citrate-coated
AUNPs prepared by Turkevich method (R = 3.88; boiling; with NaOH) [188]. Their
seed-mediated growth was carried out under room temperature, and the growth solution
consisted of citrate and HAuCl, with R = 0.67.

The authors attributed the light blue tint appeared at 30 min after reaction to the
formation of nanowires and the purple-to-red color change to the cleavage of AuNPs off
the wires from 2 h to 3 h (Figure 1.55; mechanism (ii)). The fluffy large particles (> 100
nm) observed under TEM (after washing the grids for three times) were not spotted

using DLS shown in Figure 1.56A. Instead, the hydrodynamic diameter of the major
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peak continuously increased to ~57 nm at 3 h. Thus such fluffy large particles were
attributed to the drying effects increasing the association between Au(l1l) and AuNPs by
citrate both on the seed surface and in the growth medium (Figure 1.56B). The second
peak below 10 nm in the DLS curves (after 1 h of reaction) was rationalized by the

rotational diffusion of non-spherical particles.

30 min !

Figure 1.55. Color images and corresponding TEM images (A-F; after washing the
grids for three times) of the seed-mediated growth of AuNPs under room temperature.

Adapted from [188].
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Figure 1.56. (A) DLS data of the seed-mediated growth of AuNPs under room
temperature. The major peak continuously increased till ~57 nm at 3 h. A second peak
below 10 nm started showing up after 1 h of reaction, which likely resulted from the
rotational diffusion of non-spherical particles. (B) Schematic diagram showing the
association between Au(lll) and AuNPs by citrate both on the seed surface and in the

growth medium. Adapted from [188].
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1.3.3.3. Summary of the literature on the color change

The important findings for the papers introduced above are summarized and

presented in the table below.

Table 1.1. Summary of the related papers introduced in Section 1.3.3.

Synthesis
methods

Observed
color
change

Reaction
condition

Important findings

Ref.

Turkevich

I~

black,
blue,
purple,
deep red

[HAUCI,] =
0.24 mM;
[Na3Ct] =
1.6 mM;

R =6.67;
temp =
60/70/80 <C

(@) UV-vis, TEM, and DLS all
suggested shrinking particle size
during reaction;

(b) TEM identified fluffy large
particles, which disappeared when
final particles were formed,

(c) AuCl, adsorption onto the
primary particles were proposed to
cause the formation of the fluffy
large particles, which disintegrated
when AuCl, ions were consumed;
(d) The isolated structures giving
rise to the blue/purple color
contained little Au(lll), and ~30%
consumption of Au(lll) ions were
correlated with the abrupt purple-
to-red color change;

(e) The adsorbed ions sterically
prevented irreversible aggregation
of the fluffy large particles;

(f) Mechanism (i).

[170]

Turkevich

N

Not
applicable

[HAUC|4] =
0.1 mM;
[NasCt] =
0.33 mM;
R=3.3;

pH =6.3;
temp =
room
temperature

(@) When only sodium citrate
existed in the solution, the force
between two gold surfaces was
repulsive;

(b) When HAUCI, coexisted with
sodium citrate, the force became
attractive;

(c) Despite the preferential
adsorption of AuCl,, citrate ions
were forming a neutral deformable
multilayer (possibly with
counterions) on the gold surfaces;
(d) AuCl, species probably
adsorbed in their neutral form;

(e) With consumption of HAuUCl,,

[173]
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the repulsive force restored,
(f) No mechanism proposed.

3 | Turkevich | yellow, [NaAuCls] | (a) Blue color was due to the | [174]
colorless, =0.25 mM; | formation of solid polycrystalline
light blue, | R=0.4-2.7; | nanowires;
dark blue, |temp= (b) From the quantification study,
red 80 C AuCl, played an important role in
yellow, [NaAuCl,] |the formation and stabilization of
colorless, =0.25 mM; | nanowires;
light blue, | R=0.1-0.3; | (c) With the consumption of
dark blue | temp = AuCl, for larger R, such wire

80 € structures  could no longer
maintain and individual particles
would form, causing blue-to-red
color change;

(d) The nanowires broke apart
after treating the dried sample on
TEM grid in Hy for 1 h under
room temperature;
(e) Mechanism (ii).

4 | Turkevich | gray-blue [HAUCI,] = | (@) SAXS results didn’t show any | [149]
tint, 0-1.2 mM; | aggregates;
red within | R=0.67-5; | (b) The blue color likely came
2-35s temp = from the plasmon excitation

100 € delocalization among the closely
spaced clusters/particles (< 5 nm);
(c) The kinetic intermediate only
temporarily existed before the
clusters/particles agglomerate and
compact into AuNPs, causing the
blue-to-red color change;

(d) Mechanism (iv).

5 | Turkevich | pale [HAUCI,] = | (a) Colorless stage was populated | [176]
yellow, 0.91 mM; with 3-5 nm small AuNPs and
colorless, R= some wire-like structures;
dark blue, |2,3.88,5; (b) Dark blue stage got extensive
purple, temp = nanowire networks with diameter
red 50/100 < of ~5 nm;

(c) The solid polycrystalline
nanowires broke down to smaller
network with diameter of ~8 nm in
the purple stage;

(d) Individual AuNPs (13-15 nm)
cleaved off the wires in the red

stage;
(e) The adsorption of AuCl,; onto
formed ~5 nm AuNPs was
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hypothesized to induce attractive
forces;

(F) Steric effects were speculated
to cause the formation of wires
instead of other aggregates;

(g) Further reduced gold atoms
deposited to concave regions of
wires amorphously and then
crystalline regions;

(h) The amorphous region was
depleted probably due to Ostwald
ripening;

(1) With the consumption of
AuCl, ions, citrate adsorption
increased electrostatic repulsion,
cleaving the particles off wires;

(J) Mechanism (ii).

6 | Turkevich | colorless, [HAuUCI,] = | (@) The third role of citrate was | [177]
blue, 0.25 mM; studied in this work;
purple, R=0.7-3.5; | (b) The blue/purple color only
red temp = appeared when R was smaller than

100 € 3.5 (corresponding to pH of 6.5)
colorless, [HAUCI4] = | because of the formed solid
pink, 0.25 mM; polycrystalline nanowires, which
red R =3.5-28; | were not uniform in diameter;

temp = (c) With pH adjustment, the

100 € authors were able to manipulate

the reaction pathways, confirming
the role of citrate as pH mediator;
(d) In the pH range of 3.7-6.5,
AuNP form via fast nucleation,
fast random attachment, and slow
intraparticle ripening;

(e) The evolution from the wires to
individual  AuNPs, thus the
blue/purple-to-red color change,
was due to intraparticle ripening
instead of wire cleavage;

(f) In the pH range of 6.5-7.7,
AuUNP form via a slow nucleation
and growth pathway;

(g) Mechanism (ii).

7 | Turkevich | pale [HAuCls] = | (a) Fluffy large particles (~100 | [178]
yellow, 0.253 mM; | nm) composed of 5-10 nm AuNPs
colorless, [NasCt] = were observed under TEM,;
light blue, | 1.7 mM; (b) The size of aggregates
dark blue, | R=6.72; decreased with increasing size of
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purple,
red

temp =
100 <

the subunits increasing;

(c) Only individual separated ~15
nm AuNPs existed when red color
appeared,;

(d) The purple-to-red color change
occurred at 10 min after reaction,
before which a precipitating drop
of [AuCl, ] was observed;

(e) Such color change coincided
with the decrease in electrode
potential of the AUNPs, which
caused the preferred adsorption of
citrate over chloride ions;

(f) Even though the gold surface
became electrically neutral, the
adsorbed citrate ions rendered a
negative zeta potential, causing
disintegration of the fluffy large
particles to form AuNPs;

(9) Mechanism (i).

(o]

Turkevich

slight
purple,
red

[NasCt] =
2.5mM;
R =

6.67, 10;
temp =
75/85 <C

(a) Plasmon band maximum only
shifted slightly from 530 nm to
520 nm;

(b) Particle size determined from
SAXS increased monotonically
throughout reaction;

(c) No aggregates formed and the
slight purple color was likely due
to the attachment of gold ions to
the electric double layer of the
AUNPs during particle growth;

(d) Mechanism (v).

[179-
180]

[{e)

Turkevich

pale
yellow,
colorless,
gray,
blue,
violet,
red

[HAUC|4] =
~0.25 mM;
R =3, 10;
[NaOH] =
~1.3 mM;
mixing at
70 C;
monitoring
at room
temperature

(@) Color progressing  still
occurred at room temperature, but
with a much longer time frame;

(b) in situ AFM  found
submicrometer liquid domains at
colorless state;

(c) Blue stage got aggregates of
30-50 nm liquid globules
observed in situ, but ~100 nm
solid structures when dried and
examined ex situ;

(d) Final red product contained
only individual particles of ~30
nm examined both in situ and ex
situ;

[181]
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(e) DLS result for R = 3 showed
an increase to ~130 nm at blue
stage and then decrease in
hydrodynamic diameter till the end
of reaction;

(F) SAXS data for R = 3 indicated
continuous increasing AuNP size.
No larger particles/aggregates
presented during reaction;

(g) The color evolution was
hypothesized to be caused by
interaction of liquid globules not
AuNPs forming aggregates;

(h) The wire-like structures in ex
situ TEM image were ascribed to
the reduction of gold ions in the
globules during drying;

(i) Mechanism (iii).

10 | Turkevich | colorless, [HAUCl]= | (@) ex situ AFM found no | [182]
blue, 0.25 mM; aggregates throughout the
cherry red, | [NasCt] = synthesis;
purplered | 1.94 mM; (b)  Particle  size  evolved

R=7.75; monotonically till the end of
temp = reaction from both AFM and DLS
70/90 € results;

(c) No mechanism proposed.

11 | Turkevich | no  color | [HAuUCls] = | (a) Blue shift of the UV-vis | [183]
reported,; 0.25 mM; curves was correlated with the
absorbance | [NasCt] = transformation of nanowires to
peak shift | 1.25 mM; AUNPs;

R =5; (b) Chloride ions were able to
temp = promote the nanowire formation
100 € from particle aggregation due to
reduced colloidal stability of the
primary particles, causing a larger
final AuUNP size;
(c) Mechanism (ii).

12 | Turkevich | light [HAUCI4] = | (@) The color change was due to | [184]
yellow, 0.294 mM; | aggregation and disintegration of
colorless, [NasCt] = Au()/SAD particles, within which
gray, 1.2 mM; nucleation and growth of AuNPs
gray blue, |R=4.1; occurred,
blue, temp = (b) Aggregation of Au(l)/SAD
purple, 100 T particles  was caused by
ruby red protonation of adsorbed citrate,

whereas disintegration of these
particles was due to deprotonation
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of adsorbed citrate;

(c) Adding extra stabilizing
chemical Tris or increasing R
above 6.9 were able to get rid of
the  blue/purple color during
reaction;

(d) Mechanism (iii).

13 | seed- red, seeds : ~14 | (a) SAXS didn’t identify any | [186]
mediated | purplered, | nm, citrate- | aggregates formation for this seed-
growth red coated; mediated growth of AuNPs;

growth (b) The slight color change was
solution: ascribed to pH change upon
R = 10; addition of HAuCI,, which was
temp = reversed upon the buffering of
65 C citrate;
(c) The authors revised their
explanation for the color change to
the adsorption of gold ions at
electric double layer of the AuNPs
in their later publications as in #8
[179-180];
(d) Mechanism (v).

14 | seed- no  color | seeds : ~10 | (a) Aggregates of undefined | [166]
mediated | reported; nm, citrate- | morphology found under TEM
growth slight coated; were correlated with the red shift

absorbance | growth right after adding growth solution;
peak shift, | solution: (b) Disappearance of such
similar to | R=2.4; aggregates coincided with the blue
the temp = shift of absorbance peak;
previous 90 € (c) No study or elaboration of the
one aggregates was made;

(d) No mechanism proposed.

15 | seed- no  color | seeds : ~25 | (a) Nanowire formation, due to | [187]
mediated | reported; nm, citrate- | preferential growth of gold along
growth absorbance | coated; certain facet, accounted for the red

peak shift, | growth shift and absorbance increase in
absorbance | solution: 700-900 nm range;
change in|R=6.07; (b) Intraparticle ripening was
700-900 temp = responsible for the purple/blue-to-
nm range 30 C red change;

(c) Mechanism (ii).

16 | seed- pale pink, | seeds : ~14 | (a) The blue tint was due to the | [188]
mediated | light blue, | nm, citrate- | formation of nanowires;
growth purple, coated,; (b) Purple-to-red color change

red growth resulted from the cleavage of
solution: AUNPs off the wires;
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R =0.67; (c) Fluffy large particles observed
temp = under TEM were not detected
room using DLS;

temperature | (d) Such structures were caused by
drying effects, which increased the
association between Au(lll) and
AUNPs;

(e) Mechanism (ii).
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1.4. Gap of knowledge

Although the purple/blue-to-red color change was reported in Turkevich method
and the red-to-purple/blue-to-red color reversal was reported in seed-mediated growth
synthesis of AuNPs, no consensus has been reached on the underlying reason for the
observed distinctive color transitions. There have been five main explanations for the
purple/blue color appearance from the 16 papers in Section 1.3.3: (i) formation of fluffy
large aggregates from AuNPs which are spherical in shape (#1 [170], #7 [178]); (ii)
formation of solid polycrystalline nanowires via aggregation from AuNPs (#3 [174], #5
[176], #6 [177], #11 [183], #16 [188]) or deposition of gold along certain facet of AUNP
seeds (#15 [187]); (iii) formation of spherical aggregates from “glue” particles (liquid
globules #9 [181] or Au(l)/SAD complex #12 [184]) within which AuNPs nucleate and
grow, without AuNPs directly interacting with each other; (iv) kinetic intermediate from
closely spaced gold clusters/particles before compacting into AuNPs without any
aggregates formation (#4 [149]); (v) attachment of gold ions at electric double layer of
the AUNPs (#8 [179-180], #13 [186]) without any aggregates formation.

Since the purple/blue color appeared after the nucleation step, we believe it’s the
growth step of AuNP synthesis which contributes significantly to the color change
phenomena for both Turkevich and seed-mediated growth methods (with citrate as
reducing agent). Herein, we would like to understand more of the striking color changes
by conducting seed-mediated growth of AuNPs (reduction by citrate) at room
temperature. In this setup, the nucleation of AuNPs can be minimized and the growth
process predominates. Via close monitoring and manipulation of the solution color

change during seed-mediated growth of 5 nm AuNPs, we would like to propose a
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detailed mechanism for the red-to-purple/blue-to-red color reversal. Such mechanism
will be validated with seed-mediated growth of 13 nm citrate-coated gold seeds (the size
generally used for synthesizing larger AuNPs in this seed-mediated growth method).
Since the reagents to be used in our study are basically the same as in Turkevich method,
we believe our findings are able to offer more insights into the color change and AuNP

growth mechanism in Turkevich synthesis as well.
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1.5. Objectives of this study

To study the red-to-purple/blue-to-red color reversal phenomenon in seed-
mediated growth of citrate-coated AuNPs with seed size of 5 nm at room
temperature and propose the underlying mechanism for the color reversal in
seed-mediated growth of AuNPs.

To study the red-to-purple/blue-to-red color reversal phenomenon in seed-
mediated growth of citrate-coated AuNPs with seed size of 13 nm at room
temperature and validate our proposed mechanism on 13 nm seeds.

To study the purple/blue-to-red color change phenomenon in Turkevich method
at both boiling and room temperature and validate our proposed mechanism on

Turkevich method.

81



Chapter 2. Color reversal in seed-mediated growth of 5 nm

AUNPs

2.1. Materials and methods

2.1.1. Materials and equipment

Hydrochloric acid (HCI), nitric acid (HNO3), chloroauric acid (HAuCl4, 30% wt.
in diluted HCI), sodium borohydride (NaBH,), sodium citrate tribasic dihydrate
(Na3CeHs07 2H,0), potassium hydroxide (KOH), sodium chloride (NaCl), 1,3-
acetonedicarboxylic acid (CsHgOs), sodium hydroxide (NaOH), gold(l) chloride (AuCl),
formic acid (HCOOH), acetic acid (CH3COOH), and acetone (C3HgO) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). All the chemicals were used as received
without any further purification. Amicon® Ultra centrifugal filters (MWCO 10,000) were
purchased from Millipore (Burlington, MA, USA). Mill-Q water was used throughout
this work.

Centrifugation was performed using Eppendorf 5415 D centrifuge. UV-vis
spectra were acquired using Amersham Biosciences UltrospecTM 2100 pro UV/visible
spectrophotometer. DLS data were collected by Malvern Panalytical Zetasizer Nano ZS.
TEM images were taken by field emission electron microscope (JEM-2100F, JEOL)

with 200 kV field emission gun.

2.1.2. Synthesis of 5 nm AuNPs
The synthesis of 5 nm AuNPs was based on the reduction of HAuCl,; with
NaBH,. Citrate was added to provide stability to the synthesized AuNPs. The protocol

was adapted and modified from work by Grabar et al. [189] and Tam et al. [190].
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Basically, after thorough washing of the glassware and magnetic stir bar with freshly
prepared aqua regia (concentrated HCI:HNO3 molar ratio of 3:1), Milli-Q water of 400
mL was heated to boiling. Then 4 mL of 25.4 mM HAuCI, was added and stirred for 1
min, after which 4 mL of 38.8 mM sodium citrate was introduced. Again after 1 min of
stirring, 4 mL of 19.8 mM of NaBH, dissolved in 38.8 mM sodium citrate was added to
the mixture. The solution was continuously stirred for another 5 min before cooled down
in ice-cold water to room temperature.

To remove the formed unwanted larger particle impurities, centrifugation was
carried out at 5,800 rpm for 45 min, and the supernatant was collected and used directly

for the following studies without further treatment.

2.1.3. Characterization of synthesized 5 nm AuNPs

After centrifugation, the obtained supernatant was characterized by UV-vis
spectroscopy and DLS. TEM was also performed for direct visualization of the
synthesized AuNPs, after drop casting ~100 pL of the dispersion to a carbon-coated

copper grid placed on a filter paper.

2.1.4. Preparation of growth solution

Growth solution was prepared by adding 5.7 mM of KOH to 0.87 mM HAUCI.,.
The mixture would turn from pale yellow to colorless within minutes, indicating
hydroxylation of the gold precursor. This growth solution was left overnight in dark at

room temperature before use. The solution pH was ~5.5 after equilibration.
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2.1.5. Seed-mediated growth of 5 nm AuNPs
The growth solution and the seed solution were mixed with volume ratio of 3:2,
giving [HAUCI,] = 0.52 mM, [NasCt] = 0.31 mM, and [KOH] = 3.42 mM in the final

mixture (R = 0.6). The growth process was monitored by UV-vis, DLS, and TEM.

2.1.6. Key components for color reversal in seed-mediated growth of 5 nm AuNPs

Concentration of Au(lll) in the solution phase was quantified by measuring the
absorbance at 314 nm due to ligand—metal charge transfer of AuCl,, after taking
aliquots from reaction and quenching them into 1 M NaCl (centrifugation at 13,200 rpm
for 5 min to precipitate the nanostructures) and then adding the supernatant to 0.1 M
HCI (to convert all Au(l11) species to AuCl, ) [177, 185].

Then substitutions of NazCt by its oxidation product SAD (mixing 1,3-
acetonedicarboxylic acid with NaOH) and HAuUCI, by its reduction product AuCl were
performed to study the effects of these two important intermediate species of the redox
reaction between NasCt and HAuUCI,. Products of SAD oxidation (formic acid, acetic
acid) and degradation (acetone) were added to replace SAD and their effects on the
growth process were also inspected.

The effect of the four starting components in this seed-mediated growth (5 nm
seeds, NazCt, KOH, and HAuUCIl,) on the growth process was studied by removing them
from the mixture individually. Various other parameters (concentration of seeds, NasCt,
KOH, and HAuCI,;) were adjusted to examine their effects on the color change and
growth process. Temperature effects were also studied by comparing the AuUNP growth

at room temperature and at elevated temperature (65 <C).
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2.1.7. Manipulation of the growth at purple/blue stage

The purple/blue stage was arrested and was manipulated by adding 3.42 mM
KOH/HCI. Besides, 500 pL of the mixture was added to a centrifugal filter device. This
device was centrifuged at 14,000 rcf for 15 min to separate the structures giving rise to
the purple/blue color from the solution medium. The concentrate was collected and
redispersed in water for further manipulation, including increasing temperature and

adding 3.42 mM HCI.
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2.2. Results and discussion

2.2.1. Synthesis of 5 nm AuNPs

The UV-vis absorption spectrum of the synthesized 5 nm AuNPs is shown in
Figure 2.1. The peak absorption wavelength of 514 nm corresponds to the LSPR of the
synthesized AuNPs. According to the work by Haiss et al. [191], the diameter of the
AUNPs is determined to be ~5 nm and the concentration is estimated to be ~59 nM. DLS
data of the AuNPs before and after centrifugation are shown in Figure 2.2. Right after
the completion of particle synthesis, the corresponding DLS curve has two peaks,
indicating there being unwanted large particles. After centrifugation at 5,800 rpm for 45
min, only one peak exists, with an average hydrodynamic diameter of ~15 nm. TEM

images in Figure 2.3 also confirm the successful synthesis of ~5 nm AuNPs.
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Figure 2.1. UV-vis spectrum of the synthesized AuNP solution after centrifugation. The
LSPR position is at 514 nm, and As,/Aasso ratio of ~1.27 gives particle size of ~5 nm.
Concentration of the AuNPs is calculated to be ~59 nM from dividing A4so by the
extinction coefficient at 450 nm of 5 nm AuNPs. The method was well reported by

Haiss et al. from [191].
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Figure 2.2. DLS curves of the synthesized AuNPs before (blue) and after (red)

centrifugation. The unwanted larger impurities have been successfully removed as

indicated by the single peak in red.

Figure 2.3. TEM images of the synthesized AuNPs. The size is not uniform but is

averaged around 5 nm, consistent with the UV-vis calculation.

2.2.2. Seed-mediated growth of 5 nm AuNPs
The general color progression in the growth process at room temperature consists

of the following stages: light pink (from the seeds), light gray, dark grayish blue, purple,
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and purple red, then finally red (Figure 2.4). This color change is striking because it
manifests the dark intermediate color reported by many literatures studying Turkevich
method, while the four papers studying on seed-mediated growth of AuNPs with citrate
as reducing agent failed to achieve. By controlling the reaction conditions, the color
change time frame can be manipulated within 24 h, although there were minor variations
between batches, which we will elaborate more in Section 2.2.3 (on p. 123). For a
different batch, the color images and corresponding UV-vis curves are shown in Figure
2.5. The color images are similar to those in Figure 2.4. Red shift of the LSPR peak
occurred within the first 6 h (from 531 nm to 553 nm; Figure 2.6A) with increase of
absorbance in NIR region (700900 nm) within the first 10 h (from 0.141 to 0.623 of
absorbance at 700 nm as a representative; Figure 2.6B). Then, blue shift followed (from
553 nm back to 524 nm; Figure 2.6A) with decrease in NIR absorption (from 0.623 to
0.067 of absorbance at 700 nm as a representative; Figure 2.6B) until the final red color
was attained. Right after mixing growth solution with the 5 nm seeds, the absorbance
peak shifted from 514 nm (Figure 2.1) to 531 nm (Figure 2.5, 0 h) without any change in
the NIR absorbance, similar to the study of Polte et al. (#8 [179-180], #13 [186]). They
didn’t observe the further red shift after that, therefore their hypothesis of the adsorption
of gold ions to the electric double layer (mechanism (v); Section 1.4; p. 79) may not
hold for the observed dark grayish blue color of seed-mediated growth in this thesis.
This change in absorption spectra is indicative of either a large intermediate particle size
(Section 1.2.1.2), or transient anisotropic morphology (Section 1.2.1.3; nanowire
formation discussed in Section 1.3.3, mechanism (ii)), or reversible changes in AuNP
interparticle distance (Section 1.2.1.4) via temporary aggregates formation (mechanism

(1), (i), (ii1)). The aggregates can be formed from AuNPs directly interacting with each
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other (mechanism (i) and (ii)) or from “glue” particle (within which AuNP nucleate and
grow) aggregation into spherical shape (mechanism (iii)). Change of interparticle
distance is also attainable by mechanism (iv) where kinetic intermediate of closely
spaced gold cluters/particles (< 5 nm) exist before compacting to form AuNPs.

DLS evolution of this batch is depicted in Figure 2.7 and Figure 2.8, exhibiting a
monotonic increase in hydrodynamic size till 10 h followed by a plateau. This trend
rules out the formation of large spherical aggregates, from either AuNPs directly
interacting with each other (mechanism (i)) or “glue” particles bringing the interior
AUNPs close to each other (mechanism (iii)), in the purple/blue stage as suggested in the
literatures. For both scenarios, a large hydrodynamic size exceeding 100 nm is expected,
and a decrease of the size should follow till the red color reappears. Mechanism (ii) can
also be excluded because the formation of solid nanowires should also render a large
peak in the DLS curve, and the cleavage or intraparticle ripening of wires to AuNPs is
also expected to correlate with decreasing hydrodynamic size. Therefore, only
mechanism (iv) seems reasonable to explain the color changes in our seed-mediated

growth of 5 nm citrate-coated AuNPs after analyzing the UV-vis and DLS data.

ol . . ’ , ’ .
Oh 4h 8h 12 h 16 h 20 h 24 h

Figure 2.4. Color progression in seed-mediated growth process of 5 nm citrate-capped
AuUNPs at room temperature. The darkest color (grayish blue) occurred at 12-16 h for

this batch.
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Figure 2.5. UV-vis spectra of another batch throughout the growth process. A clear red
shift and increase in NIR absorption were observed in the first 8-10 h for this batch.
Then the LSPR peak blue shifted and NIR absorption decreased till the color images
above turned red. The size of the final AuNPs in the red dispersion was calculated to be

~22 nm, according to Haiss et al. [191].
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Figure 2.6. (A) Absorbance peak wavelength and (B) absorbance at 700 nm of spectra

in Figure 2.5.
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Figure 2.7. DLS curves (normalized) corresponding to Figure 2.5, indicating a

monotonic size enlargement till 10 h followed by nearly constant size until the final red

color appeared. No large structures were detected at the dark grayish blue color (8-10 h).
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Figure 2.8. The intensity-averaged hydrodynamic diameters of the DLS curves depicted

in Figure 2.7.

To have direct visualization of the structures giving rise to the different colors in
the growth process, TEM images were taken for this batch and are shown in Figure 2.9—
16. For the time series of TEM, the appearance and disappearance of wire-like structures
well correlated with the color changes shown in Figure 2.5. However, different from the
reported solid long continuous nanowires as in mechanism (ii), the wire-like structures
observed in this reaction are shorter in length. The observed structures disproved the
mechanism (iv) for the intermediate purple/blue color, since there were no
clusters/particles (< 5 nm) compacting into larger particles during the purple/blue-to-red
color progression. Thus till now, all the five schools of explanation for the purple/blue
color failed to account for the striking color change in our seed-mediated growth of 5 nm
citrate-coated AuNPs. Taking all the UV-vis, DLS, and TEM data together, small

nanowires which are not continuous solid structures (otherwise will be picked up by
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DLS) are causing the purple/blue color in this reaction. We would like to propose that
some soft “glue” is bringing AuNPs to close proximity in chain-like form. The term
chain-like is to distinguish our flexible structures with the solid nanowires in mechanism
(i). Because of the flexibility of “glue” and the chain configuration, it’s possible that
DLS cannot detect the larger intermediate structures (liquid “glue” particles forming
aggregates in spherical shape will also be detected by DLS [181]). In the chain form,
LSPR peak red shift and NIR absorbance increase are also explainable by referencing to
other chain-like structures from linked AuNPs [192]. Therefore, such chain-like
structures bridged by soft “glue” are the most reasonable explanation for the
characterization results presented above.

Actually the paper by Leng et al. (#16 [188]) proposing mechanism (ii) also
found no large structures in their DLS results, even though they claimed nanowire
formation in their study. To have a more consistent terminology, we would also consider
such structures as chain-like rather than wire-like in their seed-mediated growth of ~14
nm citrate-coated AuNPs at room temperature. For the remaining literatures in support
of solid nanowire formation in mechanism (ii), no DLS data were included in their
papers and the possibility of chain-like structures cannot be completely ruled out
because their HRTEM images didn’t show continuous lattice fringes (#3 [174], #6 [177],
#15 [187]). Another point worth mentioning from #3 is that the claimed nanowires
disintegrated to individual AuNPs after putting the TEM grid carrying the structures in
H, atmosphere at room temperature for 1 h (Figure 1.22), more supportive of our chain-
like configuration instead of their solid nanowires [174].

For Figure 2.9 (right after mixing the seeds and growth solution) and Figure 2.12

(6 h after mixing), fluffy large particles similar to those reported in mechanism (i) in the
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range of 50-500 nm were observed. They were not present in TEM images of other time
points and were likely formed from the drying artefacts of gold precursor in the growth
solution, as similar structures were detected in the TEM images of growth solution
(Figure 2.17). By depleting the medium (mainly containing sodium citrate, gold
precursor HAuCl4, and KOH) and isolating the nanostructure in water using centrifugal
filter devices, such large spherical aggregates were not detected while the other features
well retained (Figure 2.18-24).
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Figure 2.9. TEM images of seed-mediated growth of 5 nm AuNPs, right after mixing
seed solution with growth solution. The left images have the same scale bar of 0.5 pm
and the right images have the same scale bar of 100 nm. Fluffy large particles in the

range of 50-500 nm coexisted with the ~5 nm AuNP seeds.
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Figure 2.10. TEM images of seed-mediated growth of 5 nm AuNPs, 2 h after mixing
seed solution with growth solution. The left image has scale bar of 0.5 m and the right
image has scale bar of 100 nm. The seeds got larger size than the 0 h sample in Figure

2.9.

Figure 2.11. TEM images of seed-mediated growth of 5 nm AuNPs, 4 h after mixing

seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. Diameter of the seeds further increased and the seeds

started to form chain-like structures.
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Figure 2.12. TEM images of seed-mediated growth of 5 nm AuNPs, 6 h after mixing
seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. Increase in seed size continued and more seeds were
associating to form chain-like structures. Fluffy large particles in the range of 50-500

nm were identified.

Figure 2.13. TEM images of seed-mediated growth of 5 nm AuNPs, 8 h after mixing

seed solution with growth solution. The left image has scale bar of 0.5 pm and the right

image has scale bar of 100 nm. Even more seeds were forming chain-like structures.
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Figure 2.14. TEM images of seed-mediated growth of 5 nm AuNPs, 10 h after mixing
seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. Size increase was obvious in some parts of the chains

(indicated by red arrows).

Figure 2.15. TEM images of seed-mediated growth of 5 nm AuNPs, 12 h after mixing
seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. The diameter of the chains became more non-uniform.

Individual particles started dissociating off the chains.

97



Figure 2.16. TEM images of seed-mediated growth of 5 nm AuNPs, 24 h after mixing
seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. No chains were observed and the final individual

particles were polydisperse and spherical in shape.

Figure 2.17. TEM images of as-prepared growth solution. Both images have the same

scale bar of 0.5 pm. Similar fluffy large particles in the range of 50-500 nm were

observed.
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Figure 2.18. TEM images of seed-mediated growth of 5 nm AuNPs, right after mixing
seed solution with growth solution. The left image has scale bar of 0.5 m and the right
image has scale bar of 100 nm. The mixture was filtered off the solutes using centrifugal
filtration and the concentrate was redispersed in water. Fluffy large particles were not

detected.

Figure 2.19. TEM images of seed-mediated growth of 5 nm AuNPs, 4 h after mixing

seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. The mixture was filtered off the solutes using centrifugal

filtration and the concentrate was redispersed in water.
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Figure 2.20. TEM images of seed-mediated growth of 5 nm AuNPs, 8 h after mixing
seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. The mixture was filtered off the solutes using centrifugal

filtration and the concentrate was redispersed in water.

Figure 2.21. TEM images of seed-mediated growth of 5 nm AuNPs, 12 h (the darkest

color) after mixing seed solution with growth solution. The left image has scale bar of
0.5 pm and the right image has scale bar of 100 nm. The mixture was filtered off the
solutes using centrifugal filtration and the concentrate was redispersed in water. Size

increase was obvious in some parts of the chains, rendering them non-uniform diameters.
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Figure 2.22. TEM images of seed-mediated growth of 5 nm AuNPs, 16 h (purple in
color) after mixing seed solution with growth solution. The left image has scale bar of
0.5 pm and the right image has scale bar of 100 nm. The mixture was filtered off the
solutes using centrifugal filtration and the concentrate was redispersed in water. The
diameter of the chains became more non-uniform. Individual particles started

dissociating off the chains.

Figure 2.23. TEM images of seed-mediated growth of 5 nm AuNPs, 20 h (turning red in
color) after mixing seed solution with growth solution. The left image has scale bar of
0.5 pm and the right image has scale bar of 100 nm. The mixture was filtered off the
solutes using centrifugal filtration and the concentrate was redispersed in water. More

individual particles dissociated off the chains.
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Figure 2.24. TEM images of seed-mediated growth of 5 nm AuNPs, 24 h (final red
color) after mixing seed solution with growth solution. The left image has scale bar of
0.5 pm and the right image has scale bar of 100 nm. The mixture was filtered off the
solutes using centrifugal filtration and the concentrate was redispersed in water. Most of

the particles were discrete and spherical in shape, with polydisperse size distribution.

Schematic diagram of the structural evolution of gold nanostructures during the
seed-mediated growth of 5 nm citrate-coated AuNPs is shown in Figure 2.25. Basically,
the dispersed seeds, with increasing size, would be brought in chain-like form by the
liquid “glue”. Plasmon coupling among these closely located AuNPs would red shift the
LSPR peak and increase the NIR absorbance, causing red-to-purple/blue color changes.
As for the favored formation of one-dimensional chain-like structures instead of three-
dimensional agglomerates, one possible reason is the limited amount of “glue” material.
In a study on the formation of chain-like ensemble from pyrrole-functionalized AuNPs,
the authors found the amount of pyrrole linkers dictated the morphology of ensemble.
Below a certain threshold, one-dimensional chain-like structures were formed, whereas
more pyrroles induced fast aggregation and disordered precipitates [192]. Another

possible explanation for the chain-like morphology can be steric effects (from
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geometrical restriction [176] or charge density, etc.). As the growth process continues,
the liquid “glue” is consumed with AuNPs are further enlarged. The complete depletion
of “glue” marks the transition of the structures from chain-like form to individual
polydisperse AuNPs and the reversal of color from purple/blue to ruby red. The
polydispersity of the final AuNPs shown in the TEM images (Figure 2.16 and 2.24) is
likely due to Ostwald ripening, during which the smaller particles dissolve for the
growth of their larger counterparts when the precursor concentration is lowered [166].
These size changes may contribute to the non-uniform diameter of the chain-like
structures (indicated by red arrows in Figure 2.14). However, the size distribution is not

the focus of this thesis and therefore not emphasized in the Scheme (Figure 2.25).

00 o0 G () Liquid “glue”

Figure 2.25. Schematic diagram showing the structural changes of gold nanostructures

during the seed-mediated growth of 5 nm citrate-coated AuNPs.
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2.2.3. Key components for color reversal in seed-mediated growth of 5 nm AuNPs
This section serves to study the key components involved in the red-to-
purple/blue-to-red color reversal in this seed-mediated growth. To start with, the
following experiments were conducted to provide more information about the liquid
“glue” composition. Such “glue” can only be the components in the mixture (NasCt,
HAuUCI,, and the intermediate species from the redox reaction between NasCt and
HAUCI, as well as the oxidation and degradation reactions of SAD; discussed in Section

1.3.2.1; shown in Figure 2.26).

Species in reaction mixture

* Gold species
* [AuCl(OH),]"; Au(II)
complex ions
* [AuCl(OH), ]"; Au(T)
complex ions
* Reducing agent and its products

Starting reactants

* Au(Ill) complex ions

* [AuClx(OH)zlfx]_ . —(3-vy)
- Na,Ct = e
* H,CtCw

* Oxidation product of SAD:
formic acid, acetic acid

* Degradation product of SAD:
acctone

* Other intermediate species

Figure 2.26. Possible components in the liquid “glue” for the chain-like structure

formation.

Concentration of total Au(lll) in solution phase (Au(lll) only exist in complex

ion form of [AuCIy(OH),—] with x =0, 1, 2, 3, 4 depending on solution pH [185, 193])

during reaction was monitored by measuring the absorbance at 314 nm due to ligand—
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metal charge transfer of AuCl, , after taking aliquots from reaction and quenching them
into 1 M NaCl (providing ionic strength to precipitate the nanostructures) and then
adding the supernatant to 0.1 M HCI (to convert all Au(lll) complex ions to AuCl,)
[177, 185]. The absorbance spectrum of diluted growth solution (HAuCls; and KOH)
after such treatment is shown in Figure 2.27. A calibration curve is displayed in Figure
2.28, covering Au(lll) concentration range relevant in this thesis. The Au(lll)
concentration, denoted as [Au**], during the whole growth process is depicted in Figure
2.29. The vertical axis shows the relative amount of [Au®*] over the added total Au(l11)
in the growth solution (denoted as [Au®*"]wo). At the dark grayish blue stage, there were
~20% of the Au(lll) complex ions coexisting with the chain-like structures. When the
color changed to red, all Au(l11) complex ions were completely consumed. These results
indicate that Au(l1l) complex ions may play an essential role in maintaining the chain-
like structures, consistent with the results from Pei et al. [174]. This hypothesis is also
supported by the findings that Au(lll) complex ions preferentially adsorb onto gold
surface and would induce attractive forces even in excess amount of citrate ions within
minutes after addition [172-173]. Therefore Au(lll) complex ions are very likely
involved in the chain-like structure formation and constitute an important component
in the liquid “glue”. The depletion of Au(lll) leads to readsorption of other chemicals
onto the gold surface, endowing repulsive forces large enough to redisperse and stabilize
the AuNPs. Such chemicals can be citrate, SAD, and acetone, all of which have been

reported the capability to reduce HAuUCI, to produce stable AuNPs [136-137, 156-157].
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Figure 2.27. Absorption spectrum of prepared growth solution (0.52 mM Au(lll)) in the
mixture of 1 M NaCl and 0.1 M HCI. The peak absorbance at 314 nm results from

ligand—metal charge transfer of AuCl, .
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Figure 2.28. Calibration curve of absorbance at 314 nm with respect to Au(lll)

concentration in the mixture of 1 M NaCl and 0.1 M HCI.
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Figure 2.29. Quantification of Au(lll) concentration (denoted as [Au**]) during the
color change process. [Au**]o represents the added Au(lll) amount in the growth

solution. When the color turned red at 20 h, all the Au(l11) complex ions were consumed.

Another key component for the “glue” can be deduced as follows: in order to
bridge the AuNPs together, this component is expected to associate with adsorbed Au(lll)
and the Au(lll) complex ions within the “glue”. In this reaction with limited species of
starting reactants, citrate ions are possible polydentate candidate to coordinate with
Au(lll) because of their three carboxylate groups. However, if citrate is the key
component in the “glue” then such chain-like structures should have formed very soon

after mixing growth solution and AuNP seeds. The gradual development of the
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purple/blue appearance could be well explained by the oxidation product of sodium
citrate, sodium acetone dicarboxylate (SAD), which also contains more than one
carboxylate groups and can form polymer structures with gold ions [136, 194]. SAD
complexation with Au(l) was also proposed as the “glue” material in the study by Xia et
al. (#12 [184]), but the aggregates formed were not chain-like and showed large
hydrodynamic size in their DLS results (~1600 nm).

To provide some experimental evidence on the importance of SAD in the color
change of our seed-mediated growth, NazCt was replaced with SAD in Tube (d) in
Figure 2.30. This tube was much faster in developing the purple/blue color as compared
with Tube (e). Tube (f), with half Nas;Ct being replaced by SAD, got the color change
profile between those of Tube (d) and (e). Purple/blue stage of Tube (d) at 8 h was
characterized by TEM and similar chain-like structures were identified (Figure 2.31).
These results suggest that SAD is more powerful than citrate in forming chain-like
structures and is another key component in the liquid “glue”. Comparing Tube (a)—(c)
with (d)—(f) further supports the first claim that Au(lll) is a key component in the liquid
“glue”. Au(l) may not be as prominent as Au(lll) in forming the liquid “glue” by
comparing Tube (g)—(i) with Tube (d)—(f). Solubility of AuCl is very low, and Au(l)
complex ions are metastable and would readily disproportionate to form Au(lll)
complex ions and gold atoms in aqueous solutions [151]. The revised key components
for the liquid “glue” are highlighted in red in Figure 2.32. Another insight from Figure
2.30 is that citrate may not be the only chemical capable of stabilizing AuUNPs when

purple/blue-to-red color change occurs.
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(a) 5 nm seeds + SAD
(b) 5 nm seeds + Na,Ct
(¢) 5 nm seeds + SAD + Na,Ct
(d) 5 nm seeds + SAD + growth (KOH+HAuCl,)
(e) 5 nm seeds + Na,;Ct + growth (KOH+HAuCl,)
(f) 5 nm seeds + SAD + Na,Ct + growth (KOH+HAuCl,)
(g) 5 nm seeds + SAD + AuCl
(h) 5 nm seeds + Na,Ct + AuCl
(i) 5 nm seeds + SAD + Na,Ct + AuCl

Figure 2.30. Color change profile of tubes added with different starting chemicals. Tube
(e) is the standard protocol performed in the seed-mediated growth of 5 nm citrate-

capped AuNPs.
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Figure 2.31. TEM images of Tube (d) in Figure 2.30, 8 h after mixing. The left image

has scale bar of 0.5 pm and the right image has scale bar of 100 nm. Similar chain-like

structures were identified.

* Gold species

[AuCly(OH), ] ; Au(IIL)
complex ions
[AuCly(OH), ] Au(T)
complex ions

* Reducing agent and its products

Hth’G’Y)

SAD

Oxidation product of SAD:
formic acid, acetic acid
Degradation product of
SAD: acetone

Other intermediate species

Figure 2.32. Refined “glue” composition, with key components highlighted in red and

less important chemicals in gray color. The other species in the mixture were studied in

the coming experiment.

SAD was further substituted by its oxidation products (formic acid and acetic

acid) and degradation product (acetone). The color progression results are displayed in
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Figure 2.33. No purple/blue color appeared for the three tubes, implying less important

role in the liquid “glue” formation. The key components in the liquid “glue” can be

further revised in Figure 2.34.
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(a) S nm seeds + formic acid + growth (KOH+HAuCl,)
(b) 5 nm seeds + acetic acid + growth (KOH+HAuCl,)
(¢) 5 nm seeds + acetone + growth (KOH+HAuCl,)

(d) 5 nm seeds + SAD + growth (KOH+HAuCl,)

Figure 2.33. Substituting SAD with its oxidation products and degradation product

yielded no such red-to-purple/blue-to-red color reversal.
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Figure 2.34. Further refined “glue” composition, with key components highlighted in

red and less important chemicals in gray color.

In summary, a mechanism on the purple/blue coloration during seed-mediated
growth of 5 nm citrate-capped AuNPs (with citrate as reducing agent) is proposed after
detailed characterization using UV-vis, DLS, and TEM. With the enlargement of
individual AuNPs in this growth process, the formation and disintegration of chain-like
structures, which are composed of AuNPs interconnected by some liquid “glue”, are the
underlying causes for such transient purple/blue color appearance and disappearance.
After adding the growth solution (HAuCl,, KOH) to the 5 nm citrate-coated AuNP seeds,
the adsorbed citrate would be replaced rapidly with Au(lll) complex ions, rendering
attractive forces between AuNPs to facilitate such chain-like structure formation. The
quantification of Au(lll) during the growth process identified full consumption of Au(lll)

when the red color reappears, suggesting Au(lll) can be an important component for the
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liquid “glue”. With the reduction of Au(lll) by citrate, another key component for the
liquid “glue”, SAD, is gradually produced. The interaction between the two components
results such chain-like structure formation. With the depletion of Au(lll), chain-like
structures could no longer maintain and the readsorption of other stabilization chemicals
(e.g., citrate, SAD, and acetone) onto AuNP surface can redisperse the particles to form
final stable red colloid. One point worth noting is the involvement of other possible
intermediate species (from the redox and degradation reactions) in the liquid “glue”
formation and color change process. Our proposed model only includes the well-

established species in our studied reaction system (Figure 2.35).

* Gold species
* [AuCl(OH),~]"; Au(II)
complex ions
* Reducing agent and its products
« SAD

Figure 2.35. Proposed mechanism for the purple/blue coloration during our seed-
mediated growth with citrate as reducing agent. Formation of reversible chain-like
structures from gold seeds (denoted as dark grayish blue spheres) is mediated by liquid

“glue”, with key components of Au(lll) complex ions and SAD.

The following experiments were conducted to validate and refine the proposed
mechanism. In this studied reaction, there are four starting components (5 nm seeds,
NazCt, KOH, and HAuCI,), without any one of them such red-to-purple/blue-to-red

color change wouldn’t have been possible. As shown in Figure 2.36, only Tube (b) with
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all the four components had the complete color progression. Without seeds in Tube (c),
the purple/blue color would appear, but the final red homogeneous product was not
obtained. Instead, precipitation occurred after 2 days of reaction. This could be due to
the in situ generation of seeds, delaying the purple/blue color appearance and depleting
the mixture of enough other chemicals (e.g., citrate, SAD, and acetone) to redisperse the
final AuNPs. When citrate was removed from the system, as shown in Tube (d), a light
purple/blue color appeared and no further change was observed even after 1 week. In
this tube, only a very limited amount of citrate capped on the 5 nm seeds. Thus, the
formation of “glue” was not enough to bring about the dark grayish blue color. Again,
similar to Tube (c), not enough chemicals remained to achieve the purple/blue-to-red
color transition. Without KOH in Tube (e), red color darkened quite rapidly and red
precipitates formed within hours. No purple/blue hue was produced throughout the color
changes. As the reactivity of Au(lll) complex ions increases rapidly with decreasing pH
[185, 195], fast reduction of Au(lll) would produce burst supply of gold atoms for
deposition onto the seeds. The fast reaction kinetics quickly consumes Au(l1l) and does
not favor the “glue” formation thus the purple/blue coloration. When HAuCl, was
depleted from the reaction, no color change was observed at all in Tube (f). This is
because Au(lll) complex ions play essential role in capping the gold seeds and oxidizing
citrate to form SAD, both are indispensable for the liquid “glue” and thus chain-like

structure formation.
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seeds (washed; no Na,Ct) + growth (KOH+HAuCl,)
seeds (with Na;Ct) + HAuCl,

seeds (with Na,;Ct) + KOH

Figure 2.36. Color progression with and without the four starting reactants. Only the

second tube (b) with all the components had such red-to-purple/blue-to-red color change.
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Concentrations of these four starting reactants were adjusted to examine their
effects on the color change and growth process. Figure 2.37 shows that decreasing the
seed number caused a delay in the color change time frame while maintaining similar
color change profiles as long as seeds presented. Such delay can be explained by the
reduced gold surface, which can catalyze the redox reaction between Au(lll) and citrate
for “glue” formation. A lower number of seeds also corresponded to a lighter grayish
blue color, because there were fewer particles for plasmon coupling. Actually, when the
seeds concentration is too low, secondary nucleation is also possible [166]. Therefore,
similar to the tube with no seeds addition, such in situ generation of seeds can also

postpone the appearance of purple/blue color.
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Figure 2.37. Variation of the number of seeds on the color change profile. With
decrease in seed number, the color change happened in a longer time frame. When no
seeds presented, the dark grayish blue color appeared but the final dispersion was not red

and got precipitates (same as Tube (c) in Figure 2.36).

The second key reactant, sodium citrate, is quite special in our studied system.
We didn’t introduce any extra NasCt, but the citrate from the 5 nm AuNP seed synthesis
was found enough to enable this color change process. Concentration of citrate was
varied by adding 0.5 and 1> more of the original amount in the seed solution
(increasing R from 0.6 to 0.9 and 1.2), and the color change process was almost identical
(Figure 2.38). From the redox reaction point of view, increasing concentration of one
reagent should have expedited the kinetics and thus a faster color change process was
expected. However, apart from being a reducing agent and capping agent, sodium citrate
is also a pH mediator [177]. We will elaborate the pH effect on the color change in the
coming set of experiment. For Figure 2.38, the effect from citrate concentration increase

was probably offset by the change in accompanying pH.

118



Oh

4h

12h

16 h

20h

24 h

Na3Ct Na3Ct Na;Ct

Figure 2.38. Variation of the citrate concentration on the color change profile. Adding
extra citrate (thus increasing R) showed almost identical color change profile as the 1x

tube.
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Amount of added KOH was also varied, and the pH effects were not simply on
the time frame of color change (Figure 2.39). When less than 0.8 times of the original
KOH was added (pH ~4), no purple/blue color appeared and the reaction progressed fast
with some red precipitation, similar to the case when no KOH was added shown in
Figure 2.36 Tube (e). However, when more than 2 times of the original KOH (pH ~8)
was introduced, no red color appeared, and purple/blue precipitates were formed and
attached to the tubes. Only two tubes with 1x (pH ~5) and 1.2>x KOH (pH ~6) went
through the red-to-purple/blue-to-red color reversal, with the latter one having a much
longer color change time frame and less intense intermediate color. The corresponding
pH range of the mixture which allows for such color change was found to be roughly
4.5-6.0, similar to the pH range identified in the work by Ji et al. (3.7-6.5) for
intermediate purple/blue color appearance in Turkevich method at boiling condition
[177].

Another set of experiment with 1% and 1.1 KOH was monitored and the
concentration of Au(l1l) was measured. As can be seed in Figure 2.40, the 1.1>tube (pH
~5.2) experienced a much slower color change than the 1xtube (pH ~5) and took 48 h to

complete the whole red-to-purple/blue-to-red color reversal.
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Figure 2.39. Variation of KOH concentration on the color change process. Only the two
tubes with 1% (pH ~5) and 1.2 (pH ~6) of the original KOH got the color reversal with

the final red dispersion.
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Figure 2.40. Variation of KOH concentration on the color change process. The more

alkaline tube (1.1 pH ~5.2) experienced a much slower color change profile.

For pH smaller than 4.5, the dominant species of Au(lll) complex is AuCly
(Figure 2.41), which has the highest reactivity and thus depletes Au(lll) rapidly [185,
195], hindering the “glue” formation for the purple/blue coloration. For pH larger than
6.0, AuCl, speciation is almost negligible and more hydroxylated species predominate.
Only in the pH region of interest from 4.5-6.0, AuCl, and [AuCl3(OH)] coexist in
enough amount for the red-to-purple/blue-to-red color reversal. Thus these two species
are important for the “glue” formation and development of reversible chain-like
structures in our studied reaction. It’s reasonable to propose here that AuCIl;(OH)™ form
is the key speciation of Au(lll) complex ion in the liquid “glue”. Acetone
dicarboxylate ions from SAD are mainly in their fully deprotonated form because of

their low pKa values below 4 [196]. The AuCl, species ensures enough SAD
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production for the “glue” formation. Within the pH range of 4.5-6.0, even a minor
increase in pH corresponds to slower generation of SAD and therefore the purple/blue
color would develop in a longer time frame. This can explain the batch-to-batch
variation of the color change under same reaction conditions mentioned in Section 2.2.2
(on p. 88). When pH approaches 6.0, the observed purple/blue color is not as intense,
probably associated with the limited SAD production as well. For pH above 6.0, only the
hydroxylated species prevails. The production of SAD is even slower and does not favor
the reversible chain-like structure formation. The multiple hydroxyl groups might cross-
link AuNPs to form irreversible aggregates, giving purple precipitates for the 2> (pH ~8)
and 3x (pH ~11) tubes in Figure 2.38. The speciation of citrate ions is also pH-
dependent and the relevant citrate species in the pH range of interest are in the form of
H,Cit™ and HCit* [139, 152, 197]. However, changes in the protonation state of citrate
have much lower effect on the energetics of the redox reaction than Au(lll) complexes
[152], therefore the speciation of Au(lll) complexes are more emphasized throughout

this thesis.
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Figure 2.41. The fraction of Au(lll) complex ion speciation at different pH values.

Adapted from [195].

Replacing KOH with another two pH mediators (K,CO; and K4P,07) but
maintaining the pH at ~5 showed similar color changes and similar chain-like structures
at the purple/blue state (Figure 2.42). Shown in Figure 2.43, the concentration of K,CO3
was varied and similar effects were observed, providing further evidence for the effects

of pH. The liquid “glue” composition can be further refined in Figure 2.44.
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Figure 2.42. Replacing KOH (3.42 mM) with another two pH mediators (K,CO3 and
K4P,07; both 2.17 mM to achieve pH ~5) yielded similar color change process. The
TEM images taken at 12 h show similar chain-like structures at the purple/blue state of

the three tubes.
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Figure 2.43. Variation of K,CO3 concentration on the color change process. The trend is

similar to the KOH concentration effect shown in Figure 2.39-40.
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Figure 2.44. Further refined “glue” composition after the discussion of pH effects on the

color change.

Higher temperature at 65 <C was found able to accelerate the color change
process, shortening the time frame from 24 h to 1 h for reaction at pH ~5 (Figure 2.45).
This is reasonable considering the increased reaction kinetics. One little observation
when examining the temperature effect (data not shown) is that 65 <C can shift the pH
range with red-to-purple/blue-to-red color reversal to slightly more acid values,
approximating 4.0-5.5. This shift can be rationalized by the increased hydroxylation of
gold precursor under elevated temperature [180], resembling the effects from increasing

pH of the mixture.
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Figure 2.45. Higher temperature at 65 <C was found able to accelerate this color change
process and complete the whole reaction within 60 min. The color images at each time

point were shown with the left tube as control at room temperature.

Concentration of the last key component, gold precursor HAuCl,, was varied at
65 <C. The HAuCl, concentrations of 2% 1xand 0.67> corresponded to R values of 0.3,
0.6 and 0.9, respectively. The pH of this set of experiment was controlled at ~5 for the
three tubes to minimize pH effects. Shown in Figure 2.46, with increasing HAuCl,
concentration, the color change process was faster and the intermediate purple/blue color
was more intense. Interestingly, the purple/blue-to-red color changes occurred once the
relative concentration of Au(lll) complex ions reached ~20% and the final red color
correlated with full consumption of Au(lll) for all the three tubes, further substantiating

that Au(lI1) ions are essential in the liquid “glue” to maintain the chain-like structures
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thus the purple/blue color as proposed at the beginning of this section. UV-vis
absorption spectra were taken for the final red samples (data not shown) and the final
sizes were calculated to be 40 nm, 12 nm, and 8.5 nm by Haiss method [191]. The magic
~20% relative amount of added Au(lll) indicates that more Au(lll) complex ions are
needed to maintain the chain-like structures for the 2> sample. This is reasonable
because the AuNPs during seed-mediated growth for this sample are larger in size (final

size of 40 nm), requiring more “glue” to hold the particles together.
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Figure 2.46. Variation of the concentration of added gold precursor HAuUCI, in the
growth solution on the color change process. The three tubes shown in the color images
(from left to right) corresponded to decreasing concentrations of HAuCl,. With lower
concentration of HAuUCI, thus larger R value under the same pH, the color change was

slower, consistent with the quantitative curves.
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To summarize, the four starting components (5 nm seeds, NasCt, KOH, and
HAUuUCI,) are all necessary to obtain the red-to-purple/blue-to-red color reversal. Higher
concentrations of seeds and HAuUCI, can expedite such color change, whereas the
concentration effects of NasCt and KOH are more complicated because pH effects are
involved. Only within a specific concentration range thus pH range (4.5-6.0) can the
color reversal be observed. Within this range, higher KOH concentration thus higher pH,
is associated with slower color reversal profile, and the intermediate purple/blue color is
less intense when the pH approaches 6.0. Elevating temperature to 65 <C and 100 C
(data not shown) is also capable of accelerating the color change progress. At pH ~5, the
higher the temperature, the faster the color reversal was observed. All these
manipulation results are complying with the proposed red-to-purple/blue-to-red color

change mechanism in seed-mediated growth of AuNPs.

2.2.4. Manipulation of the growth at purple/blue stage

To further validate and refine the proposed mechanism, the purple/blue stage was
manipulated by adding extra KOH (Figure 2.47) and HCI (Figure 2.48-49). A general
trend was observed: higher pH could lengthen the purple/blue-to-red time frame,
whereas lower pH could speed up such color change. This could also be supported by
our proposed mechanism, because at higher pH the redox reaction between Au(lll) and
reducing agents (e.g., citrate, SAD, and acetone) is slower due to pH-dependent
reactivity of Au(lll) complex ions, delaying the consumption of Au(lll) which is a key
component in the “glue”. On the contrary, when pH is lowered by adding acid, Au(lll) is
converted from its hydroxylated [AuCl3(OH)] form to AuCl, . Two things can happen

from this. One is fast consumption of Au(lll) depleting the “glue”. The other one is
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direct sabotage of the liquid “glue” by changing the Au(lll) speciation. Both scenarios
can explain the fast red color appearance within minutes. The relative concentration of
Au(ll) to growth solution after adding HCI to the purple/blue state (12 h) was measured
and displayed in Table 2.1. There were still ~31% Au(lll) at 10 min after HCI addition
when the dispersion color turned red, supporting the second scenario that the liquid
“glue” is sabotaged due to speciation change of the Au(lll) complex ions. This can

further substantiate the hypothesis that [AuCI3(OH)] is the key speciation in the liquid

chlue”.
Contro|  Added  Added
KOH  K,CO;
’1 » " - E:’

16 h

36h

48 h

Figure 2.47. Extra KOH (3.42 mM, middle tube) and K,COj3 (2.17 mM, right tube) were
added to the reaction mixture at the dark grayish blue stage (not the darkest color) at 12
h. The added KOH and K,CO3; amount were the same as those in Figure 2.42. This

manipulation lengthened the time needed for the final red color to appear.

131



Figure 2.48. HCI (3.42 mM, similar to the KOH case) was added to the reaction mixture
at dark grayish blue stage (not the darkest color) at 12 h (right tube). Red color appeared
within minutes after adding HCI, which can be inferred from Figure 2.49. This tube got

red precipitates at 24 h.
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Figure 2.49. UV-vis spectra of the reaction at dark purple/blue state, and right after
adding 3.42 mM HCI. The LSPR peak and NIR absorbance changed instantly after

adding HCI.
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Table 2.1. Quantification of Au(l11) concentration (denoted as [Au®]) after adding 3.42
mM HCI to the purple/blue state at 12 h in Figure 2.48-49. [Au®*"]«o represents the

added Au(l11) amount in the growth solution.

3+ 3+
I T

Growth solution 100%

0h 95.4%

12h 39.6%

1 min after adding HCI 31.8%
5 min after adding HC1 31.8%
10 min after adding HCI 30.9%

To further isolate the structures giving rise to the purple/blue color, centrifugal
filtration was employed to the reaction at purple/blue state to get rid of the solution
medium. As depicted in Figure 2.50, the absorbance at visible range was lower in value
but the LSPR feature was maintained after the filtration, indicating that the structures
were well retained without any significant changes. Such little change was also
consistent with the similar TEM images between samples with and without centrifugal

filtration shown in Section 2.2.2.
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Figure 2.50. UV-vis spectra of the reaction at purple/blue stage before and after
centrifugal filtration. The absorbance at visible range after centrifugal filtration was

similar but with a lower value likely due to material loss in the procedure.

One important finding from centrifugal filtration is that the purple/blue-to-red
color change was not inhibited by depleting the solutes, but progressed even faster with
more solutes washed off. Figure 2.51 shows the filtered purple/blue structures at 12 h.
The left tube is control without any centrifugal filtration, and the right six tubes were
filtered for once (n = 3) and twice (n = 3). Faster color evolution was observed for the
Filtration for Twice tubes. The corresponding UV-vis spectra in Figure 2.52 and TEM
images in Figure 2.53 are consistent with these color changes, further substantiating that
Au(lll) may be of utmost importance in maintaining the purple/blue state chain-like

structures. Another important insight is, after washing off all the solutes in the medium,
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the chain-like structures can still evolve to spherical individual AuNPs. This suggests
that enough reducing and stabilizing agents (e.g., citrate, SAD, and acetone) exist within
the chain-like structures to deplete the Au(lll) in the “glue” and readsorb onto the

AUNPs to bring them apart to individual particles.

Filtration for  Filtration for

Control )
once twice

12h

13h

14 h

15h

16 h

24 h

Figure 2.51. Effects of centrifugal filtration on the color change. With more solutes

washed off, the purple/blue structures were no longer maintained and red color appeared

faster with more rounds of filtration.
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Figure 2.52. UV-vis spectra of the purple/blue state (at 12 h) before and after
centrifugal filtration for twice, and 2 h after the filtration. LSPR peak shift and NIR
absorbance decrease corresponded with the observed purple/blue-to-red color change

after centrifugal filtration.
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13 h, after filtration for twice 14 h, after filtration for twice

Figure 2.53. TEM images corresponding to samples in Figure 2.52. At the purple/blue
state, chain-like structures were observed. These structures were well retained after
centrifugal filtration for twice, and then evolved to dissociate spherical AUNPs. Some
larger chain-like or wire-like structures were formed and coexisted with the spherical

AUNPs, likely due to the concentration effect during centrifugal filtration.

After centrifugal filtration at purple/blue state and redispersing the concentrate in
water for once, the dispersion was put into boiling water and the color changed abruptly
to red, as shown in the middle tube of Figure 2.54. Similar trend was observed when
HCI was added to the washed purple/blue structures (right tube). The left tube is the
control without any manipulation after the centrifugal filtration. These results proved

that both heating and lowering pH were able to disrupt the “glue” and thus chain-like
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structures, due to either increased reduction of Au(lll) or changing speciation of Au(lll)

complex ions within the liquid “glue”.

Added
HCI

Control Boiling

Before manipulation 24 h

Figure 2.54. Manipulation of the purple/blue structures after centrifugal filtration. The
left tube is the control without any manipulation after the centrifugal filtration for once.

Both boiling and HCI addition caused the red color appearance immediately.

To summarize on the manipulation findings at the purple/blue state, higher pH
delayed the process for red color appearance. Lower pH, however, accelerated the
purple/blue-to-red color transition. When the solutes in the medium were depleted, such
color change was faster than the tube without any centrifugal filtration. Applying high
temperature and adding HCI to the washed purple/blue structures brought even faster
color change to the dispersion. Again, these results are supportive of the proposed

mechanism.
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2.2.5. Proposed mechanism for color reversal in seed-mediated growth of 5 nm
AUNPs

Based on all the information from characterizing the growth process and
manipulation results, a new mechanism for the red-to-purple/blue-to-red color reversal
phenomenon in seed-mediated growth of 5 nm citrate-coated AuNPs (with citrate as
reducing agent) is proposed as follows.

Firstly, right after mixing the seeds with the growth solution, the citrate-capped
AUNPs would be adsorbed with Au(lll) complex ions. The preferential binding of the
Au(lll) over citrate was well established by previous literatures [171-172]. This ligand
exchange would endow an attractive force among the seeds, bringing them in close
proximity. Majority of the seeds are discretely located at this stage, probably because of
the presence of citrate ions near the particle surface, providing steric/electrostatic
stabilization [173].

Secondly, the reducing agent citrate near the surface/in the medium would
reduce the Au(l11) complex ions to Au(l) complex ions, which would disproportionate to
form Au(lIl) complex ions and gold atoms. These newly produced gold atoms would
then attach to the seeds, enlarging the seed particles.

Thirdly, the oxidation product of citrate, SAD, would form a liquid “glue” with
Au(ll) complex ions (in the form of [AuCl3(OH)] ). This “glue” can bridge adjacent
Au(lll)-coated seeds into chain-like configuration, allowing plasmon coupling of the
AuUNPs and causing LSPR peak red shift and NIR absorbance increase. Such changes in
absorbance correspond to the red-to-purple/blue color change. The liquid “glue” instead
of solid linkers and the chain configuration can explain the monotonic increase of

measured hydrodynamic size and absence of large peaks in DLS results, in accordance
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with the lack of large structures under SAXS in those literatures introduced in Section
1.3.3 (#4 [149], #8 [179], #9 [181], and #13 [186]). Apart from SAD and Au(lll)
complex ions, other chemical species involved in this reaction (including citrate, Au(l)
complex ions, formic acid, acetic acid, acetone, and other possible intermediate species)
can also exist in the chain-like structures, either as less important components in the
“glue” or as capping agents on the AuNPs (this is possible with more Au(lll) consumed
during the growth process, freeing gold surface space for adsorption of other species).

Lastly, with the continuous consumption of Au(l1l) complex ions, the “glue” will
be used up and the chain-like structures can no longer maintain. During this process, the
AUNP surface will be mainly coated with other stabilizing ions/molecules (e.g., citrate,
SAD, and acetone), which render enough colloidal stability to bring the individual
AuUNPs apart [172-173]. The breakdown of chain-like structures corresponds to the
purple/blue-to-red color change.

Therefore, the red-to-purple/blue-to-red color reversal can be viewed as a
dynamic process between formation of chain-like structures (by Au(lll) adsorption and
liquid “glue” production) and disintegration of chain-like structures (by depletion of
liquid “glue” and readsorption of stabilizing species onto AuNP surface). All the
manipulation results in Section 2.2.3 and 2.2.4 are affecting this dynamics and thus

influencing the color changes.
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2.3. Summary

Color reversal in seed-mediated growth of 5 nm citrate-coated AuNPs with
citrate as reducing agent is examined and manipulated in this chapter. A mechanism is
proposed to explain the observed red-to-purple/blue-to-red color reversal: a dynamic
process between formation and disintegration of chain-like structures mediated by liquid
“glue”. The key components in the liquid “glue” are SAD and Au(lll) complex ions (in
the form of [AuCl3(OH)] ). The molecular interactions between them can be briefly
hypothesized as shown in Figure 2.55. One possible interaction between SAD and
[AuClI3(OH)] in the liquid “glue” is drawn based on the molecular mechanism of redox
reaction between citrate and Au(lll) complex ions, where ligand replacement of one
chloride ion in the Au(lll) complex by one carboxylate group of citrate is the first step
calculated by density function theory [152]. Since the hydroxylation state of Au(lll)
complex ion is very critical, the other possible interaction between SAD and
[AuClI3(OH)] can be in the form of hydrogen bond. This can also help explain the less
powerfulness of citrate in forming such liquid “glue” because the hydroxyl groups
within citrate would likely compete with hydroxyl groups inside [AuCl3(OH)]”

forming hydrogen bonds.
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Figure 2.55. Hypothesized molecular interactions between Au(l1l) complex ions (in the

form of [AuCl3(OH)] ) and SAD within the liquid “glue” at the purple/blue stage.
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Chapter 3. Color reversal in seed-mediated growth of 13 nm

AUNPs

3.1. Materials and methods

3.1.1. Materials and equipment

Hydrochloric acid (HCI), nitric acid (HNO3), chloroauric acid (HAuCl4, 30% wt.
in diluted HCI), sodium citrate tribasic dihydrate (NazC¢HsO7 2H,0), and potassium
hydroxide (KOH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All the
chemicals were used as received without any further purification. Amicon® Ultra
centrifugal filters (MWCO 10,000) were purchased from Millipore (Burlington, MA,
USA). Mill-Q water was used throughout this work.

Centrifugation was performed using Eppendorf 5415 D centrifuge. UV-vis
spectra were acquired using Amersham Biosciences UltrospecTM 2100 pro UV/visible
spectrophotometer. DLS data were collected by Malvern Panalytical Zetasizer Nano ZS.
TEM images were taken by field emission electron microscope (JEM-2100F, JEOL)

with 200 kV field emission gun.

3.1.2. Synthesis of 13 nm AuNPs

The synthesis of 13 nm AuNPs is based on Turkevich method, reducing HAuCl,
with NaszCgHs0O;, with minor modifications from reported literatures [136-137, 198].
Basically, the glassware and stir bar were washed with freshly prepared aqua regia
(concentrated HCI:HNOj3 volume ratio of 3:1). Then 10 pL of 30% HAuCI, was added
to 29.99 mL water, boiled with vigorous stirring and refluxing for 30 mins. Afterwards,

3 mL of 1% Na3CeHsO; was quickly introduced to the gold precursor. The final
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concentrations of HAuCl, and Na3C¢HsO; were 0.48 mM and 3.87 mM (R = 8.03),
respectively. The final ruby red color appeared within 5 min of mixing. Then the
mixture was cooled to room temperature for characterization and seed-mediated growth,

without further purification.

3.1.3. Characterization of synthesized 13 nm AuNPs

Right after synthesis, the as-synthesized 13 nm AuNP dispersion was
characterized by UV-vis spectroscopy and DLS. TEM was also performed for direct
visualization of the synthesized AuNPs, after drop casting ~100 pL of the dispersion to a

carbon-coated copper grid placed on a filter paper.

3.1.4. Preparation of growth solution

The same growth solution was prepared by adding 5.7 mM of KOH to 0.87 mM
HAuCl,. The mixture would turn from pale yellow to colorless within minutes,
indicating hydroxylation of the gold precursor. This growth solution was left overnight

in dark at room temperature before use. The solution pH was ~5.5 after equilibration.

3.1.5. Seed-mediated growth of 13 nm AuNPs

Similarly, the growth solution and the seed solution were mixed with volume
ratio of 3:2, giving [HAuCl,] = 0.522 mM, [NasCt] ~ 1.26 mM (calculated from 1.5:1
stoichiometry of NasCt: HAUCI, in the synthesis of 13 nm AuNP seeds), and [KOH] =
3.42 mM in the final mixture (R = 2.4). The growth process was monitored by UV-vis,

DLS, and TEM.
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3.2. Results and discussion

3.2.1. Synthesis of 13 nm AuNPs

The UV-vis spectrum of as-synthesized AuNPs is shown in Figure 3.1. The peak
absorption wavelength of 520 nm corresponds to the LSPR of the synthesized AuNPs.
According to the work by Haiss et al. [191], the diameter of the AuNPs is determined to
be ~13 nm, and the concentration is estimated to be ~6.5 nM. DLS data of the AuNPs is
shown in Figure 3.2. The hydrodynamic diameter is ~19 nm. TEM images in Figure 3.3

also confirm the successful synthesis of ~13 nm AuNPs.
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Figure 3.1. UV-vis spectrum of the as-synthesized AuNP solution. The LSPR position
is at 520 nm, and Asp/Assp ratio of ~1.59 gives particle size of ~13 nm. Concentration of
the AuNPs is calculated to be ~6.5 nM form dividing A4so by the extinction coefficient

at 450 nm of 13 nm AuNPs. The method was well reported by Haiss et al. from [191].
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Figure 3.2. DLS curve of the as-synthesized 13 nm AuNP dispersion, showing single

peak with average hydrodynamic diameter of ~19 nm.

Figure 3.3. TEM images of the synthesized AuNPs. The size is not uniform but is

averaged around 13 nm, consistent with the UV-vis calculation.

3.2.2. Seed-mediated growth of 13 nm AuNPs

The growth of the 13 nm citrate-capped AuNPs, after mixing with the same

growth solution as in Chapter 2, showed similar red-to-purple/blue-to-red color reversal.
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The intermediate purple/blue color was not as intense or blue as the growth of 5 nm
AUNPs in previous chapter, but the trend was similar as evidenced from the color images
in Figure 3.4 and UV-vis spectra in Figure 3.5. DLS data shows no large structures
above 100 nm even in the most purple/blue stage at 10 h, disproving solid aggregates
formation. Instead, when the color started turning red at 12 h, a small peak below 1 nm

appeared and maintained till the end of color reversal process.
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Figure 3.4. Color progression in the growth process of as-synthesized 13 nm citrate-
capped AuNPs at room temperature. Even though the mixture had pH ~6, the color
reversal was complete within 24 h, in a comparable time frame as the growth of 5 nm

AUNPs in Chapter 2 with pH ~5.
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Figure 3.5. UV-vis spectra throughout the growth process of 13 nm AuNPs. A clear red
shift and increase in NIR absorption were observed in the first 10 h for this batch. Then
the LSPR peak blue shifted and NIR absorption decreased till the color images above

turned red.
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Figure 3.6. DLS curves (normalized) corresponding to Figure 3.5. No large structures

observed even at the most purple/blue stage at 10 h.

TEM images were also taken for direct visualization of the nanostructures during
growth of the synthesized 13 nm AuNPs. Right after mixing the seeds with the growth
solution, fluffy large particles in the range of 50-500 nm coexisted with the 13 nm seeds.
The observed large structures are similar to the ones in the growth process of 5 nm
AuUNPs (Figure 2.9 and 2.12), and are believed to be caused by the gold precursor in the
growth solution (Figure 2.17). Depleting the solutes using centrifugal filtration was
capable of eliminating those structures (Figure 3.8). The purple stage of the growth of 13
nm AuUNPs is also populated with chain-like structures with non-uniform diameter
(Figure 3.9), which dissociated to form the final discrete and elliptical AuNPs in Figure

3.10.
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Figure 3.7. TEM images of seed-mediated growth of 13 nm AuNPs, right after mixing
seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. Fluffy large particles in the range of 50-500 nm were

identified together with the individual seeds.

Figure 3.8. TEM images of seed-mediated growth of 13 nm AuNPs, right after mixing

seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. This mixture was filtered off the solutes using
centrifugal filtration and the concentrate was redispersed in water. Fluffy large particles

were not detected.
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Figure 3.9. TEM images of seed-mediated growth of 13 nm AuNPs, 10 h after mixing
seed solution with growth solution. The left image has scale bar of 0.5 pm and the right
image has scale bar of 100 nm. This mixture was filtered off the solutes using
centrifugal filtration and the concentrate was redispersed in water. Chain-like structures

with non-uniform diameter were observed.

Figure 3.10. TEM images of seed-mediated growth of 13 nm AuNPs, 24 h (final red

color) after mixing seed solution with growth solution. The left image has scale bar of
0.5 pm and the right image has scale bar of 100 nm. This mixture was filtered off the
solutes using centrifugal filtration and the concentrate was redispersed in water. Most of
the particles were discrete but elliptical in shape (different from the final products of 5

nm AuNP growth).
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3.3. Summary

Similar to the growth of 5 nm AuNPs, the purple/blue state in the seed-mediated
growth of 13 nm AuNPs is also related to the formation and disintegration of chain-like
structures. AuNPs interconnected by liquid “glue” is the most appropriate mechanism
that can concord all the UV-vis, DLS, and TEM results. The mechanism proposed in
Chapter 2 is also applicable to elucidate the growth of 13 nm AuNPs. The elliptical
shape of the final particles is interesting but is out of the scope of this thesis. This could
result from the readsorbed citrate (from larger R value for this seed-mediated growth as
compared to growth in Chapter 2) limiting the intraparticle ripening of the individual

particles to more spherical shape under our reaction conditions.
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Chapter 4. Color change in Turkevich method

4.1. Materials and methods

4.1.1. Materials and equipment

Chloroauric acid (HAuCl4, 30% wt. in diluted HCI), and sodium citrate tribasic
dihydrate (NazCgHsO7 2H,0) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). All the chemicals were used as received without any further purification. Mill-Q
water was used throughout this work.

TEM images were taken by field emission electron microscope (JEM-2100F,

JEOL) with 200 kV field emission gun.

4.1.2. Turkevich method at boiling temperature

This Turkevich synthesis is the similar to the protocol in Section 3.1.2, reducing
HAuUCI, with Na3CgHs07, with minor modifications from reported literatures [136-137,
198]. Basically, 1.67 L of 30% HAuUCI, was added to 5 mL water in a centrifugal tube
under boiling. Afterwards, 0.5 mL of 1% Na3CgHsO; was quickly introduced to the gold
precursor. The final concentrations of HAuCl, and NazCsHsO; were 0.48 mM and 3.87
mM (R = 8.03), respectively. The final ruby red color appeared within 5 min of mixing
in this setup.

Another set of Turkevich synthesis was conducted with concentrations of
HAuUCI, and NazCsHs07 being 0.48 mM and 1.59 mM (R = 3.29). The final ruby red

color appeared within 3 min of mixing and boiling.
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4.1.3. Turkevich method at room temperature

This synthesis is similar to the protocol above, but conducted at room
temperature instead of boiling. Basically, HAuUCl, and NazCsHsO; were mixed with R =
8.03 (pH 5.8) and R = 3.29 (pH 4.2). The final ruby red color appeared within 12 h and 2

h after mixing for the two R ratios, respectively.

4.1.4. Characterization of Turkevich method at room temperature
TEM was performed for direct visualization of the structures responsible for the
color change in Turkevich method conducted at room temperature, after drop casting

~100 L of the dispersion to a carbon-coated copper grid placed on a filter paper.

4.2. Results and discussion

4.2.1. Color change in Turkevich method at boiling temperature

The color images of Turkevich syntheses at boiling temperature with two R
values are shown in Figure 4.1. After the mixtures of Na;Ct and HAuCl, were put into
the boiling water bath, the R = 8.03 tube went through gradual color change with a light
purple/blue phase. On the other hand, for the R = 3.29 tube, a distinct dark grayish blue
stage was observed at 2.5 min. It took less time for the final red color to appear for the
low R tube, probably stemming from the higher reactivity of gold precursors at lower pH

condition [185, 195].
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4 min 5 min

Figure 4.1. Turkevich syntheses of AuNPs under boiling conditions. The left tube has R
value of 8.03 (pH 5.8 measured at room temperature) and the right tube has R value of

3.29 (pH 4.2 measured at room temperature).

4.2.2. Color change in Turkevich method at room temperature

The color images of Turkevich syntheses at room temperature with the two R
values are shown in Figure 4.2. Different from the boiling case, the R = 8.03 (pH 5.8)
tube got the dark grayish blue stage, whereas the R = 3.29 (pH 4.2) tube only
experienced a light purple/blue color before the final red color appeared. Similar to the
boiling condition, the R = 3.29 tube had faster reaction, evidenced from the faster red

color appearance than the R = 8.03 tube on the left. Since the R = 8.03 tube has pH value
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of 5.8, the speciation of gold precursor (AuCl, and [AuCl3(OH)] ) at this pH [185, 195]
and the associated SAD production may explain the dark color appearance at room
temperature as the case for the seed-mediated growth of 5 nm and 13 nm AuNPs. The
standard Turkevich synthesis has similar R value at 7.63, but conducted at elevated
temperature [136]. The lack of such dark coloration at high temperature may be
attributed to the increased hydroxylation of gold precursor [180]. This can also explain
the dark color observed for R = 3.29 (pH 4.2) at high temperature. Increasing the
temperature has similar effects as shifting the pH to a higher value. To provide further
evidence that the proposed mechanism in Chapter 2 may be related to the commonly
adopted Turkevich method for AUNP synthesis, TEM images were taken on the 0 min, 3
h, and 12 h samples aliquoted from the R = 8.03 tube (Figure 4.3-5). The chain-like
structures for the 3 h sample (dark grayish blue) are similar to the chain-like structures
observed before, especially the purple/blue stage of seed-mediated growth of 13 nm
AuNPs in Figure 3.9. The final red dispersion also has similar elliptical AuNPs as the
final product of seed-mediated growth of 13 nm AuNPs in Figure 3.10, but different
from the final product at elevated temperature with the same reagent concentrations in
Figure 3.3. The spherical shape at elevated temperature may be attributed to the

promoted intraparticle ripening with increasing temperature.
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Figure 4.2. Turkevich syntheses of AuNPs under room temperature. The left tube had R

value of 8.03 (pH 5.8) and the right tube had R value of 3.29 (pH 4.2).

-

Figure 4.3. TEM images of Turkevich synthesis of AuNPs, right after mixing citrate
with gold precursor (R = 8.03; pH 5.8; room temperature). Both images have the same
scale bar of 0.5 pm. Large structures in the range of 50-500 nm were identified, similar

to the structures observed for the growth solution in Figure 2.17.
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Figure 4.4. TEM images of Turkevich synthesis of AuNPs, 3 h after mixing citrate with

gold pre cursor (R = 8.03; pH 5.8; room temperature). The left images have the same
scale bar of 0.5 pm and the right images have the same scale bar of 100 nm. Chain-like

structures with non-uniform diameter were observed.
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Figure 4.5. TEM images of Turkevich synthesis of AuNPs, 12 h after mixing citrate

with gold precursor (R = 8.03; pH 5.8; room temperature). The left images have the
same scale bar of 0.5 pm and the right images have the same scale bar of 100 nm. Most
of the particles were discrete but elliptical in shape (similar to the final products of seed-

mediated growth of 13 nm AuNPS).
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4.3. Summary

Similar to the seed-mediated growth of 5 nm and 13 nm AuNPs, the purple/blue
stage in the Turkevich method (both at elevated temperature and at room temperature)
can also be explained by the proposed mechanism in Chapter 2. Without added seeds,
the first step involved in the Turkevich method could be the formation of seeds in situ
from NasCt reduction of HAuCl,4, which are then adsorbed with Au(lll) precursor. The
subsequent events can be illustrated by the mechanism with particle growth, particle
interaction with each other to form chain-like structures mediated by liquid “glue” from

SAD and [AuClI3(OH)] , and disintegration of the chains by “glue” depletion.
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Conclusions

A mechanism on the red-to-purple/blue-to-red color reversal in the seed-
mediated growth of AuNPs (with citrate as reducing agent) was proposed as formation
and disintegration of chain-like structures formed from AuNPs mediated by some liquid
“glue” (with key components of Au(lll) complex ions and SAD). After adding growth
solution to the AuNPs, the following events take place: (a) Au(lll) complex ions adsorb
more preferentially onto the seeds than citrate ions, bringing AuNPs in close proximity;
(b) citrate converts Au(lll) complex ions to Au(l) complex ions, which disproportionate
to form Au(lIl) complex ions and gold atoms, enlarging the AuNP size; (c) at the same
time, SAD is produced as the oxidation product of citrate, forming a liquid “glue” with
Au(lll) complex ions (in the form of [AuCI3(OH)] ) possibly via hydrogen bonds and
ligand replacement of chloride ions by carboxylate groups in SAD. Such “glue” cross-
links AuNPs into chain-like structures. The close proximity of the connected AuNPs
results in red shift of the localized surface plasmon resonance peak and increase in the
near-infrared absorption; (d) with further consumption of Au(lll) by reducing agents
(e.g., citrate, SAD, and acetone), the “glue” is depleted and such chain-like structures
can no longer maintain. The readsorption of some stabilizing agents (e.g., citrate, SAD,
and acetone) onto the gold surface causes disintegration of the chain-like structures,
producing dispersed spherical AuNPs. These steps can well explain the red-to-
purple/blue color change from (a) to (c) and the purple/blue-to-red color change from (c)
to (d). The red-to-purple/blue-to-red color reversal can be viewed as the dynamic
process between chain-like structure formation (facilitated by liquid “glue” formation)

and chain-like structure disintegration (induced by depletion of liquid “glue”). This
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proposed mechanism is also applicable to illustrate the red-to-purple/blue-to-red color
reversal in seed-mediated growth of 13 nm citrate-coated AuNPs as well as the
purple/blue-to-red color change in Turkevich method, offering new insights into the
underlying physicochemical processes for the two widely adopted AuNP synthesis

methods.
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Future Work

Understanding more of the interaction between “glue” components via adding
hydrogen bond denaturants (e.g., urea) and carboxyl-containing molecules (e.g.,
formic acid, and acetic acid) to the reaction mixture.

Providing more direct proof of the molecular nature of the “glue” after isolating
the “glue” from the purple/blue nanostructures and dissociating the ‘“glue”
components for more characterization (e.g., NMR, FTIR, and HPLC-MS/UV-
Vis).

Validating the proposed mechanism for other sizes of AuNP seeds in seed-
mediated growth.

Validating the proposed mechanism for other reaction conditions in Turkevich

method (e.g., different R values, different temperatures, different pH, etc.).
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