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Abstract

This thesis reports key findings in the synthesis and transformation of silver
nanoparticles (AgNPs) with pentagonal symmetries. The main focus of the thesis work is
on the synthesis of silver decahedral nanoparticles (AgDeNPs) and their transformation
into larger AgDeNPs and silver pentagonal rod nanoparticles (AgPRNPs). In another
direction, produced AgNPs were stabilized by gold plating. In a one-stage photochemical
synthesis of AgDeNPs (pentagonal bipyramid, J,3 solid), oxidative etching by hydrogen
peroxide was implemented to achieve complete conversion of the small silver platelet
precursor NPs. For convenient laboratory synthesis of high-purity size-selected
AgDeNPs, we have also adapted LEDs as a light source and documented optimal
exposure time, LED power, and wavelength range. In the absence of platelet impurities,
AgDeNPs produced by the new-generation procedure could be conveniently re-grown
into larger sizes using silver ions as a precursor. Thermal one-dimensional regrowth of
new-generation AgDeNPs into AgPRNPs has been reliably accomplished with the precise
variation in rod length (by varying amounts of added silver) and width (by using
different seed AgDeNPs). Chemical stability of prepared AgNPs was improved by
deposition of a uniform thin layer of gold at the surface with the controlled slow rate.
The produced gold-plated silver nanoparticles (Au@AgNPs, shell@core) were found to
be stable in such aggressive chemical environment as: 1.5 M NHs, 0.5 M H,0,, and 150
mM NaCl solutions, where AgNPs were degraded in several minutes. Furthermore,
strong SPR and surface uniformity of AgNPs have been advantageously preserved after

gold plating. With the reported reproducible synthetic protocols that can be readily



implemented in any chemistry laboratory, AgDeNPs and AgPRNPs will serve as a
versatile plasmonic platform with a precisely tunable surface plasmon resonance (SPR)
from ca. 430 nm (rounded AgDeNPs) to 1100+ nm (longitudinal SPR of longer AgPRNPs).
This plasmonic platform should be useful and advantageous for diverse range of
applications, especially plasmonic sensing and surface-enhanced Raman spectroscopy

(SERS).
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Chapter 1

General Introduction

1.1 Introduction

Nanoscience is one of today's most inspiring competitive interdisciplinary fields.
It provides integration and unification rather than division between chemistry, physics,
biology, engineering and medicine. Nanotechnology, promised by nanoscience, is
manufacturing of devices, machines or products based upon nanoscale constituents.™
Nanochemistry is naturally concerned with the chemistry aspects of the nanoscience
being involved in the synthesis and self-assembly of building blocks with at least one
spatial dimension in the nanometer range.'? Controllably tailoring nanomaterial
parameters, such as: surface, size, shape, and defect, can tune their properties for

prospective applications.l'2

Metal nanoparticles (MNPs) have attracted scientific attention for hundreds of
years due to their intrinsic catalytic, electronic, magnetic and optical properties. MNPs
are considered as metal nanocrystals that have at least one dimension ranging from 1 to

100 nm.*!

Plasmonic metal nanoparticles (PNPs), in particular silver and gold NPs, have

proven to serve as a versatile platform for a range of diverse applications including

1.3,1.4 1.6,1.7,1.8

catalysis, solar cells,* sensors, especially sensors based on surface plasmon

1.9,1.10,1.11

resonance and surface enhanced Raman scattering (SERS).}1#113114 pNps are



distinct in their properties both from bulk materials and smaller superatomic metal

1.15,1.16

clusters in displaying surface plasmon resonance (SPR). The SPR energy

(wavelength) of PNPs is a function of nanoscale confinement, as a result SPR can be

advantageously manoeuvred''” through several NP parameters including composition,

1.18,1.19,1.20,1.21

size, and morphology. Silver features the highest energy of d-sp transitions

among coinage metals that enables SPR of silver nanoparticles (AgNPs) to span through

1.20

the entire visible range into NIR (ca. 395 nm to 1300+ nm). Owing to their

advantageous properties, AgNPs were synthesized in different morphologies including

1.7,1.20 1.25,1.26

f 1.22 1.2 1.2 . 1.2 1.2
prisms, cubes,?? octahedra,*?® bars,'?* rods, wires,™?’ nanoflowers,*?® and

1.29

particles with concaved-surfaces. Several approaches to synthetic size and shape

control of AgNP morphologies include systematic investigations of reducing agents,™*°

1 2

capping agents,”*! synthetic parameters,’* and photochemical transformation

1.25,1.32,1.34
pathways. "~

Metal decahedral nanoparticles (MDeNPs) feature the most compact pentagonal
twinned morphology with Ds, symmetry. Decahedra are pentagonal bipyramids
(Johnson solid J13). AgDeNPs are enclosed with ten {111} triangular facets of face center
cubic (fcc) close packed lattice. A decahedral particle can be also represented as
consisting of five tetrahedra twinned together by faces leaving a twinned defect gap of
7.35°.12>13% Gold decahedral nanoparticles (AuDeNPs) were first described as multiple
twinned morphologies in the pioneering work of Ino and Ogawa at an earlier stage of
gold film formation on alkali halide crystals and by evaporation in ultrahigh

Vc’:lCLILIm.l'y'l'38



Several approaches have been subsequently developed to produce, transform

and characterize MDeNPs,*2¢1:39.141,144

A synthetic protocol to prepare high-quality
monodisperse shape-selected gold decahedral nanoparticles in DMF,**°  and
subsequent detailed studies of their plasmonic properties have been reported by Liz-

1.40,1.41
Marzan’s group.™**

Lombardi and co-workers reported the first feasible approach to
the synthesis of silver decahedral nanoparticles (AgDeNPs) by using a 476.5-nm
monochromatic laser light (decahedral particles were described as pentagons and

produced as a mixture with other pyramidal particles).*

In a further development,
silver decahedra were produced using blue 465-nm LED with a yield of about 90% (with
a significant contribution of tetrahedral morphologies) and FWHM of the SPR band of

1.43

the prepared AgDeNPs of ca. 50 nm.” ™ AgDeNPs have been photochemically produced

by our group with very good shape selectivity, using a metal halide lamp equipped with

a blue filter as a light source.***

Yoon and co-workers reported synthesis of AgDeNPs in
DMF through the proposed stepwise growth of tetrahedral NPs; the resulting
decahedral NPs were produced as a mixture with triangular and hexagonal platelets, as
well as with quasi-spherical morphologies, with the decahedra yield of ca. 35-50%."*
Huang and co-workers recently reported one-pot synthesis of AgDeNPs using seedless
photo-assisted citrate reduction under blue LED excitation with the yield of decahedral
particles exceeding ca. 85%; the remaining shapes being platelets and tetrahedra.'“® All
of these studies did not provide a reliable route for the preparation of AgDeNPs with

high-quality shape selection, eliminating the presence of other morphologies, especially

platelets/prisms. The key influence of even a minor fraction of platelet impurities is in



the transformation of AgDeNPs into other shape-selected morphologies with tunable
SPR bands, where AgDeNPs serve as seed particles, for which the purity (absence of

other seeds, such as small platelet AgNPs) is crucial.

When AgDeNPs undergo anisotropic one-dimensional elongation, the
morphology is transformed from decahedra enclosed with ten {111} triangular facets

into pentagonal rod nanoparticles (AgPRNPs) enclosed with five {100} side facets and

1.26,1.47

preserved ten {111} capping facets. Metal nanorods and nanowires with penta-

twinned symmetry have been synthesized using various approaches. A synthetic
protocol to prepare gold nanorods in presence of a cationic surfactant,
cetyltrimethylammonuim bromide (CTAB), has been reported by Wang’s group.>*® This

method has been adopted by El-Sayed’s group to prepare gold nanorods with different

1.49

controlled aspect ratios. Murphy and co-workers used the seed regrowth approach

in the presence of CTAB to prepare silver and gold cylindrical nanorods with various

1.50,1.51

aspect ratios (4.6 to 18). Mann and co-workers reported a seed-mediated

synthetic protocol for gold nanorods with penta-twinned symmetry directed by CTAB
that stabilizes {100} and {110} facets."”* Xia’s group reported a polyol synthetic
protocol to prepare pentagonal silver nanowires on a large scale by using ethylene
glycol at high temperature (160 °C) as a thermal reducing agent for silver ions in the
presence of poly vinylpyrrolidone (PVP) as {100} facet stabilizer.™*> AgPRNPs have been
prepared by our group using thermal regrowth of decahedra in the presence of citrate

1.26

as a thermal reducing agent. Good control over the length and long-range self-

1.26
d.

assembly have been demonstrate Mirkin and co-workers recently reported



photochemical synthesis of silver rod NPs by SPR excitation of AgNP seeds using LEDs

1.25

with the wavelength ranging from 600 and 750 nm.~“> The aspect ratios of the prepared

1.25

rods have been tailored through the excitation wavelengths. The key factor in

controlling the quality of the rod MNPs is in the purity (both in size and in shape) of the

1.54
precursor NP seeds.’”

Strong and sharp SPR of silver makes AgNPs potentially more advantageous
compared to AuNPs for application based on plasmonic sensing and surface enhanced
Raman spectroscopy (SERS). Despite these advantages, many applications of AgNPs,
especially in biological systems, are limited due to their low stability in different
detrimental environments, e.g. in presence of chloride ions that are common in

L33At the same time, AuNPs feature much better stability, but their

physiological fluids.
major drawback is dampened plasmonic peaks below ca. 650 nm due to d-sp transitions

in the visible. Despite the SPR disadvantage, AuNPs remain the only choice of PNPs for a

wide range of biomedical applications.l'56

In the above context, production of stable PNPs with strong SPR is essential for

versatile applications. Several approaches to protect the surface of AgNPs by deposition

1.57,1.58

a layer of silica or gold™***®® have been reported. Due to galvanic replacement,

deposition of Au at the surface of AgNPs commonly results in silver oxidation and
dissolution of AgNPs resulting in hollow gold particles without retaining the

1.61,1.62,1.63

advantageous SPR characteristics of silver. Controllable deposition of the gold

at the edges of silver decahedral nanoparticles to produce ultrathin gold nanoframes



was previously reported by our group.'®* The key to form a uniform thin protective layer
of gold at the surface of AgNPs is to avoid galvanic replacement. Xue’s group produced
gold coating on silver nanoprisms using hydroxylamine as a reducing agent,™*° and Yin’s
group recently reported a synthetic protocol to prepare stable silver nanoplatlets
through reducing the reduction potential of the gold salt by complexation with iodide
ions in presence of diethyl amine.™” Both approaches rely on use of extra reagents and
appreciably complex to readily adapt for silver morphologies other than nanoprisms.
With the complexity of the reported procedures, there is a need for simple and reliable
protocols for gold plating to readily attain these particles for use in diverse applications.
The main projects of this thesis were focused on synthesis and controlled
transformation of PNPs (silver and gold-plated silver NPs) with pentagonal symmetry.
Synthetic methods employed in this work were a combination of chemical,

photochemical and thermal processes in aqueous solution.

The second chapter of this thesis includes the main body of the research work.
The objective of this project is summarized schematically in Figure 1.1. The most
significant stage in this project starts by the optimization of reproducible synthetic
protocol to produce photochemically monodisperse AgDeNPs. Subsequently, produced
AgDeNPs will be transformed photochemically into larger AgDeNPs or thermally into
AgPRNPs with controllably varied dimensions. Key new developments that we report
include the use of oxidative etching by hydrogen peroxide, adaptation of LEDs for
versatile photochemical transformations, and efficient regrowth of AgDeNPs using silver

ions as a precursor.
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Figure 1.1 Schematic illustration that summarizes preparation stages of AgDeNPs and

AgPRNPs with different dimensions (see also Figure 1.3 for representative EM images).

The research work in Chapter 3 describes feasible synthetic protocol to improve
the stability of AgNPs by the uniform deposition of thin surface coating of gold. The
main objective of this project is to prepare Au@AgNPs (shell@core) with high stability in
most of the aggressive environments while preservation of the strong plasmonic

properties of AgNPs.

Concluding Chapter 4 summarizes the results of the main two projects described
in Chapters 2 and 3 and presents a brief description of the other significant projects that
have been an important part of my thesis work. The summary of the manuscripts
published and in preparation that are based on the thesis work is prepared in the end of

the chapter.
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Chapter 2

Optimized Synthetic Protocol for Preparation of Versatile Plasmonic Platform

Based on Silver Nanoparticles with Pentagonal Symmetries

2.1 Introduction

This chapter describes the optimized synthetic procedures to reproducibly
prepare, in high yield and with high shape selectivity (ca. 99.7%), silver decahedral and
pentagonal rod nanoparticles with controllably varied dimensions. Key new
developments that we report include the use of oxidative etching, adaptation of LEDs
for versatile photochemical transformations, and efficient regrowth of AgDeNPs using
silver ions as a precursor. We provide detailed experimental protocols for scientists to
conveniently prepare these AgNPs with pentagonal symmetry and tailored plasmonic
bands in common laboratory settings and to use them as a versatile plasmonic platform
for diverse applications. Finally, the effect of various synthetic parameters and key
reagents is described and discussed in detail to add to an existing body of knowledge on

control of silver nanoparticle morphologies.

2.2 Key synthetic protocols

Figure 2.1 presents the schematics of the new-generation protocols to produce
AgDeNPs photochemically and subsequently transform them either into larger AgDeNPs

by photochemical regrowth or into AgPRNPs by thermal regrowth.
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Figure 2.1 Schematic representation of the optimized photochemical synthesis of
AgDeNPs, their photochemical regrowth into larger AgDeNPs, and thermal
transformation into AgPRNPs. The colors in the schematic are chosen to closely

represent the actual colors of AgNP solutions during the synthesis.

Representative UV-vis spectra and electron microscopy images of the resulting

plasmonic AgNPs are shown in Figures 2.2a and 2.2b,c, respectively.
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Figure 2.2 (a) Representative UV-vis spectra of as prepared AgNPs, measured in a 0.5-
cm path length cell, of (1) AgDeNPs synthesized using 449+2 nm LED, (2) large AgDeNPs
regrown on 505+2 nm LED (cyan), (3) pentagonal silver nanorods with an average length
of 115+5 nm. (b) Transmission electron microscopy (TEM) image of synthesized
AgDeNPs, using royal blue LED (Amax = 44912 nm), with the largest dimension across the
pentagonal rim of 41+2 nm. (c) Scanning electron microscopy (SEM) image of AgPRNPs

with the average length 115+5 nm. The scale bar is 100 nm for all images.
2.2.1 New generation of one-stage AgDeNP synthesis

Synthesis of AgDeNPs starts with the reduction of silver ions by sodium
borohydride to generate primary precursor AgNPs. Citrate and PVP serve as charge and
steric stabilizers of AgNPs, respectively. Arginine is used as a photochemical promoter
and to halt the growth of silver platelets/prisms in the systemz'1 (see Experimental
Section). The new-generation synthetic procedure introduces oxidative etching by
hydrogen peroxide as an important refining step to assist formation of stable
decahedral morphologies and to achieve complete conversion of the precursor AgNPs,

which are predominantly small platelets.>! The etching of less stable precursor AgNPs is
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schematically depicted in Figure 2.1 as elimination of silver atoms with the higher
surface energy, shown as blue spheres. We have also adapted light emitting diodes,
LEDs, as a versatile efficient light source for photochemical transformations.?%**** we
have found that royal blue LEDs (Amax = 44942 nm) serve as an optimal light source to
produce high-quality AgDeNPs with the largest dimension across the pentagonal rim of
4142 nm. Using 1-W royal blue LEDs together with hydrogen peroxide as a refining
agent, the exposure time for ca. 15 ml of precursor AgNP solution in a 20-ml cylindrical
vial required for complete conversion to decahedra is ca. 14 hrs (see Experimental
Section, Figure 2.6a and 2.7), which is convenient overnight exposure. Crucially,
oxidative etching by hydrogen peroxide assured full elimination of precursor platelet
AgNPs and allowed to achieve their complete conversion into AgDeNPs. The presence of
platelet AgNPs even at very low levels (not detectable by UV-vis spectra and hardly
detectable by electron microscopy imaging) was found to be highly detrimental for the
AgDeNP regrowth to pentagonal rods and especially for the regrowth to larger AgDeNPs
using silver ions as a direct silver precursor, which could not be accomplished in our
previous work.”! UV-vis spectra of AgDeNPs produced using a new-generation protocol
(spectrum @ in Figure 2.2a; see also Figure 2.8a in Sl) with the maximum wavelength of
the strongest SPR at 475 £ 2 nm and prominently narrow HWHM of the peak at 15 nm
(0.082 eV HWHM at 2.62 £ 0.01 eV peak) is indicative of highly monodisperse AgDeNPs
and can be compared to HWHM of ca. 25 nm reported by our group previously.>* Low
size-dispersity (ca. 4.5% standard deviation from average) and excellent shape selection

is also corroborated by TEM and SEM images (Figure 2.2b and 2.3c respectively; also see
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Figure 2.31 in Sl). As prepared aqueous dispersions of AgDeNPs are chemically and
colloidally stable for at least 4 years in ambient conditions; their zeta potential of -41+10

mV is indicative of efficient charge stabilization provided by citrate ions.

2.2.2 Large decahedral silver nanoparticles

Achieving complete conversion of precursor AgNPs to AgDeNPs by oxidative
etching allowed us to accomplish direct regrowth using silver ions as a precursor. It
should be noted that we have not been able to achieve this regrowth with our

21 It took us appreciable time to realize that even

previously reported AgDeNPs.
seemingly “unnoticeable” by UV-vis and EM amounts of platelet AgNPs are highly
detrimental for the AgDeNP regrowth. The small AgNPs serve as very efficient growth
centers that lead to the formation of fast growing platelets during the regrowth process.
AgDeNPs prepared using optimized oxidative etching have minimal amounts of
platelets, so the regrowth of these AgDeNPs could be accomplished photochemically by
the slow addition of citrate-stabilized silver ions using either blue (Amax = 472 £ 2 nm) or
cyan (Amax = 505 = 2 nm) LEDs, as shown schematically in Figure 1a. UV-vis spectra and
EM images of larger AgDeNPs are shown in Figure 2.3a and 2.3c,d respectively. The

summary of the sizes and SPR maxima of large AgDeNPs prepared with different

amounts of silver ions and light sources is presented in Table 2.2 and Figure 2.9 in SI.
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Figure 2.3 (a) Normalized UV-vis spectra of (1) AgDeNPs synthesized using 449+2 nm
LED and their regrowth using (2) 472+2 nm LED (blue) and (3) 505+2 nm LED (cyan). (b)
UV-vis spectra, measured using a 0.5-cm path length cell of (1) seed AgDeNPs, and
AgPRNPs with the length of (2) 97+4 nm; (3) 11545 nm; (4) 147+6 nm; (5) 175£7 nm.
SEM and TEM images of synthesized AgDeNPs with the largest dimension across the
pentagonal rim of (c) 412 nm; (d) 5144 nm and (e) 75t5 nm. (f) Atomic force
microscopy (AFM) 4x4 um topography image of AgPRNPs deposited on a silver-coated
glass slide. (g) and (h) SEM images of AgPRNPs with the average length of (g) 1205 nm
and (h) 354130 nm. The scale bar is 100 nm for all images.
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2.2.3 Pentagonal rod silver nanoparticles (AgPRNPs)

Using AgDeNPs prepared by the new-generation procedure using oxidative
etching was instrumental for the improvement of the reproducibility of previously
reported rod regrowth procedure.’” In this procedure, as shown schematically in the
bottom part of Figure 2.1, AgDeNPs are transformed thermally, by one-dimensional
growth initiated at the pentagonal twinned defect,>>*® forming five new {100} side
facets while retaining ten {111} capping facets of the decahedral seeds. Initial stages of
the rod regrowth lead to more isotropic particles since the growth direction is along the
shorter axis of the decahedra. In particular, using the amount of silver ions added less
than two-times relative to the amount of silver present in the regrown AgDeNP seeds
produced AgPRNPs with a blue-shifted single peak relative to the SPR of AgDeNP seeds
(Figure 2.10 in SI). The single peak with the smallest SPR maxima at ca. 417 nm (Figure
2.10 and 2.11b in SI) has been achieved by using ca. 110% of added silver ions relative to
that present in the original AgDeNP solution. The subsequent increase in the amount of
added silver ions results in more anisotropic particles (rods) with a corresponding red
shift of the maximum of the longitudinal SPR mode (Figure 2.3b and 2.10 in SI) and an
increased average length of synthesized AgPRNPs that could be readily varied from ca.
50 nm to >500 nm (48 + 2 nm to 450 £ 30 nm is shown in Figure 2.11a in SI).
Furthermore, our improvements in the synthesis of monodisperse large AgDeNPs
enabled us to produce AgPRNPs of different widths varying from 35 to 75 nm (Figure
2.5). AFM and SEM images of these synthesized monodisperse AgPRNPs are shown in

Figures 2.3f and 2.3g,h, respectively.
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