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ABSTRACT
SIZE-CONTROLLED SYNTHESIS OF TRANSITION METAL
NANOPARTICLES THROUGH CHEMICAL AND
PHOTO-CHEMICAL ROUTES
Behzad Tangeysh
Professor Bradford B. Wayland

The central objective of this work is developing convenient general procedures for
controlling the formation and stabilization of nanoscale transition metal particles.
Contemporary interest in developing alternative synthetic approaches for producing
nanoparticles arises in large part from expanding applications of the nanomaterials in areas
such as catalysis, electronics and medicine. This research focuses on advancing the existing
nanoparticle synthetic routes by using a new class of polymer colloid materials as a
chemical approach, and the laser irradiation of metal salt solution as a photo-chemical
method to attain size and shape selectivity.
Controlled synthesis of small metal nanoparticles with sizes ranging from 1 to 5nm
is still a continuing challenge in nanomaterial synthesis. This research utilizes a new class
of polymer colloid materials as nano-reactors and protective agents for controlling the
formation of small transition metal nanoparticles. The polymer colloid particles were
formed from cross-linking of dinegatively charged metal precursors with partially
protonated poly dimethylaminoethylmethacrylate (PDMAEMA). Incorporation of
[PtCl6]2- species into the colloidal particles prior to the chemical reduction was effectively
employed as a new strategy for synthesis of unusually small platinum nanoparticles with
narrow size distributions (1.12 ±0.25nm).
iii

To explore the generality of this approach, in a series of proof-of-concept studies,
this method was successfully employed for the synthesis of small palladium (1.4 ±0.2nm)
and copper nanoparticles (1.5 ±0.6nm). The polymer colloid materials developed in this
research are pH responsive, and are designed to self-assemble and/or disassemble by
varying the levels of protonation of the polymer chains. This unique feature was used to
tune the size of palladium nanoparticles in a small range from 1nm to 5nm. The procedure
presented in this work is a new convenient room temperature route for synthesis of small
nanoparticles, and its application can be extended to the formation of other transition
metals and alloy nanoparticles.
This research also focuses on developing new photo-chemical routes for controlling
the size and shape of the nanoparticles through high-intensity ultra-fast laser irradiation of
metal salt solution. One of the core objectives of this work is to explore the special
capabilities of shaped laser pulses in formation of metal nanoparticles through irradiation
of the solutions by using simultaneous spatial and temporal focusing (SSTF). Femtosecond
laser irradiation has not yet been widely applied for nanoparticle synthesis, and offers new
regimes of energy deposition for synthesis of nanomaterials. Photo-reduction of aqueous
[AuCl4]- solution to the gold nanoparticles (AuNPs) has been applied as a model process
for optimizing the experimental procedures, and evaluating the potential of shaped laser
pulses in the synthesis of AuNPs. Systematic manipulation of the laser parameters and
experimental conditions provided effective strategies to control the size of Au
nanoparticles in strong laser fields. Varying the concentration of polyethylene glycol
(PEG45) as a surfactant effectively tuned the size of AuNPs from 3.9 ±0.7nm to 11.0
±2.4nm, and significantly increased the rate of Au(III) reduction during irradiation.
iv

Comparative studies revealed the capability of shaped laser pulses in the generation of
smaller and more uniform AuNPs (5.8 ±1.1nm) relative to the other conventional laser
irradiation methods (7.2 ±2.9nm).
Furthermore, a new laser-assisted approach has been developed for selective
formation of triangular Au nanoplates in the absence of any surfactant molecule. This
method relies on rapid energy deposition by using shaped, ultra-intense laser pulses to
generate Au seeds in aqueous [AuCl4]- solution, and the slow post-irradiation reduction of
un-reacted [AuCl4]- species by using H2O2 as a mild reducing agent. Variation of the laser
irradiation-time was found as an effective strategy to tune the morphology of Au
nanomaterials from nanospheres to triangular nanoplates. The surfactant-free Au
nanoplates produced in this research can be readily functionalized with a variety of target
molecules or surfactants for desirable applications such as biomedicine. The concept of
rapid laser processing followed by in situ chemical reduction can be expanded as a general
methodology for high-yield production of nanomaterials, and provides a series of new laser
dependent parameters for controlling the nanoparticle formation.
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CHAPTER 1:
INTRODUCTION: BASIC CONCEPTS OF METAL
NANOPARTICLE FORMATION AND STABILIZATION BY
CHEMICAL AND PHOTO-CHEMICAL METHODS
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1.1

Introduction and Background
Synthesis and applications of colloidal particles with sizes in the nanoscale regime

(10-9 meter) have attracted an extensive attention over the past few decades.1, 2 The term
“nanoparticle” (NP) is often used for materials such as metals, quantum dots and polymers
with sizes ranging from 1 to 100nm (Figure 1.1). These materials exhibit unique optical,
electronic, and mechanical properties as compared to their bulk counterparts.1,

3, 4

Controlling the synthesis of nanomaterials are currently the subject of intense scientific
research due to their interesting size and shape dependent chemical and physical
properties.5-7
Transition metal nanoparticles are particularly the most extensively studied class of
nanomaterials due to their expanding applications in areas such as sensing,8, 9 optics,10
electronics,9 catalysis,11-13 and medicine.9, 14-16 For instance, gold nanomaterials are known
as promising multi-functional platforms for biomedical applications, such as in cancer
diagnosis and treatment strategies.16-18 Plasmonic nanomaterials including gold(Au),
silver(Ag) and copper(Cu) have been also used for sensing applications due to their unique
electronic and optical properties.9, 19, 20 Noble metal nanoparticles such as platinum(Pt) and
palladium(Pd) have been frequently used for catalysis of important organic reactions.21-24
Platinum-based nanomaterials are also vital for fuel cell applications due to their high
catalytic activity and excellent stability.21
In principle, the chemical and physical properties of nanomaterials are determined
by a series of physical parameters such as size, shape and composition of the particles.25
Controlling these parameters plays an important role on revealing their new or enhanced
functions, and their potential applications.3, 25, 26 Decreasing the size of metal nanoparticles
2

significantly reduces the surface-area-per-volume ratio, and dramatically alters the
chemical and physical properties of the particles.25 Metal nanoparticles with sizes less than
3nm (ultra-small nanoparticles, USNPs) exhibit different optical, electrical, catalytic, and
magnetic properties as compared with their larger counterparts.3 For example, ultra-small
iron oxide NPs become nearly paramagnetic, and small Au and Ag nanoparticles become
fluorescent at sizes less than 3nm.3 It is also well-stablished that reducing the size of PtNPs
gives rise to the enhanced catalytic activities.13
In addition to the size, the shape of the nanoparticles also plays a dominant role in
determining their chemical and physical properties.25, 27 For instance, PtNPs with various
shapes exhibit substantially different electrocatlytic activities toward small molecule
oxidation, and oxygen reduction reactions.25 Plasmonic nanomaterials such as Au and Ag
also exhibit shape-dependent optical and electrical properties.19, 28, 29 The surface plasmon
resonance (SPR) for spherical shaped AuNPs is in the visible region (~500-600nm),
whereas gold nanorods, nanoprisms and nanocages have strong near-infrared (NIR) SPR
absorptions.9, 30 Therefore, the precise control over the shape of plasmonics provides an
elegant strategy for optical tuning.8 These examples illustrate the importance of controlling
the size and shape of metal nanoparticles.
Utilizing the nanomaterials for specific applications usually requires the use of the
particles in a finely divided state with precisely controlled size, shape and composition.25
Increasing demands for uniform nanomaterials in both technology and medicine justifies a
continuing interest in development of more convenient and efficient routes to attain the
highest level of size and shape selectivity. This chapter reviews the basic concepts for
synthesis of metal nanoparticle in solution phase, and exclusively discusses the importance
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of stabilizing agents in the formation of metal nanoparticles. At the end of this chapter
recent advances in chemical and photo-chemical routes for solution-based synthesis of
transition metal nanoparticles is reviewed.

Figure 1.1: A schematic diagram for comparing the size of single molecules, ultra-small
nanoparticles (USNPs), nanoparticles (NPs) and the bulk material.

1.2

Basic Concepts of Metal Nanoparticle Synthesis
Formation of metal nanoparticles in solution phase primarily consists of three

stages: super-saturation, nucleation and growth.31 The simplest and the most widely used
model for explaining the nanoparticle formation is the LaMer model. 31, 32 Figure 1.2 shows
the three stages of nanoparticle formation as a function of atomic concentration versus the
reaction progression represented according to the LaMer model (blue curve).
In stage I, the concentration of metal atoms steadily increases with time as the metal
precursor is decomposed typically by heat or reduced by using chemical reducing agents.25,
31

Once the concentration of atoms reaches to the point of super-saturation (stage II), the

atoms start to aggregate into small clusters. These small clusters are known as “nuclei”
consisting of very few atoms.25 At this point, the atoms spontaneously nucleate causing a
decrease in the atomic concentration (stage II).31 The nuclei formed at this stage may
disassemble or collide with further metal ions/atoms to irreversibly form metal “seeds”.7
4

When the concentration of the atoms drop below the critical saturation (stage III), the
nucleation process is ceased, and the further decrease in atomic concentration is obtained
only from the particle growth.25, 31 If the atomic concentration drops quickly below the
level of minimum super-saturation, no additional nucleation event will occur,25 and the
continuous supply of the metal salt leads to the growth of seeds, and formation of larger
sized metal nanoparticles (Figure 1.2, blue curve).

Figure 1.2: The LaMel model showing the concentration of the atoms during the synthesis
of metal nanoparticles versus the reaction time. Stages (I), (II) and (III) indicate the supersaturation, nucleation and growth stages in nanoparticle formation, respectively. The blue
curve shows the required conditions for synthesis of monodispersed nanoparticles. The red
curve shows that a slow nucleation and growth process results in the particle size and shape
broadening.

The quality of the final product in synthesis of metal nanoparticles can be controlled
by manipulating the reaction parameters, as well as the kinetics of nucleation and growth
stages. Since the growth can occur simultaneously during the nucleation step, it is very
important to have a rapid and short nucleation, and a slow growth to minimize the size
broadening (Figure 1.2, blue curve).31 In solution-based synthesis of metal nanoparticles,
5

using very reactive precursors, strong reducing agents, and rapidly injecting the metal salt
into a hot coordinating solvent often provides a fast and short nucleation step for formation
of uniform metal nanoparticles.31 In contrast, a slow nucleation step usually results in a
wide distribution of the particles with a variety of shapes as shown by the red curve in
Figure 1.2.
Up to date, a variety of general strategies have been developed for controlling the
size of metal nanoparticles. These strategies are usually under steric control of the
surfactants, and/or kinetic regulation of nucleation and growth stages.31 Thus, one approach
to obtain control over the size of the nanoparticles is to adjust the surfactant
concentration.31, 33, 34 A concentrated surfactant solution usually leads to the formation of
smaller nanoparticles, whereas diluted surfactant solutions produce larger particles.26, 34
The initial rate of the nucleation can also be controlled by careful choice of the reducing
agents.31 Utilizing strong reducing agents usually leads to a fast nucleation, and produces
more initial nuclei which is required for the formation of small and uniform metal
nanoparticles. Other strategies for controlling the size of the nanoparticles rely on the
regulation of nucleation and growth rates through adjusting the metal precursor
concentration, and the experimental conditions including temperature, pH and etc.31, 35
Manipulation of these parameters have been widely used for size-controlled synthesis of
spherical metal nanoparticles.31, 36
Shape-controlled synthesis of metal nanoparticles can be carried out by either
homogeneous or heterogeneous nucleation processes. In homogeneous nucleation, seed
particles are formed in situ, and the nucleation and growth of the particles proceed in one
pot by the same chemical process according to the La Mel model shown in Figure 1.2.7, 37
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Heterogeneous nucleation is performed by adding pre-synthesized seed particles into a
reactant mixture to effectively isolate the nucleation and growth stages, as separate
synthetic steps (two-pot synthesis). This strategy which is also known as “seed-mediated
growth” is particularly advantageous as it allows the design of the morphology through the
careful choice of the seed particles, reducing agents and surfactants used in each step of
the reaction.37
For shape control, in homogeneous approach (one-pot), the regulation of the
nucleation and growth rates is essentially important.37 Simultaneous nucleation events
occurring during the growth, and/or the growth of the particle in the nucleation step results
in polycrystalline nanoparticles with ill-defined morphologies.37 The best documented
strategy to overcome this synthetic barrier, is seed-mediated growth which minimizes the
probability of the nucleation events during the growth stage. Evolution of the nanoparticle
morphology through specific crystal facets requires a well-controlled and slow growth
stage. Utilizing heterogeneous nucleation allows a wider range of the growth conditions
that employ milder reducing agents, lower temperatures and etc.37
In addition to the control of nucleation and growth steps, the shape control at
crystallographic level can also be achieved by using molecular capping agents that
selectively adsorb to specific crystal facets.25, 31, 37, 38 The general strategy to generate shape
anisotropy during the growth includes stabilizing particular crystal facets of nanoparticle
seeds through interactions by surfactant molecules or stabilizing agents. The growth is
usually prohibited on the crystal plane where the binding is strong, and is promoted on the
planes where the binding is weak.25, 37 The use of surfactant molecules to direct the growth
of metal nanoparticles is the most commonly employed strategy for synthesis of different
7

shapes of the nanoparticles with morphologies such as rods, wires, cubes, triangles and
etc.7, 25, 37 These surfactant molecules not only serve as chemical reagents to direct the
growth, but also restrict the particle size and stabilize the colloidal suspensions to prohibit
aggregation and precipitation.31 Since these materials play a significant role in modern
nanoparticle synthesis, the rest of this chapter focuses on the importance and applications
of different classes of surfactant molecules commonly used in preparation of nanoscale
metal particles.
1.3

Stabilization of Metal Nanoparticles
Stabilization is one of the most important issues in nanomaterial synthesis. Naked

metal nanoparticles are kinetically unstable with respect to agglomeration.39 In principle,
aggregation leads to the loss of properties associated with colloidal dispersions. For
instance, in catalytic reactions aggregation of the nanoparticles significantly reduces the
catalytic activity.22, 40 Most of the nanoparticle synthetic methods use stabilizing or capping
agents to produce stable colloidal dispersions. These materials adsorb at the surface of the
colloidal particles and prevent immediate aggregation.22, 39, 41
Aggregation of naked nanoparticles occurs as a result of strong attractive van der
Waals forces between the metallic objects at short interparticle distances.22, 39 Utilization
of stabilizing agents induces a repulsive force opposing to the van der Waals forces, and
provides stability for the colloidal dispersions. Stabilization of metal nanoparticles is
generally described according to the Derjaguin-Landau-Verwey-Overbeek(DLVO)
theory22, 39, 40 in terms of electrostatic, steric and electrosteric stabilization. Electrosteric
stabilization is a combination of both kinds of electrostatic and steric stabilizations, and
employs the advantages of the first two mechanisms.22, 39-41
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The origin of electrostatic stabilization is the repulsive electrostatic forces
generated between two particles when they are surrounded by a double layer of electric
charges. Formation of electrical double layers around the nanoparticles is as a result of
surface adsorption of anions and cations generated from the starting materials or additives
used for the nanomaterial synthesis (Figure 1.3).22, 39, 40 This type of stabilization is usually
observed for colloidal dispersions produced in aqueous solution. Ionic compounds such as
halides can result in electrostatic stabilization. The double layer formation around the
nanoparticle results in a columbic repulsion between two particles as shown in Figure 1.3.
When the electrostatic repulsion is high enough, the double layer prevents the particles
aggregation and immediate precipitation.
Stability of the colloidal suspensions stabilized by electrostatic repulsion is very
sensitive to the experimental conditions such as ionic strength, pH and temperature.
Disruption of the double layer stability by varying the reaction parameters usually leads to
the immediate aggregation of the particles. For effective electrostatic stabilization precise
control over the experimental conditions is essential for synthesis of stable metal
nanoparticle.
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Figure 1.3: Schematic representation of electrostatic stabilization of metal nanoparticles.

In steric stabilization, the aggregation of the particles is prevented through the use
of large molecules including polymers, oligomers and surfactants as capping agents.22 The
adsorption of macromolecules on the surface of the particles provides a bulky protective
layer around the nanoparticles which prevents the close contact of the particle centers, and
subsequent aggregation (Figure 1.4). In contrast with electrostatic stabilization, which is
mainly limited to the aqueous solutions, steric stabilization can be used in both organic and
aqueous enviroments.22 Nevertheless, the length and/or the nature of the macromolecules
influence the thickness of the protective layer, and can thus modify the stability of colloidal
metal particles.
The third option for stabilization of metal nanoparticles is electrosteric stabilization
which combines the advantages of both electrostatic and steric stabilization methods. This
kind of particle stabilization is generally provided by using charged macromolecules such
as polyelectrolytes and surfactants. These compounds usually have a polar group able to
generate an electric double layer around the nanoparticle, and a bulky polymer side chain
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cable of providing steric repulsion. Combining these two features makes electrosteric
stabilization as an effective tool for synthesis of stable metal nanoparticles.
With respect to the fact that the major role of the capping agents is to stabilize the
nanoparticles in solution and prevent aggregation, these materials have been also
extensively used for other applications such as controlling the size, and directing the shape
of metal nanoparticles. In next section of this chapter, different classes of stabilizing agents
frequently used in nanomaterial synthesis are reviewed, and their applications in size and
shape dependent synthesis of metal nanoparticles is discussed.

Figure 1.4: Schematic representation of steric (A) and electrosteric (B) mechanisms for
stabilization of metal nanoparticles.

11

1.4

Different Classes of Stabilizing Agents for Synthesis of Metal Nanoparticles.
Up to date, a variety of stabilizing agents have been successfully employed for

controlling the synthesis of metal nanoparticles.42-45 The capping agents can be categorized
according to their size into low and high molecular weight (Mw) materials. Molecules as
small as halides, solvents and ionic surfactant; and as large as polymers, micelles and gels
are among the most widely used materials for synthesis and stabilization of metal
nanoparticles. Figure 1.5 shows the schematic representation of frequently used classes of
stabilizing agents for nanoparticle synthesis as a function of the size. The following
sections in this chapter exclusively discusses the applications and properties of these
materials in metal nanoparticles synthesis.

Figure 1.5: Schematic representation for different classes of stabilizing agents frequently
used for synthesis of metal nanoparticles as a function of size (molecular weight (Mw)).
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1.4.1

Small Molecules, Ligands and Ionic Surfactants
Stabilization of nanomaterials with small molecules such as solvents, ligands and

ionic surfactants is a traditional method for synthesis of metal nanoparticles.22, 39 This type
of stabilization occurs by coordination of the ligands containing functional groups such as
phosphines,46,

47

thiols,48 amines,49,

50

and carbon monoxide with the surface of metal

nanoparticles.22, 51 It is well-known that the presence of these small molecules and/or ions
such as Ag+, Cl-, Br- and I- in the reaction medium not only stabilize the nanoparticles
against aggregation, but also plays a critical role in controlling the shape of metal
nanoparticles.7
In literature, there are several examples for synthesis of metal nanoparticles
stabilized only by the solvent molecules. This type of stabilization “solvent-only” is
particularly attractive because there is no ligand or surfactant in the solution that strongly
bind to the surface of the nanoparticles. The nanoparticles produced by solvent stabilization
have more potential benefits for catalytic applications due to the large number of free active
sites available on the surface of the particles.39, 40 In several examples, solvents such as
tetrahydrofuran(THF) or thioethers have been used for synthesis of titanium (Ti)52, 53 and
ruthenium(Ru)54 nanoparticles without adding any common steric or electrostatic
stabilizing agents. In most of these experiments the effect small ions in the solution have
been largely discarded regarding to the stabilization of nanoparticles. Recent studies clearly
show the potential of coordinating bromide (Br-) or chloride (Cl-) anions, which remain on
the surface of the particles, for acting as capping agents and shape directing reagents.22
One of the best examples for stabilization of metal nanoparticles by small
molecules is presented by Turkevich for synthesis of gold nanoparticles (AuNPs) reported
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in 1951.55 This method produces AuNPs with sizes ranging from 10 to 50nm by citrate
reduction of boiling HAuCl4 aqueous solution.55, 56 The stability of AuNPs produced in this
approach is attributed to the contributions of the solvent (H2O), chloride (Cl-), and citric
acid which serves as both reductant and stabilizing agent.55, 56Another example is reported
by Schmid and coworkers for synthesis of small AuNP clusters stabilized by phosphine
ligands.57 In this approach Au nanoclusters (Au55(PPh3)12Cl6) with sizes as small as 1.4 nm
were produced from diborane (B2H6) reduction of PPh3AuCl in benzene. Schmid group
expanded this procedure for synthesis of small platinum (Pt),49 palladium (Pd)50 and nickel
(Ni) nanoparticles by using small stabilizing ligands such as phosphine58 and
phenanthroline derivatives.49, 50, 59
One class of ligand stabilizers that have been widely used for synthesis and
stabilization of metal nanoparticles are alkanethiols.48,

60

Nowadays, a variety of thiol

containing ligands have been successfully employed for synthesis of transition metal
nanoparticles such as gold60, 61, silver,62-64 platinum,65, 66 palladium and etc.67-70 The thiol
group (RS-) strongly binds to the surface of metallic nanoparticles such as gold and silver.
The self-assembly of thiolated ligands and metallic particles leads to the formation of
monolayer protected colloidal nanoparticle (Figure 1.6).40, 48 The nanoparticles produced
in the presence of thiols are generally highly stable with respect to the air and aggregation.60
The strong binding affinity between thiols and gold nanoparticles71 have been widely used
for attaching different types of the molecules and functional groups to the surface of AuNPs
for a variety of applications.39 One disadvantage of using thiolated ligands for nanoparticle
synthesis is that the covalently-linked alkanthiols passivate the surface of the nanoparticles,
and significantly reduces the efficiency of the particles in catalytic reactions.72
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One of the earliest examples for synthesis of AuNPs by alkanthiols is reported in
1994 by Burst et al (Brust-Schiffrin method).73 In this experiment, [AuCl4]- is transferred
to the toluene by using a phase-transfer reagent, and is reduced by NaBH4 in the presence
of dodecanethiol to produce very small thiol-capped AuNPs (<5nm).60, 71, 73 The AuNPs
produced by this procedure are thermally stable, and can be repeatedly isolated and redissolved

in

common

organic

solvents

without

irreversible

aggregation

or

decomposition.60, 71, 73 Brust et al. expanded this synthetic procedure to a single phase
system by using p-mercaptophenol as stabilizing agent, and simply controlled the size of
AuNPs (~2 to 5nm) by varying the concentration of thiolated ligands and Au precursor. 71
The innovations from these experiments led to a large number of reports describing the use
of this procedure for the synthesis of AuNPs with a variety of thiolated ligands.60, 61, 74, 75
Nowadays, the Brust-Schiffrin method have been frequently used for functionalization of
AuNPs with thiol containing ligands for biomedical applications.76, 77
Another interesting class of ligand stabilizers that have been commonly used for
size and shape controlled synthesis of metal nanoparticles are ionic surfactants. The
surfactant molecules generally have a hydrophilic ionic head and a hydrophobic tail, and
will readily self-assemble into spherical or rod-like micelles in aqueous solutions.37 Such
structures are thought to promote metal reduction in or around the spatially confined
hydrophilic volume which is critical to direct the shape of the nanoparticles (Figure 1.6).37
The most commonly used surfactant molecules for nanoparticle synthesis are cationic and
anionic

surfactants.

Tetraalkylammonium

halides

(R4N+X-)

such

as

cetyltrimethylammonium bromide (CTAB), bis(2-ethylhexyl)sulfosuccinate (AOT) and
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sodium dodecylsulfate (SDS) are examples of the most widely used cationic and anionic
surfactants for controlling the size and shape of metal nanoparticles.37, 78
Ionic surfactants such as tetraalkylammonium salts have been used to control the
size of metal nanoparticles, such as in controlled synthesis of PdNPs with sizes as small
as 1 to 5nm in both organic and aqueous solutions.39,

79

Copper nanorods were also

synthesized by using AOT as an anionic surfactant in water-oil systems.44 The shape
control in this study was achieved by changing the water-to-oil ratio or salt concentrations
in the presence of AOT.37, 44 Cationic surfactants such as CTAB have been also extensively
employed for shape-controlled synthesis of metal nanoparticles such as Au and Ag
nanomaterials.80-82 For instance, Au nanorods with aspect ratios of 2 to 10 were synthesized
in the presence of CTAB, and a co-surfactant, tetradodecylammonium bromide in high
yeilds.83 Mirkin group also developed a new seed-mediated growth approach to prepare
high-yields of Au nanoprisms by using CTAB as a surfactant.84, 85 Furthermore, several
papers reported the synthesis of Au nanoprisms in seedless procedures by using CTAB as
a surfactant and ascorbic acid as a mild reducing agent.86 These examples collectively show
that ionic surfactants not only have been employed for stabilization of colloidal particles,
but also are being extensively used as soft templates for shape-controlled synthesis of
nanomaterials.7, 25, 37, 72
1.4.2

Stabilization of Metal Nanoparticles by Macromolecules or Polymers
Macromolecules and polymers are the most widely used materials for metal

nanoparticles synthesis.

39, 41, 60, 72, 87

These materials stabilize the colloidal particles

through the steric bulk of their macromolecular framework, and by occupying the space
around the nanoparticles which discourages the direct contact between two adjacent
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particles.39, 72 The heteroatoms, which are usually present in the structure of the polymers,
effectively bind to the surface of the particles leading to the efficient stabilization of
nanoparticles.88 Polymer materials have received substantial attention for synthesis of
nanoparticles due to several advantages comparing to the other types of stabilizing agents:
Polymers can effectively stabilize the nanoparticles at very low concentrations. The
polymer materials containing appropriate functional groups can serve as both reducing and
stabilizing agents. Varying the polymer/metal salt ratio, and the careful choice of the
polymer provide effective strategies for controlling the size and shape of the nanoparticles,
and offers opportunities to prepare a variety of novel metal/polymer nanocomposites.87
Nowadays, different classes of macromolecules and polymer materials such as
dendrimers, homopolymers, polyelectrolytes, block co-polymers, micelles, and gels have
been successfully employed for synthesis and stabilization of metal nanoparticles (Figure
1.5). The following sections exclusively focuses on different classes of such materials, and
discusses their applications in controlling the synthesis of metal nanoparticles.
1.4.3

Dendrimers
Dendrimers are precisely branched and often symmetric macromolecular

artichetures (Figure 1.5).39, 72, 89 The chemical and physical properties of dendrimers can
be simply controlled by modifying the structure of the core, branches, and the internal and
terminal functional groups.39, 89 The schematic structure of a simple dendrimer is shown in
Figure 1.5. Dendrimers have been recently investigated as structurally well-defined steric
stabilizers for synthesis of metal nanoparticles.72 Dendrimer-stabilized metal nanoparticles
can be synthesized by simply mixing the metal ions with dendrimers, and then reducing
the metal precursor species by using a reducing agent (Figure 1.6).89 Nitrogen-based
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dendrimers such as polyamidoamine (PAMAM) and polypropyleneimine (PPI) are among
the most widely used class of dendrimers for synthesis of metal nanoparticles.72, 90
The first example of dendrimer-stabilized metal nanoparticles reported in a
pioneering work of Crooks and his co-workers in 1998.91 This work uses PAMAM
dendrimers for controlling the synthesis of Cu nanoparticles with sizes less than 5.0nm. 91
After the first report, this strategy has been expanded by crooks92-96 and others groups 97-99
for synthesis of other metals such as Pt, Pd, Cu and Au and their alloy nanoparticles.
Using dendrimers as stabilizing agent has the advantage of good size control for
synthesis of relatively small metal nanoparticles by selecting the dendrimers with precise
number of branches and interior sites.72,

89, 91

One of the major drawbacks of using

dendrimers for nanoparticle synthesis is their limited solubilty.72, 89 The most commonly
employed PAMAM dendrimers are typically soluble in a few solvents such as water,
alcohols, and weak acids which significantly limits their application for synthesis of
nanoparticle in different solvents.72
1.4.4

Homopolymers and Polyelectrolytes
Homopolymers are among the most widely used class of polymer materials for

synthesis of metal nanoparticles. Polymers generally stabilize the colloidal particles via
steric stabilization through weak interactions of the polymer functional groups and the
surface of metal nanoparticles (Figure 1.6).72 The major advantage of using homopolymers
in nanoparticle synthesis is that the size of the particles can be easily controlled by varying
the concentration, and the molecular weight (Mw) of the polymer materials. Poly
vinylpyrrolidone (PVP)27,

100, 101

, polyvinyl alcohol (PVA),102,

18

103

polyethylene glycol

(PEG)104,

105

and polyacrylates (PAA)106,

107

are the best examples of homopolymers

frequently used for synthesis and stabilization of metal nanoparticles.
PVP is the most widely used homopolymer for synthesis of a wide range of
transition metal nanoparticles such as Pd

24, 101, 108

, Pt

27, 109

, Au110-112 and Ag.113, 114 This

polymer is non-toxic, and soluble in most of the polar solvents.39, 115 The stabilization
efficiency of a polymer is given by its protective value.39 The protective value for PVP is
50, which is significantly higher than the other homopolymers such as polyvinyl alcohol,
polyacrylamide and polyacrylic acid with protective values of 5.0, 1.3, 0.07 and 0.04,
respectively.39 PVP-stabilized nanoparticles have been shown to be active in catalytic
reactions such as hydrogenation 116, the Suzuki 24, 108 and Heck 72, 117 reactions. There are
several examples that homopolymers such as PVP and PVA can act as both reducing agents
and stabilizers in the nanoparticles synthesis.118,

119

The simplicity of making

homopolymers, and their effective steric stabilization makes them an attractive candidate
for one-pot synthesis of metal nanoparticles.
An interesting class of the homopolymers that have been often used for synthesis
of metal nanoparticles are polyelectrolytes. The monomer units in a polyelectrolyte chain
are positively or negatively charged producing cationic and anionic polymer chains (Figure
1.5). Some of the homopolymers such as polyacrylic acid (PAA) have functional groups
such as -COOH that will readily dissociate in aqueous solutions producing charged
polymer chains.120 Polyelectrolytes stabilize the metal nanoparticles through electrosteric
stabilization (Figure1.4 (B)). These charged polymer materials combine the steric
stabilization from the polymer chains with the electrostatic repulsion stemming from the
charged monomer units and associated counter-ions (Figure 1.6).120
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The applications of polyelectrolytes in nanoparticle synthesis is relatively under
investigated as compared to the other common homopolymers such as PVP and PVA. 41, 72
The best documented examples of using polyelectrolytes as electrosteric stabilizers for
synthesis of nanoparticles is presented in a series of reports by Mayer et al.42, 121-127 In these
studies a variety of cationic and anionic polyelectrolytes were used for synthesis of
transition metal nanoparticles including Pd125, 128, Pt122, 128, Au123, 126 and Ag.121, 127 The
results of these experiments collectively show the formation of smaller and well-dispersed
nanoparticles in the presence of polyelectrolytes as compared to the particles produced by
using common neutral homopolymers.122, 123, 126 Formation of smaller nanoparticles with
uniform size distributions in the presence of cationic polyelectrolytes is ascribed to the ion
pairing interactions of the metal salts such as such as [AuCl4]-, [PtCl6]2-or [PdCl4]2-with the
positively charged polymer chains. This complex formation provides a homogeneous
distribution of the precursor species prior to the chemical reduction, and thus controls the
nucleation event in the nanoparticle synthesis.42, 129, 130
In addition to the works from Mayer et al., there are a few more examples of using
polyelectrolytes for controlling the synthesis of complex metal/polymer nanocomposites
presented by Ballauff et al.131-133 This group developed a smart core-shell platform with
polystyrene (PS) core, and different types of polyelectrolytes on the shell which are known
as polyelectroyte brushes.133, 134 These structures where used for controlled synthesis of
small metal nanoparticle from chemical reduction of metal ions incorporated into the
framework of polyelectrolyte networks, i.e. on the shell of PS beads.135-137
Most of the examples presented in literature for synthesis of metal nanoparticles by
using polyelectrolytes point to the fact that the presence of these materials directs the
20

formation of very small colloidal particles with narrow size distributions.122, 123, 135, 136
Polyelectrolytes are particularly interesting since they combine several aspects in the
nanoparticle stabilization.130 First, polyelectrolytes stabilize the nanoparticles with
electrosteric mechanism, which is more efficient than steric and/or electrostatic
stabilizations.39,

41, 72

Second, the ion pairing interactions of polyelectrolytes with the

precursor species prior to the chemical reduction produces a homogenous distribution of
metal ions, and hence gives a large number of nucleation events which is required for the
synthesis of small nanoaprticles.130 One disadvantage of using polyelectrolytes for
synthesis of metal particles is their limited solubility in organic solevents.130 Additionally,
the strong interactions of the charged polymer chains with the nanoparticles significantly
reduces the catalytic activity of the particles produced in the presence of
polyelectrolytes.138
1.4.5

Block Copolymers and Micelles
Another class of polymer materials that have been frequently used for synthesis of

metal nanoparticles are amphiphilic block copolymers.130, 139-141 These materials are known
as efficient steric stabilizers for nanoparticle synthesis.130, 139 The polymer chains in block
copolymers consist of hydrophobic and hydrophilic blocks. The self-assembly of these
materials in selective solvents leads to a variety of morphologies.141 By controlling the
structure of the polymer blocks, and the experimental conditions a variety of structures
such as spherical micelles, as well as ordered morphologies like lamellae and cylinders can
be prepared and used as nanoreactors for nanoparticles formation.139-141
Several groups have demonstrated the applications of spherical micelles formed
from self-assembly of di-block copolymers for controlling the formation of metal
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nanoparticles.141-144 In these experiments, the metal precursor is loaded into the micelle
core prior to the chemical reduction process. This procedure results in formation of welldefined metal nanoparticles after the reduction as a result of spatial confinement created
by the micelle structure.130, 140 Two general morphologies have been observed for the
nanoparticles produced in the presence of spherical micelles. These structures are known
as raspberry and cherry-like morphologies which are shown in Figure 1.6. Controlling the
morphology of the nanoparticles in these experiments is largely determined by tuning the
rate of reduction, where cherry-like and raspberry morphologies can be produced at slower
and faster reduction rates, respectively (Figure 1.6).130, 141, 142
Another promising application of block copolymers is controlling the location and
distribution of the nanoparticles in a polymer matrix.130 The best examples of these
experiments are documented in the works from Antonietti 141, 142, 145, Eisenberg146, 147 and
Cohen.148-152 Cohen and coworkers have systematically examined the preparation of
diblock copolymer nanoreactors, which are subsequently loaded with metal salt that is then
reduced to form metal nanoparticle domains.145 This strategy have been employed for
patterning and/or layer by layer formation of silver and gold nanoparticles.150,

153

Utilization of block copolymers in synthesis of metal nanoparticles in known as one of the
most powerful methods for controlling the size of the colloidal particles, and forming
patterned nanostructures for a variety of applications such as making nanoparticle films
and fibers.
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1.4.6

Hydrogels and Cross-linked Polymer Structures
Hydrogels are physically or chemically cross-linked polymer networks (Figure

1.4).154 These polymeric structures swell strongly in aqueous media, and are typically
composed of hydrophilic or amphiphilic polymer components that are cross-linked into a
network by either covalent or non-covalent interactions.43,

154, 155

Hydrogels can be

classified based on the size as either macrogels or nanogels.43 Up to date, various successful
synthetic approaches have been developed for controlling the synthesis of these network
materials.43, 155, 156
Microgels and nanogels may be designed for biocompatibility, biodegradation,
encapsulation and switchable payload release vehicles. Nowadays, such materials are
known as very promising drug-delivery carriers because of their high loading capacity,
high stability, and their responsiveness to the environmental factors, such as pH, and
temperature and etc.43, 155, 156 In addition to the biomedical applications, the swelling and
shrinking properties of hydrogels have been used in a number of applications such as
microfluidic flow157, biosensors158 and switchable electronics.87, 159
Hydrogels have been also used for synthesis of metal nanoparticles as sterically
stabilizing macromolecular structures.

72, 87

The free space available between the cross-

linked polymer networks can act as a nanoreactor for the nucleation and growth of metal
nanoparticles (Figure 1.6).87 The incorporation of metal nanoparticles into the cross-linked
hydrogel networks not only stabilizes the nanoparticles, but also may result in superior
physical and chemical properties.87, 160
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The best examples of using microgels for synthesis of noble metal nanoparticles
such as Pt and Pd is presented in the reports from Biffis et al.

161-163

Microgel stabilized

PdNPs were prepared by polyol reduction of Pd2+ species incorporated in to the framework
of cross-linked microgel networks.161 Synthesis of the microgels were performed upon copolymerization of suitable functional monomers containing sulfonic acid groups. The
chemical reduction of Pd2+ species in the presence of the sulfonic groups resulted in
formation of relatively large and polydisperse PdNPs with sizes ranging from 10 to
20nm.161 This group then modified the structure of the microgels by replacing the sulfonic
anchoring groups with tertiary amino or pyridyl functionalities that form stable complexes
with Pd2+ species prior to the chemical reduction. This strategy significantly reduced the
size of PdNPs and improved the polydispersity of the nanoparticles. Biffis et al. also
evaluated the catalytic property of these nanoparticles in a couple of organic reactions, and
found that the microgel encapsulated nanomaterials are catalytically active.162, 163
Hydrogels have been also widely employed for synthesis of Ag and AuNPs. 164-167
Mohan et al. successfully synthesized AgNPs with sizes as small as 2.6 nm through sodium
borhyride (NaBH4) reduction of Ag+ species incorporated into poly(N-isopropyl
acrylamide-co-sodium acrylate) hydrogel networks.87, 165 The average size of the silver
nanoparticles were controlled in a wide range from ~20 to 2nm by simply controlling the
degree of cross-linking in the polymer networks.165 In another study, AuNPs were
synthesized by using thermo-responsive poly(N-isopropylacrylamide) hydrogels.
Incorporation of the thiol groups in the framework of the hydrogel networks provided
control over the size of the AuNPs and their long term stability.167
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Engineering the composition of the hydrogel networks provides a versatile method
for synthesis of metal nanoparticles. Controlling the size of the particles by using crosslinked networks is possible by choosing the functional groups that have more affinity to
the target nanoparticles. Nowadays the use of the hydrogels is mainly limited to the
biological applications, but the unique features of these materials may provide new general
strategies for controlling the synthesis of metal nanoparticles. Although, the metal colloidal
particles encapsulated in the polymer or hydrogel networks submit exclusive rheological,
optical, magnetic or electrical properties that are highly suitable for different
applications,87, 155, 165 but the complex synthetic procedures for making such materials
limits their expandable applications as a convenient method for synthesis of metal
nanoparticles.

Figure 1.6: Schematic representation for metal nanoparticles stabilized with different
types of stabilizing agents ranging from small ligands to large cross-linked polymer
networks.
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1.5

Relevant Methods for Synthesis of Metal Nanoparticles (MNPs)
Metal nanoparticle dispersions can be obtained by two general methodologies: (1)

“top-to-bottom” approach, which is based on the mechanical subdivision of bulk metal to
the nanoparticles; and (2) “bottom-to-top” strategies by nucleation and growth of the metal
atoms.22 In the first method, which is completely a physical approach, the yield of the
colloidal dispersions is usually very low, and the size distribution of the particles is often
very broad. The major drawback of “top-to-bottom” procedures is that achieving the
reproducibility in most cases is very difficult.
The second approach, “bottom-to-top”, is the most widely employed strategy for
synthesis of metal nanoparticles. This approach is fundamentally a chemical-based
strategy, and provides a precise control over the size, shape and distribution of the
nanoparticles. In chemical-based strategies, formation of the colloidal particles can be
simply controlled by the precise design and manipulation of the chemical reactions
involved in the nanoparticle synthesis. These strategies are currently the most convenient
and reliable methods to produce the nanoparticles with the highest levels of selectivity and
reproducablity.22
In addition to these two broad categories, there are also other classifications for the
nanoparticle synthetic methods.22, 39 Different approaches for producing colloidal metal
dispersions are extensively reviewed by Bonnemann,168 Schmid,169 Finke,40 Roucoux,22
Wilcoxon,26 and Cushing.36 One of the most frequently used chemical-based methods for
synthesis of metal nanoparticles are “solution-based” or “sol-gel” strategies. Chemical
reduction of metal salts; thermal, photo-chemical, or sonochemical decomposition; ligand
reduction and displacement; metal vapor synthesis; and electrochemical reductions are the
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most widely employed solution-based techniques for synthesis of metal nanoparticles.
39

22,

Since the major objective of this dissertation is exploring the chemical and photo-

chemical routes for solution-based synthesis of metal nanoparticles, the rest of this chapter
exclusively focuses on these two procedure that have been extensively used for synthesis
of metal nanoparticles. In the following sections the basic concepts of the chemical
reduction method, and the photo-chemical routes is reviewed, and their applications in
controlling the synthesis of colloidal metal nanoparticles is discussed.
1.6

Chemical Reduction Method for Synthesis of Metal Nanoparticles
The chemical reduction of metal salt is the most widely employed strategy for

solution-based synthesis of transition metal nanoparticles.22, 36, 39, 169 This method is easy
to implement,22 and is extremely versatile for producing a wide range of metal
nanoparticles with controlled sizes and morphologies.25, 31, 37 This approach was discovered
~150 years ago by Faraday, where for the first time he observed formation of colloidal gold
nanoparticles through chemical reduction of Au salt solutions.170 After that, Turkevich and
co-workers expanded the chemical reduction approach for reproducible synthesis of Au
nanomaterials. This group reported the first reliable examples for synthesis of AuNPs with
sizes ~20nm by citrate reduction of [AuCl4]- solution.55,

171

They also proposed a

mechanism for formation of nanoparticles according to the nucleation, growth and
agglomeration processes, which is still one of the most reliable theories for explaining the
colloidal particles formation.39, 55, 171, 172
In general, synthesis of metal nanoparticles in a chemical reduction process
primarily consists of four components: (1) reactive precursors or metal salts, (2) reducing
agents, (3) surfactants to direct the particle size and shape, and (4) the solvent to act as the
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reaction medium.31 In this method, the metal salt (Mn+) is reduced to the zero-valent atoms
(M0) by using a chemical reducing agent in the presence of stabilizing agents such as
polymers or surfactants to form stable metal nanoparticle dispersions (Figure 1.7).31, 39 The
stabilizing agent prevents agglomeration, and controls the formation of metal nanoparticles
as exclusively discussed in section 1.4 of this chapter. The fundamental redox reaction for
formation of metal nanoparticles in a chemical reduction process is shown below:
xMn+ + m[red] + stabilizers  xM0n (cluster) + m[OX]

(eq.1)

Figure 1.7: Schematic representation for formation of stable nanoparticle dispersions
through chemical reduction of metal salts in the solution.

Reducing agents are one of the most important components in chemical reduction
method. The choice of the reducing agents depends on the nature of the metal salt, and the
reaction conditions used for the synthesis of metal nanoparticles.31, 34 The driving force of
the chemical reduction process shown in equation 1 is the difference between the redox
potentials of the two half-cell reactions or ΔE.34 The reduction process is
thermodynamically possible only if ΔE is positive, which implies that the redox potential
of the reducing agent must have a more negative value than that the metal salt species.34
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This difference should be larger than 0.3 to 0.4V; otherwise, the reaction may not proceed,
or move forward very slowly. According to the redox potential values, strongly
electropositive transition metals such as Au, Ag, Pt and Pd can be reduced by mild reducing
agents, while more electronegative metals require very strong reducing agents and,
frequently, harsh reaction conditions such as elevated temperatures and pressures for the
chemical reduction.34
Nowadays, a variety of inorganic and organic reducing agents have been used for
synthesis of colloidal metal nanoparticles. Gases such as hydrogen or carbon monoxide,
salts such as sodium borohydride and sodium citrate, and organic molecules such as
alcohols, amines and hydrazine are the most frequently used reducing agents for synthesis
of transition metal nanoparticles.22,

31

Hydrogen gas is the cleanest reducing agent

commonly used for synthesis of highly electropositive transition metals such as Pt, Pd, Au
and Ag.107, 173 Carbon monoxide have been also used as a reducing agent for synthesis of
AuNPs in the presence of polyvinyl sulfate as a stabilizing agent.174 Since these small
molecules cannot effectively stabilize the nanoparticles, the use of a capping agent is
necessary for making stable colloidal dispersions where gases are used as a chemical
reducing agent.
Among inorganic reducing agents, sodium borhydride (NaBH4) is the most widely
used reducing agent for synthesis of transition metal nanoparticles. The reactions with
NaBH4 can be performed in aqueous, organic, homogeneous and heterogeneous
aqueous/organic media.175 Sodium borhyride is a strong reducing agent and can be used
for synthesis of transition metals with both electropositive and electronegative redox
potentials.22, 31 Organic alcohols are another class of reducing agents frequently used for
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synthesis of electropositive transition metal nanoparticles through a one-pot reduction
process at elevated temperatures.31 Alcohols are mild reducing agents and can also be used
as weak surfactants in the synthesis of metal nanoparticles.31
In chemical reduction method, choosing the appropriate reducing agent is critical
for controlling the synthesis of metal nanoparticles. The strength of reducing agents
determines the rate of the nucleation and growth processes, and the final size and shape of
the nanoparticles. The use of NaBH4 or hydrazine as strong reducing agents, provides a
fast nucleation, and produces a large number of initial nuclei resulting in the formation of
small mono-dispersed metal nanoparticle in the solution. In contrast, utilization of milder
reducing agents provides less initial nuclei leading to the formation of larger nanoparticles.
In shape-controlled synthesis of metal nanoparticles, where the slow growth along specific
crystallographic planes is essential, the choice of mild reducing agents plays an important
role for the anisotropic growth of the particles.
In addition to the effect of reducing agents, the actual size and shape of the
nanoparticles produced in chemical reduction method depends on many other factors
including the choice of stabilizing agent, metal salt, solvent, concentration of the reagents,
reaction time, temperature, pH and etc.31, 36, 39 Nowadays, a variety of metal nanoparticles
with different sizes and shapes have been produced in high yields by chemical reduction
method through the careful choice of the reagents and by manipulating the reaction
parameters. The detailed procedures, the type of reagents and the reaction conditions
required for synthesis of a target transition metal nanoparticle with well-defined size and
morphology through the chemical reduction method is exclusively discussed in the review
articles from Xia, Tao, Sau and etc.7, 25, 31, 37
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1.7

Photo-chemical Methods for Synthesis of Metal Nanoparticles
The photo-induced methods for synthesis of metal nanoparticles can be classified

as two general strategies: (1) photo-physical (top-to-bottom), and (2) photo-chemical
(bottom-to-top) methods. The photo-physical approach produces the metal nanoparticles
by subdivision of the bulk metal, and the photo-chemical method generates the
nanoparticles from zero-valent metal atoms (M0) originated from molecular or ionic metal
salt species.176 The photo-chemical routes for nanoparticle synthesis have a number of
advantages comparing to the other nanoparticle fabrication strategies.176-178 These methods
are among the fastest, cheapest and cleanest methods for gram scale production of
nanomaterials for industrial applications.178,

179

Using the light for synthesis of metal

nanoparticles provide a controllable in situ generation of the reducing agents; and the
formation of the nanoparticles can also be triggered by the photo-irradiation. These
methods have a great versatility for synthesis of a wide range of nanomaterials from main
group elements to the transition metals, and enable one to fabricate the colloidal dispersions
in various mediums including emulsion, surfactants, micelles, polymers and etc.176-178
According to the irradiation source used for the synthesis of metal nanoparticles
there are two general designs for these photo-induced experiments: (1) continuous
irradiation of the solution containing the metal salts by UV-Visible, X-ray and γ-ray
irradiations, and (2) irradiation with the pulsed lasers, such as laser ablation of the bulk
metal, and the laser irradiation of metal salt solution.176-178 Up to date, These photo-induced
strategies have been widely used for synthesis of spherical shaped metal nanoparticles
where the size control is mainly accomplished by controlling the reaction conditions and/or
irradiation parameters. Unfortunately, the applications of photo-chemical strategies in
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shape-controlled synthesis of nanomaterials is relatively under investigated, and is only
limited to the several reports on the light-induced transformation of spherical nanoparticles
to the other morphologies.180-182 In the following sections of this chapter the basic concepts
of these two photo-chemical routes, and their applications of in the synthesis of metal
nanoparticles will be discussed.
1.7.1

Synthesis of Metal Nanoparticles by Continuous Irradiation of Metal Salt

Solution
Electromagnetic radiation can produce reactive intermediates in the solution
leading to the formation of metal nanoparticles.175, 176 Photo-chemical synthesis of metal
nanoparticles is generally performed through metal salt reduction by photo-chemically
generated reducing agents from solvent, and/or by degradation of organometallic species.22
The solvated electrons and reactive radicals produced as a result of photo-chemical
reactions are capable to reduce the metal salt species to the metal atoms which are required
for the nanoparticle formation.183 One of the main advantages of using photo-chemical
routes is that the homogeneous generation of a large number of metal atoms in the solution
is possible by simply manipulating the irradiation parameters. Thus, these methods provide
a desirable condition for controlling the nucleation process, and formation of nearly monodispersed nanoparticles.22, 176
Over the past decades, a variety of transition metal nanoparticles such as Ag, Au,
Pt, Cu and etc. have been successfully produced by employing the photochemical routes,
such as using UV-Visible and γ-ray irradiations of the metal salt solution.113, 176, 183-186
Several types of the reducing agents can be generated during the photo-chemical process
of the solution containing the metal salt species.22 For example, the radiolysis of aqueous
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solutions by high energy irradiations produces the solvated electrons (esol ), or reactive
radicals such H. and OH., as a result of water ionization and photo-dissociation.175, 183 These
reactive species can effectively reduce the metal salts in the solution resulting in the
formation of metal nanoparticles as shown in a series of reactions presented in Figure 1.8.22,
175

In the presence of organic molecules, the photo-dissociation process effectively

produces the reactive organic radicals that can also serve as an alternative source for the
metal salt reduction and the nanoparticle formation. 186

Figure 1.8: Schematic representation for a series of reactions occurring in aqueous metal
salt solution leading to the formation of metal nanoparticles through a high energy photochemical process.

An alternative route for the formation of metal nanoparticles in photo-induced
procedures is direct dissociation of the metal salt species to produce metal atoms in the
solution. This process is clearly observed when UV-Visible irradiation was employed for
formation of metal nanoparticles.175 Several groups performed systematic studies to reveal
the mechanism of nanoparticle formation through UV-Visible irradiation of aqueous metal
salt solutions.175, 184, 186-188 One of the best examples of these studies is presented in the
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papers from Eustis et al. on the photo-reduction of [AuCl4]- species via UV-Visible
irradiation. Eustis and co-workers provided experimental evidences that the photoexcitation and dissociation of [AuCl4]- species produces unstable HAu(2+)Cl3 species in the
solution that will disproportionate to form Au(1+) and finally Au(0) atoms.187, 188 These
studies clearly show the contribution of both reactive species and photo-dissociation of the
metal salts during the photo-induced synthesis of metal nanoparticles. Photo-chemical
reduction of metal salt solution by continuous irradiation is currently one of the most
convenient methods for synthesis of metal nanoparticles, and has been widely employed
for synthesis of transition metal nanoparticles such as Au, Ag, Pt, Cu and etc.
1.7.2

Synthesis of Metal Nanoparticles by Pulsed Laser Irradiation
Recently, pulsed laser irradiation-based techniques have proven to be a unique and

efficient method to produce nanomaterials in a scalable and clean manner.177 These
methods are capable of producing metal nanoparticles without the use of chemical reducing
agents as described in section 1.7.1. Controlling the size of the nanoparticles can be
accomplished by adding the stabilizing agents in to the reaction medium prior to the
irradiation process. Pulsed laser ablation, and irradiation of metal salt solution are the most
frequently employed laser-assisted strategies for synthesis of metal nanoparticles.177, 178 In
addition to these two processes, laser-induced fragmentation of the nanoparticles is another
laser-assisted approach that have been extensively employed for producing smaller metal
nanoparticles through irradiation of the larger ones.189 The discussions of this section will
be limited to the basic concepts, and the recent advances in the laser ablation and the
irradiation of metal salt techniques used for synthesis of metal nanoparticles. The former
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is an example of a “top-to-bottom” or “photo-physical” approach, and the latter is a
“bottom-to-top” process the same as photo-chemical routes described in section 1.7.1.
Laser ablation is a physical process that is fundamentally different from commonly
used chemical routes for synthesis of metal nanoparticles.177 This method includes the
ablation of a solid target by using high-fluence of laser pulses in a liquid environment
which results in efficient formation of metal nanoparticle dispersions in the solution
(Figure 1.9).

177, 178

The synthesis of nanomaterials by laser ablation method can be

controlled by optimizing two types of parameters: The material or chemical parameters
such as the bulk target, solvent, ligands, temperature and etc.; and the laser parameters
including the pulse duration, wavelength, energy, repetition rate and the spot size area.190
Therefore, employing the laser-assisted procedures for synthesis of metal nanoparticles
provide a series of new laser-dependent parameters for controlling the formation of
nanoparticles.
In laser ablation, the interaction of high-density energy flux produced by laser
pulses causes instantaneous vaporization of a local area on the metal bulk surface, and
produces a localized plasma region containing the metal atoms (Figure 1.9).175, 190, 191 The
maximum temperature in the vapor is as high as ~26000K, being attained about 1000
seconds after the pulse is applied.175 The dominant mechanism for nanoparticle formation
obtained by the laser ablation consists of nucleation of the particles during the plasma
cooling followed by the nuclei growth and coalescence.190 The driving force for the
nucleation of metal atoms in the plasma region is super-saturation as described for chemical
routes in section 1.2. During the growth stage, free metal atoms condense on nuclei, and/or
the nuclei can also coalesce together originating the metal nanoparticles.178, 190 Formation
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of the caviation bubbles eject the nanoparticles into the solution, and the stabilization can
be accomplished by the ligands or capping agents dissolved in the media prior to the
irradiation process. The mechanisms of the nanoparticle formation by laser ablation, and
the effect of reaction parameters on the final product is thoroughly discussed in the review
articles by Meneghetti and co-workers.178, 190 Nowadays, the laser ablation method has
been successfully employed for synthesis of a variety of nanomaterials such as
semiconductors,192,

193

pure transition metals,191,

194-196

metal oxides197 and etc. Laser

ablation is a unique approach because it is capable for synthesis of a wide range of
nanomaterials in a variety of liquid solutions. This method is compatible with the 12
principles of “green chemistry”, because it does not produce chemical wastes and does not
necessarily require any chemical reagents for synthesis of nanomaterials.178

Figure 1.9: Schematic representation of experimental setups commonly used for synthesis
of metal nanoparticles in laser ablation (A), and laser irradiation of metal salt solution (B)
techniques.
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Another laser-assisted strategy for synthesis of metal nanoparticles is irradiation of
the metal salt solution. This method is an example of a “bottom-to-top” approach, and
produces the nanoparticles through direct irradiation of the metal salt solution with high
energy laser pulses (Figure 1.9). Formation of metal nanoparticles by this method proceeds
by photo-chemical reduction of the metal salt through nucleation and growth processes.176
The same as photochemical routes described earlier in section 1.7.1, the reduction of metal
ions in this approach proceeds by reactive species generated in the reaction medium as a
result of laser irradiation. For example, the photo-reduction of aqueous [AuCl4]- using highenergy, near-infrared laser irradiation has been attributed to the reactive radicals (e.g. H.)
and solvated free electrons (eaq) produced from homolytic dissociation and ionization of
water in the region of the laser focus (Figure 1.9).198, 199
Among the laser-assisted approaches employed for synthesis of metal
nanoparticles, laser irradiation of metal salt solution has not yet been widely applied for
nanoparticle synthesis. This procedure offers new regimes of energy deposition for
controlling the generation and transformation of nanomaterials. In literature, there are only
several examples of using this approach through femtosecond laser irradiations of metal
salt solutions for producing AuNPs in the solution.200-203 Additionally several groups
reported successful synthesis of alloy nanoparticles by using this method. 204 The
stabilization of metal nanoparticles in these studies easily performed by dissolving the
capping agents such as polymers and surfactants in the reaction medium prior to the
irradiation process.
The processing of metal salt solution by high-energy laser pulses provides a
significantly faster reaction times for the formation of metal nanoparticles as compared to
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the other photo-chemical routes such as UV-Visible irradiation of metal salt solution. This
method produces a homogeneous distribution of initial nuclei in the laser plasma which
can be ejected into the reaction medium by caviation bubbles produced during irradiation.
Controlling the laser parameters such as pulse energy provides a versatile tool to control
the number of the nuclei formed in the laser focus for controlling the final size of the
nanoparticles. These advantages justify the potential of this approach for synthesis of metal
nanoparticles not only for producing the transition metals, but also for exploring its
applications for making a wider range of nanomaterials and alloy nanoparticles.
1.8

Scope and Dissertation Objectives
Expanding applications of nanomaterials in fields such as medicine, optics, sensing

and catalysis have stimulated a continuing interest in exploring new procedures for size
and shape controlled synthesis of metal nanoparticles. The central objective of this
dissertation is developing new and convenient general strategies for controlling the
formation and stabilization of nanoscale transition metal particles by using chemical and
photo-chemical routes. This research focuses on advancing the existing solution-based
methods for synthesis of metal nanoparticles by using a new class of polymer colloid
materials, and the state-of-the-art laser technology to attain size and shape selectivity.
Controlled synthesis of small metal nanoparticles with sizes ranging from 1 to 5nm
is still a continuing challenge in nanomaterial synthesis. Reducing the size of metal
nanoparticles is generally performed at harsh experimental conditions such as elevated
temperatures and pressures. In this research, a new room temperature chemical-based
approach has been developed for controlling the synthesis of small (~1nm) metal
nanoparticles by using a novel class of polymer network materials. This dissertation also
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focuses on using high-intensity ultra-fast laser pulses for photo-chemical synthesis and
processing of nanomaterials. Femtosecond laser irradiation has not yet been widely
employed for condensed phase chemical transformations, and offers new regimes of energy
deposition for controlling the formation of metal nanoparticles. The synthesis of AuNPs is
chosen as a model process for optimizing the experimental procedures, and for evaluating
the special capabilities arising from shaped laser pulses (Simultaneous Spatio Temporal
Focusing (SSTF)) in laser-assisted synthesis of metal nanoparticles. The new chemical and
photo-chemical strategies developed in this research can be expanded for high-yield
synthesis and stabilization of other transition metal and alloy nanoparticles.
Chapter 2 focuses on developing a new polymer-based approach for synthesis of
ultra-small transition metal nanoparticles. This work utilizes a new class of polymer colloid
materials as a nanoreactor and protective agent for controlling the formation of small
nanoparticles. The polymer colloidal particles were formed from cross-linking of
dinegatively

charged

metal

precursors

with

partially

protonated

poly

dimethylaminoethylmethacrylate (PDMAEMA). Ascorbic acid reduction of [PtCl6]2species incorporated inside the colloidal particles resulted in formation of unusually small
platinum nanoparticles with narrow size distributions (1.12 ±0.25nm).205 Application of
this method provides a new convenient room temperature route for synthesis of small metal
nanoparticles by using mild reducing agents.
Chapter 3 investigates the generality of the procedure developed in chapter 2, for
synthesis of small palladium and copper nanoparticles. Self-assembly of [PdCl4]2- species
and partially protonated polymer chains (PDMAEMA(H+)n) in aqueous solution resulted
in efficient production of pH responsive polymer colloidal networks with sizes ranging
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from ~100 to 300nm. The stability of the colloidal particles as a function of pH was
evaluated by using several characterization techniques such as 1H NMR, DLS, TEM and
UV-Visible spectroscopy. Palladium nanoparticles (PdNPs) were synthesized by citrate
reduction of aqueous PDMAEMA(H+)n/[PdCl4]2- colloidal system at different pH values.
Decreasing the pH from 6.3 to 3.3 regularly increased the size of PdNPs from 1.4 ±0.2 nm
to 5.0 ±0.6 nm where the colloidal system undergoes a conversion from a cross-linked
polymer network to a single chain structure.206 Formation of PdNPs throughout the pH
range of 3.3-6.3 is well controlled by ion pairing of [PdCl4]2- with protonated PDMAEMA,
but particularly good control was observed at pH=6.3 where [PdCl4]2- forms a stable crosslinked polymer network.
Furthermore, this procedure was employed for synthesis of copper nanoparticles
(CuNPs). Encapsulation of copper precursor into the polymer colloid networks was
accomplished by reacting Cu2+ species with sodium polyacrylate in aqueous solutions. The
colloidal particles were characterized at a series of pH values by using TEM, DLS and UVVisible spectroscopy. Hydrazine reduction of Cu2+ species incorporated into the
polyacrylate (PA) networks resulted in formation of CuNPs that are small (3.8 ±1.0 nm)
and narrowly dispersed. Controlled studies performed in the absence of the colloidal
networks resulted in formation of large copper particles with an average size of 42 ±12
nm.207 The studies performed in this chapter clearly shows that incorporation of metal
precursor into the polymer colloidal network prior to the reduction process significantly
reduces the size of metal nanoparticle produced in polymer-assisted routes commonly used
for synthesis of metal nanoparticles.

40

Chapter 4 discusses the applications of simultaneous spatio temporal focusing
(SSTF) of femtosecond near-IR laser irradiation as a general photo-chemical strategy for
producing metal nanoparticles from metal salt aqueous solutions. Formation and
transformation of gold nanoparticles (AuNPs) from irradiation of aqueous [AuCl4]solution were used as a model process to evaluate the effects of laser parameters, reaction
medium and surfactants to achieve control of metal nanoparticle formation. Mechanistic
studies on high-intensity laser processing of [AuCl4]- solution revealed highly efficient
formation of hydrogen peroxide (H2O2) as a result of multi-photon ionization and
dissociation of water. Aqueous H2O2 produced during irradiation was found to reduce the
remaining [AuCl4]- in the solution, leading to the growth and transformation of laser
generated Au(0) species to the well-defined perfect crystalline different shaped AuNPs.198,
208

The average size of spherical AuNPs produced from laser processing was
controlled by using polyethyleneglycol (PEG45) as a polymer surfactant. Varying the
concentration of PEG45 effectively tuned the diameter and the size distribution of AuNPs
from 3.9 ±0.7nm to 11 ±2.4nm. The presence of PEG45 in reaction medium also resulted
in a significantly faster and more efficient reductions comparing to the organic surfactantfree systems. Furthermore, the mechanism of AuNP formation by SSTF was investigated
and compared with other conventional laser irradiation methods. Systematic studies on the
effects of the reaction parameters such as polymer capping agent and laser pulse energy
revealed that SSTF irradiation always produces smaller and more monodisperse AuNPs
comparing to the traditional laser focusing condition.199
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Chapter 5 explores the applications of laser-assisted photo-chemical routes in shape
selective formation of AuNPs. This work focuses on developing a new laser-assisted
approach for facile high-yield synthesis of triangular Au nanoplates without any added
polymer or surfactant molecule. This method relies on rapid energy deposition by using a
shaped, ultra-intense laser pulse to generate Au seeds (8.5 ±2.8nm) in aqueous [AuCl4]solution, and subsequent slow addition of H2O2 for selective growth of triangular Au
nanoplates. Systematic studies on variation of the reaction parameters, such as irradiationtime, provided a convenient route to produce Au nanomaterials with morphologies ranging
from pure spherical nanoparticles to pure triangular plates with tunable sizes and
compositions. The mechanism of Au nanoplate formation was investigated by using
electron microscopy and UV-Visible-NIR spectroscopy. It was found that the dominant
mechanism for formation of Au triangles is oriented attachment of laser generated Au seeds
followed by self-annealing to form pure triangular nanoplates with an average size of 346
±95nm, and the thickness of ~12nm. The innovations of this research provide a
fundamentally new synthetic route and class of reagents for synthesis of surfactant-free
triangular Au nanoplates for biomedical and sensing applications.
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CHAPTER 2:
SYNTHESIS OF SMALL PLATINUM NANOPARTICLES
THROUGH ANIONICALLY CROSS-LINKED PDMAEMA
HOMOPOLYMER COLLOIDS.
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2.1

Introduction
Synthesis of transition metal nanoparticles such as platinum(Pt), palladium(Pd) and

gold(Au) has gained an increasing interest due to their emerging applications in technology
and medicine.1-4 Platinum nanoparticles (PtNPs) are the subject of intense research because
of their expanding applications in catalysis.2, 5, 6 Platinum-based materials are vital for fuel
cell technology due to their high catalytic activity and excellent stability.7-10 The central
objective in the fuel cell research is to reduce the cost of platinum catalyst by utilizing
PtNPs which exhibit higher catalytic efficiency.2, 11
Controlling the synthesis of PtNPs is an important synthetic target because of their
size and shape dependent catalytic properties.12-14 Recently several reliable methods have
been developed for controlling the synthesis of PtNPs.2,

15

Sol-gel strategies such as

chemical reduction method is the most extensively investigated approach for making a
variety of PtNPs with different sizes and shapes.15-20 Metal precursors, reducing agents and
surfactant molecules are the major components required for synthesis of stable colloidal
dispersions in the chemical reduction method.21,

22

Polymer materials such as

homopolymers, block co-polymers, micelles and gels are the most widely used surfactant
molecules for synthesis of PtNPs.22 The role of the surfactant is to direct the particle
growth, restrict the size, stabilize the colloidal dispersions and prevent aggregation of the
nanoparticles in the solution.23, 24 Experimental parameters including the concentration of
the reactants, the type of surfactants, reducing agents, temperature, pH and etc. dictate the
final size and shape of the nanoparticles.2, 21
Synthesis of small spherical PtNPs with sizes less than 5nm is generally performed
by the careful choice of the surfactant molecules, and/or in harsh experimental conditions
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such as elevated temperatures (typically a reflux condition), or by using strong reducing
agents such as sodium borhydride (NaBH4).7, 25-28 This chapter focuses on developing a
new approach for synthesis of small PtNPs in mild experimental conditions by using poly
dimethylaminoethylmethacrylate (PDMAEMA) as a homopolymer surfactant.
The experiments performed in this chapter shows that the reactions of diprotonic
sulfuric and succinic acids with the tertiary amine sites in PDMAEMA chains produces
polymer colloid particles held together by dinegatively charged anions that cross-link the
partially protonated PDMAEMA.29 This procedure is used to incorporate [PtCl6]2- as a
cross-linker into the framework of well-defined polymer network colloid particles that have
dual roles as nanoreactors and a source of protective polymer coating. Chemical reduction
of PDMAEMA cross-linked [PtCl6]2- species by using mild reducing agents such as
ascorbic acid and glucose resulted in formation of PtNPs that are unusually small (~1nm)
and narrowly dispersed.
Formation of colloidal particles by reactions of dinegatively charged metal
precursors ([MLx]n+, n>1) with homopolymers that have proton accepting centers provides
a convenient intentional route to incorporate a variety of homopolymers into selfassembled polymer network materials for applications such as nanoreactors for synthesis
of small transition metal nanoparticles.
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2.2

Results and Discussions

2.2.1

Formation of Colloidal Polymer Networks from Reactions of PDMAEMA

with Diprotic Acids.
Poly dimethylaminoethylmethacrylate (PDMAEMA), Mn= 39.5kDa and Mw/Mn
=1.12, was synthesized via a reported procedure by RAFT polymerization.30-32 The detailed
experimental procedure for synthesis of PDMAEMA is presented in section 2.4.2. The
chemical structure of the polymer is shown in Figure 2.1. PDMAEMA is a homopolymer
with moderate solubility in aqueous solutions at higher polymer molecular weights (e.g.
Mn= 39.5kDa).32 Each monomer unit in PDMAEMA chain contains a strong proton
acceptor tertiary amine group with pKa= 9.8, and thus PDMAEMA chains will effectively
protonate in the aqueous acidic solutions (Figure 2.1).33, 34

Figure 2.1: Chemical structure of poly dimethylaminoethylmethacrylate (PDMAEMA).
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Aqueous solutions of PDMAEMA (Mn= 39.5kDa; Mw/Mn=1.12) with final
concentration of 4.77×10-5 M were mixed with a series of mono and diprotic acids
(3.33×10-3N) such as HCl, CH3COOH, H2SO4 and HCO2CH2CH2CO2H. The solutions
were prepared such that the ratio of the polymer tertiary amine donor sites to acidic
hydrogens was maintained at a constant molar ratio of 7 to 2. Mixing of PDMAEMA with
acids results in the tertiary amine groups scavenging the protons33, 34 to give an aqueous
solution with a final pH of 5.8, which is similar to the pH for aqueous solutions of
PDMAEMA (pH= 5.6-6.0).
The results from dynamic light scattering (DLS) for this series of the solutions are
shown in Figure 2.2 and are summarized in Table 2.1. The DLS for each solution displayed
a single mono-modal distribution of particle sizes that accounts for essentially all of the
PDMAEMA species in the solution (Figure 2.2). The DLS measurement for aqueous
PDMAEMA solution without any added acid shows the particles with hydrodynamic
diameter of 6.7nm corresponding to the size of the polymer chains in aqueous solution
(Figure 2.2(A) and Table 2.1).
Mixing of PDMAEMA solutions (4.77×10-5 M, Mn= 39.5 kDa; Mw/Mn=1.12) with
diprotic acids (3.33×10-3N) such as H2SO4 and HCO2CH2CH2CO2H resulted in formation
of relatively large particles as observed in the DLS experiments shown in Figure 2.1(D-F)
and Table 2.1. The hydrodynamic diameter of the particles produced from reaction of the
polymer chains with HCO2CH2CH2CO2H and H2SO4 in aqueous solution was measured at
185nm and 319nm, respectively (Table 2.1). Solutions of PDMAEMA (4.77×10-5 M, Mn=
39.5 kDa; Mw/Mn=1.12) with the monoprotic acids (3.33×10-3N) contained relatively small
particles that are only slightly larger than the solution containing PDMAEMA in water (6.7
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nm). The hydrodynamic diameter of the particles observed in the solutions containing
PDMAEMA with HCl and CH3COOH was measured at 9.4nm and 11nm, respectively
(Figure 2.2(B, C) and Table 2.1).
Formation of relatively large particles in the solutions containing PDMAEMA and
diprotic acids shows the efficient reactions of dinegatively charged anions such as SO42that cross-link the partially protonated PDMAEMA (PDMAEMA(H+)n) in aqueous
solution. Under acidic conditions, strong proton accepting tertiary amine sites on the
polymer chains scavenge the protons in the solution, and the self-assembly of free dianions
with PDMAEMA(H+)n species produces large polymer colloidal particles (Figure 2.2(DE)).

Figure 2.2: Dynamic light scattering (DLS) plots of the hydrodynamic diameters for
particles in aqueous solutions of (A) PDMAEMA (4.77×10-5 M; Mn= 39.5kDa;
Mw/Mn=1.12 ), 6.7 nm; and PDMAEMA with acids (3.33×10-3N), (B) HCl, 10.4 nm; (C)
CH3COOH, 11.0 nm; (D) H2PtCl6, 93.1 nm; (E) HCO2CH2CH2CO2H, 185 nm and (F)
H2SO4, 319 nm.
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Table 2.1: Summary of the particle size analysis for a series of mono and diprotic acids
(3.33×10-3N) mixed with PDMAEMA (4.77×10-5M; Mn= 39.5kDa; Mw/Mn =1.12) in
aqueous solution.
System

Ratio N/H

Type of acid

Size (d.nm)

-

-

6.7

A

PDMAEMA solution

B

PDMAEMA + HCl

7/2

Monoprotic

9.4

C

PDMAEMA + CH3COOH

7/2

Monoprotic

11.0

D

PDMAEMA + H2PtCl6

7/2

Diprotic

93.1

E

PDMAEMA + HCO2CH2CH2CO2H

7/2

Diprotic

185

F

PDMAEMA + H2SO4

7/2

Diprotic
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The polymer colloidal particles produced from reactions of aqueous PDMAEMA
with diprotic acids were characterized by using transmission electron microscopy (TEM)
as shown in Figures 2.3 and 2.4. A representative TEM image for the colloidal particle that
results from mixing of aqueous PDMAEMA (2.85×10-5M, Mn= 39.5kDa; Mw/Mn=1.12)
with succinic acid (10-3 M) is shown in Figure 2.3. The solution containing the colloidal
particles was deposited on the TEM grids after the DLS measurement. The size of the
particles observed by the TEM was evaluated at ~170nm, which is similar to the
hydrodynamic diameter of the particles seen in the DLS analysis (185nm) performed on
the same solution (Figure 2.2(E) and Table 2.1).
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Figure 2.3: Representative TEM image for the polymer colloidal particle produced from
reaction of aqueous PDMAEMA (2.85×10-5M; Mn= 39.5kDa; Mw/Mn =1.12) and
HCO2CH2CH2CO2H (10-3 M).

The self-assembly of cross-linked colloidal particles from reactions of diprotic
acids with PDMAEMA shows that this type of particle formation might be an effective
strategy for incorporating dinegatively charged metal containing anions ([MLx]n+, n>1) into
the framework of colloidal particle networks for nanoparticle formation. Reaction of
chloroplatinic acid (H2PtCl6) with PDMAEMA was selected as a prototype process to test
this hypothesis. Mixing aqueous solutions of PDMAEMA (4.77×10-5 M; Mn= 39.5kDa;
Mw/Mn=1.12) and H2PtCl6 (3.33×10-3N) to have a 7 to 2 molar ratio of polymer tertiary
amine donor sites to acidic protons resulted in the near quantitative colloidal particle
formation shown by DLS (Figure 2.2(D) and TEM (Figure 2.4). The DLS measurements
shows formation of well-defined colloidal particles with hydrodynamic diameter of
93.1nm (Figure 2.2(D) and Table 2.1). The TEM images recorded immediately following
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the DLS shows efficient formation of colloidal particles with an average sizes of ~115nm,
which is consistent with the DLS measurements (Figure 2.4). The average size of the
particles measured by TEM was obtained from multiple counts from different regions of
the TEM grid.
The pH measurements performed on the samples show that the initial pH of H2PtCl6
(10-3M) solution was at 2.8, while after mixing with PDMAEMA the pH of the solution
increased to 5.1. This observation is due to scavenging of the protons by tertiary amine
groups of PDMAEMA.33, 34 Figure 2.5 shows the electronic spectra of the solutions that
contain [PtCl6]2-/PDMAEMA colloidal particles and [PtCl6]2- in pure water at identical
Pt(IV) concentration of 10-3M. The electronic spectra of the samples exhibit two absorption
bands at 215nm and 230nm corresponding to the ligand-to-metal charge transfer (LMCT)
bands of [PtCl6]2- species in aqueous solution (Figure 2.5).35,

36

An increase in the

background of the spectra recorded for the solution containing [PtCl6]2-/PDMAEMA
colloidal particles is due to the formation of large colloidal particles that scatter the incident
light (Figure 2.5, red line).37
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Figure 2.4: (A, B) Representative TEM images for polymer colloidal particles produced
from reaction of aqueous solution of PDMAEMA (2.85×10-5 M; Mn= 39.5kDa; Mw/Mn=
1.12) and H2PtCl6 (10-3 M).

Figure 2.5: The electronic spectra of H2PtCl6 (10-3 M) in DI water (black line), and in
aqueous PDMAEMA (2.85×10-5 M; Mn= 39. kDa; Mw/Mn = 1.12) solution (red line).
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The result of the experiments presented in this section collectively shows that the
reaction of dianions with the tertiary amine sites in PDMAEMA produces relatively large
polymer colloid nanoparticles held together by dinegatively charged anions that cross-link
the partially protonated PDMAEMA homopolymer (PDMAEMA(H+)n). This rudimentary
procedure is used to integrate [PtCl6]2- into the framework of the polymer networks for
synthesis of PtNPs. Figure 2.6 shows the schematic representation of the colloidal particles
formation from self-assembly of [PtCl6]2- species and partially protonated PDMAEMA.
The application of these colloid materials in controlled synthesis of small PtNPs is
investigated in the following section of this chapter.

Figure 2.6: Schematic representation for formation of polymer colloidal networks
(~90nm) produced from cross-linking of [PtCl6]2- species with partially protonated
polymer chains (PDMAEMA(H+)n).
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2.2.2

Synthesis of Small Platinum Nanoparticles (PtNPs) from Chemical Reduction

of [PtCl6]2- Species Incorporated into the Polymer Colloidal Particles.
The applications of polymer colloidal particles in synthesis of PtNPs is investigated
in a series of experiments by the chemical reduction of [PtCl6]2- species incorporated in to
the polymer cross-linked networks. The chemical reduction of the solutions was performed
at mild experimental conditions by using reducing agents such as ascorbic acid and
glucose. Aqueous solutions of PDMAEMA (2.85×10-5M, Mn= 39.5kDa; Mw/Mn= 1.12)
with H2PtCl6 (10-3M) and K2PtCl6 (10-3M) were prepared for comparative studies where
the tertiary amine donor sites to platinum molar ratio was held fixed at 7:1 to maintain the
constant stoichiometry for this series of experiments. The hydrodynamic diameter of the
particles formed from this set of the solutions is analyzed by DLS and is shown in Figure
2.7.
The DLS measurements revealed that only the PDMAEMA solution with H2PtCl6
produces large polymer colloidal particles (~91.2nm), while the solution with K2PtCl6
contains the particles with sizes of 10.1nm which is slightly larger than the size of the
PDMAEMA chains (~6 nm) in water (Figure 2.7). Formation of colloidal particles with
H2PtCl6 is as a result of cross-linking between [PtCl6]2- species and partially protonated
polymer tertiary amine sites as it is discussed in section 2.2.1. In the sample with K2PtCl6,
there is no source of the protons in the solution to protonate the polymer chains for effective
cross-linking, and so the DLS measurements did not show any evidence for the formation
of polymer colloidal particles (Figure 2.7).
Reduction of [PtCl6]2- species to Pt(0) for aqueous solutions of K2PtCl6 (10-3M)
and H2PtCl6 (10-3M) in PDMAEMA (2.85×10-5M, Mn= 39.5kDa; Mw/Mn = 1.12) was
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performed by using ascorbic acid (10-2M) as a mild reducing agent. Ascorbic acid has been
widely used for the synthesis of noble metal nanoparticles such as platinum and
palladium.38 The mole ratio of ascorbic acid to Pt(IV) species was fixed at 10 to 1, and the
reduction process was monitored by UV-Visible spectroscopy. Figure 2.8 shows the
representative electronic spectra of H2[PtCl6] (10-3M) in PDMAEMA (2.85×10-5M, Mn=
39.5kDa; Mw/Mn = 1.12) solution before and after the chemical reduction process. The UVVisible spectrum recorded before reduction exhibits two bands at 215nm and 230nm
corresponding to the LMCT bands35, 36 of [PtCl6]2- species incorporated inside the colloidal
particles (Figure 2.8, red line). The depletion of LMCT bands observed over the course of
~5 hours stirring the solution shows efficient reduction of [PtCl6]2- species to Pt(0) by
ascorbic acid (10-2M) (Figure 2.8, back line).35, 36 Increasing the background of the spectra
observed after the full reduction process is consistent with the formation of PtNPs26 (Figure
2.8, back line).
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Figure 2.7: DLS hydrodynamic diameter of the particles formed in aqueous solutions of
PDMAEMA (2.85×10-5M; Mn= 39.5kDa; Mw/Mn= 1.12) with (A) K2[PtCl6] (10-3M),
10.1nm, and (B) H2[PtCl6] (10-3M), 91.2nm.

Figure 2.8: Electronic spectra of H2[PtCl6] (10-3 M) mixed with aqueous solution of
PDMAEMA (2.85×10-5M; Mn= 39.5kDa; Mw/Mn= 1.12) before chemical reduction (red
line), and after ~5 hours chemical reduction by using ascorbic acid (10-2 M) (black line).
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The average size and dispersity of PtNPs produced from ascorbic acid reduction of
K2PtCl6/PDMAEMA and H2PtCl6/PDMAEMA solutions was evaluated by using TEM.
The representative TEM images of the samples are shown in Figure 2.9. The size
distribution histogram for each sample was obtained from over 150 particles counted from
different regions of the TEM grids (Figure 2.9). The TEM analysis shows formation of
PtNPs with average sizes of 1.1± 0.2nm and 6.7± 3.4nm from chemical reduction of
H2PtCl6/PDMAEMA and K2PtCl6/PDMAEMA systems, respectively. The results of the
TEM clearly illustrate that the platinum metal particles produced from [PtCl6]2- units
sequestered in the polymer colloids are both smaller and better controlled (1.1 ±0.2nm)
than those produced from homogeneous aqueous solutions of K2[PtCl6]/PDMAEMA in the
absence of the polymer colloidal networks (6.7 ±3.4 nm) (Figure 2.9).
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Figure 2.9: TEM images and size distribution histograms of PtNPs produced by ascorbic
acid (10-2 M) reduction of aqueous PDMAEMA (2.85×10-5M; Mn= 39.5kDa; Mw/Mn=
1.12) solution with (A) H2[PtCl6] (10-3 M), 1.1 ±0.2nm, and (B) K2[PtCl6] (10-3 M), 6.7
±3.4nm.

The generality of this approach in synthesis of small PtNPs in mild experimental
conditions was further investigated from chemical reduction of PDMAEMA/[PtCl6]2colloidal system by using D-glucose as a reducing agent. Glucose is mild reducing agent
and has been widely used for green synthesis of metal nanoparticles such as platinum, gold
and silver.39, 40 Aqueous solutions of polymer colloidal networks were prepared from
reactions of PDMAEMA (2.85×10-5M; Mn =39.5 kDa; Mw/Mn= 1.12) with H2PtCl6 (103

M) as it is described in section 2.2.1. Formation of the colloidal particles with sizes ~90nm

was confirmed by DLS prior to the chemical reduction process (Figure 2.2).
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The chemical reduction was performed at room temperature by adding glucose
(2×10-3 M) to the solution that contains PDMAEMA/[PtCl6]2- colloidal particles. The mole
ratio of D-glucose to Pt(IV) species was fixed at 2 to 1, and the reduction process was
monitored by UV-Visible spectroscopy. Figure 2.10 shows the time-dependent electronic
spectra of PDMAEMA/[PtCl6]2- colloidal solution during the chemical reduction process.
The UV-Visible spectra of the samples were recorded after taking 0.5mL aliquots of the
solutions and diluting by the factor of 5 with deionized water. The spectrum of the solution
containing PDMAEMA/[PtCl6]2- colloidal particles shows a broad band at ~250 nm which
corresponds to the LMCT band of [PtCl6]2- species incorporated into the colloidal networks
(Figure 2.10, black line).35, 36 The electronic spectrum recorded ~24 hours after addition of
glucose (2×10-3 M) shows a decrease in the intensity of Pt(IV) LMCT band at 250 nm
indicating the slow reduction of [PtCl6]2- species (Figure 2.10, green line). The ultimate
reduction of the solution was observed after ~48 hours, as it is evident from complete
disappearance of the Pt(IV) LMCT band at 250nm (Figure 2.10, black line).26 An increase
in the background of the spectra observed in the entire visible region is consistent with the
formation of platinum metal nanoparticles (Figure 2.10, black line).
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Figure 2.10: The electronic spectra of H2[PtCl6] (10-3 M) mixed with aqueous solution of
PDMAEMA (2.85×10-5M; Mn= 39.5 kDa; Mw/Mn= 1.12) before chemical reduction (black
line), 24 hours (green line) and 48 hours (red line) after adding glucose (2×10 -3 M) as a
reducing agent. The spectra of the samples is recorded for 0.5mL aliquot of the solutions
diluted by the factor of 5 with DI-water.

The average size and dispersity of PtNPs produced from glucose reduction of
PDMAEMA/[PtCl6]2- colloidal system was evaluated by using TEM and scanning
tunneling microscopy (STM). Figure 2.11 shows the low and high magnification TEM
images of PtNPs produced from slow glucose reduction process. It is evident from the TEM
analysis that the nanoparticles formed from chemical reduction of [PtCl6]2- species through
colloidal particles are very small and narrowly dispersed (Figure 2.11). The size
distribution histogram presented in Figure 2.12 shows formation of PtNPs with an average
size of 1.68 ±0.38nm. The histogram was obtained from ~100 nanoparticles counted from
multiple regions of the TEM grid.
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In addition to the TEM analysis the size of PtNPs were analyzed by using STM
(Figure 2.13). Aqueous solutions containing PtNPs were deposited on a silicon wafer for
STM measurements. Prior to the STM analysis, the PDMAEMA polymer chains on the
surface of PtNPs were removed by ozone cleaning method.41 Figure 2.13 shows the STM
image of naked PtNPs recorded after cleaning the polymer chains. The STM analysis
shows that the nanoparticles are narrowly dispersed with sizes less than ~2.0nm (Figure
2.13) which is consistent with the TEM results shown in Figure 2.11.

Figure 2.11: Low (A) and high (B) magnification TEM images of PtNPs produced by
glucose (2×10-3 M) reduction of aqueous PDMAEMA (2.85×10-5 M; Mn= 39.5kDa;
Mw/Mn = 1.12) solution with H2[PtCl6] (10-3 M), 1.68 ±0.38nm.
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Figure 2.12: Size distribution histogram of PtNPs produced by D-glucose (2×10-3 M)
reduction of aqueous PDMAEMA (2.85×10-5 M; Mn= 39.5 kDa; Mw/Mn= 1.12) solution
with H2[PtCl6] (10-3 M). The histogram obtained from ~100 particles counted from
different regions of the TEM grid, size= 1.68 ±0.38nm.

Figure 2.13: Representative STM image of PtNPs produced by D-glucose (2×10-3 M)
reduction of aqueous PDMAEMA (2.85×10-5 M; Mn= 39.5kDa; Mw/Mn= 1.12) solution
with H2[PtCl6] (10-3 M).
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The result of the experiment presented in section 2.2.2 shows that incorporation of
[PtCl6]2- into the colloidal network particles prior to the chemical reduction process
effectively reduces the size of PtNPs. This new polymer-assisted approach provides a
convenient room-temperature strategy for controlling the formation of PtNPs with sizes as
small as ~1.0nm. Figure 2.14 shows the schematic representation for synthesis of PtNPs
through cross-linked PDMAEMA colloidal networks. The first step in the synthesis is the
formation of polymer colloidal particles from self-assembly of [PtCl6]2- species and
partially protonated PDMAEMA chains (Figure 2.14). This step incorporates metal
precursor species in to the framework of the polymer chains. The second step involves the
chemical reduction of [PtCl6]2- species by using mild reducing agents that produces
relatively small and narrowly dispersed PtNPs.
Incorporation of metal precursor species into the polymer colloidal networks before
chemical reduction could be used as a general approach for synthesis of small transition
metal nanoparticles. The self-assembly of precursor ions into the framework of colloidal
particles significantly reduces the mobility of metal precursor species, and provides a large
number of nucleation events immediately after the chemical reduction. Since the polymer
chains are in the vicinity of the metal species, the growth of the nanoparticles is
significantly inhibited by the polymer chains leading to the formation of unusually small
nanoparticles. The application of these polymer-based colloidal particles in controlled
synthesis of palladium(Pd) and copper(Cu) nanoparticles is investigated in chapter 3.
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Figure 2.14: Schematic representation for synthesis of small PtNPs through colloidal
polymer networks by using mild reducing agents.

2.3

Summary and Conclusions
Poly dimethylaminoethylmethacryate (PDMAEMA) has one strong proton

acceptor tertiary amine (pKa= 9.8) per monomer unit and aqueous solutions of
PDMAEMA are thus effective in scavenging protons from hydrochloric, acetic, sulfuric
and succinic acids to form solutions of protonated polymer and anions. Dynamic light
scattering was applied in evaluating the hydrodynamic diameters of the particles that occur
in aqueous solutions prepared by mixing PDMAEMA with a series of mono and dinegative
anions. Only the solutions that contained dinegatively charged anions produced relatively
large particles (100-300 m) that are associated with polymer network assemblies. The
networks are thought to be held together by ionic cross-links formed by ion pairing of
trialkylammonium cation sites in the polymer chains with dinegative anions. Variation in
geometric structures and charge densities associated with the set of ions evaluated are
probably dominant effects in determining the range of colloid particle sizes. This suggests
that the choice of cross-linking group will provide substantial particle size tuning
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capability. The anion cross-linked polymer assemblies are readily disassembled by titrating
with hydroxide to deprotonate the polymer which may have useful applications in the
release of substances carried by these particles.
Colloid particles formed by [PtCl6]2- cross-linked polymer networks are observed
to function as nanoreactors in the formation and stabilization of unusually small and
relatively narrowly size dispersed platinum metal particles (1.12 ±0.25nm) when compared
to the 2-10 nm platinum metal particles produced by other common methods.7, 25, 42-45 The
size and distribution of platinum metal particles obtained from the simple ionically crosslinked colloid method are comparable to the platinum particles (1.4 ±0.4 nm) obtained by
using more complex nanogels46 constructed from covalently cross-linked block
copolymers of PEG with poly 2-(N,N-diethylamino)ethylmethacrylate (PDMAEMA).
Self-assembly of the polymer colloids through [PtCl6]2- cross-linking assures incorporation
of the chloroplatinate anion into the assembly where the metal particle formation is
constrained by the colloid. Formation of well-defined nanoparticles by anion cross-linking
of protonated homopolymers does not have a direct precedent but in a broader sense the
dinegatively charged anion cross-linking is closely related to formation of flocculants47-52
and some classes of microgels.53-59 Formation of nanoparticles by reaction of diprotic acids
with homopolymers that have proton accepting amine centers (PDMAEMA) suggests a
more general design concept that uses cross-linking through ionic interactions between
homopolymers and complementary poly-functional small molecules to produce polymer
networks. Application of this approach to form colloidal particles provide a convenient
room temperature synthetic route to incorporate homopolymers into a wide array of selfassembled polymer colloid materials for controlled formation of unusually small PtNPs.
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2.4

Experimental Section

2.4.1

Materials
2-Dimethylaminoethylmethacrylate monomer (DMAEMA) 98% was purchased

from

Sigma-Aldrich.

Choloroplatinic

acid

(H2PtCl6)

and

Potassium

hexachloroplatinate(ΙV) (K2PtCl6) were purchased from Strem chemicals Inc.
Hydrochloric acid (1N), acetic acid, succinic acid and sulfuric acid were obtained from
Fisher Scientific Inc. All other chemicals and solvents purchased from Sigma-Aldrich and
used without further purification.
2.4.2

Procedure for the Synthesis of Poly dimethylaminoethylmethacrylate

(PDMAEMA)
Methyl 4-Cyano-4(dodecylsulfanylthiocarbonyl)sulfanyl pentanoate (RAFT 2.2)
was synthesized via the reported method31, 32 on a reduced scale. RAFT 2.2 was used as a
charge transfer agent in synthesis of PDMAEMA homopolymer. The monomer,
DMAEMA was passed through a neutral alumina column to remove the inhibitor and
AIBN was recrystallized from methanol. A 0.5mL sample of RAFT2.2 (10-1M) and AIBN
(2 ×10-2M) solutions were prepared in acetone and mixed with 8.5 mL of purified monomer
(DMAEMA). The reaction mixtures were prepared in vacuum adapted bulbs in a RAFT2.2:
initiatior : monomer ratio of 1: 0.2:1000. Degassing of the solution was performed by three
freeze-pump-thaw cycles on a high vacuum line. The reactions were carried out in 60°C
oil bath for 12 hours. After 12 hours the polymerization was quenched by immersion of the
reaction vessel in cold water and the solvent removed under vacuum. The viscous polymer
was then dissolved in a small amount of acetone and precipitated in hexane. After
collecting the polymer via vacuum filtration, the product was dried on the high vacuum
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line for 48 hours and characterized by gel permeation chromatography (GPC) and 1H NMR
spectroscopy. The full characterization data for the polymer is presented in chapter 3. The
number average molecular weight (Mn) of the polymer was measured at 39,500 and
PDI=1.12.
2.4.3

Characterization and Analytical Techniques
The electronic spectra of all samples were recorded on a Shimadzu UV-1800

spectrophotometer using 1 cm quartz cells. Measurements of pH were performed by using
a Fisher scientific XL 15 pH meter equipped with a thermo scientific Orien micro electrode.
The DLS measurements were performed by using a Zetasizer Nano ZS (Malvern
Instruments, Westborough, MA) and the mean diameter of the particles were obtained from
the instrument’s DTS software. For size analysis 1mL of each sample was poured into a 1
cm polystyrene cuvette and all the measurements performed after 2 minutes of
equilibration time at 25 °C. The reported hydrodynamic diameter of each sample results
from averaging 15 data points by the instrument DTS software.
The average size of the particles was evaluated by a JEOL JEM-1400 TEM
operating at an accelerating voltage of 120 kV. To prepare the TEM grids, one drop of each
solution was deposited on formvar side of ultra-thin carbon type-A 400 mesh copper grid
(Ted Pella Inc., Redding, CA) and the droplet was then blotted and allowed to evaporate
under ambient conditions over night. Statistical analysis and histograms were obtained by
using Origin lab 7.5 software or a minimum of 150 particle counts.
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CHAPTER 3:
SIZE-CONTROLLED SYNTHESIS OF SMALL PALLADIUM
AND COPPER NANOPARTICLES THROUGH CHEMICAL
REDUCTION OF METAL PRECURSOR INCORPORATED INTO
THE POLYMER COLLOIDAL NETWORKS.
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3.1

Introduction
Contemporary interest in developing alternative methods for controlling the

formation and stabilization of nanoscale metal particles arises in large part from expanding
uses in catalysis and technological applications for size dependent physical and chemical
properties.1-7 Development of convenient approaches for synthesis of relatively small metal
nanoparticles (1-5nm) continues as a challenging materials synthesis objective.6,

8-11

Reducing the size of metal nanoparticles usually is accomplished by a combination of
accelerating the rate of reduction, lowering the concentration of the metal complex
precursor, and increasing the surfactant stabilizing agent concentration.12-17
Polymer materials are among the most widely used agents to stabilize and disperse
the nanoscale metal particles.6, 12 Encapsulation of metal particles by polymers protects
against agglomeration and modifies the physical and chemical properties of the particles.1821

Incorporation of metal ion precursors into structures that restrict the mobility such as

polymer films, 22-24 micelles25-27 and colloids28, 29 is a promising design feature that aids in
obtaining unusually small metal particles. Interactions of precursor metal species through
complex formation with polymer donor sites or ion pairing with ionomers prior to reduction
provides an under-investigated general approach for control of the initial nucleation sites
which is suggested to influence the metal particle size distribution. Polyelectrolytes give
some of the best documented examples where the binding of polymers with metal
complexes results in environments where metal particle formation is unusually wellcontrolled. 30-33
In chapter 2, a new strategy has been developed to achieve controlled metal particle
formation by integrating anionic metal complexes into a well-defined polymer colloids as
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ionic cross-linkers with partially protonated poly dimethylaminoethylmethacrylate
(PDMAEMA) homopolymer chains as a polyelectrolyte. It was found that aqueous
ascorbate/ascorbic acid reduction of [PtCl6]2- cross-linked PDMAEMA network colloids
produces platinum metal nanoparticles that are relatively small with narrow size dispersion
of 1.12 ±0.25nm.

29

The rigid cross-linked structure of the colloidal particles reduces the

metal ion species mobility relative to the solution and gives a large number of primary
reduction and nucleation sites. The simplicity of using self-assembled polymer networks
from a homopolymer and anionic metal complexes as cross-linking agents to attain wellcontrolled initial metal site nucleation motivates exploring the generality of this approach.
This chapter reports on size-controlled formation of small palladium and copper
nanoparticles through chemical reduction of metal precursor species incorporated into the
polymer colloidal networks. In sections 3.2.1 through 3.2.5, palladium metal nanoparticles
were produced by aqueous citrate/citric acid reduction of [PdCl4]2- species interacting with
PDMAEMA at a series of levels of protonation. The polymer colloidal particles formed
from reactions of [PdCl4]2- and PDMAEMA chains were characterized by using several
methods such as 1H NMR, DLS and TEM. The mean diameter of the polymer stabilized
PdNPs produced by this procedure was decreased regularly from 5.6 ±0.6nm to 1.4 ±0.2nm
as the solution pH increased from 3.3 to 6.3.28 Formation of PdNPs throughout the pH
range of 2-7 was well-controlled by ion pairing of [PdCl4]2- with protonated PDMAEMA,
but particularly good control was observed in the pH range 5-7 where [PdCl4]2- forms a
stable cross-linked polymer colloid network.
In sections 3.2.5 and 3.2.6, small copper nanoparticles(CuNPs) (~3.0 nm) were
produced from hydrazine reduction of Cu(II) species incorporated into the sodium
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polyacrylate(NaPA) networks. The stability of the colloidal particles produced from
reactions of Cu2+ and NaPA, as examples of metal dications and charged polymer chains,
was investigated as a function of pH by using DLS and zeta potential measurements. The
hydrazine reduction34-36 of aqueous dispersions of Cu(II) and Cu(II)/Ca(II) cross-linked
sodium polyacrylate(NaPA) network colloids resulted in formation of much smaller (4.0
to 1.5 nm) metallic Cu particles compared to Cu2+ and NaPA complexes in aqueous
solution (20-40 nm).37 Varying the concentration of Ca2+ as a non-reducible cross-linker
was found as an effective strategy to control the size of CuNPs in a small range from ~4.0
to 1.5nm. Immobilization of the Cu2+ centers in the polymer colloidal networks and
efficient polymer encapsulation of the metallic Cu particles gives this approach an unusual
capability to produce high concentrations of small metal particles through permitting the
use of high concentrations of metal ion precursors.
3.2

Results and Discussion

3.2.1

Protonation of PDMAEMA in Aqueous Solution as a Function of pH.
Poly dimethylaminoethylmethacrylate (PDMAEMA) was synthesized by RAFT

polymerization28,

38, 39

and characterized by using

1

H NMR and gel permeation

chromatography (GPC). The detailed experimental procedure for synthesis of PDMAEMA
is presented in section 3.4.3. The average molecular weight (Mn) and polydispersity index
(PDI or Mw/Mn) of the polymer was obtained by GPC analysis. Figure 3.1 shows the GPC
trace for PDMAEMA dissolved in dimethylformamide (DMF) as a solvent and eluent for
GPC measurements. The GPC analysis shows a mono-modal peak for the polymer at
elution time of ~20 minutes (Figure 3.1). The average molecular weight and polydispersity
index of the synthesized PDMAEMA was measured at Mn= 37.0kDa and Mw/Mn= 1.32 by
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using Shimadzu LC solution software. The calibration of GPC instrument was based on
the narrow peak-width polystyrene standards.
Figure 3.2 shows the labeled 1H NMR spectra of PDMAEMA (Mn= 37.0kDa,
Mw/Mn =1.32) in deuterated chloroform (CDCl3) as a solvent. The signal at 2.26 ppm (6H)
corresponds to the chemical shift for the methyl groups of tertiary amine centers (labeled
e) in the polymer chains (Figure 3.2). To study the protonation of PDMAEMA in aqueous
solution, the chemical shift of methyl groups for the amine sites ((CH3)2N-), labeled by e
in Figure 3.2) were followed by 1H NMR as a function of pH. Figure 3.3 shows the 1H
resonances of (CH3)2N- groups for the atactic and syndiotactic PDMAEMA (5.72×10-5 M;
Mn =37.0kDa, Mw/Mn = 1.32) stereoisomers40 at a series of pH values. The pH of aqueous
PDMAEMA solutions was adjusted from 2 to 10 by adding small aliquots of HCl (0.1N)
and KOH (0.1N). The detailed experimental procedure for this experiment is shown in
section 3.4.4.
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Figure 3.1: GPC trace for PDMAEMA homopolymer (Mn= 37.0kDa, Mw/Mn= 1.32) in
DMF as solvent and eluent.

Figure 3.2: 1H NMR spectra of PDMAEMA (Mn= 37.0kDa, Mw/Mn= 1.32) in CDCl3
synthesized via RAFT polymerization.
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Figure 3.3: 1H NMR chemical shifts for tertiary amine methyl hydrogens ((CH3)2N-) of
PDMAEMA (5.72×10-5 M; Mn = 37.0 kDa, Mw/Mn= 1.32 ) at a series of pH values, (1)
10.2, (2) 8.6, (3) 7.6, (4) 6.6, (5) 5.9, (6) 5.7, (7) 3.8, (8) 1.9. The 1H NMR spectra for each
sample is recorded in 1:10 v/v D2O/H2O.

PDMAEMA homopolymer chains have one strongly basic tertiary amine center
that is readily protonated to form a cationic ionomer.41, 42 Protonation of PDMAEMA in
water is conveniently observed by the large down field shifts in the 1H NMR signal for the
methyl groups of tertiary amine centers on the polymer chains (Figure 3.3). In basic
solutions with pH> 8.0, the broad singlet signal observed for the hydrogens of (CH3)2Ngroups indicates deprotonation of the amine centers on the polymer chains (spectra #1 and
#2 in Figure 3.3). Decreasing the pH from 8.0 to 5.7 resulted in splitting of this signal into
to two signals which shows the partial protonation of the amine sites on the polymer chains
(spectra #3 to #6 in Figure 3.3). The full protonation of (CH3)2N- groups was observed in
acidic conditions at pH values of 3.8 or less (spectra #7 and #8 in Figure 3.3). The large
down field shift of the 1H resonance signal from 2.21 to 2.85 is consistent with the full
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protonation of the amine sites on the polymer chains. Fast proton exchange results in mole
fraction averaged NMR chemical shifts between the arrays of partially protonated
PDMAEMA species which gives a convenient way to estimate the average level of
protonation for the polymer chains as a function of pH.40, 43-45 Figure 3.4 shows the degree
of protonation(α) of PDMAEMA (5.72×10-5 M; Mn= 37.0kDa, Mw/Mn= 1.32) in aqueous
solution as a function of pH obtained from the 1H NMR studies presented in Figure 3.3.
This plot shows that the tertiary amine sites ((CH3)2N-) on the polymer chains are
completely deprotonated in basic conditions (pH >8.0), fully protonated in acid conditions
(pH<4), and partially protonated in the pH values ranging from 4.0 to 7.0. The dynamic
light scattering (DLS) for PDMAEMA (5.72×10-5 M; Mn= 37.0kDa, Mw/Mn= 1.32)
solutions in water shows a near constant particle hydrodynamic diameter of ~7nm
throughout the pH range of 2-8 (Figure 3.5), which is close to the size of the polymer chains
before the titration experiments.
The experiments performed in this sections determines the level of protonation for
PDMAEMA chains (5.72×10-5 M; Mn= 37.0kDa, Mw/Mn= 1.32) as a function of pH in the
aqueous solution. The 1H NMR studies presented in this section provides a convenient way
to estimate the degree of protonation (α) for the polymer chains at different pH values. The
data from DLS study presented in Figure 3.5 does not show formation of large colloidal
particles by varying the pH (2 to 10) of the solutions. Controlling the level of protonation
of the polymer chains by changing the pH provides a convenient approach to tune the
number of positively charged centers on the polymer chains for cross-linking with
dinegatively charged metal salt species. In the following section of this chapter, the
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formation of the polymer colloidal networks from reactions of [PdCl4]2- species and
PDMAEMA chains at a series of pH values is investigated.

Figure 3.4: The plot for the degree of protonation(α) of PDMAEMA chains (5.72×10-5
M; Mn = 37.0kDa, Mw/Mn = 1.32) versus pH in the aqueous solution. 1H NMR chemical
shifts for atactic tertiary amine groups at different pH values: pH=10.2 at 2.18 ppm; pH=8.6
at 2.20 ppm; pH=7.6 at 2.27 ppm; pH=6.6 at 2.44 ppm; pH=5.9 at 2.52 ppm; pH=5.7 at
2.73 ppm; pH=3.8 at 2.88 ppm and pH=1.9 at 2.91 ppm.

Figure 3.5: Hydrodynamic diameter of PDMAEMA chains in aqueous solution measured
at 6.5nm by DLS at pH=7.0. The same DLS profiles was observed for the titration of
PDMAEMA with HCl (0.1N) and KOH (0.1N) in the range of 2 to 10.
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3.2.2

DLS Studies on the Formation of Polymer Colloidal Particles from Reactions

of Aqueous PDMAEMA and [PdCl4]2- as a Function of pH.
A series of aqueous PDMAEMA solutions (5.72×10-5 M; Mn= 37.0kDa, Mw/Mn=
1.32) at different pH values were mixed with K2PdCl4 (0.04M) solution, and the formation
of the polymer colloidal particles was investigated by using dynamic light scattering
(DLS). The detailed experimental procedure for this experiment is presented in section
3.4.5. Dissolution of K2PdCl4 in water results in substantial dissociation of coordinated
chlorides to produce an equilibrium distribution of [PdCl3(H2O)]-, [PdCl2(H2O)2], [PdCl4]2and other species.46, 47 To avoid speciation, excess chloride ([Cl-]= 0.10 M) was added to
the mixtures to ensure that the predominant palladium species in the solution is [PdCl4]2which is required for cross-linking with PDMAEMA chains.
Figure 3.6 shows the DLS profiles for aqueous solutions that contain PDMAEMA
(5.72×10-5 M; Mn= 37.0kDa, Mw/Mn= 1.32), [PdCl4]2- (0.040 M) and excess Cl- (0.10M)
at a series of pH values. The DLS analysis performed on the solutions shows that relatively
large particles (~100nm) associated with the polymer colloidal network assemblies are seen
only in the pH range of 4.7 to 6.5 (Figure 3.6). The polymer colloids only form when excess
chloride ([Cl-]= 0.10 M) produces the [PdCl4]2- dianion as the predominant species.
Immediate precipitation of the colloidal particles was observed at pH values above 7.0,
which prevents the DLS measurements in the basic conditions. The disassembly of the
polymer colloidal network begins at pH ~4.7, and the full dissociation to particle sizes
associated with individual polymer chains (~7nm) occurs at pH values less than 4 (Figure
3.4). The results of the DLS measurements performed on PDMAEMA(H+)n/[PdCl4]2-
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aqueous systems as a function of pH are shown in the plot presented in Figure 3.8(A), and
is summarized in Table 3.1.
The stability of the colloidal particles formed in aqueous solution was evaluated by
measuring the zeta potential (ζ) value of the samples as a function of pH. Figure 3.7 shows
the zeta potential(ζ) profiles for PDMAEMA(H+)n/[PdCl4]2- colloidal solutions at a series
of pH values ranging from 4.6 to 11.2. The overall data from zeta potential measurements
is shown in the plot presented in Figure 3.8(B), and is summarized in Table 3.1. The zeta
potential analysis performed on the colloidal systems demonstrate a relatively good
stability for the aqueous dispersions in the pH range of 4.5 to 6.5, with the ζ values of about
+40 to +50 mV. The positive value of the zeta potential shows that the surface of colloidal
particles is positively charged. The charge on the surface of the particles is most probably
because of the non-cross-linked protonated tertiary amine ((CH3)2NH+-) groups on the
polymer chains. The positive charge observed on the surface of the particles provides
relatively good stability for the colloidal suspensions in aqueous solution via electrostatic
repulsion, and prevents immediate precipitation.
In basic conditions with pH values above 8.0, a small zeta potential value (ζ < +5)
was observed for PDMAEMA(H+)n/[PdCl4]2- colloidal solutions (Figure 3.7). This
observation is consistent with deprotonation of the tertiary amine sites on the polymer
chains which results in a decrease in the ζ values, destabilization of the colloidal
suspensions, and immediate precipitation. Figure 3.8 shows the overall results from the
DLS and zeta potential measurements for PDMAEMA(H+)n/[PdCl4]2- colloidal solutions
as a function of pH. The DLS analysis performed on the solutions shows formation of
relatively large colloidal particles in the pH values ranging from 4.7 to 6.5 (Figure 3.8(A)).
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The disassembly of the colloidal particles was observed in acidic solutions and
precipitation occurs in basic conditions (Figure 3.7(B)). The zeta potential measurements
at different pH values shows that the colloidal particles are stable in the pH range of 4.5 to
7.0 and the particles are positively charged (Figure 3.8(B)).

Figure 3.6: The effect of pH on the size of PDMAEMA(H+)n /[PdCl4]2- colloidal particles
measured by dynamic light scattering (DLS): (1) pH=2.79, size: 9.1 nm , (2) pH=3.89, size:
7.7 nm, (3) pH=4.46, size: 38.9 nm, (4) pH=4.76, size: 96.3 nm, (5) pH= 5.76, size: 108.2
nm, (6) pH=6.26, size: 102.5 nm, (7) pH=6.63, size 73.2 nm.
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Figure 3.7: The effect of pH on stability of PDMAEMA(H+)n /[PdCl4]2- colloidal
dispersions evaluated by measuring zeta potential value (ζ): (3) pH=4.46, ζ= +42.6 mV,
(4) pH=4.67, ζ= +42.7 mV, (5) pH= 5.76, ζ= +50.1 mV (6) pH=6.26, ζ= +43.6 mV, (7)
pH=6.63, ζ= +38.9 mV, (8) pH=7.44, ζ= +16.8 mV, (9) pH=9.45, ζ= +3.4 mV, (10)
pH=11.12, ζ= +2.3 mV.
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Table 3.1 Summary of the data for the effect of pH on the stability and the size of
PDMAEMA(H+)n /[PdCl4]2- colloidal particles evaluated by DLS.
#

Solution

pH

Size
(d.nm)

ζ
(mV)

Result

1

Colloids +150 µL HCl

2.79

9.1

-

Disassembled colloid

2

Colloids +100 µL HCl

3.89

7.7

-

Disassembled colloid

3

Colloids +75 µL HCl

4.46

38.9

+42.6

Colloid about disassembly

4

Colloids + 50 µL HCl

4.67

96.3

+42.7

Stable colloid

5

Colloids

5.76

108.2

+50.1

Stable colloid

6

Colloids +20 µL KOH

6.26

102.5

+43.6

Stable colloid

7

Colloids +100 µL KOH

6.63

73.2

+38.9

Colloid about precipitation

8

Colloids +200 µL KOH

7.44

-

+16.8

Precipitation

9

Colloids +300 µL KOH

9.45

-

+3.4

Precipitation

10 Colloids +500 µL KOH

11.12

-

+2.3

Precipitation
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Figure 3.8: Hydrodynamic diameter and zeta potential for polymers and polymer colloidal
networks produced by PDMAEMA (5.72×10-5 M; Mn = 37.0 kDa, Mw/Mn = 1.32),
[PdCl4]2- (0.04M) and Cl-(0.1M) at a series of pH values in water: (A) hydrodynamic
diameter (B) zeta potential (ζ).

The result of the DLS studies presented in this section collectively shows the
formation of stable colloidal particles from reactions of [PdCl4]2- and PDMAEMA(H+)n in
the pH values ranging from 4.5 to 7.0. The chemical and physical properties of these
materials were evaluated by using several methods including 1H NMR, DLS, UV-Visible
spectroscopy and TEM at pH=5.8, where the stable colloidal particles form, and are shown
in the following section of this chapter.

102

3.2.3

Formation of Polymer Colloidal Particles from Reactions of PDMAEMA(H+)n

and [PdCl4]2- at pH=5.8.
Aqueous solution of PDMAEMA (5.72×10-5 M; Mn= 37.0kDa, Mw/Mn= 1.32) with
the volume of 2.5 mL was mixed with 0.1 mL of HCl (0.1N) and stirred at room
temperature for 20 minutes. Subsequently, 0.125 mL of K2PdCl4 (0.04M) in KCl (0.1M)
was added to the mixture, and the resulting cloudy solution containing the colloidal
particles was stirred for another 20 minutes to ensure incorporation of all [PdCl4]2- species
into the framework of the polymer networks. The pH of the final solution of colloidal
particles was measured at 5.8.
The formation of the colloidal particles from reactions of PDMAEMA(H +)n and
[PdCl4]2- species at pH=5.8 was studied by several methods such 1H NMR, DLS, TEM and
UV-Visible spectroscopy. Figure 3.9 shows the 1H resonance for the (CH3)2N- centers of
aqueous PDMAEMA solution before and after partial protonation of the polymer chains at
pH values of 7.9 and 6.3 (Figure 3.9(1 and 2)), and after colloidal particle formation at pH=
5.8 (Figure 3.9(3)). The 1H NMR resonance for (CH3)2N- sites on PDMAEMA chains at
pH= 7.9 shows a broad singlet signal corresponding to the deprotonated polymer chains
(Figure 3.9(1)). Addition of HCl (0.1N) in to the polymer solution resulted in splitting this
signal into two separate signals indicating the partial protonation of (CH3)2N- groups on
the polymer chains (Figure 3.9(2)).

The chemical shift of dimethyl amine groups

((CH3)2N-) for PDMAEMA(H+)n /[PdCl4]2- colloidal system at pH= 5.8 broadened and
shifted to 2.64 ppm compared to the polymer solution at pH=7.9 (δ: 2.22 ppm), and
partially protonated polymer at pH=6.3 (δ: 2.40 ppm) indicating formation of rigid crosslinked colloidal networks with restricted mobility (Figure 3.9(3)).28
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Figure 3.9: 1H NMR chemical shifts for tertiary amine methyl hydrogens of (1)
PDMAEMA at pH= 7.9, δ: 2.22 ppm, (2) PDMAEMA(H+)n at pH=6.3, δ: 2.40 ppm and
(3) PDMAEMA(H+)n /[PdCl4]2- at pH=5.8, δ: 2.64 ppm.

The colloidal particles formed from cross-linking of partially protonated
PDMAEMA and [PdCl4]2- species at pH= 5.8 were also characterized by using TEM, DLS
and UV-Visible spectroscopy. Figure 3.10 shows the representative TEM images of
PDMAEMA(H+)n/[PdCl4]2- colloidal particles deposited on the TEM grid immediately
following preparation. The TEM analysis shows formation of relatively large colloid
particles with sizes ranging from 80 to 300nm, and a variety of shapes with ellipsoid and
near spherical particles dominating (Figure 3.10). The DLS and zeta potential
measurements performed on the colloidal suspension at pH= 5.8 shows the particles with
average hydrodynamic diameter of 108nm and the zeta potential of +51.0 mV (Figure
3.11). The data from TEM and DLS analysis collectively shows that cross-linking of
[PdCl4]2- and protonated PDMAEMA chains effectively produces relatively large colloidal
particles that are nearly spherical and stable in aqueous solution (Figures 3.10 and 3.11).
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Figure 3.10: Self-assembled PDMAEMA(H+)n /[PdCl4]2- network colloidal particles that
result from mixing aqueous solutions of PDMAEMA (5.72×10-5 M; Mn= 37.0 kDa,
Mw/Mn= 1.32) and K2PdCl4 (0.04M) at pH= 5.8. (A, B) low magnification TEM images
of colloidal particles. (C, D) High magnification TEM images of a near spherical
PDMAEMA(H+)n /[PdCl4]2- colloidal particles with the size of ~165 nm.
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Figure 3.11: (A) DLS trace and (B) zeta potential plot of an aqueous dispersion of
PDMAEMA(H+)n/[PdCl4]2- colloidal particles at pH=5.8 (hydrodynamic diameter= 1.8.2
nm and ζ= +51.0 mV)

The Electronic spectra (λ= 190-390 nm) for aqueous solutions of [PdCl4]2- (0.04M)
in the absence and presence of PDMAEMA at a series of pH values are illustrated in Figure
3.12. The spectrum for aqueous [PdCl4]2- (0.04M) with added 0.1 M Cl- experience only
small changes in the pH range of 3.3 to 6.1 (Figure 3.12(a)). Addition of PDMAEMA(H+)n
to the [PdCl4]2-(0.04M)/Cl-(0.1M) solutions produce substantial shifts to lower energy and
larger intensity for the ligand to metal charge transfer (LMCT) bands in the near UV (λ =
220-280 nm) indicative of effective polymer/[PdCl4]2- interactions throughout the range of
pH evaluated (pH=3-7) (Figure 3.12(b-d)). The detailed experimental procedure for the
UV-Visible study on PDMAEMA(H+)n /[PdCl4]2- system is presented in section 3.4.6.
Figures 3.13 and 3.14 show the changes in the electronic spectrum of
PDMAEMA(H+)n /[PdCl4]2- colloidal particles formed at pH= ~5.7 by varying the pH into
the acidic and basic conditions. The spectral changes for the colloidal solution upon
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consecutive titration by HCl (1N) is shown in Figure 3.13. Addition of HCl into the solution
resulted in increasing the intensity of Pd(II) LMCT band and a significant red shift in the
spectra of the colloidal suspensions (Figure 3.13) which is most probably as a result of
disassembly of the colloidal particles in acidic conditions as seen previously in the DLS
measurements (see section 3.2.2, Figure 3.8). The results from UV-Visible study shows
that in acidic conditions the nature of the polymer interaction with [PdCl 4]2- species
changes from inter-chain cross-linking to the intra-chain interactions. Back titration of the
acidified solution to the pH of ~5.9 by using KOH (1N) gave identical electronic spectrum
corresponding to the stable cross-linked colloidal particles (Figure 3.14). This observation
shows that formation of the colloidal particles is a reversible process, and simply by tuning
the pH of the solution it is possible to assemble or disassemble these cross-linked
structures.
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Figure 3.12: Electronic spectra of aqueous solutions of K2PdCl4 (0.04 M) and
PDMAEMA(H+)n/[PdCl4]2- colloidal suspension in Cl- (0.1M) in pH range of 3.3 to 6.1.
(a) K2PdCl4, and (b-d) PDMAEMA(H+)n/[PdCl4]2- solutions at pH= 6.1 (b), pH= 4.3 (c),
and pH= 3.3 (d).

Figure 3.13: UV-Visible study of PDMAEMA(H+)n/[PdCl4]2- colloidal solution titration
with HCl (0.1N) in the pH range of 3.3 to 6.1: (a) pH= 3.3, λmax (233.0 nm, 0.44), (b) pH=
4.3, λmax (231.0 nm, 0.42), (c) pH= 4.9, λmax (230.0 nm, 0.39), (d) pH =5.4, λmax (221.0 nm,
0.38), (e) pH =5.9, λmax (218.0 nm, 0.37), (f) pH =6.1, λmax (217.0 nm, 0.38).
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Figure 3.14: UV-Visible study of acidified PDMAEMA(H+)n/[PdCl4]2- colloidal solution
back titration with KOH (0.1N) in the pH range of 1.9 to 6.2: (a) pH =1.9, λmax (235.0 nm,
0.47), (b) pH =2.4, λmax (233.0 nm, 0.44), (c) pH =3.8, λmax (232.0 nm, 0.36), (d) pH =5.6,
λmax (219.0 nm, 0.35), (e) pH =6.1, λmax (217.0 nm, 0.37).

3.2.4

Size-controlled Synthesis of Palladium Nanoparticles (PdNPs) from Citrate

Reduction of [PdCl4]2- Species Incorporated into the PDMAEMA Colloidal Particles.
Aqueous solutions of PDMAEMA/[PdCl4]2- colloidal particles were prepared at
pH= 5.8 according to the procedure presented in sections 3.2.3 and 3.4.5. The chemical
reduction of [PdCl4]2- species incorporated into the polymer networks was performed by
using sodium citrate/citric acid solutions at pH values ranging from 3.3 to 6.5. The range
of pH values where palladium metal particles form span the conditions where interpolymer chain cross-linking by [PdCl4]2- gives a stable colloidal network (pH= 6.5) through
the point where disassembly begins (pH= 4.7) to the acid limit where only intra-chain
PDMAEMA(H+)n/[PdCl4]2- binding occurs (see section 3.2.2, Figure 3.8). The detailed
experimental procedure for size-controlled synthesis of PdNPs is presented in section 3.4.7.
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The chemical reduction process of the solutions was monitored by UV-Visible
spectroscopy for the course of 48 hours. Figure 3.15 (A-C) shows the time-dependent
electronic spectra of PDMAEMA(H+)n/[PdCl4]2- solutions during chemical reduction by
citrate/citric acid solutions at pH values of 3.3, 4.7 and 6.5. The spectrum of
PDMAEMA(H+)n/[PdCl4]2- colloidal solution before adding the reducing agent shows a
well-defined band at 217nm which corresponds to the LMCT band of [PdCl4]2- (0.04 M)
species incorporated into the colloidal particles (Figure 3.15 (A-C), black line). Addition
of sodium citrate/citric acid solutions (0.1M) to the colloidal suspensions resulted in
disappearance of the band at 217nm after 48 hours indicating the full reduction of all
[PdCl4]2- (0.04 M) species in the solutions (Figure 3.15 (A-C), red line). An increase in the
background of the spectra throughout the visible region is consistent with the formation of
PdNPs (Figure 3.15 (A-C), red line).48-50 A weak shoulder observed in the spectra of the
samples at ~207nm corresponds to the absorption of residual reducing agent and polymer
chains remaining in the solution after the full reduction for the course of 48 hours (Figure
3.15 (D)). The digital photographs of PdNP solutions produced from sodium citrate/citric
acid reduction at pH values of 3.3, 4.7 and 6.5 is shown in Figure 3.16. The dark brown
color of PdNP sample (Figure 3.16(C)) produced from citric acid reduction at pH= 3.3
suggests formation of larger nanoparticles comparing to the particles produced from
sodium citrate reduction (Figure 3.16(A)) at pH= 6.5 (yellow color).

110

Figure 3.15: Electronic spectra changes for reduction of Pd2+ ions in the presence of
PDMAEMA(H+)n (5.72×10-5 M; Mn = 37.0 kDa, Mw/Mn = 1.32) for 48 hours: (A) with
0.1 mL citric acid (0.1M) at pH=3.3, (B) with 0.1mL citric acid/sodium citrate (0.1M) at
pH= 4.7, (C) with 0.1 mL sodium citrate (0.1M) at pH=6.5 and (D) The UV-Visible spectra
of aqueous PDMAEMA (5.72×10-5 M; Mn = 37.0 kDa, Mw/Mn = 1.32), citric acid (0.1M)
and sodium citrate (0.1M) solutions.
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Figure 3.16: Photographs of the solutions containing PdNPs reduced in the presence of
PDMAEMA (A) with 0.1 mL sodium citrate (0.1M) at pH=6.5, (B) with 0.1mL citric
acid/sodium citrate (0.1M) at pH= 4.7 and (C) with 0.1 mL citric acid (0.1M) at pH=3.3.

The average size and size distribution of PdNPs produced from sodium citrate/citric
acid reduction of PDMAEMA(H+)n/[PdCl4]2- colloidal solutions was evaluated by using
TEM (Figures 3.17 through 3.20). The TEM analysis was performed by depositing the
solutions shown in Figure 3.16 on the TEM grids, and the size distribution histogram were
obtained from over 200 particles counted from different regions of the TEM grids. Figure
3.17 shows the representative TEM images and the corresponding size distribution
histograms of PdNPs produced from chemical reduction of PDMAEMA(H+)n/[PdCl4]2systems as a function of pH. Additional TEM images for each sample are shown in Figures
3.18 through Figure 3.20.
The TEM images of PdNPs produced from citric acid reduction of
PDMAEMA(H+)n/[PdCl4]2- colloidal solution at pH= 3.3 is shown in Figures 3.17(A) and
3.18. The TEM analysis shows formation of narrowly dispersed PdNPs with an average
size of 5.0 ±0.6nm (Figures 3.17(A) and 3.18). The electron diffraction studies performed
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on the 5.0nm PDMAEMA stabilized PdNPs indicates the expected fcc crystal structure for
palladium as shown in Figure 3.18(D).
The corresponding TEM images of PdNPs produced from sodium citrate/citric acid
reduction at pH values of 4.7 and 6.5 are shown in Figures 3.17(B, C), 3.19 and 3.20. The
TEM analysis performed on the samples clearly shows formation of relatively small and
narrowly dispersed PdNPs with an average size of 2.53 ±0.44nm (Figures 3.17(B) and
3.19) and 1.39 ±0.15 nm (Figures 3.17(C) and 3.20) at pH values of 4.7 and 6.5,
respectively. The solutions containing the PdNPs were also characterized by using DLS.
Figure 3.21 shows the hydrodynamic diameter of the particles in solution measured before,
and after sodium citrate/citric acid reduction at pH values of 3.3, 4.7 and 6.5. The DLS
measurement performed before adding the reducing agent shows the particles with an
average size of 108.2nm corresponding to the PDMAEMA(H+)n /[PdCl4]2- colloidal
dispersions in aqueous solution (Figure 3.21, black). The DLS of the solutions containing
PdNPs reduced at different pH values only show particles with hydrodynamic diameters
less than 10nm (Figure 3.21) which is close to the size of the polymer chains in aqueous
solution (Figure 3.5). The results from the DLS study performed after chemical reduction
clearly shows the disassembly of the colloidal particles where all dianion cross-linker
[PdCl4]2- species have been converted to the PdNPs during the reduction process. The
larger sizes (~10nm) of PdNPs observed in the DLS studies comparing to the TEM results
(<5 nm) shows effective coating of the nanoparticles by PDMAEMA polymer chains
which leads to an increase in the hydrodynamic diameter of the particles observed in DLS
(Figure 3.21).
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Figure 3.17: TEM images and size distribution histograms of PdNPs reduced with 0.1 mL
citrate/citric acid (0.1M) at a series of pH values (A) pH=3.3 (5.0 ± 0.6nm) (B)
pH=4.7(2.5 ± 0.4nm) (C) pH= 6.3 (1.4 ± 0.2). The size distribution histograms are
obtained from ~150 particles counted from different regions of the TEM grid.
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Figure 3.18: (A-C) Representative TEM images of PdNPs (5.0 ±0.63 nm) formed at pH=
3.3 reduced by citric acid (0.1M) in the presence of PDMAEMA(H+)n (5.72×10-5 M; Mn=
37.0 kDa, Mw/Mn= 1.32). (D) Typical selected area electron diffraction (SAED) pattern of
PdNPsformed at pH= 3.3 shown four diffused rings, which are assigned to [111], [200],
[220] and [311] reflections for fcc crystal structure of palladium.
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Figure 3.19: Representative TEM images of PdNPs (2.53 ±0.44nm) formed at pH= 4.7
reduced by citric acid/sodium citrate (0.1M) in the presence of PDMAEMA(H+)n (5.72×105
M; Mn = 37.0 kDa, Mw/Mn = 1.32).

Figure 3.20: TEM image of PdNPs (1.39 ±0.15nm) formed at pH= 6.3 reduced by sodium
citrate (0.1M) in the presence of PDMAEMA(H+)n (5.72×10-5 M; Mn = 37.0 kDa, Mw/Mn
= 1.32).
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Figure 3.21: hydrodynamic diameter of the particles in solution measures by DLS before
and after reduction: (Black) PDMAEMA(H+)n /[PdCl4]2- colloidal solution before adding
reducing agent, size= 108.2 nm, (Green) Solution of PdNPs, 1.39 ± 0.15 nm, 48 hours after
adding reducing agent at pH= 6.3, size= 10.0 nm, (Blue) Solution of PdNPs, 2.53 ± 0.44
nm, 48 hours after adding reducing agent at pH= 4.7, size= 6.8 nm, (Red) Solution of
PdNPs, 4.98 ± 0.63 nm, 48 hours after adding reducing agent at pH= 3.3, size= 7.0 nm.

Tetrachloropalladate dianion ([PdCl4]2-) is a 16-electron low spin d8 square planar
complex that can bind with protonated PDMAEMA by ion pairing and through interaction
with one of the relatively weak carbonyl or tertiary amine donor sites on the polymer chain.
Spectroscopic and DLS studies indicate the necessity to have the dianionic [PdCl4]2- as a
cross-linker to achieve polymer network colloids. In the pH region (pH= 6.8–4.7) where
the fraction of protonated tertiary amine centers varies from 0.4 to 0.9 the inter-polymer
chain cross-linking by [PdCl4]2- is preferred to the intra-polymer chain interactions, but at
pH below 4.0 where the amine centers are fully protonated the intra-chain interactions with
[PdCl4]2- become energetically preferred (Figure 3.8(A)).
The average size for palladium metal particles formed by citrate/citric acid
reduction of the PDMAEMA(H+)n/[PdCl4]2- aqueous system increases from 1.4 ±0.15 nm
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at pH=6.3 to 2.5 ±0.4 nm at pH = 4.7 and then 5.0 ±0.6 nm at pH = 3.3. The schematic
representation for size-controlled synthesis of PdNPs from chemical reduction of
PDMAEMA(H+)n /[PdCl4]2- system as a function of pH is shown in Figure 3.22.
Decreasing the pH of the solution for this system from 6.3 to 3.3 reduces the citrate/citric
acid oxidation potential, fully protonates PDMAEMA and disassembles the [PdCl4]2cross-linked polymer networks. Slower rate of reduction at low pH has precedent for
producing growth of larger metal particles51-53 and the level of PDMAEMA protonation
may also influence the metal particle size by altering the metal-polymer binding. There are
undoubtedly several pH dependent factors that contribute to the observed metal particle
sizes. The assembly of [PdCl4]2- cross-linked polymer networks has a dominant influence
in providing a large number of well-defined initial nucleating sites that are required to form
particularly small narrowly dispersed palladium metal particles.
The simplicity of using self-assembled polymer networks that are cross-linked by
metal complexes to obtain high control of palladium nanoparticle formation justifies
evaluating the generality of this approach for a wider range of metal systems. In next
section of this chapter this strategy has been employed for the formation of small copper
nanoparticles (CuNPs) from chemical reduction of Cu2+ species incorporated into the
polyacrylate polymer colloidal networks.
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Figure 3.22: Schematic representation for PdNP size control through pH sensitive
colloidal polymer networks. The mean diameter of PdNPs increases from 1.4 nm to 5.0 nm
in the citrate reduction of PDMAEMA(H+)n /[PdCl4]2- aqueous system as the pH decreases,
and the ion paired structures of metal/polymer changing from inter-chain cross-linking to
the intra-chain interactions.

3.2.5

Formation of Polymer Colloidal Particles from Reactions of Cu2+ and Sodium

Polyacrylate (NaPA) as a Function of pH.
In chapter 2, a new polymer-based approach has been developed for synthesis of
ultra-small (~1.0 nm) platinum nanoparticles (PtNPs).29 It was found that the reactions of
partially protonated PDMAEMA and [PtCl6]2- species produces polymer colloidal particles
(~100 nm) that act as both nanoreactors and protective agents for controlling the formation
of small PtNPs. In chapter 3, sections 3.2.2 through 3.2.5, this approach was employed for
the size-controlled synthesis of small PdNPs.28 Systematic investigations performed by
using 1H NMR, DLS and TEM revealed that the polymer colloidal particles formed from
reactions of PDMAEMA(H+)n and [PdCl4]2- species are pH sensitive, and will selfassemble and/or disassemble by varying the pH of the solution. The average size of PdNPs
produced from chemical reduction of [PdCl4]2- species incorporated into the polymer
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colloids were simply controlled by varying the pH of the solution in a small range from
~1.0 to 5.0 nm.28
The result of the experiments presented for synthesis of platinum and palladium
nanoparticles clearly shows the potential of this approach for making small transition metal
nanoparticles via the reactions of anionically charged metal salts ([MLx]2-) and positively
charged polymer chains to produce colloid particles prior to the chemical reduction
process. To explore the generality of this approach, this section uses the same methodology
to incorporate metal ions into the framework of the polymers, but via self-assembly of
positively charge metal species (Mn+) and negatively charged polymer chains. The
reactions of copper tetrafluoroborate (Cu(BF4)2) and sodium polyacrylate (NaPA) in
aqueous solution was chosen as a model process to evaluate the formation of polymer
cross-linked colloidal particles by using DLS and UV-Visible spectroscopy. In section
3.2.6 of this chapter, the applications of Cu2+/polyacrylate colloidal particles in synthesis
of small CuNPs is thoroughly investigated by using UV-Visible spectroscopy and TEM.
Representative DLS and zeta potential (ζ) results for an aqueous system with initial
concentrations of 2.2×10-2 M for Cu(BF4)2 and 1.1×10-3M for sodium polyacrylate (NaPA)
(Mn= ~15.0kDa) as the pH is varied from 1.0 to 8.0 are given in Figure 3.23. The pH of the
solutions were adjusted by adding small aliquots of HCl (1N) and KOH (1N) after mixing
the solutions. The DLS studies identify the conditions for colloidal particles formation and
parallel zeta potential (ζ) measurements define the range of compositions and pH that give
stable colloidal dispersions. At pH values less than 3.0 homogeneous aqueous solutions of
[Cu(H2O)6]2+ and polyacrylic acid (PAA) occur and the observed particle hydrodynamic
diameter is the same as that for only the polymer chains (1.5-2.1 nm) in pure water (Figure
120

3.23(A)). This observation is a result of full protonation of the polymer carboxylate groups
in acidic conditions which prevents cross-linking between Cu2+ and -COO- sites on the
polymer chains.
Larger particles with average sizes of ~40 to 50nm associated with Cu2+ crosslinked polymer networks are observed by DLS as the pH is increased from 4.0 to 8.0
(Figure 3.23(A)). Aqueous solutions of Cu(BF4)2 (2.2×10-2 M) contain [Cu(H2O)6]2+ and
coordinated water is readily displaced by the relatively strong binding of Cu2+ centers with
two bi-dentate mono-anionic carboxylate ligands.54-57 The two carboxylate ligands that
bind Cu2+ can come from a single polymer chain or from cross-linking between different
polymer chains. Formation of Cu2+ cross-linked polyacrylate networks results in the near
quantitative removal of Cu(II) ions from the aqueous phase. Zeta potential(ζ)
measurements show that relatively stable colloidal dispersions with negatively charged
surfaces occur in the pH range of 4 to 8 (Figure 3.23 (B)). The negative charge on the
surface of the particles is a result of non-cross-linked carboxylate (-COO-) groups on the
polymer chains. Small values (<5.0 mV) of zeta potential (ζ) observed in acidic conditions
indicate protonation of carboxylate groups on the polymer chains. For the solutions in the
range from pH= 4.0 to 8.0 the zeta values up to -30 mV shows the relatively good stability
of the colloidal particles in aqueous solution (Figure 3.23 (B)). Synthesis of Cu metal
nanoparticles were carried out entirely within this pH range (4.0-8.0) were relatively stable
colloidal particles were observed by DLS.
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Figure 3.23: (A) Dynamic light scattering (DLS) and (B) zeta potential (ζ) plots for an
aqueous solution of Cu(BF4)2 (2.2×10-2 M) and sodium polyacrylate (NaPA) (1.1×10-3 M,
Mn= 15.0kDa) as a function of pH ranging from 2.0 to 8.0.

Electronic spectra for aqueous solutions of Cu(BF4)2 (2.2×10-2 M) with a series of
sodium polyacrylate (NaPA) concentrations (6.1×10-4 M to 1.1×10-2 M; Mn= ~15kDa) are
shown in Figure 3.24. The electronic spectra were recorded at a fixed pH of 4.8 where the
formation of stable colloidal particles is dominant for the solutions containing Cu2+
(2.2×10-2 M) and NaPA (1.1×10-2 M) chains (Figure 3.23). The spectrum of aqueous
Cu(BF4)2 (2.2×10-2 M) in the absence of the polymers shows a weak absorption band at
~820nm which corresponds to the ligand field d-d transition of Cu(H2O)n2+ species in
aqueous solution (Figure 3.23(1), black line). Addition of NaPA (6.1×10-4 M to 1.1×10-2
M) to the Cu(BF4)2 (2.2×10-2 M) solutions blue shifts the absorption band centered at
~820nm to ~710nm suggesting coordination of carboxylate groups on the polymer chains
with Cu(II) species (Figure 3.24 (2-5)). For low concentrations of the polymer (e.g. 1.1×103

M) increasing the baseline of the spectra is consistent with formation of large

Cu2+/polyacrylate colloidal particles which scatter the incident visible light (Figure 3.24
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(2, 3)). For higher concentrations of the polymer (e.g. 1.1×10-2 M) the baseline returns to
that for homogeneous solutions suggesting disassembly of the cross-linked polymer
colloidal networks (Figure 3.24 (4, 5)).
The UV-Visible studies presented in Figure 3.24 shows that the colloidal particles
only form at low concentrations of the polymer. Figure 3.25 shows a representative TEM
image of the colloidal particle with the size of ~40nm formed from self-assembly of Cu2+
species and polyacrylate chains in aqueous solution. Representative hydrodynamic
diameter for the colloidal particles observed by DLS at a series of sodium polyacrylate
concentrations is illustrated in Figure 3.26. The results of the DLS measurements shows
that relatively large polymer network particles (~40nm) only form at low polymer to Cu(II)
mole ratios where cross-linking between polymer chains by Cu2+ is dominant. At higher
concentrations of the polymer smaller Cu(II)-polymer carboxylate complexes (<10nm)
were observed that give homogeneous solutions (Figure 3.26).
The DLS and UV-Visible spectroscopy studies presented in this section collectively
shows that the reaction of Cu2+ species with NaPA at pH=4.8 only form inter-chain crosslinked colloidal particles at low concentrations of the polymer (e.g. 1.1×10-3M), and at
higher concentrations the system favors the intra-chain coordination which is similar to the
homogenous solution (Figure 3.26).
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Figure 3.24: Electronic spectra for 2.2×10-2M aqueous solutions of Cu(BF4)2 with a series
of sodium polyacrylate molar concentrations at a fixed pH = 4.8: (1) no NaPA; (2) 6.1×104
M; (3) 1.1×10-3 M; (4) 1.9×10-3 M; (5) 1.1×10-2 M.

Figure 3.25: Representative TEM image of a colloidal particle (~40 nm) formed from
reaction of aqueous solutions of Cu(BF4)2 (2.2×10-2M) with sodium polyacrylate (1.1×103
M ) at pH =4.8.
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Figure 3.26: Diameters of Cu(II)-NaPA species in colloidal dispersion and homogeneous
solution observed by DLS using an initial Cu(BF4)2 concentration of 2.2×10-2M (pH=4.8)
and a series of sodium polyacrylate concentrations (7.3×10-4 to 6.1×10-3 M). The sodium
polyacrylate has an average degree of polymerization of 160 (M W ~15kDa). The dotted
line designates the region where transition between colloid and homogeneous solution
occurs at pH = 4.8.

3.2.6

Size-controlled Synthesis of Copper Nanoparticles (CuNPs) Through Cross-

linked Polyacrylate (PA) Polymer Colloidal Networks.
Synthesis of CuNPs was performed by hydrazine reduction34-36 of aqueous
Cu2+/NaPA systems at a series of polyacrylate concentrations. The reduction process was
accomplished under nitrogen (N2) in anaerobic condition to prevent the surface oxidation
of CuNPs. The initial pH of the solutions was fixed at 4.8 prior to the hydrazine reduction
to replicate the conditions for formation of polymer cross-linked particles as shown in
section 3.2.5. The detailed experimental procedure for synthesis of CuNPs is presented in
section 3.4.8.
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In a comparative study, the average size of CuNPs produced from hydrazine
reduction of Cu2+ species as a function of NaPA concentration was evaluated by using
TEM. Figure 3.27 shows the TEM images and the corresponding size distribution
histograms of CuNPs produced at a fixed Cu2+ concentration of 2.2×10-2M, and a series of
polymer concentrations less than 1.2×10-3M. The result of the DLS studies presented in
section 3.2.5 (Figure 3.26) shows that at this range of polymer concentrations the formation
of cross-linked Cu2+/polyacrylate colloidal particles is dominant.
The TEM analysis performed following hydrazine reduction shows the formation
of relatively small CuNPs with sizes of 3.4 ±0.6nm, 3.8 ±1.0nm and 4.3 ±1.4nm when the
polymer concentration is varied from 1.2×10-3 M to 7.3×10-4 M. The data from the TEM
studies indicate formation of relatively small and narrowly dispersed CuNPs at low
concentrations of NaPA where the polymer cross-linked colloidal particles are present prior
to the reduction process (Figure 3.27). Hydrazine reduction of the solutions in the presence
of higher concentrations of the polymer (>2.5×10-3M), where the homogeneous aqueous
solution of Cu(II) and NaPA occurs (Figure3.26) resulted in formation of significantly
larger CuNPs at identical Cu2+ concentrations. The TEM images presented in Figure 3.28
for the polymer concentrations of 2.5×10-3M and 6.1×10-3M shows formation of large
CuNPs with average sizes of 23 ±0.8nm and 42 ±12 nm, respectively.
Figure 3.29 shows the representative hydrodynamic diameters for particles
observed by DLS and the diameters of metallic CuNPs formed by anaerobic hydrazine
reduction of the Cu(II)-NaPA aqueous systems at a fixed concentration of Cu2+ (2.2×102

M), and a series of sodium polyacrylate concentrations at pH =4.8. Relatively large

polymer colloidal particles are observed by DLS at low polymer to Cu(II) mole ratios
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where cross-linking between polymer chains by Cu+2 is dominant, but increasing the
polymer to Cu(II) ratios favor smaller Cu(II)-polymer carboxylate complexes that give
homogeneous solutions (Figure 3.26 and 3.29). The results of the TEM studies shows that
the hydrazine reduction of Cu(II) centers in the polymer network colloid particles results
in much smaller metallic copper particles (~3.0 nm) when compared to those formed from
homogeneous aqueous solutions of Cu(II)/polyacrylate complexes (~40 nm) as shown in
Figure 3.30.
The UV-visible spectra of the final CuNPs produced in homogenous solution for
NaPA concentration of 2×10-3M is shown in Figure 3.31(black line(1)). Observation of an
intense SPR band at ~580nm in the spectra of the sample is consistent with the formation
of relatively large CuNPs.58-60 The electronic spectra of CuNPs produced in the presence
of colloidal particles only shows a weak SPR band corresponding to the formation of
smaller CuNPs (Figure 3.31(2, red line)).58-60 The results of the TEM and UV-Visible
studies presented in Figures 3.27 through 3.31 collectively shows formation of unusually
small CuNPs at low concentrations of the polymer where cross-linked Cu2+/polyacrylate
colloidal particles are stable prior to the reduction process. Comparative studies performed
at higher polymer concentrations where intra-chain coordination occurs shows formation
of large CuNPs with a wide size distribution (Figure 3.28). The result of the experiments
presented in this section provides an opportunity to tune the size of CuNPs in a wide range
from ~3.0 to 40 nm by simply by varying the polymer concentration and performing the
reduction process in the presence of self-assembled and/or disassembled polymer colloidal
networks.
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Figure 3.27: Reduction of Cu(BF4)2 (2.2×10-2 M) in the presence of sodium polyacrylate
(Mn = 15 kDa) at initial pH =4.8 and polymer concentrations of (A) 1.2×10-3 M; (B) 1.0×103
M and (C) 7.3×10-4 M before addition of 0.3mL of hydrazine solution (1.0 M). The
average diameter of CuNPs are (A) 3.4 ±0.6 nm, (B) 3.8 ±1.0 nm and (C) 4.3 ±1.4nm. The
size distribution histograms were obtained from ~100 particles counted from different
regions of the TEM grids.
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Figure 3.28: Reduction of Cu(BF4)2 (2.2×10-2 M) in the presence of sodium polyacrylate
(Mn = 15 kDa) at initial pH =4.8 and polymer concentrations of (A) 2.5 × 10-3 M; (B) 6.1
× 10-3 M. The average diameters of CuNPs are (A) 23 ±8.0nm and (B) 42 ±12nm. The size
distribution histograms were obtained from ~100 particles counted from different regions
of the TEM grids.
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Figure 3.29: Diameters of Cu(II)-NaPA species in colloidal dispersion and homogeneous
solution observed by DLS and CuNPs formed by hydrazine reduction that are observed by
TEM using an initial Cu(BF4)2 concentration of 2.2×10-2M (pH =4.8) and a series of
sodium polyacrylate concentrations from 7.3×10-4 to 6.1×10-3 M. The sodium polyacrylate
has an average degree of polymerization of 160 (Mn=15 kDa). Diameters of CuNPs shown
in the figure from left to right are 4.3 ±1.4nm, 3.8 ±1.0nm, 3.4 ±0.6nm, 23 ±8nm, 42
±12nm, respectively. The dotted line designates the region where transition between
colloidal particles and homogeneous solution occurs at pH =4.8.
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Figure 3.30: TEM for metallic CuNPs formed from hydrazine reduction Cu2+ species
(2.2×10-2 M) at pH =4.8 in the presence of (A) polymer colloidal particles from 1.1×10-3
M NaPA (size of CuNPs: 3.8 ±1.0nm), and (B) homogeneous aqueous solution from
2.5×10-3 M NaPA (size of CuNPs: 42 ±12nm).

Figure 3.31: Electronic spectra for aqueous dispersions of metallic CuNPs formed from
hydrazine reduction of Cu2+ (2.2×10-2 M) at pH =4.8 with polymer concentrations of (1)
2.5×10-3 M, homogeneous Cu2+-NaPA solution, size of CuNPs= ~42 nm; (2) 1.1×10-3 M,
colloidal Cu2+-NaPA solutions, size of CuNPs= ~3.4 nm ; (3) 1.1×10 -3 M, colloidal
Cu2+/Ca2+-NaPA solutions, [Cu(BF4)2]i = 1.7×10-2 M, [CaCl2]i = 5.5×10-3 M, size of
CuNPs= 2.7 ±0.7nm; (4) 1.1×10-3 M, colloidal Cu2+/Ca2+-NaPA solutions, [Cu(BF4)2]i =
1.4×10-2 M, [CaCl2]i = 8.3×10-3 M, size of CuNPs= 2.3 ±0.4 nm.
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Forming metal dication (M2+) cross-linked polyacrylate network colloids using
mixtures of Cu2+ and Ca2+ as reducible and non-reducible cross-linkers was examined as a
new strategy to maintain the polymer network particle structure during the reduction, and
to extend the range of the polymer to Cu(II) ratios to achieve an additional dimension for
tuning the metal particle size. Hydrazine reduction of the mixed Ca2+ and Cu2+ colloids
produce metallic particles that show regular decreases in the average size from TEM
measurements as the mole ratio of Cu(II) to Ca(II) in the colloid decreases.37
Figures 3.32 and 3.33 shows the representative TEM images and the corresponding
size distribution histograms of CuNPs produced at a fixed concentration of NaPA (1.1×103

M) by varying the molar ratio of Cu2+ and Ca2+ incorporated into the colloidal networks.

The TEM analysis shows that increasing the concentration of Ca2+ from 5.5×10-3M to
1.4×10-2M regularly decreases the average size of CuNPs from 2.7 ±0.7nm (Figure 3.33)
to 1.5 ±0.6nm (Figure 3.32). The electronic spectra of the Cu metal nanoparticle produced
in the presence of Ca2+ show a regular decrease in the intensity of the SPR band expected
for decreasing the diameter of CuNPs (Figure 3.31).58-60 Depletion of the SPR bands
observed in the electronic spectra for the samples (Figure 3.31(3,4)) indicates formation of
very small CuNPs which is consistent with the results presented in Figures 3.32 and 3.33
from the TEM measurements. The graph presented in Figure 3.34 clearly shows that
introducing the Ca2+ as a non-reducible cross-linker into the framework of colloidal
particles effectively reduces the size of CuNPs particles from ~4.0nm to ~1.0nm.
Figure 3.35 shows the schematic representation for the effect of Cu2+ and NaPA
cross-linking nature on the final size of CuNPs produced by hydrazine reduction.
Copper(II) and other di-positive metal ions function as cross-linkers in obtaining sodium
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acrylate network colloids. Integration of a di-cationic Cu2+ in the framework of polymer
networks prior to the reduction produces relatively small Cu metal particles (1.5–3.4nm)
as compared to the formation of large Cu particles from polyacrylate and Cu(II) species in
homogeneous solution (~23–42 nm) (Figures 3.29 and 3.31). Copper(II) centers embedded
in the polymer colloid have reduced mobility which retards the copper particle growth and
the high local concentration of polymer efficiently encapsulates and stabilizes the metal
particles. One practical consequence of this method is that high concentrations of small
metal particles can be obtained through the tolerance for high concentrations of metal ion
precursors. Formation of mixed metal polymer colloids from a non-reducible Ca2+ metal
ion and a reducible Cu2+ metal ion is shown to be an effective approach to fine tune the
size of small metal particles. The simplicity of using metal ion cross-linked network
polymer colloids to guide the formation and stabilization of metal particles makes this an
attractive strategy for developing general methods to obtain unusually small single-metal
and alloy nanoparticles.
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Figure 3.32: TEM images and size distribution histograms for metallic CuNPs formed
from hydrazine reduction of Cu+2/Ca+2 cross-linked NaPA polymer network colloids with
concentrations of (A) [Cu(BF4)2]i = 1.4×10-2 M, [CaCl2]i = 8.3×10-3 M, size of CuNPs =
2.3 ± 0.4 nm and (B) [Cu(BF4)2]i = 8.3×10-3 M, [CaCl2]i = 1.4×10-2 M, size of CuNP = 1.5
± 0.6 nm. The experiment was performed at a fixed NaPA concentration of 1.1×10-3 M.
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Figure 3.33: TEM image and size distribution histogram for metallic CuNPs formed from
hydrazine reduction of Cu+2/Ca+2 cross-linked NaPA polymer network colloids with
[Cu(BF4)2]i = 1.7×10-2 M and [CaCl2]i = 5.5×10-3 M, size of CuNPs = 2.7 ± 0.7 nm. The
experiment was performed at a fixed NaPA concentration of 1.1×10-3 M.
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Figure 3.34: Relationship between the size of the metallic CuNPs formed by hydrazine
reduction, and the mole percent of Cu2+ in a mixture of Cu(II) and Ca(II) cross-linking
cations where the concentration of sodium polyacrylate (NaPA) is 1.1×10-3M and the sum
of the Cu(II) and Ca(II) initial concentrations is held constant at 2.2×10-3 M (pHi = 4.8).
The diameters of CuNPs from left to right are 1.5 ±0.6nm, 2.3 ± 0.4nm, 2.7 ± 0.7nm and
3.4 ± 0.6nm, respectively.

Figure 3.35: Schematic representation for synthesis of CuNPs from hydrazine reduction
of Cu2+ species in homogenous solution (left), and inside negatively charged Cu(II)-NaPA
colloidal particles (right) resulting in formation of ~42 nm and ~3.0 nm CuNPs,
respectively.
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3.3

Summary and Conclusions
Size-controlled synthesis of palladium nanoparticles (PdNPs) was carried out under

mild experimental conditions in the presence of PDMAEMA colloidal networks acting as
both nanoreactors and polymer protective agents. The reactions of dinegatively charged
metal precursor and partially protonated polymer (PDMAEMA(H+)n) in aqueous solution
was used to incorporate [PdCl4]2- species into the framework of polymer networks prior to
the chemical reduction process. Self-assembly of [PdCl4]2- species and PDMAEMA(H+)n
resulted in efficient production of colloidal particles with sizes ranging from ~100 to
300nm as measured by TEM. The hydrodynamic diameter and stability of the colloidal
particles as a function of pH was evaluated by using several characterization methods such
as 1H NMR, DLS, TEM and UV-Visible spectroscopy. The result of the experiments
performed in this section shows that the polymer cross-linked PDMAEMA(H+)n/[PdCl4]2colloidal particles produced from ion pairing are pH responsive, and self-assemble and/or
disassemble by varying the level of protonation of the polymer simply by tuning the pH of
the solution.
Palladium nanoparticles were synthesized by sodium citrate/citric acid reduction of
PDMAEMA(H+)n /[PdCl4]2- aqueous system at pH values of 6.3, 4.7 and 3.3. Decreasing
the pH of the solution from 6.3 to 3.3 regularly increased the size of PdNPs from 1.4
±0.2nm to 5.0 ±0.6nm, where the colloidal system undergoes a conversion from a crosslinked polymer network to a single chain structure. Formation of PdNPs throughout the pH
range of 3.3-6.3 is well controlled by ion pairing of [PdCl4]2- with protonated PDMAEMA,
but particularly good control was observed at pH=6.3 where [PdCl4]2- forms a stable crosslinked polymer network (ζ= +51.0 mV). The procedure presented in this chapter provides
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a new convenient pH dependent approach for size-controlled synthesis of ultra-small
PdNPs with sizes ranging from ~1 to 5nm.
To explore the generality of this approach for synthesis of small transition metal
nanoparticles, the same strategy was employed for synthesis of copper nanoparticles
(CuNPs) from reactions of metal dications (M2+) and anionically charge polymer chains.
Encapsulation of copper salt ions into the polymer colloid networks was accomplished by
reacting Cu2+ species with sodium polyacrylate (NaPA) in aqueous solution. The colloidal
particles formed from reactions of Cu2+ and NaPA (Mn =15kDa) were characterized at a
series of pH values by using TEM, DLS and UV-Visible spectroscopy. Hydrazine
reduction of Cu2+ species incorporated into the polyacrylate colloidal networks resulted in
formation of CuNPs that are small (3.8 ±1.0nm) and narrowly dispersed. Controlled studies
performed in the absence of the colloidal polymer networks resulted in formation of large
CuNPs with an average size of 42 ±12nm.
To further decrease the average size of CuNPs (3.8 ±1.0nm) produced from
hydrazine reduction of Cu2+/polycrylate colloidal system, Ca2+, as a non-reducible crosslinker, was incorporated into the polyacrylate networks to maintain the polymer network
structures during the reduction, and to extend the range of the polymer to Cu2+ mole ratios
to achieve an additional dimension for decreasing the size of metal particle. Hydrazine
reduction of the mixed Ca2+ and Cu2+ colloids produced CuNPs that show regular decreases
in the average size as the mole ratio of Cu(II) to Ca(II) in the colloid decreases. By
employing this strategy the average size of CuNPs was successfully decreased from 3.8
±1.0nm to 1.5 ±0.6nm.
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Overally, this chapter represents a new polymer-assisted approach for synthesis of
ultra-small narrowly-dispersed transition metal nanoparticles from chemical reduction of
metal precursors incorporated into the polymer cross-linked colloidal networks.
Application of this strategy could be simply expanded for the formation of other transition
metals and alloys such as Fe, Co and Ni nanoparticles.
3.4

Experimental Section

3.4.1

Materials
2-Dimethylaminoethylmethacrylate monomer (DMAEMA) 98% was purchased

from Sigma-Aldrich. Potassium tetrachloropalladate(ΙΙ) was purchased from Strem
chemicals Inc. Hydrochloric acid (1N), potassium chloride and potassium hydroxide were
obtained from Fisher Scientific Inc. N, N-dimethylformamide, HPLC grade 99.7% was
purchased from Alfa Aesar. Copper(II) tetrafluoroborate (Cu(BF4)2), hydrazine and
sodium polyacrylate (NaPA) (Mn= ~15,000) were purchased from Sigma-Aldrich
(Milwaukee, WI) and used as received. Deuterated solvents including CDCl3 (99.8%) and
D2O (99.9%) were purchased from Cambridge Isotope Laboratory Inc. All other chemicals
and solvents purchased from Sigma-Aldrich and used without further purification.
3.4.2

Characterization and Analytical Techniques
1

H NMR spectra were obtained using Bruker 500MHz spectrometers with CDCl3

as a solvent and internal standard. All other 1H NMR studies performed in 1:10 v/v
D2O/H2O mixtures. UV-Visible spectra of all samples were recorded on a Shimadzu UV1800 spectrophotometer using 1 cm quartz cells. Measurements of the pH were performed
by using a Fisher scientific XL 15 pH meter equipped with a thermo scientific Orien micro
electrode. GPC measurements were carried out on a Shimadzu LC-20AV liquid
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chromatography system equipped with PolarGel-M 300×7.5 mm column and SPD-20AV
UV/Vis detector. In order to determine the molecular weight distributions of the polymer,
small aliquots of the sample were dissolved in DMF and filtered through a 0.45μm PTFE
filter before injection. DMF was used as the eluent at a flow rate of 1.0 mL/min at 40 °C
and the calibration was based on polystyrene standards.
DLS and zeta potential of the samples were measured by using a Zetasizer Nano
ZS (Malvern Instruments, Westborough, MA) and the mean diameter of the particles as
well as the zeta potential were obtained from the instrument’s DTS software. For size
analysis 1mL of each sample was poured into 1 cm polystyrene cuvettes and all the
measurements were performed after 2 minutes of equilibration time at 25 °C. The reported
hydrodynamic diameter for each sample results from averaging 15 data points by the
instrument DTS software. Zeta potential measurements were performed by using
disposable capillary cells (DTS1061). Each sample was poured into to the cell slowly until
the level of the solution reached the electrodes of the cell. All measurements were
performed after 2 minutes of equilibration time at 25°C.
The average size and size distribution of the particles was evaluated by a JEOL
JEM-1400 TEM operating at an accelerating voltage of 120 kV. All samples diluted with
DI water to ~50 μg/mL to reduce the aggregation during the sample drying process. One
drop of each solution was deposited on the formvar side of ultra-thin carbon type-A 400
mesh copper grids (Ted Pella Inc., Redding, CA) and the droplet was then blotted and
allowed to evaporate under ambient conditions over night. Statistical analysis and
histograms were obtained by using Origin lab 7.5 software or a minimum of 100 particle
counts.
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3.4.3

Synthesis of Poly dimethylaminoethylmethacrylate (PDMAEMA).
Methyl 4-Cyano-4(dodecylsulfanylthiocarbonyl)sulfanyl pentanoate (RAFT 2.2)

was synthesized via the reported method38, 39 on a reduced scale. RAFT 2.2 was used as a
charge transfer agent in the synthesis of homopolymers of PDMAEMA. DMAEMA was
passed through a neutral alumina column to remove the inhibitor and AIBN was
recrystallized from methanol. A 0.5mL sample of RAFT2.2 (10-1M) and AIBN (2×10-2M)
solutions were prepared in acetone and mixed with 8.5 mL of purified monomer
(DMAEMA). The reaction mixtures were prepared in vacuum adapted bulbs in a RAFT2.2:
initiatior : monomer ratio of 1:0.2:1000. Degassing of the solution was performed by three
freeze-pump-thaw cycles on a high vacuum line. The reactions were carried out in 60 °C
oil bath for 12 hours. After 12 hours the polymerization was quenched by immersion of the
reaction vessel in cold water and the solvent removed under vacuum. The viscous polymer
was then dissolved in a small amount of acetone and precipitated in hexane. After
collecting the polymer via vacuum filtration, the product was dried on the high vacuum
line for 48 hours and characterized by gel permeation chromatography (GPC) and 1H NMR
spectroscopy (Figures 3.1 and 3.2). The number average molecular weight (Mn) of the
polymer was measured at 37,000 and the PDI of 1.32.
3.4.4

1H

NMR study of PDMAEMA Protonation in Water as a Function of pH

5.0 mL of PDAMEMA aqueous solution (5.72×10-5M; Mn= 37.0kDa, Mw/Mn=
1.32) at pH=7.9 was titrated by adding small aliquots of HCl (0.1N) to the pH=7.6 and the
resulting solution stirred for 5 minutes. 0.5 mL of the solution was removed for 1H NMR
measurements and the remaining solution titrated drop wisely by adding HCl (0.1N) to the
pH= 6.6. After 5 minutes stirring, another 0.5 mL aliquot was removed for the next 1H
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NMR measurement. Following the same procedure, samples at pH values of 5.9, 5.7, 3.8
and 1.9 were prepared for 1H NMR studies. Another 5.0 mL portion of PDMAEMA
solution (pH=7.9) was titrated similarly with KOH (0.1N) and two samples with pH values
of 8.6 and 10.2 were prepared for 1H NMR studies. The 1H NMR peaks for the dimethyl
amine groups of atactic PDMAEMA in different pH values were obtained, and the plot for
the degree of protonation (α) of PDMAEMA derived for the pH values ranging from 1.9
to 10.2 (Figure 3.4).
The 1H NMR study on PDMAEMA(H+)n /[PdCl4]2- colloidal system was performed
as following: 0.125 mL K2PdCl4 (0.04M) in KCl (0.1M) was added to 2.6 mL of partially
protonated PDMAEMA at pH= 6.3 and the mixture was stirred for 20 minutes. The final
pH of the solution containing PDMAEMA(H+)n /[PdCl4]2- colloidal particles was measured
at 5.8. A sample of 0.5 mL of the colloidal solution was removed for 1H NMR analysis.
The chemical shift of the dimethyl amine groups in PDMAEMA(H+)n /[PdCl4]2- colloidal
solution broadened and shifted to 2.64 ppm compared to the polymer solution at pH=7.9
(δ: 2.22 ppm) and partially protonated polymer at pH=6.3 (δ: 2.40 ppm) showing formation
of cross-linked colloidal particles61 (Figure 3.9). All 1H NMR measurements were
performed in 1:10 (v/v) D2O/H2O mixture upon addition of 50 μL D2O into 0.5mL of each
sample.
3.4.5

Study of the Effect of pH on the Size and Stability of Colloidal Particles
25.0 mL of PDMAEMA aqueous solution (5.72×10-5M; Mn= 37.0kDa, Mw/Mn=

1.32) mixed with 1.0 mL of HCl (0.1N) and stirred at ambient temperature for 20 minutes.
Subsequently, 1.25 mL of K2PdCl4 (0.04M) in KCl (0.1M) was added to the mixture and
the resulting cloudy solution was stirred for another 20 minutes. The pH of the colloid
142

stock solution was measured at 5.8 (Table 3.1, sample #5). The stock solution was divided
into 10 aliquots (2.5 mL) to replicate the previous conditions for the pH studies. The pH of
the acidic solutions (samples #1 to #4 in Table 3.1) was adjusted at by adding 50, 75, 100
and 150 μL of HCl (1N) and the pH measured after 5 minutes stirring at 4.6, 4.4, 3.8 and
2.7, respectively. The pH of the basic solutions (samples #6 to #10 in Table 3.1) were
adjusted at by adding 20, 100, 200, 300 and 500 μL of KOH (1N) and the pH was measured
after 5 minutes stirring at 6.2, 6.6, 7.4, 9.4 and 11.1, respectively. DLS and zeta potential
measurement of the solutions were performed one day after making the samples. The
results of these experiments are summarized in Figures 3.6, 3.7, 3.8 and Table 3.1.
3.4.6

UV-Visible

Studies

on

the

Titration

of

K2PdCl4

and

PDMAEMA(H+)n/[PdCl4]2- Colloidal Solutions as a Function of pH
0.125 mL of K2PdCl4 (0.04M) in KCl (0.1M) was diluted with 2.6 mL of DI water
at pH=5.5 and the electronic spectra was recorded. The pH of K2PdCl4 (0.04M) solution
slightly changed by adding small aliquots (~μL) of HCl and KOH (0.1N) in the range of
3.3 to 6.1, and no significant change was observed in electronic spectra of the solutions. In
a comparative study colloidal solution of PDMAEMA(H+)n/[PdCl4]2- (1.8×10-3 M relative
to K2PdCl4) was prepared following the procedure presented in section 3.2.3, and the
electronic spectra was recorded at pH=5.8. Titration of the colloidal suspension into the
acidic region (from 6.1 to 3.3) was performed by addition of small aliquots (~μL’s) of HCl
(0.1N) to the solution and the electronic spectra at each specific pH value was recorded
after 5 minutes stirring of the solution (Figures 3.12 and 3.13). Back titration of the acidic
solution from pH=1.9 to 6.1 was performed by adding small amounts of KOH (0.1N), and
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similarly the spectra was recorded after 5 minutes stirring (Figure 3.14). Electronic spectra
of all samples recorded after diluting 50 μL of each sample with 3.0 mL of DI water.
3.4.7

Synthesis Palladium Nanoparticles (PdNPs) Through Ion Paired Structures of

[PdCl4]2- and Protonated PDMAEMA
2.5 mL of PDMAEMA aqueous solution (5.72×10-5M; Mn= 37.0kDa, Mw/Mn =
1.32) at pH=7.9 was mixed with 0.1 mL of HCl (0.1M), pH=1.1, and stirred for 20 minutes
(pH=6.1). Then, 0.125 mL of K2PdCl4 (0.04M) in KCl (0.1M) was added to the mixture
and stirred for another 20 minutes at room temperature. The pH of the resulting
PDMAEMA(H+)n /[PdCl4]2- colloidal suspension was measured at 5.8. For synthesis of
PdNPs, 0.1 mL of the reducing agent aqueous solution (0.1M) was added to the colloidal
solution containing PDMAEMA. The mixture stirred vigorously at room temperature, and
the reduction followed by UV-Visible spectroscopy for 48 hours (Figure 3.15). Addition
of 0.1 mL of citric acid (0.1M), pH=2.3, resulted in complete reduction of the particles,
and the formation of ~5nm PdNPs. Addition of the same concentrations of citric
acid/sodium citrate (1:1) mixture (0.1M), pH=4.2, and the sodium citrate (0.1M), pH=7.1,
resulted in the formation of ~2.5nm and ~1.4nm PdNPs at identical experimental
conditions. The resulting PdNPs were stable in the aqueous solution, and no precipitation
was observed over 3 months after the synthesis of the nanoparticles.
3.4.8

Synthesis of Copper Nanoparticles (CuNPs) from Hydrazine Reduction of

Cu2+ and NaPA System.
Hydrazine (N2H4) reduction of Cu2+ species in the presence of sodium polyacrylate
(NaPA) was performed as following: aqueous stock solutions of Cu(BF4)2 and NaPA with
final concentrations of 0.05M and 0.002M were prepared in deionized water before mixing.
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The desired concentrations of Cu(BF4)2 and NaPA solutions for each set of the experiments
were prepared from dilution of the stock solutions. Formation of the colloidal particles after
mixing aliquots of the solutions was confirmed by DLS and UV-Visible spectroscopy as
discussed in sections 3.2.5 and 3.2.6. The chemical reduction of the solutions were
performed by dropwise addition of 0.3 mL of hydrazine (1.0M) which corresponds to the
molar ratio of Cu2+ to N2H4 of 1 to 5. The vial containing Cu2+ and NaPA was sealed and
bubbled with N2 gas for 15 minutes before a fresh-made N2H4 solution (1.0 M) was injected
into the solution. After addition of the hydrazine the entire reduction process was carried
out under ambient room temperature and mild stirring condition. After observing the full
reduction of the solution by UV-Visible spectroscopy the reactions was then quenched by
immersing the solution into the ice-water bath before further dilution for depositing the
sample on the TEM grids. The DLS and zeta-potential analysis of the samples was
accomplished by using a Malvern ZetaSizer Nano ZEN 5600 following the experimental
procedure presented in section 3.4.2.
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CHAPTER 4:
SYNTHESIS OF GOLD NANOPARTICLES BY USING
SPATIALLY AND TEMPORALLY SHAPED NEAR-IR
FEMTOSECOND LASER PULSES
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Introduction
Expanding applications of gold nanoparticles (AuNPs) in medicine1-4, optics5, 6, and
catalysis7, 8 have stimulated continuing development of convenient methods that attain size
and shape selectivity.9 Nanoparticles of gold have the longest history10-12 and are the most
thoroughly investigated among any class of nanoparticles and thus serve as a benchmark
for comparing approaches to generate, stabilize and process nanomaterials.13 Wet chemical
techniques such as thermal decomposition, chemical reduction, and seed-mediated growth
have been extensively applied to the synthesis of AuNPs with different sizes and
morphologies.14-18 These methods rely on the applications of the surfactant molecules to
direct the particle growth, restrict the particle size, and stabilize the colloidal suspensions
to prevent aggregation and immediate precipitation.14,

19

Experimental parameters

including the concentration of the reactants, type of the surfactant, presence of
oxidizing/reducing agents, temperature, pH and etc., dictate the final size, shape and
dispersity of the nanoparticles. 20-24
In addition to the chemical procedures, irradiation-based techniques including
photochemical,25, 26 glow discharge,27, 28 sonochemical,29, 30 and pulsed laser ablation31-33
have been also effectively used to produce AuNPs without addition of the chemical
reducing agents. Among these methods, femtosecond (fs) laser irradiation of metal salt
solution has not yet been widely applied for condensed phase chemical transformations,
and offers new regimes of energy deposition for controlling the generation of
nanomaterials. Femtosecond laser irradiation of aqueous [AuCl4]- in the presence of
chemical surfactants has recently emerged as a promising “green” method to synthesize
size-tunable AuNPs, typically by varying the concentration of added surfactant during the
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irradiation process.34-38 Nanoparticle formation in these experiments is generally attributed
to the reduction of [AuCl4]- to Au(0) by reactive species such as hydrogen radicals (H.) and
solvated free electrons (eaq-) generated through ionization and dissociation of water in the
plasma that occurs in the region of the laser focus..15, 37, 39 The mechanism for reduction of
aqueous [AuCl4]- in the laser fields is based on the production of reducing agents from
water, in distinct contrast with UV photolysis where reduction of [AuCl4]- is accomplished
by direct homolysis of Au-Cl bonds.25, 40 Under these conditions, the quantity of reactive
water species produced during laser irradiation determines the reagent concentration.
This chapter focuses on exploring the applications of near-IR fs laser irradiation of
metal salt solution, as a photo-chemical route, for controlling the synthesis of metal
nanoparticles. Formation and transformation of AuNPs from laser irradiation of aqueous
[AuCl4]- solution were used as a model process to evaluate the effects of laser parameters,
reaction medium and surfactants to achieve control of metal nanoparticle formation.
Simultaneous spatial and temporal focusing (SSTF) of laser pulses were employed as a
general irradiation strategy for the nanoparticle formation to reduce the detrimental effects
of traditional focusing condition including self-focusing, intensity clamping, white light
generation and etc.41-43
Systematic mechanistic studies performed on high-intensity laser processing of
aqueous [AuCl4]- solution revealed highly efficient formation of hydrogen peroxide (H2O2)
as a result of multi-photon ionization and dissociation of water. Aqueous H2O2 produced
during irradiation was found to reduce unreacted [AuCl4]- in a post-irradiation process,
leading to the growth and transformation of laser generated Au(0) species to the welldefined perfect crystalline different shaped Au nanoparticles. Furthermore, the average size
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of spherical Au nanoparticles produced during the laser processing was controlled by using
polyethyleneglycol (PEG45) as a polymer surfactant molecule. Varying the concentration
of PEG45 effectively tuned the diameter and the size distribution of AuNPs from 3.9
±0.7nm to 11 ±2.4nm. The presence of PEG45 in reaction medium also resulted in
significantly faster and more efficient reductions comparing to the organic surfactant-free
systems.
To evaluate the special capabilities arising from SSTF, in a series of studies the
AuNPs produced from SSTF irradiation, were compared with other conventional laser
irradiation methods at any given experimental condition. Systematic studies performed on
the effects of the reaction parameters such as polymer capping agent and laser pulse energy
revealed that SSTF irradiation always produces smaller and more monodisperse AuNPs
comparing to the traditional laser focusing condition.
Results and Discussions
4.2.1

Femtosecond Laser Irradiation Set up: Simultaneous Spatial and Temporal

Focusing (SSTF) of Laser Pulses.
All laser irradiation experiments presented in this chapter and chapter 5 were
performed by using a titanium-sapphire-based chirped-pulse amplifier delivers 35 fs pulses
with bandwidth centered at 790nm and repetition rate of 1 kHz. For SSTF irradiations,
pulses were spectrally dispersed by using a grating pair (1200 l/mm), and then focused with
an f =50-mm aspheric lens into a cuvette containing a liquid sample (Figure 1(A)). The
gratings spectrally disperse the pulse in space and time, lowering the intensity of the beam
out of the focus. The lens focuses the laser pulse simultaneously in space and time, and the
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temporal profile is restored when all of the spectral components are recombined at the focal
point (Figure 1(B)).44, 45

Figure 4.1: Femtosecond (fs) laser irradiation set up. (A) The laser pulse is spatially
dispersed by a pair of gratings (elements (i) and (ii)) to produce a spectrally dispersed
beam, which is subsequently focused by an aspheric lens (iii) into the sample (iv). (B)
Diagrammatic representation of simultaneous spatial and temporal focusing (SSTF). The
spatially separated spectral components only recombine at the geometric focus, white
circle, leading to shortest, and thus the highest intensity pulse. Before and after the focus,
the intensity is much lower in any given volume because the pulse is delocalized in space
and time (e.g. the pulse duration is much longer).

The simultaneous spatial and temporal focusing

45

method avoids damage to the

cuvette and optically induced breakdown of the solvent before the focal point because the
intensity of the beam is significantly reduced by the spectral-temporal dispersion of the
pulse away from the focus (Figure 1(B)). By avoiding nonlinear propagation effects that
elongate the focus and clamp the laser intensity, it is possible to deliver higher laser
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intensities to a well-defined focal region and also to control the intensity distribution to a
much higher degree than without the SSTF apparatus. The negative frequency chirp
introduced by the grating pair results in a 36 picosecond (ps) pulse duration at the focal
point. In all experiments presented in sections 4.2.2 through 4.2.4, the pulse energy after
the focusing lens was fixed at 2.5 mJ which corresponds to ~1.65×10-8 moles of photons
per pulse at 790nm. The beam waist in the focus was measured to be 20±2 µm, giving a
calculated fluence of ~200 J/cm2.
4.2.2

Laser Irradiations of Aqueous [AuCl4]- Solution for a Series of Times: Post-

irradiation Reduction of [AuCl4]- Solution.
Aqueous solutions of [AuCl4]- with an initial concentration of 0.50 mM were
irradiated for times ranging between 1 and 20 minutes. Electronic spectra of aqueous
solutions and dispersed species recorded immediately after irradiation are shown in Figure
4.2. Irradiation for 1 minute resulted in a small decrease in the intensity of [AuCl4]- (0.50
mM) ligand-to-metal charge transfer (LMCT) band at 290nm, which is attributed to the
conversion of a small amount of [AuCl4]- to the Au(0) species during irradiation (Figure
4.2(A)). The broad feature observed as a displacement of the baseline from 700 to 450nm
(the inset to Figure 4.2(A)) which actually extends throughout the entire UV-Visible
spectrum is consistent with the presence of AuNPs. The absence of an observed surface
plasmon resonance (SPR) band in the inset of Figure 4.2(A) indicates that the gold particles
must be quite small (<2 nm).46-48
Longer laser irradiation times of 5 to 20 minutes reveal electronic spectra showing
increased intensity in the broad feature, extending throughout the UV-Visible spectrum
(Figure 4.2(B)). This broad feature is attributed to the scattering from metallic particles
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produced during irradiation. There is also a prominent SPR band detected in the range of
520-540nm (Figure 4.2(B)). This feature is associated with AuNPs having diameters
greater than 2nm.46-48 Complete conversion of [AuCl4]- (0.50 mM) to AuNPs during the
laser irradiation was observed for irradiation times of 20 minutes or longer as shown by
blue line in Figure 4.2(B).

Figure 4.2: Electronic spectra of aqueous [AuCl4]- (0.5 mM) solutions recorded
immediately following laser irradiation for a series of times. (A) after 1 minute irradiation,
and (B) after irradiation for periods of 1 to 20 minutes. The blue line in (A) shows the
spectrum of [AuCl4]- (0.5 mM) solution recorded before laser irradiation.

157

Electronic spectra were recorded every 5 minutes after termination of laser
irradiation for each sample until no further changes occurred, which required up to 150
minutes. The time-dependence of the post-irradiation electronic spectra of the samples
irradiated for times of 1, 5, 7 and 10 minutes are shown in Figure 4.3. Evolution of the
electronic spectra after 1 minute laser irradiation shows a slow increase in the intensity of
the SPR band centered at 536nm and a second band centered in the near-IR beyond the
detection range of 900nm for the instrument (Figure 4.3(A)). Observation of a SPR band
in the visible region at ~530nm indicates formation of spherical AuNPs with diameters
greater than 2 nm.46-48 In addition to the band at 536nm, a second band in near-IR region
(>900 nm) is observed, which is characteristic of Au nanoplates.49 In contrast to the sample
irradiated for 1 minute, electronic spectra observed immediately after an irradiation time
of 5 minutes display a well-defined SPR band centered at ∼530nm that continues to
develop after termination of the laser irradiation (Figure 4.3(B)), which indicates formation
of primarily spherical AuNPs during the irradiation and post-irradiation periods. Reduction
of [AuCl4]- (0.5 mM) solution is deduced from the decrease in the LMCT bands at 210 and
290nm during irradiation, and the ultimate disappearance of these bands during the postirradiation period indicates that complete reduction of [AuCl4]- has occurred (Figure
4.3(B)).
The growth of the SPR band at ∼530nm during the post-irradiation period in Figure
4.3(B)) is consistent with an increase in the concentration and/or average size of the
AuNPs. The lack of a red shift in the plasmon band indicates that the average particle size
remains below ∼30 nm after complete reduction of [AuCl4]-.46 Similar behavior was seen
in the post-irradiation electronic spectra of the samples irradiated for 7 and 10 minutes as
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shown in Figures 4.3(C and D). Complete disappearance of the LMCT bands in the
electronic spectrum of the sample irradiated for 20 minutes shows that full reduction of
[AuCl4]- to AuNPs occurs during laser irradiation (Figure 4.4). No significant changes are
observed in the electronic spectrum of the 20 minutes irradiated sample in post-irradiation
measurements.

Figure 4.3: Time-dependence of the electronic spectrum after irradiation of [AuCl4]- (0.5
mM) solution for (A) 1 minute, (B) 5 minutes, (C) 7 minutes and (D) 10 minutes. Spectra
were measured up to 150 minutes after irradiation is terminated (magenta). The dark-red
line corresponds to the spectra measured before irradiation. The inset to Figure 4.3(A) is a
magnification of the region from 400 to 850 nm, and the spectra is recorded for five minute
intervals.
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Figure 4.4: Time-dependence of the electronic spectrum after irradiation of [AuCl4]- (0.5
mM) solution for 20 minutes. Spectra were measured up to 150 minutes after irradiation is
terminated (magenta). The dark red line corresponds to the spectra measured before
irradiation.

The AuNPs produced from laser irradiation-time studies shown in Figures 4.3 and
4.4 were characterized by TEM immediately following irradiation and after post-irradiation
period. The TEM images of the sample irradiated for 1 minute recorded immediately after
irradiation did not reveal any observable particles (Figure 4.5(A)), despite the observed
change in the electronic spectrum resulting from the partial reduction of [AuCl4]- to Au(0).
The lack of particles observed by TEM and the absence of a distinct SPR band (Figure
4.2(A)) suggest that the Au(0) particles formed during one minute laser irradiation are
likely very small (<2 nm) or the concentration of AuNPs is very low.20, 50, 51 One hundred
and fifty minutes after irradiation is terminated, formation of a few large (∼200 nm)
crystalline structures, including triangles, rods, and spheres, were observed in the TEM
analysis shown in Figure 4.5(B-D). Formation of anisotropic AuNPs after 1 minute
irradiation is most probably as a result of very slow post-irradiation process.
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The AuNPs observed on the TEM grid immediately following 5 minutes irradiation
have a wide distribution of sizes (2-30 nm), irregularly shaped boundaries, and a large
number of relatively small (<5 nm) particles as shown in Figure 4.6(A,B). After postirradiation reduction, the TEM analysis shows that the particles are primarily spherical
(Figure 4.6(C, D)) with a broad size distribution, while a small number of non-spherically
shaped particles such as triangles, hexagons, and rods are observed (Figure 4.6 (E,F)). It is
interesting to note that the AuNPs deposited on the TEM grid after the completion of postirradiation reduction have become more perfectly shaped crystals with well-defined
boundaries (Figure 4.6(E,F)), in contrast to the irregularly shaped particles observed on the
grid prepared before reduction is complete (Figure 4.6 (A,B)). Additionally, the small
particles (<5 nm) shown in Figure 4.6 (A,B) are no longer observed in the TEM of the final
product after post-irradiation process (Figure 4.6(C-F)). Selected area electron diffraction
(SAED) measurements of the particles from 5 minutes irradiated sample also show
improvement in the resolution of the diffraction spots from the Au crystals after postirradiation period (Figure 4.7). This observation is consistent with the formation of more
perfect crystalline AuNPs during the post-irradiation process.
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Figure 4.5: Representative TEM images of AuNPs produced in aqueous [AuCl4]- (0.5
mM) solution after 1 minute laser irradiation. (A) Immediately following irradiation, (BD) after 150 minutes post-irradiation reduction.
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Figure 4.6: Representative TEM images of AuNPs produced in aqueous [AuCl4]- (0.5
mM) solution after 5 minutes laser irradiation. (A,B) Immediately following irradiation,
(C-F) after post-irradiation reduction process.
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Figure 4.7: Selected area electron diffraction (SAED) of AuNPs produced from laser
irradiation of [AuCl4]- (0.5 mM) solution for 5 minutes. (A) Immediately after irradiation,
and (B) after post irradiation reduction is complete.

The same type of transformations is also observed in the sample irradiated for 7
minutes as shown in Figure 4.8. In contrast to the samples irradiated for short irradiationtimes, TEM analysis of the sample irradiated for 20 minutes, where full reduction of
[AuCl4]- occurred during irradiation, showed formation of a broad distribution of AuNPs
with an average size of 24.0 ±12.7nm (Figure 4.9). The particles from this sample have
mainly spherical and semispherical morphologies that do not change after irradiation is
stopped (Figure 4.9 (A,B)). The size distribution histogram shown in Figure 4.9(D) is
obtained for 160 particles counted from different regions of the TEM grid.
Formation of larger AuNPs after post-irradiation period of the samples irradiated
for times less than 20 minutes, as shown in Figures 4.5(B-D), 4.6(C-F) and 4.8B, suggests
that an auto-reduction process occurs on the surface of the small AuNPs formed during
laser irradiation. This post-irradiation auto-reduction of [AuCl4]- in solution resulted in a
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wide size and shape distribution of AuNPs (Figures 4.5 through 4.8). This auto-reduction
process must be driven by a long-lived reducing agent such as H2O2 that is formed by highenergy laser irradiation of water. Formation of H2O2 as a result of laser irradiation will be
discussed in section 4.2.4 of this chapter. Measurements of the zeta potential of the particles
produced in the solutions irradiated for times between 5 and 20 minutes yielded values of
approximately −20 mV, indicating that the AuNPs in solution have negatively charged
surfaces. The negative surface charge on the AuNPs provides meta-stability for the particle
dispersions, preventing their immediate precipitation. The AuNPs formed from aqueous
solution with no surfactant typically precipitate out of the solution after several days.

Figure 4.8: Representative TEM images of AuNPs produced in aqueous [AuCl4]- (0.5
mM) solution after 7 minutes laser irradiation. (A) Immediately following irradiation, and
(B) after post-irradiation reduction process.
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Figure 4.9: Representative TEM images (A-C) and the size distribution histogram (D) of
AuNPs produced from 20 minutes laser irradiation of aqueous [AuCl4]- (0.5 mM) solution.
The size distribution histogram is obtained for 160 particles counted from different regions
of the TEM grid.
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4.2.3

Laser

Irradiations

of

Aqueous

[AuCl4]-

Solution

Containing

Poly

ethyleneglycol (PEG45) as a Polymer Stabilizing Agent.
To improve the stability and size distribution of AuNPs produced from irradiation
of [AuCl4]- solution, a series of studies were performed in the presence of poly
ethyleneglycol (PEG) as a polymer surfactant. Photo-chemical reduction of [AuCl4]- (0.5
mM) solutions in the presence of PEG (Mw= 2,000), with a degree of polymerization of 45
(PEG45), was examined as a function of irradiation-time, and the mole ratio of PEG45 to
[AuCl4]- species. Electronic spectral changes for a series of laser irradiation-times from 1
to 20 minutes were measured for aqueous [AuCl4]- solutions (0.5 mM) at a fixed mole ratio
of PEG45 to [AuCl4]- = 0.50 : 1. It was found that complete reduction of [AuCl4]- (0.5 mM)
was attained after 7 minutes of irradiation, and further irradiation beyond 7 minutes
resulted in deleterious changes in the nanoparticles, as discussed below.
Electronic spectra recorded immediately following laser irradiation and at 5
minutes intervals thereafter are shown for irradiation-times of 1 to 20 minutes in Figures
4.10 and 4.11. Irradiation of PEG45 : [AuCl4]- = 0.50 : 1 solution for 1 minute resulted in
the appearance of a well-defined SPR band at ∼530 nm, a decrease in the intensity of the
LMCT band of [AuCl4]- at 290 nm, and an increase in the broad scattering feature extending
from 900 to 200 nm (Figure 4.10). These observations are consistent with an enhanced
conversion of [AuCl4]- to Au(0) during the one minute irradiation, as compared to the
situation in the absence of the surfactant shown in Figure 4.2(A) in section 4.2.2. Postirradiation reduction of the remaining [AuCl4]- by reaction with H2O2 resulted exclusively
in an increase in the intensity of the SPR band at ∼530 nm, which is indicative of the
production of spherical AuNPs. This result contrasts with the results for the surfactant-free
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samples that display plasmon bands from both spherical and platelet AuNPs (Figure 4.3(A)
in section 4.2.2). Full reduction of [AuCl4]- during irradiation is observed to be faster in
the presence of PEG45, as complete reduction of [AuCl4]- (0.5 mM) to Au(0) required ∼7
minutes (Figure 4.11(B)) of laser irradiation in the presence of PEG45 ( PEG45 : [AuCl4]- =
0.50 : 1), compared to the 20 minutes in the surfactant-free system (Figures 4.4 in section
4.2.2).
Laser irradiation of PEG45 : [AuCl4]- = 0.50 : 1 solutions for longer irradiation times
such as 10 and 20 minutes resulted in observation of a small amount of black precipitate in
the solution, and increasing the background of the spectrum in the entire visible region
(Figure 4.11(C, D)). Decreasing the intensity of the SPR band for longer irradiation times
(e.g. 20 minutes) is as result of fragmentation of AuNPs in the laser fields and formation
of smaller Au nanoparticles.52 The TEM performed on the sample from 20 minutes
irradiation shows formation of fragmented and melted AuNP networks (Figure 4.12) which
is consistent with the electronic spectra of the sample (Figure 4.11(D)).
These results collectively suggest that an increased yield of reducing agents
generated from PEG accelerate the reduction of aqueous [AuCl4]- during irradiation and
that the surfactant properties of PEG control the post-irradiation growth, resulting in
exclusive formation of spherical AuNPs. All of the gold nanoparticles formed in the
presence of PEG had zeta potentials of approximately -20 mV, indicating negative surface
charge. The PEG-capped AuNPs persist as stable aqueous dispersions for periods of at least
several months. The stability of the PEG-coated AuNPs is a result of steric stabilization
with the highly water-soluble polymer surfactant, and the low zeta potential value is due to
steric shielding by the PEG.53, 54
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Figure 4.10: Time evolution of the electronic spectra for aqueous solution of PEG45 :
[AuCl4]- = 0.50 : 1 after laser irradiation for 1 minute. The electronic spectra were recorded
every 5 minutes after irradiation until no further changes occurred. The inset shows the
magnification of the SPR band recorded for five minute intervals.

Figure 4.11: Time evolution of the electronic spectra for aqueous solutions of PEG45 :
[AuCl4]- = 0.50 : 1 after laser irradiation times of (A) 5 minutes, (B) 7 minutes, (C) 10
minutes and (D) 20 minutes. The electronic spectra were recorded every 5 minutes after
irradiation until no further changes occurred.
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Figure 4.12: Representative TEM image of melted AuNP networks generated from laser
irradiation of the (PEG)45 : [AuCl4]- solutions for longer laser irradiation times (e.g. >10
minutes).

In order to explore the mechanism of rate enhancement by PEG45 and the formation
of additional reducing agent during strong-field excitation in polymer containing medium,
an aqueous solution of PEG45 (0.5 mM) was irradiated for one minute and analyzed by
using electrospray ionization mass spectrometry. After irradiation, the PEG45 solution was
immediately diluted in water to a concentration of 1×10−5 M in preparation for analysis,
and a reference sample of 1×10−5 M aqueous solution of un-irradiated PEG45 was also
prepared and analyzed. The mass spectra of PEG45 before and after irradiation are shown
in Figure 4.13.
The distributions of the PEG45 mass peaks from the irradiated sample are shifted
toward lower masses compared to the un-irradiated sample, as indicated for instance, by
the distributions of doubly charged PEG45 highlighted by the dashed-line box in Figure
4.13. The loss of PEG peaks in the vicinity of m/z =1000 and the increase in signal in the
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vicinity of m/z =750 for the laser-irradiated PEG45 clearly indicates fragmentation of the
polymer chains during laser irradiation. The fragmentation of PEG45 is consistent with the
prior reports that longer chain alkanes are known to absorb significantly more radiation in
the strong-ﬁeld regime than shorter-chains,55 which enables ionization, dissociation, and
radical formation. In the present experiments, the additional reducing agents responsible
for increasing the reduction rate in solutions of containing PEG45 are presumably the
electrons and radicals generated by PEG45 fragmentation.

Figure 4.13: Mass spectra of PEG45 before (bottom, red) and after (top, blue) 1 minute
irradiation. The dashed line box indicates the region corresponding to doubly charged PEG
species and highlights the loss of high-mass peaks around 1000 amu.

The dependence of the reduction of aqueous [AuCl4]- (0.5 mM) irradiated for a
ﬁxed time of 7 minutes on mole ratios of PEG45 : [AuCl4]- (0.05: 1, 0.1: 1, 0.25: 1, and
0.50 :1) is shown in Figures 4.14 and 4.15. Samples with a small PEG45 : [AuCl4]- mole
ratio of 0.05 :1 gave incomplete conversion during 7 minutes of irradiation, as shown by
the small residual intensity of the 210 nm LMCT band and observed a post-irradiation
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reaction of unreacted [AuCl4]- species (Figure 4.14(A)). This result suggests that less
reducing species are produced at a PEG45 : [AuCl4]- mole ratio of 0.05 :1 than at higher
concentrations of PEG45. Full reduction of [AuCl4]- to Au(0) was observed during laser
irradiation for 7 minutes when the ratios of moles of PEG45 chains to moles of [AuCl4]were 0.1 and larger (Figure 4.14(B)). The decreasing intensity of the SPR band at ~530 nm
with increasing PEG concentration observed in Figure 4.14(B) indicates the formation of
smaller Au nanoparticles.
TEM analysis was used to conﬁrm that increasing the PEG concentration in PEG45 :
[AuCl4]- solutions irradiated for 7 minutes results in the formation of smaller particles
(Figure 4.15). The size distributions of the particles were obtained by counting at least 150
particles from multiple regions of the TEM grid for each sample. Relatively large spherical
AuNPs with the average size of ∼11.0 nm were observed in sample with a low PEG45 :
[AuCl4]- mole ratio (0.05 :1) after completion of the post-irradiation reduction process
(Figure 4.15(A)). At higher PEG45 : [AuCl4]- molar ratios of 0.1 :1 and 0.25 :1, more
narrowly dispersed spherical AuNPs with average sizes of ∼6.0 and ∼3.9 nm were
observed, respectively (Figure 4.15(B,C)). Further increasing the PEG concentration to
PEG45 : [AuCl4]- = 0.5 :1 did not result in further decreases in the AuNP size (Figure
4.15(D)). An analogous lower limit in particle size upon increasing the concentration of
surfactants has been observed for both chemical reduction56,

57

and laser ablation58

methods. This study clearly shows that under these experimental conditions, the average
size of PEG capped AuNPs can be controlled within the range of ∼4−11 nm by varying
only the PEG45 concentration.
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Figure 4.14: (A) Time evolution of the electronic spectra for aqueous PEG45 : [AuCl4]solution at a mole ratio of 0.05 : 1 irradiated for 7 minutes. Evolution of the electronic
spectra was recorded at intervals of 15 minutes until no change was observed. (B)
Electronic spectra for PEG45 : [AuCl4]- mole ratios from 0.05 : 1 to 0.5 : 1 recorded two
hours after the laser irradiation is terminated.

The smaller AuNPs formed at PEG45 : [AuCl4]- ratios of at least 0.25 :1 indicate
that a signiﬁcantly greater number of nanoparticles are formed in comparison with lower
PEG45 ratios because the initial [AuCl4]- concentration is the same. For a ratio of 0.25 :1,
the 4 nm diameter AuNP is estimated to contain ∼3×103 gold atoms [(N =RNP/Ratom)3; N =
(2×10−9/0.137×10−9)3 = 3111].59 Given the concentration of PEG45 in this instance, there
are then ∼103 polymer chains available for coating and stabilizing each 4 nm AuNP. The
size dependence of the nanoparticles on the mole ratio of PEG to [AuCl4]- stems from the
dual role PEG plays in stabilizing the nanoparticles and accelerating the initial reduction
rate. An acceleration in the reduction rate during laser irradiation would produce more Au
nuclei, and the subsequent particle growth would then result in more and smaller
nanoparticles generated for a ﬁxed amount of [AuCl4]- in solution. This scenario is
consistent with the set of TEM images presented in Figure 4.15. The experiments
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performed in this section collectively suggest that addition of PEG45 as a surfactant can
effectively control the formation of AuNPs in strong laser fields.

Figure 4.15: Representative TEM images of AuNPs produced from femtosecond laser
irradiation of PEG45 : [AuCl4]- for 7 minutes at a series of PEG45 : [AuCl4]- mole ratios and
their corresponding size distribution: (A) 0.05 : 1, 11 ±2.4 nm; (B) 0.1 : 1, 6.0 ±1.4 nm;
(C) 0.25 : 1, 3.9 ±0.7nm; (D) 0.5 : 1, 4.1 ±0.8nm . All size distribution histograms are
obtained for at least 150 particles counted.
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4.2.4

Reactions Occurring in Aqueous [AuCl4]- Solutions During and After

Femtosecond Laser Irradiation.
This section focuses on discussing the reactions occurring in aqueous [AuCl4]solution leading to the formation and transformation of AuNPs shown in sections 4.2.2 and
4.2.3 during and after laser irradiation. Irradiation of aqueous [AuCl4]- solution by using
high-intensity ultrafast laser pulses results in multi-photon excitation, ionization, and
dissociation of water and [AuCl4]- as shown in the equations (1-3) presented below: 60, 61
H2O + nhʋ

OH. + H+ + e-

H2O

(1)

H2O + nhʋ

OH. + H.

H2O

(2)

K+[AuCl4]- + nhʋ

Au(0) + 3Cl. + Cl- + K+

(3)

Base on the reactive species formed in solution during irradiation two mechanisms
of Au(0) formation are possible: (a) a series of direct Au-Cl bond homolysis events proceed
through Au(II) and Au(I) intermediates (eq. 3)61, 62 or (b) chemical reduction of [AuCl4]occurs by the products of water photolysis, that is, hydrogen atoms (H.) and solvated
electrons (eqs. 1 and 2) produced from water, as detailed in equations 4 and 5:
[AuCl4]- + 3H.

Au(0) + 3HCl + Cl-

(4)

[AuCl4]- + 3e-

Au(0) + 4Cl-

(5)

Since the H2O : Au(III) mole ratio at the [AuCl4]- concentration (0.5 mM) used in
the experiments presented in sections 4.2.2 and 4.2.3 is greater than 105 : 1, it is most
probable that the highly reactive electrons and hydrogen atoms generated from water are
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the driving force behind the initial reduction of aqueous [AuCl4]-, and the dominant
mechanism most likely proceeds through equations 4 and 5.
The net stoichiometry of the [AuCl4]- reduction to Au(0) by solvated electrons and
hydrogen atoms from water is given by equation 6 presented below:
K+[AuCl4]- + 3H2O+ nhʋ

Au(0) + 3H+ + 4Cl- + 3OH. + K+

(6)

Measurement of the pH before and after laser irradiation shows that the
concentration of the acid increases by approximately three times the initial concentration
of [AuCl4]-, from a pH of ∼4.5 to a pH of ∼2.9. The increase in the H+ concentration is
consistent with reduction of [AuCl4]-, occurring predominantly by the reaction shown in
equation 6. The observed post-irradiation reduction of [AuCl4]- to Au(0) must involve a
very long-lived product of irradiation that is capable of reducing Au(III). Radical crosscoupling of the products of equations 1 and 2 produces H2 and H2O2, both of which have
the thermodynamic capability to reduce aqueous [AuCl4]- to Au(0). Hydrogen gas escapes
from the aqueous solution, which suggests that H2O2 is the primary long-lived reducing
agent responsible for the post-irradiation reduction of [AuCl4]- solution. To determine the
amount of peroxide formed during laser irradiation, samples of deionized water and of
aqueous PEG45 solution (0.45 mM) were irradiated for times from 1 to 20 minutes and
analyzed by using the standard KMnO4 titration method.63 The results of the titrations are
shown in Figure 4.16. The amount of H2O2 produced from pure H2O increases linearly
with an irradiation time up to approximately 8 minutes, after which a decreased production
rate is observed. The decreased production rate is possibly due to further reaction of the
H2O2 to O2 and H2 in the strong laser ﬁelds. It should also be noted that bubble formation
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on the walls of the cuvette becomes signiﬁcant after about ten minutes of irradiation in
deionized water and in the aqueous PEG45 solution but is not observed in the aqueous
[AuCl4]- solutions, which could reduce the laser intensity in the solution by scattering the
laser light before it reaches the focus. In the presence of PEG45, the reaction is also linear
but with a lower yield as a function of time. Again a decreased production rate is evident
for longer irradiation times.

Figure 4.16: Moles of hydrogen peroxide remaining in aqueous solution after a series of
laser irradiation times for water and aqueous polyethylene glycol (4.5×10-4M) solutions.
The linear fits were made for points at less than 10 minutes of irradiation time.

The post-irradiation reduction of aqueous [AuCl4]- to Au(0) by H2O2 is described
by equation 7, which like equation 6 yields 3H+ per [AuCl4]-.
K+[AuCl4]- + 3/2H2O2

Au(0) + 3H+ + 4Cl- + 3/2O2 + K+

(7)

In accordance with equation 7 and the data presented in Figure 4.16, the quantity
of H2O2 produced in 5 minutes or more of irradiation time is suﬃcient to fully reduce the
residual [AuCl4]- (0.5 mM) in aqueous solution. This result is consistent with the electronic
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spectra, which show that for 1 minute of irradiation, insuﬃcient reduction occurs to
eliminate aqueous [AuCl4]- from solution at equilibrium (Figure 4.3(A) in section 4.2.2),
while after 5 minutes of irradiation the [AuCl4]- becomes fully reduced upon reaching
equilibrium (Figure 4.3(B) in section 4.2.2). Independent reactivity studies where [AuCl4]and H2O2 are mixed at concentrations comparable to the laser irradiation studies did not
result in the formation of Au(0) at a measurable rate (Figure 4.17) and prior studies have
noted that reaction of [AuCl4]- with H2O2 is kinetically inhibited.64 The high-eﬃciency
reaction of H2O2 with [AuCl4]- observed after the laser irradiation is tentatively ascribed to
reactions that are catalyzed at the surface of gold clusters and nanoparticle seeds formed
during the irradiation. Surface reactions of gold nanoparticles have been implicated
recently in reactions of H2O2 with aqueous [AuCl4]- solution.40, 65
Figure 4.16 reveals that laser-based formation of H2O2 is suppressed by the addition
of PEG, which is most probably as a result of reactive radical abstraction (H. and OH.) with
polymer chains during laser irradiation. The observations above that PEG45 causes a 3-fold
acceleration in the complete reduction of aqueous [AuCl4]- during laser irradiation (Figures
4.11 in section 4.2.3) and enhances the conversion of [AuCl4]- to Au(0) following one
minute of irradiation (Figures 4.10 in section 4.2.3) suggest that reactive radicals produced
by ionization and fragmentation of PEG45 signiﬁcantly increase the rate of aqueous
[AuCl4]- reduction during laser irradiation. A relatively slower post-irradiation reduction
was observed in PEG-containing samples, which is attributed to the lower amount of H2O2
formed and to eﬃcient surface coating of the particles with PEG45 that prevents subsequent
growth of the particles (Figure 4.14(A)).
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Figure 4.17: Time evolution of the electronic spectra for [AuCl4]- solution (0.5 mM) and
6.0 µL H2O2 (0.1M), creating a H2O2 concentration comparable with the laser irradiation
study of 1 minute (Figure 4.3(A)). The electronic spectra were recorded at intervals of 5
minutes for 150 minutes.

In summary, investigation of fs laser irradiation of aqueous [AuCl4]- as a means to
produce AuNPs revealed two processes of importance to controlling the reduction
processes: post-irradiation reduction of [AuCl4]- by laser generated H2O2 and Au(0) species
to grow AuNPs, and acceleration of the [AuCl4]- reduction rate by the addition of PEG45
to the aqueous solution. Laser irradiation of surfactant-free [AuCl4]- solutions for times
ranging from 1 to 20 minutes resulted in formation of broad distributions of AuNPs with
diﬀerent shapes, including spheres, rods, and prisms. Addition of a small amount of PEG45
to the [AuCl4]- reaction medium resulted in gold particles formed that were exclusively
spherical. Faster reduction of [AuCl4]- in the presence of PEG45 during laser irradiation
resulted in creation of more nuclei and thus smaller nanoparticles, which permitted tuning
of the size of the AuNPs formed in strong laser ﬁelds from 4 to 11 nm by changing the
polymer concentration. Laser irradiation of the sample with a mole ratio of PEG45 chains
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to initial [AuCl4]- of 0.25 for 7 minutes produces full conversion of [AuCl4]- to spherical
AuNPs. All of the gold particles formed in the presence of PEG45 persist as stable aqueous
dispersions of AuNPs for periods of at least several months. In the absence of added
surfactants, the negatively charged AuNPs that are formed during the laser irradiation are
metastable as aqueous dispersions. Multi-photon ionization and homolytic dissociation of
water produces electrons and hydrogen atoms for fast reduction of [AuCl4]- during
irradiation. Hydrogen peroxide is also generated by radical cross-coupling of the irradiation
products and acts as a reducing agent that persists after irradiation is terminated. Postirradiation reduction by H2O2 reduces [AuCl4]- remaining after irradiation and transforms
the irregularly shaped AuNPs formed during irradiation into near perfectly shaped
crystalline Au particles. Highly eﬃcient post laser-irradiation reduction of [AuCl4]- to
Au(0) by H2O2 is ascribed to reactions occurring on AuNP surfaces.
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4.2.5

Effects of Simultaneous Spatial Temporal Focusing (SSTF) on the Size and

Dispersity of Laser-generated AuNPs: Comparison of SSTF and Geometric Focusing.
This section focuses on direct comparison of SSTF and conventional geometric
focusing (GF) condition for producing AuNPs from near-IR laser irradiation of metal salt
solution. Systematic studies were performed by irradiation of [AuCl4]- solutions (0.1 mM)
in the presence and absence of PEG45 surfactant molecules to evaluate the special
capabilities arising from SSTF irradiation in the synthesis of metal nanoparticles. The
average size and polydispersity of AuNPs produced by SSTF and geometric conditions
were evaluated by using a series of methods such as TEM and UV-Visible spectroscopy at
any given experimental condition.
The optical setup used in these experiments to deliver laser pulses via SSTF and
GF is illustrated in Figure 4.18. In both cases, the pulses were focused through an f = 50
mm aspheric lens into the cuvette containing 3.0 mL of aqueous [AuCl4]- solution (0.1
mM). For SSTF, pulses were spectrally dispersed using a grating pair (1200 l/mm) prior
to the focusing, as shown by the dispersed spectrum in Figure 4.18(A). This dispersion of
the pulse in space and time lowers the intensity of the beam away from the focus, thereby
avoiding optically induced breakdown of the solvent before the focal point. The lens
focuses the laser pulse simultaneously in space and time, restoring the temporal proﬁle
when all of the spectral components are recombined at the focal point.44,

66

This

implementation of SSTF results in a pulse duration of ∼36 picoseconds at the focal point.
For geometric focusing, the gratings were bypassed by two gold mirrors, as
illustrated by the magenta path in Figure 4.18(A). Under geometric focusing condition,
elongation of the focus, white light generation, and heating of the cuvette were observed.
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The signiﬁcant nonlinear optical eﬀects introduced by GF are evident in the photograph of
the sample cuvette in Figure 4.18(B) as compared to the photograph showing the cuvette
under SSTF focusing condition in Figure 4.18(C). The pulse energy was varied using a
half-wave plate and polarizer placed before the setup. The beam waist in the focus was
measured to be 10 ±2 μm in air at low power for both SSTF and GF conditions, giving a
calculated maximum ﬂuence range from 123 to 560 J/cm2 in the focus when losses due to
reﬂections on the cuvette are accounted for. No AuNPs were formed in the solution in the
absence of laser irradiation under any of the conditions presented here.

Figure 4.18: Femtosecond laser irradiation set up for GF and SSTF conditions (A). To
implement GF, the initial laser beam (magenta) is directed via mirrors (a) and (b) to the f
= 50 mm lens (e), which focuses the beam into a 10×10×40 mm cuvette (f). To implement
SSTF, the initial laser beam (red) is spectrally dispersed on a pair of gratings (c) and (d) to
produce a dispersed beam (red-yellow spectrum) prior to focusing through lens (e) into the
cuvette (f). Photographs of sample irradiation with 1.8 mJ pulses focused with GF (B) and
SSTF (C). The digital camera exposure is 1/60 s with F6.3 in both photographs.
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4.2.6

Synthesis of AuNPs by SSTF and GF with and without Polymer Surfactant

(PEG45) as a Function of Laser Pulse Energy.
Aqueous solutions of [AuCl4]- (0.1 mM) with and without PEG45 were irradiated
for times ranging from 2 to 10 minutes under GF and SSTF conditions to determine the
irradiation time required to reduce all of the [AuCl4]- in solution to Au(0) species. Polymercontaining solutions were prepared to ﬁnal [AuCl4]- and PEG45 concentrations of 0.1 mM
and 0.045 mM, resulting in a molar ratio of [AuCl4]- to PEG45 chains of 1 to 0.45. The
concentration of [AuCl4]- (0.1 mM) and molar ratio of [AuCl4]-:PEG45 were constant in all
laser irradiation studies. Electronic spectra of the samples were recorded immediately after
termination of the laser irradiation to assess the amount of [AuCl4]- consumed. Complete
reduction of [AuCl4]- to Au(0) is characterized by the disappearance of the [AuCl4]- ligandto-metal charge transfer (LMCT) band (∼210 nm) and the saturation of the SPR band
centered at ∼520 nm, corresponding to the spherical AuNPs (Figure 4.19).5, 46, 47 Irradiation
was terminated immediately after full reduction of [AuCl4]- to minimize melting and
fragmentation of the AuNPs in the strong laser ﬁelds.33, 67 For each pulse energy and
focusing condition, the reduction rate was ∼40% faster when PEG45 was added to the
solution. This observation is consistent with the results presented in section 4.2.3, and is
attributed to the reactive radicals generated by PEG45 fragmentation during the laser
irradiation.
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Figure 4.19: Electronic spectra of aqueous [AuCl4]- solution (0.12 mM) showing the
LMCT band at 220 nm (blue), AuNPs product from 5.5 minutes of SSTF irradiation with
1.8 mJ pulses following full reduction (red), and water irradiated for 4 minutes with SSTF
at 1.8 mJ (green). The feature in the water spectrum at 210 nm corresponds to the formation
of H2O2. The corresponding feature in the AuNP spectrum is indicated by the arrow and
shows that excess H2O2 is produced.

Figure 4.20 shows the electronic spectra of AuNPs recorded immediately following
irradiation of 0.1 mM surfactant-free [AuCl4]- solution (Figure 4.20(A)), and [AuCl4]- :
PEG45 (molar ratio = 1 : 0.45) solutions (Figure 4.20(B)) with GF (red) and SSTF (blue)
conditions. For these experiments the laser pulse energy was fixed at 1.8 mJ. The
irradiation times necessary to achieve full reduction under these conditions were 5.5 and
9.0 minutes for the solutions with and without PEG45, respectively. For either surfactantfree or PEG45 containing solutions of [AuCl4]-, the SPR band of AuNPs produced with GF
(red) shows an absorbance higher than that of the AuNPs produced with SSTF (blue)
(Figure 4.20). This observation is consistent with formation of larger AuNPs by using GF
at identical experiment conditions.20, 21 No signiﬁcant red shift of the SPR was observed,
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indicating that the synthesized AuNPs have an average size of less than 30 nm for both GF
and SSTF.5, 46
To determine the size distribution of AuNPs produced by using SSTF and GF
conditions, TEM was performed on the final products. Representative TEM images were
analyzed, and size distributions were calculated using more than 300 particles counted as
presented in Figure 4.21. TEM analysis of the surfactant-free samples under GF conditions
showed the formation of a broad distribution of AuNPs ranging from ∼2 to 50 nm with an
average size of 13.6 ± 8.0 nm (Figure 4.21(A)). Both very small nanoparticles (<2 nm) and
fused structures were prevalent in this sample as shown in the corresponding TEM image.
In comparison, the TEM images of the corresponding SSTF sample exhibited a narrower
AuNP size distribution (∼2 to 24 nm), with an average particle size of 10.2 ±4.1nm (Figure
4.21(B)). There is little evidence of fragmentation or melting in the SSTF experiments as
shown in Figure 4.21(B). The TEM analysis of AuNPs generated by irradiation of [AuCl4](0.1 mM) solution containing PEG45 (molar ratio = 1 : 0.45) showed the same trend as that
of the AuNPs formed without PEG45. Figure 4.21(C) shows the TEM image and size
distribution histogram of AuNPs produced with GF in the presence of PEG45. TEM
analysis of the sample shows formation of AuNPs with average size of 7.2 ±2.9nm. Fused
and irregularly shaped Au nanostructures were observed in this sample (Figure 4.21(C))
similar to those observed in the GF samples without PEG45. The size distribution of the
sample was obtained from counting spherical and spheroidal particles, while the fused and
irregularly shaped Au structures were excluded from size analysis. Including these particles
would increase both the average size and standard deviation of the GF results. In
comparison, laser irradiation of the PEG45 containing solution with SSTF resulted in the
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formation of uniform, narrowly dispersed AuNPs with an average size of 5.8 ±1.1nm
(Figure 4.21(D)). The TEM images of the SSTF sample show no evidence of fused or
irregularly shaped structures (Figure 4.21(D)). The results of TEM analysis clearly show
that smaller, more uniform AuNPs are obtained with SSTF compared with those obtained
using GF under the current experimental conditions both with and without added PEG45.
These results are consistent with the electronic spectra of the samples presented in Figure
4.20, in which the higher absorbance of the SPR in the GF samples suggests formation of
larger nanoparticles.

Figure 4.20: Electronic spectra of AuNPs produced from femtosecond laser irradiation of
(A) [AuCl4]- and (B) [AuCl4]- : PEG45 solutions using GF (red) and SSTF (blue) conditions
with a laser pulse energy of 1.8 mJ. The laser irradiation time was 9 minutes for [AuCl 4](A), and 5.5 minutes for [AuCl4]- : PEG45 solutions (B).
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Figure 4.21: Representative TEM images and corresponding size distribution histograms
of AuNPs produced from femtosecond laser irradiation of [AuCl4]- (0.1 mM) (A and B),
and [AuCl4]- : PEG45 (C and D) solutions with 1.8 mJ pulses using GF (A,C) and SSTF
(B,D). The laser irradiation time was fixed at 9 minutes for [AuCl4]- (A and B), and 5.5
minutes for [AuCl4]- : PEG45 solutions (C and D). All size distribution histograms are
obtained from counting at least 300 particles.
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To examine the eﬀect of the pulse energy on AuNP size, aqueous [AuCl4]- : PEG45
solutions (molar ratio = 1 : 0.45) were irradiated with GF and SSTF at laser pulse energies
of 1.8, 0.9, and 0.4 mJ, where complete reduction of the [AuCl4]- to Au(0) for both GF and
SSTF occurred after 5.5, 11.0, and 32.0 minutes of irradiation, respectively. Figure 4.22
shows the electronic spectra of AuNPs produced using GF (Figure 4.22(A)) and SSTF
(Figure 4.22(B)) at laser pulse energies of 1.8 mJ (blue, solid line), 0.9 mJ (green, dotted
line), and 0.4 mJ (red, dashed line). Complete disappearance of the [AuCl4]- LMCT band
(∼210 nm) indicates the full reduction of [AuCl4]- to Au(0) has occurred during the laser
irradiation. Observation of a well-deﬁned SPR band at ∼520 nm indicates dominant
formation of spherical AuNPs at any given laser pulse energy and focusing conditions
(Figure 4.22). The electronic spectra of AuNPs produced with GF did not show any
signiﬁcant change in the intensity and position of the SPR band at diﬀerent laser pulse
energies (Figure 4(A)). In contrast, Figure 4.22(B) shows a systematic decrease in the
intensity of the SPR band as the laser pulse energy is increased from 0.4 to 1.8 mJ under
SSTF conditions. Because the intensity of the SPR band is proportional to the average size
of AuNPs, this trend indicates formation of smaller AuNPs as the laser pulse energy is
increased. The lack of change in the position of the SPR band indicates formation of AuNPs
with average sizes less than 30 nm.5, 46 Directly comparing electronic spectra of AuNPs
produced under GF and SSTF conditions at each laser pulse energy (Figure 4.23) shows
that the samples produced from GF always have a higher-intensity SPR band, indicating
the formation of larger AuNPs.46
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Figure 4.22: Electronic spectra of AuNPs produced from femtosecond laser irradiation of
[AuCl4]- : PEG45 solutions using (A) GF and (B) SSTF with laser pulse energies of 1.8 mJ
(blue, solid line), 0.9 mJ (green, dotted line) and 0.4 mJ (red, dashed line). The laser
irradiation times (GF and SSTF) were 5.5 minutes, 11 minutes and 32 minutes for the
solutions irradiated with laser pulse energies of 1.8 mJ, 0.9 mJ and 0.4 mJ respectively.

Figure 4.23: Electronic spectra of AuNPs produced by GF (red) and SSTF (blue) at laser
pulse energies of (A) 0.4 mJ, (B) 0.9 mJ, and (C) 1.8 mJ.
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The average size of AuNPs produced from laser pulse energy studies were
characterized by using TEM for both SSTF and GF conditions. Figure 4.24 shows
representative TEM images and corresponding size distribution histograms of AuNPs
generated from GF (Figure 4.24(A-C)) and SSTF (Figure 4.24(D-F)) laser irradiation of
[AuCl4]- : PEG45 (molar ratio = 1 : 0.45) solution with laser pulse energies of 0.4 mJ (Figure
4.24(A,D)), 0.9 mJ (Figure 4.24(B,E)), and 1.8 mJ (Figure 4.24(C,F)). The size distribution
histograms were obtained from more than 300 particles counted from diﬀerent regions of
the TEM grid. Note that the samples produced using 1.8 mJ pulse energies (panels C and
F of Figure 4.24) are the same as those shown in panels C and D of Figure 4.21,
respectively. GF produced larger particles and broader size distributions at each pulse
energy investigated, as seen from the size distributions indicated on each histogram in
Figure 4.24. The mean particle size decreases with increasing laser pulse energy for both
GF (from 11.5 ±5.0nm at 0.4 mJ to 7.2 ±2.9nm at 1.8 mJ) and SSTF (from 9.6 ±2.7nm at
0.4 mJ to 5.8 ±1.1nm at 1.8 mJ). However, for the GF samples the increase in the mean
particle size with decreasing pulse energy arises from the formation of an increasing
number of very large AuNPs (>20 nm), whereas the entire set of size distributions for SSTF
as a function of pulse energy shifts to larger particle sizes with decreasing pulse energy.
Both the TEM analysis and electronic spectra indicate that at any given laser pulse energy,
SSTF produces smaller, more uniform AuNPs with signiﬁcantly less evidence of fusing.
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Figure 4.24: Representative TEM images and corresponding size distribution histograms
of AuNPs produced from femtosecond laser irradiation of [AuCl4]- : PEG45 (1 : 0.45)
solutions by using GF (A-C) and SSTF (D-F) with laser pulse energies of : (A, D) 0.4 mJ
(B, E) 0.9 mJ and (C) 1.8 mJ. All size distribution histograms are obtained from counting
at least 200 particles.

The power study of [AuCl4]- solution irradiation using SSTF and GF suggests that
intensity clamping plays a limiting role in the case of GF at the pulse energies used here,
where the mean particle sizes at diﬀerent powers are within one standard deviation of each
other (Figure 4.24(A-C)) despite the 4.5-fold increase in laser power from lowest to
highest. One would expect that increasing the laser power would increase the intensity
correspondingly, leading to the formation of more reactive radicals and the generation of
more initial Au nuclei, which would in turn decrease the mean particle size. Such a trend
is observed in SSTF, where an increase in the laser power is associated with a signiﬁcant
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change in the nanoparticle distribution. Thus, SSTF aﬀords some control over the particle
size distribution with power, whereas this is not the case with GF in the intensity regime
studied in these experiments.
The observation of white light generation and elongation of the focus (Figure
4.18(B)) in the cuvette under GF conditions suggests that ﬁlamentation occurs in the case
of GF. Filamentation is characterized by intensity clamping,43 which leads to a reduction
in the maximum laser intensity achieved in the focus (based on calculations that assume
focusing in a vacuum), and should therefore lead to a decrease in the number of reactive
species formed by the laser pulse. Also, in the case of GF, we observe the formation of
bubbles on the inside surface of the cuvette where the laser beam passes through and
permanent refractive index changes in the glass of the cuvette for long irradiation times.
These eﬀects could attenuate the incident laser pulse energy by scattering and refraction
and therefore also lead to a decrease in the intensity in the focus.
Systematic studies performed in this section on the effect of focusing geometry on
fs laser reduction of [AuCl4]- indicates formation of smaller and more monodisperse
AuNPs in the SSTF condition at any given experimental condition. Formation of smaller
AuNPs with SSTF irradiation is most probably as a result of delivering higher intensities
of laser pulses into the plasma region which generates more initial nuclei comparing to the
GF condition at the same laser pulse energy. The consistent improvement in the
polydispersity of AuNPs produced with SSTF at different pulse energies can be because of
the circulation dynamics of the cavitation bubbles produced by SSTF irradiation.
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Under fs laser irradiation, optical breakdown and plasma generation in the water
lead to the formation of cavitation bubbles.68-70 In GF, bubbles are formed along the length
of the focal region with little or no translational kinetic energy and rise slowly from the
interaction region toward the surface in a stream, similar to previous observations.71
Because the bubbles linger in the focal region, they can interfere with the focusing
dynamics of subsequent laser pulses and thus reduce the intensity in the focus. More
importantly, the bubbles cause circulation of the solution due to the currents they produce
in the liquid, which mixes the laser- produced reactants with the precursor solution.
Under GF conditions the low translational energy of the bubbles leads to inefficient
mixing of the solution, so some of the particles will be trapped in the plasma region which
results in significant amount of melted and fused AuNPs produced in the solution (Figure
4.21 and 4.24). However, in the case of SSTF, bubbles are ejected from the focus radially
with high translational kinetic energy. This effect has been observed previously using
intense femtosecond laser pulses72 and can be attributed to the high degree of longitudinal
symmetry of the SSTF plasma (Figure 4.18).73 As the cavitation bubble generated by
optical breakdown of the water collapses after its initial expansion, the front and back walls
of the bubble travel inward at the same rate, leading to ejection of bubbles outward. This
is in contrast to the dynamics of a longitudinally asymmetric plasma, where jet formation
and bubble ejection along the propagation axis of the laser dominates. As a result, the
mixing of the solution under SSTF conditions is much more efficient than that under GF
conditions. This difference between GF and SSTF conditions suggests that the better
mixing in the case of the SSTF geometry facilitates more efficient reduction by distributing
reactive species throughout the cuvette and replenishing the focal volume with fresh
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solution that prevents undesirable processes such as melting, fusion and fragmentation of
laser-generated AuNPs.
Summary and Conclusions
Simultaneous spatial temporal focusing (SSTF) of fs near-IR laser irradiation was
explored as a general photo-chemical strategy to produce AuNPs from irradiation of
aqueous [AuCl4]- solution. Systematic mechanistic studies performed on high-intensity
laser processing of [AuCl4]- solution revealed two new processes: (1) post-irradiation
reduction of [AuCl4]- to grow crystalline AuNPs with different morphologies, and (2)
acceleration of [AuCl4]- photo-reduction rate by the addition of polyethylene glycol
(PEG45) to the aqueous solution.
The post-irradiation reduction process observed in irradiation-time studies
presented in this chapter corresponds to the reduction of un-reacted [AuCl4]- species in the
presence of laser generated Au(0) species with H2O2 produced during irradiation. This
process leads to the growth and transformation of laser-generated Au(0) species to the welldefined perfect crystalline different shaped Au nanoparticles after the laser irradiation is
terminated. The highly efficient production of H2O2 in the solution is attributed to the
multi-photon ionization and dissociation of water in strong laser fields. Addition of a small
amount of PEG45 to the [AuCl4]- reaction medium resulted in gold particles formed that
were exclusively spherical. A faster reduction rate was observed for [AuCl4]- species in the
presence of PEG45 which is as a result of polymer chains fragmentation during irradiation
that produces more reactive reducing species such as H. and solvated electrons (eeq) in the
solution. Varying the concentration of PEG45 was used as an effective strategy to control
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the diameter and the size distribution of AuNPs in strong laser fields from 3.9 ±0.7nm to
11 ±2.4nm.
Furthermore, a direct comparison was performed on the size and dispersity of
AuNPs produced from SSTF and conventional geometric focusing (GF) condition.
Systematic studies were performed by irradiation of [AuCl4]- solution at different
experimental conditions to evaluate the special capabilities arising from SSTF in the
synthesis of metal nanoparticles produced from photo-chemical reduction of metal salt
solution. The results of these comparative studies performed in the presence and absence
of polymer surfactant (PEG45) at a series of laser pulse energies shows that SSTF always
produces smaller and more monodisperse AuNPs comparing to the traditional GF
condition. The lack of effective circulation of the solution in GF condition results in fusing
and melting of AuNPs during the laser irradiation. Formation of smaller AuNPs by SSTF
is attributed to the generation of more initial nuclei in the solution as a result of delivering
higher laser intensities to the plasma region at identical pulse energies used for both SSTF
and GF conditions.
Experimental Section
4.4.1

Materials
Potassium tetrachloroaurate(III) was used as obtained from Strem Chemicals.

Methoxy poly (ethylene glycol) (PEG, Mn = 2000, PDI = 1.06, Sigma Aldrich) was purified
by precipitation from petroleum ether prior to use. Stock solution of [AuCl4]- were
prepared from weighed samples of K[AuCl4] diluted with HPLC grade deionized water
(Fisher). All samples of aqueous [AuCl4]- used in the irradiation studies were prepared to
a concentration of 0.50 mM and a final pH of 4.4-4.7.
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4.4.2

Characterization and Analytical Techniques
The laser irradiation studies were performed by a titanium-sapphire-based chirped-

pulse amplifier from coherent Inc. that delivers 35 fs pulses with bandwidth centered at
790 nm at a 1 kHz repetition rate. The detailed optical set ups for SSTF and GF irradiation
conditions are presented in sections 4.2.1 and 4.2.5. A JEOL JEM-1400 TEM operating at
an accelerating voltage of 120 kV was used for evaluating the diameters and the shape of
gold nanoparticles. Aqueous dispersions of particles resulting from the experiments were
typically diluted by a factor of ten with deionized water. One drop of each solution was
deposited on the formvar side of an ultra-thin carbon type-A 400 mesh copper grid (Ted
Pella Inc., Redding, CA) and the droplet was then blotted and allowed to evaporate under
ambient conditions over night. Statistical analysis and histograms were obtained by using
Origin lab 7.5 software on a minimum of 150 particle counts.
Electronic spectra of all samples were recorded on a Shimadzu UV-1800
spectrophotometer using 1 cm quartz cells. Measurements of pH were performed using a
Fisher scientific XL 15 pH meter equipped with a thermo scientific Orien micro electrode.
Zeta potentials of the samples were measured using a Zetasizer Nano ZS (Malvern
Instruments, Westborough, MA) and disposable capillary cells (DTS1061). All the
measurements were performed after 2 minutes of equilibration time at 25 °C. The reported
zeta potential value of each sample results from averaging 12 runs by the instrument DTS
software. Mass spectra of aqueous poly (ethylene glycol) at 1 x 10-5 M concentration were
measured using a Bruker micrOTOF electrospray mass spectrometer operating in positive
ion mode.
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CHAPTER 5:
SYNTHESIS OF GOLD NANOTRIANGLES THROUGH LASER
IRRADIATION OF GOLD SALT SOLUTION AND HYDROGEN
PEROXIDE POST-IRRADIATION REDUCTION
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5.1

Introduction
Developing convenient general procedures for synthesis of gold nanoparticles

(AuNPs) with different shapes is an area of fundamental interest due to their expanding
applications in the fields ranging from catalysis to medicine.1-5 Gold nanomaterials exhibit
unique optical properties, since their surface plasmon resonance (SPR) frequency is tunable
throughout the visible and near-IR region by varying the size, shape and composition of
the particles.6 Excitation of the SPR band observed in AuNPs gives rise to a series of
interesting phenomena including localized heating, optical near-field enhancement, and
generation of hot electrons with potential applications in different areas.7-10 Non-spherical,
anisotropic AuNPs such as rods, plates, cages and etc. are sought for biomedical
applications because their associated plasmon resonance frequencies can extend into the
near-infrared region where the absorbance in the tissue is minimal.11-15
Triangular nanoplates represent an interesting class of AuNPs with the ability to
confine electric fields at the sharp tips, which can generate exceptionally large local-field
enhancements16,

17

for applications including single molecule detection and surface-

enhanced Raman spectroscopy (SERS).18-20 The ratio of surface to bulk atoms in the platelike nanostructures is higher than that of other nanoparticle morphologies; therefore, it is
expected that the SPR of these materials to be very sensitive to the dielectric of the medium
which is an important feature for developing highly efficient chemical and biological
sensors.21 Controlled synthesis of Au nanomaterials with different shapes including
nanotriangles is a maturing field where adjusting the experimental parameters, and the
judicious choice of metal salts, reducing agents and surfactant molecules dictates the
dominant shape of the nanoparticles.22-26
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One of the most reliable methods for synthesis Au nanotriangles is the thermal seedmediated growth strategy.25, 27, 28 This method involves the use of preformed nanoparticle
seeds that are serially added to the growth solution containing the metal salt, a mild
reducing agent, and a cationic surfactant such as cetyltrimethylammonium bromide
(CTAB).26-28 While seedless procedures have recently been developed to eliminate the
initial seed formation step,29 a remaining challenge is the elimination of commonly used
cytotoxic surfactants such as CTAB, which must be exchanged with biocompatible ligands
for biomedical applications.30, 31
Both seeded and seedless synthetic procedures typically produce triangular Au
nanoplates in no more than 60% yield, with a significant byproduct of spherical
nanoparticles.27,

29

Comparable yields of Au nanotriangles have been also synthesized

through other chemical methods by using biological extracts32, 33 and sodium thiosulfate34
that act as both reducing agents and stabilizing molecules. Formation of triangular
nanoplates in the chemical/thermal methods predominantly follows one of the two
pathways: (1) kinetic control by adjusting the experimental parameters, and/or (2) selective
surface passivation by using additives or capping molecules that act as surface blocking
reagents.27, 35
In addition to the chemical methods, photo-chemical routes have been also
successfully employed for preparing bulk quantities of nanotriangles.27,

36, 37

These

procedures rely on the photo-chemical reactions in which spherical nanoparticles can be
converted into the nanotriangles through light-induced excitation of the SPR band
corresponding to the spherical particles.36, 37 By using these photo-chemical routes, one can
control the dimension of nanotriangles through judicious plasmon excitation, control of the
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irradiation wavelength, and turning the light source “on” and “off”.27 Transformation of
the particles in these experiments is ascribed to the photo-induced fragmentation and fusion
of the particles, redox processes such as Ostwald ripening, and the effect of face-blocking
reagents present in the reaction of medium.27
Among the photo-chemical routes, femtosecond (fs) laser irradiation strategies such
as laser ablation38-40 and irradiation of the metal salt solution41-44 have been mainly used
for the synthesis of spherical nanoparticles, and the applications of these methods in shapecontrolled synthesis of nanomaterials is relatively under investigated. This chapter focuses
on developing a new laser-assisted approach for synthesis of triangular Au nanoplates from
high-intensity fs laser irradiation of aqueous [AuCl4]- solution in the absence of organic
surfactant molecules. Synthesis of the nanotriangles presented in this chapter relies on the
formation of Au seeds through laser processing of [AuCl4]- solution by a short burst of
intense, spatio-temporally-shaped fs laser pulses,45 and the post-irradiation reduction of unreacted [AuCl4]- species by using hydrogen peroxide (H2O2) as a mild reducing agent.
Systematic studies performed on the effect of experimental conditions such as laser
irradiation-time, laser pulse energy and precursor concentration reveals the capability of
this approach in producing a wide range of Au nanomaterials by manipulating the reaction
parameters. Varying the laser irradiation-time was effectively used to produce Au
nanomaterials with tunable sizes and morphologies ranging from pure spherical AuNPs to
the triangular Au nanoplates.
The laser irradiation-time studies performed in this chapter shows that 5.0 seconds
laser processing of aqueous [AuCl4]- solution with intense laser pulses (3.8 mJ) followed
by slow H2O2 reduction results in selective formation of highly pure and crystalline Au
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nanotriangles with an average size of 346 ±95nm, and the thickness of ~12nm. The
mechanism of nanotriangle formation was investigated by using UV-Visible spectroscopy
and electron microscopy performed at different stages of the reaction during the postirradiation reduction process. These systematic studies revealed that the primary
mechanism of nanoplate formation is oriented attachment46-49 of laser-generated Au seeds,
which self-assemble during the post-irradiation reduction to form crystalline triangular Au
nanoplates.
5.2

Results and Discussion

5.2.1

The Effect of Laser Irradiation-time on the Size and Morphology of AuNPs

Produced from Post-irradiation Reduction of Aqueous [AuCl4]- Solution.
A series of aqueous [AuCl4]- solutions with an initial concentration of 0.12 mM
were irradiated with a fixed laser pulse energy of 4.2 mJ for times ranging from 15 to 180
seconds. The detailed laser experimental set up for these studies is presented in section 5.4.
The electronic spectra of the solutions and aqueous dispersions were recorded immediately
following laser irradiation, and are shown in Figure 5.1. The UV-Visible spectrum of the
solution irradiated for 180 seconds shows the complete disappearance of [AuCl4]- ligandto-metal charge transfer (LMCT) band at 290 nm, which indicates that the full reduction
of the solution is occurred during the laser irradiation (Figure 5.1, black line). Observation
of a well-defined SPR band (at 532 nm) in the electronic spectrum of the sample is
consistent with the formation of spherical AuNPs with sizes larger than 2 nm (Figure 5.1,
black line).50-52
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The electronic spectra of the solutions irradiated for times less than 180 seconds
exhibit two absorption bands, one at 290 nm, corresponding to the LMCT band of [AuCl4]species, and one at ~530 nm which corresponds to the SPR band of AuNPs produced during
the laser irradiation (Figure 5.1). This observation is consistent with formation of a mixture
of un-reacted [AuCl4]- species and laser-generated AuNPs after the laser irradiation is
terminated. Decreasing the intensity of [AuCl4]- LMCT band along with increasing the
intensity of the SPR bands (at ~530nm) observed in the electronic spectra of the solutions
as a function of increasing the laser irradiation-time is consistent with the progress of the
photo-chemical reduction occurred during irradiation, and quantitative formation of
AuNPs in the laser fields (Figure 5.1). Irradiations for times less than 45 seconds resulted
in a small (<5%) decrease in the intensity of [AuCl4]- LMCT band at 290 nm which
corresponds to the conversion of a small amount of [AuCl4]- to Au(0) species during laser
irradiation (Figure 5.1). Appearance of a weak SPR band at ~530 nm observed in the
spectra of the samples irradiated for times less than 45 seconds suggests formation of small
AuNPs during the laser irradiation (the inset of Figure 5.1).
The average size and the shape of AuNPs produced immediately following 15 and
180 seconds irradiation was evaluated by using transmission electron microscopy (TEM).
The TEM analysis performed on [AuCl4]- solution (0.12mM) immediately after 15 seconds
irradiation indicates formation of a small amount of AuNPs that are mainly spherical and
have sizes of ~8.0 nm (Figure 5.2(A, B)). This observation is consistent with the electronic
spectra of the solution which shows ~5% conversion of [AuCl4]- species to Au(0) after the
laser irradiation is terminated (the inset of Figure 5.1, red line). Selected area electron
diffraction (SAED) performed following irradiation shows very weak diffraction rings
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corresponding to the face-centered-cubic (fcc) Au crystal structure which is consistent with
the formation of small sized AuNPs with very low concentrations (Figure 5.2(C)). The
results of the UV-Visible spectroscopy and the TEM analysis performed on the sample
immediately following 15 seconds irradiation collectively shows in situ generation of small
AuNPs or “Au seeds” in aqueous [AuCl4]- solution as a result of laser processing for short
irradiation times.
The TEM analysis performed following 180 seconds irradiation, where the full
reduction occurs in the laser fields, shows formation of spherical shaped AuNPs with a
broad distribution and sizes ranging from 5.0 to 15.0 nm (Figure 5.3). Observation of a
large number of AuNPs in the TEM images presented in Figure 5.3 is consistent with the
conversion of all [AuCl4]- species occurred during laser irradiation. The SAED analysis
shows an improvement in the intensity of the diffraction rings comparing to the particles
produced after 15 seconds irradiation, which is consistent with the formation of
significantly higher concentrations of AuNPs after 180 seconds laser processing (Figure
5.3). Observation of fused and aggregated AuNPs in the TEM analysis of the particles is
due to the poor stabilization of the nanoparticles in the absence of any surfactant molecule
or capping agent (Figure 5.3). Formation of spherical shaped AuNPs when the full
reduction of the metal ions occurs during laser irradiation is consistent with the examples
presented in literature for synthesis of metal nanoparticles by laser processing of metal salt
solutions.42, 44, 53
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Figure 5.1: Electronic spectra of [AuCl4]- solutions (0.12 mM) irradiated with a fixed
laser pulse energy of 4.2 mJ for times ranging from 15 to 180 seconds. The inset magnifies
the region from 400 to 800 showing the SPR bands for the solutions irradiated for times
from 15 to 45 seconds. The black line shows the electronic spectra of [AuCl4]- solutions
(0.12 mM) before laser irradiation.

Figure 5.2: Low and high magnification TEM images (A, B) and selected area electron
diffraction (SAED) pattern (C) of Au seed particles produced from 15 seconds laser
irradiation of aqueous [AuCl4]- solution (0.12 mM). The TEM recorded immediately
following irradiation.
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Figure 5.3: TEM images and selected area electron diffraction (SAED) pattern of AuNPs
produced from 180 seconds laser irradiation of aqueous [AuCl4]- solution (0.12 mM) when
the full reduction occurred during laser irradiation.

The post-irradiation dynamic of the solutions irradiated for times less than 180
seconds were followed by UV-Visible-NIR spectroscopy. Electronic spectra were recorded
every 5 minutes after termination of the laser irradiation for each sample until no further
changes occurred. Figure 5.4 shows the time-dependent electronic spectra of the samples
irradiated for times ranging from 180 to 45 seconds recorded after the laser irradiation is
terminated. The post-irradiation measurements for the sample that fully reduced during
irradiation (e.g. 180 seconds) did not show any significant change in the spectra recorded
after irradiation (Figure 5.4(A)). This observation is consistent with the full reduction of
all [AuCl4]- species during the laser irradiation. For the solutions irradiated for shorter
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times (<180 seconds), a regular decrease was observed in the intensity of [AuCl4]- LMCT
band (at 290 nm) as a function of time (Figure 5.4(B-F)), which is consistent with the postirradiation reduction of un-reacted [AuCl4]- species in the presence of laser-generated Au
seeds and H2O2 produced during irradiation.44
For the samples irradiated for 90 seconds or longer, a relatively fast post-irradiation
reduction process was observed (<20 minutes). Appearance of a prominent SPR band (at
~530nm) observed in the spectra of these samples is consistent with high-yield formation
of spherical shaped AuNPs after the post-irradiation reduction process (Figure 5.4(A-D),
black line).50,
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Observation of a shoulder at ~660nm in the spectrum of the sample

irradiated for 90 seconds can be as a result of aggregation of the spherical AuNPs or
formation of a small amount of Au nanotriangles.54-56 In contrast, a relatively slow postirradiation reductions were observed for the samples irradiated for shorter times where the
ultimate disappearance of [AuCl4]- LMCT band was observed after 45 and 80 minutes for
the samples irradiated for 45 and 60 seconds, respectively (Figure 5.4(E,F)). The electronic
spectra of these solutions recorded after the post-irradiation reduction exhibit two welldefined SPR bands, one at ~530nm, and one in the near-IR region which is consistent with
the formation of a mixture of spherical AuNPs and triangular Au nanoplates (Figure
5.4(E,F), black line).27 Formation of Au nanotriangles after post-irradiation reduction of
the sample irradiated for 45 seconds was confirmed by TEM as shown in Figure 5.5. The
TEM analysis indicates that the majority of the particle are spherical (~20 nm), with a small
amount of triangular Au nanoplates that have an average edge-length of 29.8 ±10.3nm
(Figure 5.5). This observation is consistent with the electronic spectra of the final product
shown in Figure 5.4(F), where observation of an intense SPR band at ~530nm is consistent
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with the formation of a significant amount of spherical AuNPs. The SAED analysis
performed after the post-irradiation reduction for the sample irradiated for 45 seconds
shows strong diffraction patterns corresponding to Au fcc crystal structure which is
consistent with high crystallinity of the final product (Figure 5.5).

Figure 5.4: Time evolution of the electronic spectra for a series of [AuCl4]- solutions (0.12
mM) irradiated for (A) 180, (B) 150, (C) 120, (D) 90, (E) 60 and (F) 45 seconds at a fixed
laser pulse energy of 4.2 mJ. The black line shows the spectra of the final products after
post-irradiation reduction process.
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Figure 5.5: TEM images and selected area electron diffraction pattern (SAED) of AuNPs
produced from 45 seconds laser irradiation (at 4.2 mJ) of aqueous [AuCl4]- solution (0.12
mM) following 85 minutes post-irradiation reduction.

The UV-Visible data presented in Figure 5.4 collectively shows that decreasing the
laser irradiation-time from 180 to 45 seconds, significantly decreases the rate of postirradiation reduction, and produces more triangles comparing the other samples irradiated
for longer times. For the samples irradiated for times less than 30 seconds, the postirradiation process did not result in the full reduction of un-reacted [AuCl4]- species after
the laser irradiation is terminated. These observations suggest that the rate of postirradiation reduction is mainly controlled by the amount of H2O2 produced as a function of
laser irradiation-time.44
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To test this hypothesis the amount of H2O2 produced in the solutions as a function
of time was quantified by standard KMnO4 titration method57 through irradiation of pure
water samples for times ranging from 5.0 to 180 seconds at a fixed pulse energy of 4.2 mJ.
The results of the titration studies presented in Figure 5.6 and table 5.1 shows that
increasing the laser irradiation-time linearly increases the amount of H2O2 produced during
irradiation. The titration data shows that the irradiation of the aqueous solution for 45
seconds produces ~0.95 µmole H2O2 which is more than the stoichiometric amount of the
reducing agent required to fully reduce all [AuCl4]- species in the solution before laser
irradiation.
Note that, 3.0 mL of aqueous [AuCl4]- solution (0.12 mM) contains 0.36 µmole of
Au(III), and to fully reduce this amount of [AuCl4]- based on the net equation presented
below ~0.54 µmole of H2O2 is required. Therefore, the spontaneous post-irradiation
reduction processe observed for the samples irradiated for 45 seconds or longer is as a
result of formation of enough H2O2 during irradiation which persists in the solution as a
long-lived reducing agent when the laser-irradiation is terminated.
K+[AuIIICl4]- + 3/2 H2O2  Au0 + 3/2 O2 + 3 H+ + 4 Cl- + K+
According to the titration studies, the incomplete post-irradiation reductions
observed for the samples irradiated for times less than 30 seconds corresponds to the
insufficient production of H2O2 (<0.54 µmole) after short-time laser processing of the
solutions (Figure 5.6 and table 5.1). To fully reduce all un-reacted [AuCl4]- species for the
samples irradiated for 20, 15 and 5 seconds, aqueous H2O2 (7.6 mM) was manually added
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to the solutions at a fixed rate of 5.0 µL/hr when all of the laser-generated H2O2 is
completely consumed in the post-irradiation reduction process.

Figure 5.6: Moles of H2O2 produced in pure water from laser irradiations for a series of
times ranging from 5 to 180 seconds at a fixed laser pulse energy of 4.2 mJ.

Table 5.1: Moles of H2O2 produced in pure water from laser irradiations for a series of
times at a fixed laser pulse energy of 4.2 mJ.
Irradiation-time
(sec)
180
150
120
90
60
45
30
25
20
15
10
5.0

Moles of H2O2
3.03×10-6
2.83×10-6
2.26×10-6
1.67×10-6
1.21×10-6
0.95×10-6
0.72×10-6
0.51×10-6
0.49×10-6
0.36×10-6
0.28×10-6
0.20×10-6
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The post-irradiation reduction for the solutions irradiated for 30, 20, 15 and 5.0
seconds upon addition of H2O2 is shown in Figure 5.7. The full reduction of the sample
irradiated for 30 seconds was observed 325 minutes after the laser irradiation is terminated
without any added H2O2 (Figure 5.7(A)). This observation is consistent with the titration
data presented in table 5.1 which shows that 30 seconds irradiation produces enough H2O2
(~0.72 µmole) to fully reduce all [AuCl4]- species in the post-irradiation reduction process.
The full reduction of the samples from 20, 15 and 5 seconds laser irradiation were observed
after 400, 580 and 740 minutes, upon slow addition of H2O2 at a fixed rate of 5 µL/hr
(Figure 5.7(B-D)). Addition of H2O2 was performed when no change was observed in the
electronic spectra of the samples which suggests that the laser-generated H2O2 is fully
consumed.
The electronic spectra of the final products produced after slow post-irradiation
reduction of the samples irradiated for times less than 30 seconds exhibit two SPR bands,
one for spherical AuNPs (at ~530nm), and one in the NIR region corresponding to the Au
nanotriangles26, 27 (Figure 5.7(A-D), black line). It is evident from the spectra of the final
products that decreasing the laser irradiation-time from 30 to 5.0 seconds significantly
increases the intensity of the band in the NIR region which is consistent with formation of
higher yields of Au nanotriangle.26, 27 The significant amount of the red-shift observed in
the position of the NIR band from 730nm to 1050nm by decreasing the laser irradiationtime (from 30 to 5 seconds) shows formation of Au nanotriangles with larger edge-length
by simply decreasing the laser irradiation-time26 (Figure 5.7(A-D), black line). Similar
trend was also observed previously for longer laser irradiation-times where decreasing the
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irradiation-time from 90 to 45 seconds red-shifted the position of the NIR band from
664nm to 722nm (Figure 5.4).

Figure 5.7: Time evolution of the electronic spectra for a series of [AuCl4]- solutions (0.12
mM) irradiated for (A) 30, (B) 20, (C) 15 and (D) 5.0 at a fixed laser pulse energy of 4.2
mJ. Additional H2O2 (7.6 mM) was manually added to the solutions with a fixed rate of 5.0
µL/hr to fully reduce all [AuCl4]- species. The black line shows the spectra of the final
products after post-irradiation reduction.

In addition to the UV-Visible-NIR spectroscopy, the AuNPs produced from postirradiation reduction of the samples irradiated for times less than 30 seconds were
characterized by TEM. Figures 5.8 and 5.9 show the representative TEM images of AuNPs
produced from slow post-irradiation reduction of the samples irradiated for 15 and 5.0
seconds, respectively. The TEM analysis of the sample for 15 seconds irradiation indicates
218

formation of Au nanotriangles with edge-lengths of ~100nm with a significant number of
spherical AuNPs (Figure 5.8). This observation is consistent with the electronic spectra of
the solution which shows an intense SPR band (~530nm) corresponding to the spherical
AuNPs (Figure 5.7(C)). In contrast, the TEM measurements performed on the sample from
5.0 seconds irradiation shows a relatively high-yield formation of Au nanotriangles that
have edge-lengths larger than 100nm (Figure 5.9). This observation is consistent with the
red-shifted bands corresponding to the nanotringles observed in the spectra of the sample
from 5.0 seconds irradiation comparing to the sample produced from 15.0 seconds laser
processing (Figure 5.7(C,D)).
The TEM analysis also shows a significantly less spherical AuNPs in the sample
from 5 seconds irradiation as compared to the sample produced from 15 seconds irradiation
(Figure 5.8 and 5.9). This observation is consistent the electronic spectra of the solutions
recorded after post-irradiation reduction, where the SPR band corresponding to the
spherical particles for 5.0 seconds sample exhibit a significantly lower intensity (Figure
5.7(C,D)). The SAED analysis performed on the particles produced from 15 and 5.0
seconds laser irradiation show that the final AuNPs formed after slow post-irradiation
process are highly crystalline. Observation of strong diffraction spots corresponding to the
allowed

57

brag diffractions of Au fcc crystal structure indicates the presence of a

significant number of Au nanotriangles in both samples.27, 28
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Figure 5.8: TEM images and selected area electron diffraction pattern (SAED) of AuNPs
produced from 15 seconds laser irradiation (at 4.2 mJ) of aqueous [AuCl4]- solution (0.12
mM) and after 580 minutes post-irradiation H2O2 reduction.
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Figure 5.9: TEM images and selected area electron diffraction pattern (SAED) of AuNPs
produced from 5 seconds laser irradiation (at 4.2 mJ) of aqueous [AuCl4]- solution (0.12
mM) and after 740 minutes post-irradiation H2O2 reduction.

To gain more insight about the growth and transformation of laser-generated Au
seed during the post-irradiation reduction process the TEM was acquired at different stages
of the reaction. Figures 5.10 and 5.11 show the time-dependent TEM images of [AuCl4]solution and Au(0) dispersions recorded immediately following 45 and 15 seconds
irradiation at t=0 (A,D), during the reduction process at t=50% (B,E), and at the end of the
post-irradiation reduction process at t=100% (C,F). The TEM analysis performed
immediately following irradiation (at t=0) shows formation of a small amount of AuNP
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seeds that are mainly spherical and have sizes less than 10nm (Figures 5.10 and 5.11(A,D)).
The low-magnification TEM images recorded at this stage of the reaction (t=0) show
formation of more AuNP seeds produced from 45 seconds laser irradiation as compared to
the sample irradiated for 15 seconds. This observation is attributed to the more efficient
photo-chemical reduction of [AuCl4]- species during the longer laser irradiation-times
(Figure 5.10(A) and 5.11(A)). It is also evident form the electronic spectra of the solutions
that 45 seconds irradiation produces more Au seeds, where a relatively stronger SPR band
was observed for this sample comparing to the sample from 15 seconds laser irradiation
(the inset of Figure 5.1). The result of these experiments indicate the control over the
number of Au seeds generated in [AuCl4]- solution by simply varying the laser irradiationtime.
The TEM images recorded during the post-irradiation reduction for the samples
from 45 and 15 seconds irradiation (at t=50%) are presented in the panels B and E in
Figures 5.10 and 5.11. The low-magnification TEM images recorded at this stage of the
reaction show a significant increase in the number and the size of AuNPs produced during
the post-irradiation process (Figures 5.10 and 5.11). This observation is consistent with the
growth of laser-generated seeds which proceeds by atom-by-atom addition of Au(0)
species on the surface of AuNPs during the post-irradiation reduction.44 The high
magnification TEM analysis shows formation of plate-like Au nanostructures with curved
edges in equilibrium with spherical AuNPs for both samples (Figure 5.10(E) and 5.11(E)).
Since there is no surfactant molecule in the solution to direct the formation of the
nanoplates,22, 23 these plate-like nanostructures must be formed as a result of twinned planes
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and stacking faults introduced into the crystal structure of laser-generated seeds during the
slow post-irradiation reduction process.22
The TEM images recorded after completion of the post-irradiation reduction at
t=100% (Figures 5.10(F) and 5.11(F)) indicate formation of perfectly shaped triangular
crystals with well-defined boundaries, in contrast to the irregularly shaped particles
observed before the reduction is complete (Figures 5.10(E) and 5.11(E)). This observation
is strong evidence that the reduction of [AuCl4]- species that occurs on the surface of
irregularly shaped Au nanoplates plays a dominant role during the post-irradiation
reduction. The time-dependent TEM studies performed at different stages of the reaction
shows that laser-generated Au seeds will grow and transform into a mixture of spherical
and triangular AuNPs during the post-irradiation reduction process (Figures 5.10 and 5.11).
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Figure 5.10: low (A-C) and high (D-E) magnification TEM images of Au nanostructures
produced in aqueous [AuCl4]- solution (0.12 mM) after 45 seconds laser irradiation (at 4.2
mJ) for a series of times during post-irradiation reduction: (A, D) immediately following
irradiation at t=0, (B, E) during post-irradiation at t= 50% of the reaction, and (C, F) at the
end of post-irradiation reduction at t=100%.
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Figure 5.11: low (A-C) and high (D-E) magnification TEM images of Au nanostructures
produced in aqueous [AuCl4]- solution (0.12 mM) after 15 seconds laser irradiation (at 4.2
mJ) for a series of times during post-irradiation reduction: (A, D) immediately following
irradiation at t=0, (B, E) during post-irradiation at t= 50% of the reaction, and (C, F) at the
end of post-irradiation reduction at t=100%.

The results of the laser irradiation-time studies performed in this section at a fixed
laser pulse energy of 4.2mJ are summarized in Figures 5.12 through 5.14. The electronic
spectra of the final AuNPs produced after post-irradiation reduction process for a series of
times ranging from 180 to 5.0 seconds is presented in Figure 5.12. Increasing the intensity
of the SPR band in the NIR region observed in the spectra of the samples, along with
decreasing the intensity of the band at ~530nm is consistent with increasing the yield of
Au nanotriangles by decreasing the laser irradiation-time (Figure 5.12). A significant
amount of the red shift observed in the position of the NIR band from ~700nm to 1050nm

225

indicates the formation of Au nanotriangles with larger edge-lengths at shorter laser
irradiation-times (Figure 5.12).
In addition to the UV-Visible-NIR data, the low-magnification TEM images
recorded after post-irradiation reduction for the samples irradiated for 45, 30, 15 and 5.0
seconds clearly show the formation of more Au nanotriangles with larger sizes at shorter
laser irradiation-times (Figure 5.13). Since there is no organic surfactant molecule in the
solutions to direct the particles growth,22, 23 the kinetic control must play a dominant role
in the formation of Au nanotriangles during the post-irradiation reduction process. Figure
5.14 shows the rate of [AuCl4]- LMCT band depletion during the post-irradiation reduction
process as a function of the laser irradiation-time. It is evident from Figure 5.14 that
decreasing the laser irradiation-time significantly slows down the rate of the postirradiation reduction which is required for the formation Au nanotriangle directed by
twinned structures and stacking faults.22 The slow rate of the reduction observed for shorter
laser irradiation-times (e.g. 5 seconds) is attributed to the small amount of H2O2 and
reactive Au seeds produced during irradiation.
The results of the laser irradiation-time study presented here shows the capability
of this approach to produce a variety of AuNPs with tunable morphologies and sizes
without any added surfactant molecule. Variation of the laser irradiation-time was
effectively used to control the concentration of the reducing agent (H2O2) as well as the
number of laser-generated seeds which controls the final size of Au nanotriangles. The
results of these experiments presented in this section collectively suggest that the
contribution of H2O2 and Au seeds produced during laser processing determines the rate of
the growth process, and the final shape of the nanoparticles. The procedure developed in

226

this section represents a new convenient laser-assisted strategy for manipulating the rate of
Au nanoparticle growth, and the synthesis of Au nanotriangles by varying the laser
irradiation-time. The surfactant-free Au nanotriangles produced by this method have
absorptions in the NIR region “biological window”, and can be directly used for a variety
of biomedical applications.

Figure 5.12: Electronic spectra of the final AuNPs produced after post-irradiation
reduction of a series of aqueous [AuCl4]- solutions (0.12 mM) irradiated for times ranging
from 5 seconds to 180 seconds.
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Figure 5.13: Representative TEM images of the final AuNPs produced after postirradiation of aqueous [AuCl4]- (0.12 mM) solutions irradiated for 45 seconds (A), 30
seconds (B), 15 seconds (C) and 5.0 seconds(D) at a fixed laser pulse energy of 4.2 mJ.

Figure 5.14: The rate of [AuCl4]- LMCT band depletion during the post-irradiation
reduction for a series of laser irradiation-time. The laser pulse energy was fixed at 4.2 mJ
for all samples. Additional H2O2 (7.6 mM) was manually added to the solutions irradiated
for times less than 30 seconds to fully reduce all Au(III) species.
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5.2.2

The Effect of [AuCl4]- Concentration on the Size and Morphology of AuNPs

Produced from Post-irradiation Reduction of [AuCl4]- Solution.
The effect of [AuCl4]- concentration on the size and shape of the final AuNPs
produced from post-irradiation reduction process was investigated by using two sets of
[AuCl4]- solutions with the final concentrations of 0.1 mM and 0.12 mM. Comparative
studies were performed at a series of laser pulse energies and laser irradiation-times. The
post-irradiation dynamic of the solutions were monitored by UV-Visible-NIR spectroscopy
as described in section 5.2.1. The time-dependent electronic spectra of [AuCl4]- solutions
(0.1 mM and 0.12 mM) irradiated for a series of times and laser pulse energies are shown
in Figures 5.15 and 5.16.
Titration experiments were performed for a series of laser pulse energies and
irradiation-times to determine the amount of H2O2 produced at any given experimental
condition investigated in these experiments. Figure 5.17 and table 5.2 show the amount of
H2O2 produced from laser irradiations of pure water at pulse energies of 1.0, 2.5 and 4.0
mJ for a series of times ranging from 30 seconds to 10 minutes. 3.0 mL of aqueous [AuCl4]solution with concentrations of 0.1 and 0.12 mM contain ~0.30 and ~0.36 µmole of Au(III),
and to fully reduce these amounts of the gold salt, ~0.45 and ~0.54 µmole of H2O2 is
required (see equation 1 in section 5.2.1). To avoid the manual addition of H2O2, for all the
experiments performed in this section a combination of the laser pulse energy and
irradiation-time was chosen to produce enough H2O2 in the solution for reducing all
[AuCl4]- species in the post-irradiation reduction process.
Figure 5.15 shows the time-dependent evolution of the electronic spectra for
[AuCl4]- solutions with concentrations of 0.1 mM (A,C) and 0.12 mM (B,D) irradiated for
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90 seconds at laser pulse energies of 3.0 mJ (A,B) and 1.8 mJ (C,D). Decreasing the
concentration of [AuCl4]- from 0.12 to 0.1 mM, reduces the intensity of LMCT band for
[AuCl4]- species from ~2.2 to ~1.6 in the electronic spectra of the solutions recorded before
irradiation (Figure 5.15). The results of the titration experiments presented in table 5.2
show that the laser irradiation for 90 seconds at 1.8 mJ and 3.0 mJ produces enough H2O2
to complete the post-irradiation reduction for both samples.
The electronic spectra recorded immediately after 90 seconds irradiation of
[AuCl4]- (0.1 mM) at 3.0 mJ shows ~60% reduction occurred during irradiation (Figure
5.15 (A)). The full reduction of the sample as a result of the post-irradiation process was
observed 15 minutes after the laser irradiation is terminated (Figure 5.15 (A)). Irradiation
at the same concentration for 90 seconds at 1.8 mJ resulted in ~20% reduction during laser
irradiation, and the full reduction was observed after ~120 minutes post-irradiation
reduction (Figure 5.15(C)). The electronic spectra of the final AuNPs produced from
irradiation of both solutions at lower concentration shows a prominent SPR band at
~530nm which is characteristic of spherical AuNPs50, 52 (Figure 5.15 (A,C)).
The laser irradiation of [AuCl4]- solution (0.12 mM) for 90 seconds at 3.0 and 1.8
mJ only resulted in ~10% reduction during irradiation (Figure 5.14 (B,D), red line). The
full reduction of the solutions were observed after 90 and 165 minutes post-irradiation
reduction, respectively (Figure 5.14 (B, D)). The slower post-irradiation reduction process
observed at higher concentrations of [AuCl4]- resulted in appearance of two well-defined
SPR bands at ~530nm and ~700nm. Observation of these bands in the visible and NIR
region is consistent with formation of a mixture of spherical and triangular AuNPs.27 The
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results of this experiment show formation of more Au nanotriangles at higher [AuCl4]concentrations at a fixed laser irradiation-time for pulse energies of 3.0 and 1.8 mJ.

Figure 5.15: Time evolution of the spectra of aqueous [AuCl4]- solutions with
concentrations of 0.1 mM (A, C) and 0.12 mM (B, D) irradiated at a fixed irradiation-time
of 90 seconds with laser pulse energies of 3.0 mJ (A, B) and 1.8 mJ (C, D). The inset of
the figures magnifies the spectra region from 300 to 1100.

The effect of [AuCl4]- concentration on the shape of AuNPs produced from postirradiation reduction was also studied at a fixed laser pulse energy of 4.2 mJ. Figure 5.16
shows the time-dependent electronic spectra of [AuCl4]- solutions with concentrations of
0.1 mM (A,C) and 0.12 mM (B,D) irradiated for 60 seconds (A,B) and 45 seconds (C,D)
at laser pulse energy of 4.2 mJ. Laser irradiation of [AuCl4]- solution with concentration
of 0.1 mM for 60 and 45 seconds resulted in a relatively fast post-irradiation reduction
process and produced more spherical AuNPs (Figure 5.16 (A,C), black line). The electronic
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spectra of the samples irradiate at identical condition with higher concentrations of
[AuCl4]- solution (Figure 5.16 (B,D)) show two well-defined bands in the visible and NIR
region suggesting formation of a mixture of spherical and triangular AuNPs.27
The results of the concentration study presented in Figures 5.15 and 5.16
collectively shows that increasing the concentration of [AuCl4]- solution produces higher
yields of Au nantriangles at any given laser pulse energy and irradiation-time. Increasing
the yield of Au nanoplates at higher concentrations of [AuCl4]- is attributed to the slower
post-irradiation reduction observed for these samples. The rate of post-irradiation reduction
in these experiments is mainly controlled by the amount of H2O2 produced during
irradiation. At higher concentrations of [AuCl4]- less reducing agent is available for the
reduction process resulting in a slow post-irradiation reduction which is required for the
formation of planar Au nanostructures.22 At lower concentrations of [AuCl4]- solution more
reducing agent (H2O2) is available to reduce Au(III) species in the post-irradiation process
resulting in a faster reduction rates and formation of more spherical AuNPs.
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Figure 5.16: Time evolution of the spectra for aqueous [AuCl4]- solutions with
concentrations of 0.1 mM (A,C) and 0.12 mM (B,D) irradiated at a fixed laser pulse energy
of 4.2 mJ with laser irradiation-times of 60 seconds (A,B) and 45 seconds (C,D). The inset
of the figures magnifies the spectra region from 300 to 1100.
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Figure 5.17: Moles of H2O2 produced in the pure water as a function of laser irradiationtime at laser pulse energies of 1.0, 2.5 and 4.0 mJ.

Table 5.2: Moles of H2O2 produced in pure water as a function of laser irradiation-time at
laser pulse energies of 1.0, 2.5 and 4.0 mJ
Irradiation-time
(minute)
0.5
1.0
2.0
3.0
5.0
10

5.2.3

Moles of H2O2
at 1.0 mJ
0.24×10-6
0.36×10-6
0.53×10-6
0.65×10-6
1.01×10-6
1.87×10-6

Moles of H2O2
at 2.5 mJ
0.43×10-6
0.72×10-6
1.25×10-6
1.73×10-6
2.60×10-6
4.75×10-6

Moles of H2O2
at 4.0 mJ
0.67×10-6
1.01×10-6
1.87×10-6
2.60×10-6
3.70×10-6
7.10×10-6

The Effect of Laser Pulse Energy on the Size and Morphology of AuNPs

Produced from Post-irradiation Reduction of [AuCl4]- Solution.
The effect of laser pulse energy on the final AuNPs produced from post-irradiation
reduction process was investigated in a series of experiments at fixed [AuCl4]concentrations and laser irradiation-times. The post-irradiation dynamics of the solutions
were monitored by UV-Visible-NIR spectroscopy and are shown in Figure 5.19. The
amount of H2O2 produced from laser irradiation of pure water as a function of laser pulse

234

energy was determined by standard KMnO4 titration method.57 The titration experiments
indicate a linear increase in the amount of H2O2 produced in the water as a result of
increasing the laser pulse energy at a fixed irradiation time of 1.0 minute (Figure 5.18 and
table 5.3).
The effect of laser pulse energy on the final AuNPs produced from post-irradiation
reduction of [AuCl4]- solution with concentrations of 0.12 mM (A-C), and 0.1 mM (D-F)
are shown in Figure 5.19. At a fixed laser irradiation-time of 90 seconds, and [AuCl4]concentration of 0.12 mM decreasing the laser pulse energy from 4.2 to 1.8 mJ significantly
reduced the rate of post-irradiation reduction process (Figure 5.19). Observation of a welldefined SPR band at 720nm in the spectrum of the final product from 1.8 mJ irradiation is
consistent with the formation of a significant number of Au nanotriangles.27 The electronic
spectra of the final product from 4.2 mJ irradiation shows a prominent SPR band at 530nm
indicating high-yield formation of spherical AuNPs50 (Figure 5.19(A)). These observations
are consistent with the formation of more Au nanotriangles at lower laser pulse energies
(Figure 5.19(A-C)). A similar trend was also observed for [AuCl4]- (0.1mM) solutions
irradiated for 60 seconds when the laser pulse energy varied from 4.2 to 1.8 mJ (Figure
5.19(D-F)). The results of the laser pulse energy experiments collectively suggest that
reducing the laser pulse energy produces more Au nanoplates at fixed experimental
conditions. This observation is as a result of decreasing the amount of reducing agent
(H2O2) which significantly reduces the rate of post-irradiation reduction leading to the
formation of more Au nanotriangles (see titration results in Figure 5.18 and table 5.3).
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Figure 5.18: Moles of H2O2 produced in the pure water as a function of laser pulse energy
for a fixed laser irradiation-time of 1 minute.

Table 5.3: Moles of H2O2 produced in pure water after 1.0 minute irradiation at a series
of laser pulse energies
Laser pulse energy
(mJ)
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

Moles of H2O2 produced after
1.0 minute irradiation
1.01×10-6
0.91×10-6
0.82×10-6
0.72×10-6
0.58×10-6
0.43×10-6
0.36×10-6
0.22×10-6
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Figure 5.19: The effect of laser pulse energy on the post-irradiation reduction of aqueous
[AuCl4]- solutions with concentrations of 0.12 mM (A-C) and 0.1 mM (D-E), at fixed laser
irradiation-times of 90 seconds (A-C) and 60 seconds (D-F). The laser pulse energy was
varied from 4.2 to 1.8 mJ for all experiments. The inset of the figures magnifies the spectra
region from 300 to 1100.
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According to the results presented in sections 5.2.1 through 5.2.3 for evaluating the
effect of reaction parameters on the post-irradiation reduction process of [AuCl4]- solutions
a three-dimensional (3D) graph has been generated to show the capability of this approach
for making different types of Au nanomaterials. This graph shows the position of the SPR
band for AuNPs produced from post-irradiation reduction as a function of laser irradiationtime and pulse energy at a fixed [AuCl4]- concentration of 0.1 mM (Figure 5.20). It is
evident from this graph that lowering the laser irradiation-time and the laser pulse energy
always produces more triangular AuNPs with larger edge-lengths since the SPR band in
the NIR region shifts to the lower energies and exhibit higher intensities (see the red area
on the graph shown in Figure 5.20). Increasing the laser pulse energy and irradiation-time
was also found as an effective approach to produce pure spherical AuNPs.
The results of the experiments presented in this section clearly shows that by
manipulating the experimental conditions, such as the metal salt concentration, and the
laser parameters including irradiation-time and pulse energy, one can produce a variety of
Au nanomaterials ranging from pure spherical particles to the mixtures of triangular
nanoplates with tunable sizes from ~30 to ~100 nm without any added surfactant
molecules.
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Figure 5.20: 3D graph of the SPR absorption for Au nanomaterials produced from postirradiation reduction of [AuCl4]- solution (0.1 mM) as a function of laser irradiation-time
and laser pulse energy.

5.2.4

Mechanism of Au Nanotriangle Formation from 5.0 Seconds Laser Irradiation

of Aqueous [AuCl4]- Solution and Slow H2O2 Post-irradiation Reduction.
This section focuses on exploring the mechanism of Au nanoplate formation from
post-irradiation reduction of [AuCl4]- solution. The mechanism of Au nanoplate formation
was investigated in a series of time-dependent experiments at a fixed laser irradiation-time,
pulse energy and [AuCl4]- concentration. To increase the yield of Au nanoplates the final
concentration of [AuCl4]- solution was slightly increased to 0.125 mM, and the laser
irradiation was performed by SSTF at 3.6 mJ for 5.0 seconds. These modified experimental
conditions were determined from the results presented in sections 5.2.1 through 5.2.3. To
fully reduce all [AuCl4]- species in the post-irradiation reduction process aqueous H2O2
(7.6 mM) was added to the solution for the course of 48 hours at a fixed addition rate of
5.0 µL/hr. This reduction rate is significantly slower comparing to the rate used for the
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reduction of the sample produced from 5.0 seconds irradiation shown in section 5.2.1
(Figure 5.7(D)). The Au nanostructures produced at different stages of the post-irradiation
reduction process were characterized by using several methods such as time-dependent
TEM and UV-Visible-NIR spectroscopy. The absence of any reagents except for water,
KAuCl4 and dilute hydrogen peroxide, as well as the slow rate of reduction affords a unique
opportunity to investigate the mechanism by which the nanoplates are formed.
The nanotriangle synthesis presented in this section relies on the formation of small
Au clusters or seeds through irradiation of aqueous KAuCl4 solution (0.125 mM) by a short
burst of intense, spatio-temporally-shaped fs laser pulses for 5 seconds (3.8 mJ/pulse, 5000
pulses at 1 kHz). Simultaneous spatial and temporal focusing (SSTF)58 of the laser pulse
creates an intense field that strips the ligands from every [AuCl4]- molecule in the
irradiation zone.59 The ensuing formation of high-energy cavitation bubbles mixes the Au
atoms uniformly into the remaining solution, forming homogeneously dispersed nucleation
sites. A key element of this method is that Au(0) species are only formed when the laser is
present, allowing for control of the nanoparticle nucleation step. Under these conditions,
only a tiny fraction (~1 %) of the [AuCl4]- is reduced in the presence of the laser, forming
Au seeds that grow into larger spherical Au nanoparticles through surface reduction of
[AuCl4]- by H2O2 produced during laser irradiation.
Transmission electron microscopy (TEM) performed on the grids prepared from a
sample immediately after 5.0 seconds irradiation shows formation of small Au seed
particles that are nearly spherical and narrowly dispersed (Figure 5.21(A,B)). The synthesis
of spherical AuNPs by fs laser irradiation of aqueous KAuCl4 using SSTF has been
discussed in detail chapter 4. This method relies on multi-photon absorption of [AuCl4]-,
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and the generation of short-lived reactive species (primarily e-(aq) and H radicals) from
water to reduce [AuCl4]- during irradiation, and the formation of long-lived H2O2, which
drives the post-irradiation particle growth.44 Observation of the regions on the TEM grid
without any visible particle suggests that the Au seeds produced after 5 seconds laser
processing have a very low concentration (Figure 5.21(C)). Statistical analysis performed
on the TEM images shows that the laser-generated Au seed particles have an average size
distribution of 8.5 ±2.8nm (Figure 5.21(D)).
The corresponding electronic spectrum recorded immediately following irradiation
(Figure 5.22(A), red curve) exhibits a broad feature that spans the entire visible region,
which is consistent with the conversion of a small amount (<1%) of [AuCl4]- to Au(0). The
lack of a well-defined SPR band in the spectrum indicates the low concentration of Au seed
particles. The increase in the intensity of the SPR band (at 550 nm) over the course of 120
minutes indicates the growth of laser-generated seed particles in the presence of H2O2
produced during irradiation (Figure 5.22(A), green curve). After 18 hours the H2O2
produced during irradiation has been consumed during the post-irradiation reduction
process. Decreasing the intensity of [AuCl4]- LMCT band at 190nm is consistent with the
reduction of ~5% of Au(III) species after 18 hours (Figure 5.22(B), red curve). The
electronic spectra of the solution at this stage of the reaction shows a prominent SPR band
at 520 nm which corresponds to the spherical Au seed particles (Figure 5.22(B), red curve).
The broad feature observed in the spectra between 600nm to 1100nm (inset of Figure
5.22(B), red curve) might be attributed to the aggregates of Au seed particles, formation of
plate-like Au nanostructures or a combination of both processes.27
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Figure 5.21: Low (A,C) and high (B) magnification TEM images, and the size distribution
histogram (D) of Au seed particles deposited on a TEM grid immediately following 5.0
seconds laser irradiation of [AuCl4]- solution (0.125 mM).
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Figure 5.22: (A) Electronic spectra of [AuCl4]- solution (0.125mM) recorded before
irradiation (blue), immediately following 5.0 seconds irradiation (red), and after 20 minutes
(magenta), 60 minutes (cyan) and 120 minutes (green). (B) Electronic spectra of [AuCl 4]solution (0.125mM) recorded before irradiation (blue), 2 hours (green) and 18 hours (red)
following 5.0 seconds irradiation. The inset shows a 100X magnification of the region
between 400 nm and 1100 nm.

The Au nanostructures produced in aqueous [AuCl4]- solution after 18 hours were
characterized by TEM, and are shown in Figure 5.23. The TEM analysis shows formation
of larger spherical Au seed particles with sizes ~10 to 15nm that are mainly aggregated
(Figure 5.23(A-E)). This observation is consistent with the growth of laser-generated seeds
(8.5 ±2.8nm) in the post-irradiation reduction process. In the corresponding TEM images
a significant amount of irregularly shaped plate-like Au nanostructures were observed as
shown by the red arrows in Figure 5.23(B-E). Observation of a mixture of aggregated Au
spheres with plate-like structures in the TEM images is consistent with the electronic
spectra of the solution recorded 18 hours after irradiation (Figure 5.22(B)). The high
magnification TEM image of the sample shown in Figure 5.23(E) indicates the diffusion
of spherical seed particles with sizes ~15 nm in to the plate-like Au nanostructures.
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Figure 5.23: Low (A-D) and high (C,E) magnification TEM images, and the corresponding
SAED pattern (D) of Au nanostructures deposited on the TEM grid 18 hours after laser
irradiation of [AuCl4]- solution (0.125 mM). The colored arrows show the Au seed particles
(black) and the amorphous plate-like Au nanostructures (red) formed at this stage of the
reaction.
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The next step of the synthesis consists of slow addition of H2O2 (7.6 mM) at a rate
of 5µL/hr over the course of 48 hours to fully reduce all unreacted [AuCl4]- in the solution.
Figure 5.24 shows the time-dependent electronic spectra of the solution during slow H2O2
reduction. The formation of Au nanoplates is supported by the growth of the SPR feature
in the near-IR region (>1100nm) along with the disappearance of the SPR band
corresponding to spherical AuNPs at ~520 nm in the final product (Figure 5.24).27 These
measurements suggest that the Au seeds are incorporated into the nanoplates and that the
final product is relatively pure. The UV-Vis-NIR spectrum of the final product shown in
Figure 5.25 exhibits a broad band centered at ~1250 nm, and this is indicative of the dipole
resonance of Au nanoplates.27
The high-yield formation of Au nanoplates is confirmed with TEM, SEM, and
selected area electron diffraction (SAED), which shows that the final product is composed
almost exclusively of large, crystalline and pure triangular Au nanoplates (Figures 5.26
through 5.29). The TEM and SEM analysis shows that the majority of the nanostructures
are triangular, with an average edge-length of 346 ±95nm (see the histogram presented in
Figure 5.26(E)). Observation of continuous lattice fringes in the low-magnification TEM
images of overlapping particles (Figure 5.26(D)), as well as high-resolution TEM
(HRTEM) measurements of individual nanoplates shows that the surface of the
nanotriangles is atomically flat (Figure 5.27).
SAED measurements presented in Figure 5.26(D) show the diffraction spots
corresponding to the allowed {220}, {311}, and normally forbidden 1/3{422} Bragg
reflections of the Au fcc crystal structure. The hexagonal pattern of the diffraction spots
indicates that the surfaces of Au nanoplates are terminated by {111} facets.60 Observation
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of relatively strong diffraction from the forbidden 1/3{422} plane is consistent with the
occurrence of twinned planes parallel to the {111} axis,61, 62 which was also confirmed by
HRTEM recorded on the side of an individual nanotriangle (Figure 5.28(A)). In addition
to the twinned planes parallel to the {111} surfaces, some stacking faults and crystal defects
were observed perpendicular to the {111} plane (Figure 5.28(B-E)). The thicknesses of Au
nanoplates are estimated to be ~10-20 nm from SEM measurements, which is comparable
to the diameter of the spherical AuNP that are present in the aqueous dispersion 18 hours
after laser processing (Figure 5.29). The near-complete disappearance of spherical AuNPs
by the end of the synthesis indicates their quantitative incorporation into Au nanoplates
when short-time laser processing is employed for nucleation.
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Figure 5.24: Time-dependent electronic spectra of [AuCl4]- (0.125 mM) and Au
nanostructures produced in aqueous solution after 5 seconds irradiation following slow
H2O2 (7.6mM) addition for the course of 48 hours. The rate of H2O2 addition was fixed at
5µL/hour. The inset magnifies the spectral region from 300-1100nm.

Figure 5.25: UV-Visible-NIR spectra of triangular Au nanoplates produced in aqueous
solution after slow addition of H2O2 (7.6 mM) for 48 hours. The red circles and arrows
indicate spectral features that result from absorption of water and possibly the fiber used
to transport light to and from the sample.
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Figure 5.26: Low (A) and high (B, C) magnification TEM images of Au nanoplates
produced in aqueous solution after slow addition of H2O2 (7.6 mM) for 48 hours. (D)
Selected area electron diffraction (SAED) pattern of an individual triangular Au nanoplate.
The diffraction spots marked by the circle, square, and triangle correspond to the allowed
{220}, {311}, and 1/3{422} Bragg reflections of face-centered-cubic (fcc) Au crystal
structure, respectively. (E) Size distribution histogram of Au nanoplates obtained from
~150 counts showing an average edge-length of 346±95 nm. (F) Moiré-fringe patterns of
several overlapping Au nanoplates.
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Figure 5.27: (A) Low magnification TEM image of an individual Au nanotriangle, (B)
The HRTEM recorded on the surface of the particle shown in (A). The continuous lattice
fringes with d spacing of 0.14nm corresponds to the {220} planes in Au fcc crystal
structure. (C,D) The HRTEM and its corresponding electron diffraction pattern recorded
on the region close to the edge Au nanotriangle shown in (A). The lattice fringes with d
spacing of 0.25 nm correspond to the 1/3{422} lattice.
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Figure 5.28: (A) Side view HRTEM of a single Au nanotriangle showing the twinned
planes parallel to the {111} axis (red arrows). (B) Low magnification TEM image of
another Au nanotriangle with stacking faults (red arrows), (C,D) HRTEM images with
lattice fringe resolution recorded on the regions containing stacking faults, (E) selected
area electron diffraction pattern of the region shown by red arrow in (D).
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Figure 5.29: Scanning electron microscopy (SEM) images of triangular Au nanoplates
produced after slow addition of H2O2 (7.6 mM) for 48 hours recorded at 65º tilt angle.

Whereas noble metal nanoplates usually have organic surfactants stabilizing the
surface resulting from the synthetic procedure,6, 23, 63 no additional surfactant is employed
in the processing presented here, and thus a Cl- terminated surface was anticipated.64 In
order to test this hypothesis, the elemental composition on the surface of Au nanotriangles
was evaluated by scanning transmission electron microscopy (STEM) coupled with highangle annular dark field (HAADF) imaging and energy dispersive X-ray (EDX)
spectroscopy, as shown in Figure 5.30. These analyses, performed on the final synthesis
products show that both chloride (Cl-) and oxygen are present in insufficient quantities to
effectively coat the surface of the Au nanoplates (Figure 5.30). This result indicates that
these species do not act as stabilizing agents either during particle growth or upon
completion of the reaction, and therefore the nanotriangles produced in this procedure are
surfactant-free. However, the participation of trace amounts of Cl- in directing the crystal
morphology during growth through preferential binding to specific surface facets or related
mechanisms cannot be excluded.23
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Figure 5.30: Elemental mapping analysis performed on an individual Au nanotriangle
showing a small amount of chloride and oxygen on the surface of the particle. (A) HAADF
image of Au nanotriangle. (B), (C) and (D) Elemental mapping performed on the surface
to determine the amount of Au, Cl and oxygen, respectively. (E) EDX spectra showing the
relative amount of each element on the surface.

To gain insight into the mechanism of conversion from the initial spherical AuNP
to the final Au nanoplate product, TEM and HRTEM analysis of the intermediate stage of
nanoplate growth corresponding to ~50% [AuCl4]- reduction (40 µL added H2O2) was
performed. Representative TEM images at this stage are presented in Figures 5.31,and
show examples of the morphologies seen at this stage: spherical particles (in blue circle),
a plate-like structure that appears to be composed of aggregated spherical particles (green
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arrow), and nearly triangular nanoplates with “rough” edges (red arrows). Figure 5.31(B)
shows what appears to be an earlier stage of nanoplate formation, with a plate-like structure
composed of spherical particles (green arrow) and small aggregates of spherical particles
(yellow circle), similar to some morphologies observed before addition of H2O2 (c.f.,
Figure 5.23). Magnification of the region inside the yellow box, presented in Figure
5.31(D), shows spherical AuNP that appear to be in the process of attaching to the already
formed plate structures (indicated by the blue arrows). Additional examples of rough-edged
nanoplates with diffusing nanospheres (red arrows) are shown in Figure 5.32. SAED
performed on the particles indicates the polycrystalline nature of the nanoplates formed at
this stage of the synthesis (Figure 5.32(F)).

253

Figure 5.31: Representative TEM images of the nanostructures formed upon ~50%
[AuCl4]- reduction. (A) Low magnification image showing spherical AuNP (blue circle), a
plate-like structure apparently formed of spherical AuNP (green arrow), and rough-edged
nanoplates (red arrows). (B) Higher magnification image of a plate-like structure composed
of spherical AuNP (green arrow) and smaller aggregates of spherical AuNP (yellow circle).
(C) Low magnification image showing several rough-edged plate structures. (D) Magnified
image of the region in the yellow box in (C) showing the diffusion of spherical particles
into the edge of a nanoplate (blue arrows).
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Figure 5.32: (A, B) Low magnification TEM images of Au nanostructures formed after
adding 40 µL of H2O2 showing plate-like structures in equilibrium with free spherical
AuNPs. (C-E) High magnification TEM images showing the diffusion of spherical AuNPs
into the edges of Au nanoplates (red arrows) (F) Selected area electron diffraction (SAED)
pattern of the Au nanoplates produced at this stage of the reaction.

255

HRTEM images at the same stage of the reaction were recorded with lattice fringe
resolution to determine the degree of attachment of the spherical particles to the plates.
Figure 5.33 shows spherical AuNPs at three different stages of attachment to nanoplates:
an intermediate stage of the attachment process (Figures 5.33(A-C), particle I, plate II),
before attachment (Figures 5.33(D-F), particle III, plate V), and after attachment (Figures
5.33(H-I), particle IV, plate V). Figure 5.33(A) shows a particle (I) that is partially attached
in three places to a nanoplate (II), indicated by green arrows. Magnification of the leftmost region (Figures 5.33(B-C) reveals continuous lattice fringes (d spacing = 0.14 nm for
the {220} lattice) spanning both particle and nanoplate, demonstrating alignment of the
crystal lattices during the attachment process. Continuous fringes of the {220} lattice are
also observed over the region of attachment for spherical AuNPs partially incorporated into
a nanoplate (Figures 5.33(H-I). Additionally, we see spherical particles resting adjacent to
nanoplates where a clear lattice mismatch is observed between them, but evidence of
interleaving lattice structures suggest that attachment will proceed (Figures 5.33(E-F)).
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Figure 5.33: Analysis of the attachment process with HRTEM. (A,B) Low and high
magnification TEM images showing the intermediate stage for the attachment of a
spherical AuNP (I) to the nanoplate (II). The green arrows show the regions where the
attachment occurs. (C) HRTEM with lattice fringe resolution for the attachment region
shown by dotted line in panels (A) and (B). Continuous lattice fringes with d spacing of
0.14 nm observed in (C) correspond to the {220} lattice of the Au fcc crystal structure. (D)
Representative low-magnification TEM image showing both attached (III) and un-attached
(IV) spherical AuNPs to a plate-like Au nanostructure (V). (E and H) HRTEM images of
the attached (III) and un-attached (IV) Au nanospheres shown in (D). The dotted line in
(H) shows the interface of the spherical AuNP (III) and the plate-like structure (V) after
attachment. (F and I) HRTEM images with lattice fringe resolution shows the crystal lattice
matching after attachment (i) and the crystal lattice mismatch before attachment (F). Panel
(G) represents the electron diffraction pattern of the region shown in (H). The lattice fringe
spacings of 0.28 nm and 0.40 nm in (F) correspond respectively to the {110} and {100}
planes of the Au fcc crystal structure.
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Collectively, the TEM data provide strong evidence that oriented attachment,46, 49
which has been reported previously in iron oxide nanoparticles,47 plays an important role
in the transformation of the laser-generated AuNPs into crystalline nanoplates. The TEM
results show that the Au clusters formed in the laser nucleation step initially form small,
irregularly-shaped aggregates that grow by the diffusion of additional spherical particles
onto edge sites. The rate of [AuCl4]- reduction in this system is slow enough to permit
particles to freely diffuse, rotate, and interact until they achieve a perfect lattice match with
a plate. Defects on the aggregates are systematically recrystallized through gold atom
diffusion and reduction of remaining [AuCl4]- to form crystalline nanoplates. This
proposed pathway for the formation of Au nanoplates is summarized in Figure 5.34.
Following laser irradiation, the generated Au clusters grow and diffuse over time to form
a mixture of Au spheres and plate-like nanostructures ((i)-(iii)). Further aggregation of
these nanostructures forms larger plate-like shapes (iv). These structures recrystallize to
form crystalline plates with irregular shapes, while remaining spherical particles add to the
edges through oriented attachment (v). Finally, the mixture is quantitatively transformed
into crystalline Au nanoplates (vi). The observation of similar intermediate structures in
some nanoplate syntheses using chemical reducing agents and surfactants suggests that
oriented attachment likely plays a role under the latter conditions as well. Since we are not
equipped with a real-time transmission electron microscope, which is required to detect the
dissolution of small particles in the vicinity of larger ones, we cannot exclude the
importance of Ostwald ripening or kinetically directed atom-by-atom growth along
twinned planes in the nanoplate formation process.
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Figure 5.34: Schematic representation of the sequential steps leading to Au nanoplate
formation from strong field laser processing of [AuCl4]- solution. (i) Spherical Au seed
particles are formed within hours following irradiation. (ii) Contact between seed particles
at the correct crystallographic alignment results in oriented attachment, leading to (iii)
plate-like structures by 18 hours after irradiation. (iv) Upon addition of H2O2, aggregation
of small plates with additional seeds forms polycrystalline plates. (v) Recrystallization of
these plates, along with continued attachment of seed particles at their edges, leads to
crystalline nanoplates after 48 hours, with few remaining seed particles (vi).

The time-dependent TEM and UV-Visible spectroscopy performed in this section
during the post-irradiation reduction process reveals oriented-attachment of the spherical
seeds, followed by self-annealing to form crystalline triangles, as the primary mechanism
of platelet formation. Initiating particle growth without extrinsic chemical reducing agents
or surfactants permits determination of the growth mechanism. The surfactant-free Au
nanoplates produced by this method can be readily functionalized with a variety of target
molecules or surfactants for desirable applications in quantum electronics and biomedicine,
for example. The concept of laser-induced nucleation followed by in situ chemical
reduction represents a general methodology for high-yield production of shape-selected
nanomaterials, and provides a new means to control the nucleation event in nanoparticle
formation.
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5.2.5

The Effect of Reaction Parameters on Au Nanoplate Formation: Control

Studies in the Presence and Absence of Laser-generated Au Seeds
This section focuses on the effect of various reaction parameters on the final
product of laser-assisted synthesis of triangular Au nanoplates. The effect of laser
processing on Au nanoplate formation was investigated in a series of control studies on
non-irradiated and irradiated [AuCl4]- solution (0.125 mM) and are shown in Figures 5.35
through 5.40. Note that, 3.0 mL of aqueous [AuCl4]- solution (0.125 mM) contains 0.375
µmol of Au(III). Based on the reaction equation (1) presented below, 0.563 µmol of H2O2
is required to fully reduce all Au(III) species in the solution:
K+[AuIIICl4]- + 3/2 H2O2

Au0 + 3/2 O2 + 3 H+ + 4 Cl- + K+

(1)

Addition of 5 µL H2O2 (1M) to the non-irradiated [AuCl4]- solution (0.125mM) did
not result in any change in the electronic spectra of the solution recorded for 2.0 hours
(Figure 5.35). This amount of H2O2 (5 µmole) is ~10 fold more than the stoichiometric
amount of the reducing agent required to fully reduce all Au(III) species in the solution.
This observation shows that the reaction is kinetically inhibited, and the laser-generated
Au clusters efficiently catalyze the H2O2 reduction of [AuCl4]- species even at very low
concentrations (see the time-dependent UV-Visible spectra presented in Figure 5.22(A) in
section 5.2.4). This surface catalyzed reduction is reported to be more favorable than any
secondary nucleation in the solution, leading to the growth of laser-generated clusters in to
the Au seeds.
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Figure 5.35: The electronic spectra of [AuCl4]- solution (0.125mM) with 5 µL added H2O2
(1M) recorded at 5.0 minutes intervals for 120 minutes. The inset shows a 100X
magnification of the region between 400 nm and 900 nm comparable with the spectra
recorded in the presence of laser generated Au clusters shown in Figure 5.22(A) in section
5.2.4.

A series of [AuCl4]- solutions (0.125mM) were chemically reduced with different
amounts of added H2O2 (1M) to evaluated the effect of laser processing on the final Au
nanoplate product. The chemical reduction of the solutions were monitored by UV-VisibleNIR spectroscopy and are shown in Figure 5.36. The final AuNPs produced from chemical
reduction of [AuCl4]- by added H2O2 (1M) were characterized by using TEM (Figure 5.37).
Addition of 10 µmole H2O2 to the aqueous [AuCl4]- solution resulted in ~30% reduction
for the course of the 2 hours (Figure 5.36(A)). Although this amount of H2O2 is ~20 fold
more than the stoichiometric amount of the reducing agent, but in the absence of laser
processing the rate of the reaction is still very slow. Increasing the amount of H 2O2
significantly increased the rate of the reaction where the full reduction of the solutions with
20, 30 and 40 µmole of added H2O2 (1M) was observed after 150, 35 and 25 minutes,
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respectively (Figure 5.36(B-D)). Increasing the rate of the reduction by introducing more
H2O2 (e.g. 40 µmole) resulted in formation of a significant number of pseudo-spherical
(~100 nm) Au nanostructures as shown in the TEM images presented in Figure 5.37 (E,F).
Generally, it is known that a faster reduction rate produces more spherical shaped AuNPs
rather than planar structures. Slower rates of the reduction for example with 20 µmole of
H2O2, resulted in the formation of irregularly shaped large planar Au structures (Figure
5.37 (A,B)) which are not similar to the nanoplates produced by laser processing (see
Figures 5.26 and 5.27 in section 5.2.4). This set of control studies clearly shows that the
chemical reduction of [AuCl4]- solution by added H2O2 cannot produce Au nanotriangles
in the absence of laser processing.
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Figure 5.36: Time evolution of the electronic spectra for chemical reduction of [AuCl4]solution (0.125mM) with (A) 10 µL, (B) 20 µL , (C) 30 µL and (D) 40 µL added H 2O2
(1M). The full reduction for samples (B), (C) and (D) was observed after 150, 35 and 25
minutes following H2O2 (1M) addition. Sample (A) did not fully reduced after 120 minutes
recording the spectra. The inset shows ~100X magnification of the region from 190 nm to
1000 nm, and the spectra is recorded at 5 minutes intervals for all samples.
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Figure 5.37: Representative TEM images of Au nanostructures produced from chemical
reduction of [AuCl4]- solution (0.125mM) with 20 µL (A, B), 30 µL (C, D) and 40 µL (E,
F) of added H2O2 (1M).
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In a separate control study, H2O2 (7.6 mM) was slowly added to the non-irradiated
[AuCl4]- solution (0.125 mM), and the final product was compared with Au nanotriangles
produced from laser processing shown in section 5.2.4. Addition of H2O2 (7.6 mM) at
fixed rate of 5 µL/hour resulted in ~35% reduction over the course of 48 hours (Figure
5.38). The full reduction of the solution was observed after 72 hours, and the cuvette walls
became coated with a golden film indicating that the surface of the cuvette slightly
catalyzes the reduction process. The electronic spectra of the final product re-dispersed in
the solution exhibits a flat line extended throughout the visible region which is
characteristic of extra-large Au plate-like structures (inset of the Figure 5.38, red line).
TEM analysis of the sample (Figure 5.39) shows the final product is comprised of large,
irregularly shaped Au structures. The formation of such structures is attributed to the
limited number of nucleation events that occur at random times in the solution, leading to
formation of large particles with random sizes and irregular morphologies by atom-byatom deposition and aggregation. These control experiments collectively suggest that the
formation of Au clusters by laser processing is necessary for Au nanoplate formation, and
changing the rate of the reaction by varying the amount of H2O2 does not produce triangular
Au nanoplates.
To show that the slow addition of peroxide plays an important role in the final
product distribution 75 µL of H2O2 (7.6 mM) was added immediately following the 5.0
seconds laser irradiation step. Introducing the nearly stoichiometric amount of H2O2
following irradiation significantly increased the rate of the reaction and the full reduction
of the solution was observed after ~12 hours (Figure 5.40). The electronic spectra of the
final product exhibits an SPR band at 560 nm and one at >1100 nm, which correspond to
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spherical Au nanoparticles and triangular nanoplates, respectively. This control study
shows that the rate of post-irradiation reduction, which depends on the rate of H2O2
addition, determines the shape and purity of the final product.

Figure 5.38: Time evolution of the electronic spectrum of [AuCl4]- solution (0.125 mM)
without laser irradiation during slow addition of 7.6 mM H2O2 at a fixed rate of 5µL/hour
(comparable with the spectra shown in Figure 5.24 in the section 5.2.4). Full reduction of
the sample was observed 72 hours after the initial addition of H2O2. The inset magnifies
the spectral region from 200-900nm.
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Figure 5.39: Low (A) and high (B, C) magnification TEM images of Au nanostructures
produced from chemical reduction of [AuCl4]- solution (0.125 mM) with 7.6 mM H2O2
added at a fixed rate of 5.0 µL/hour for 48 hours for a total addition of 75 µL. The TEM
grid was prepared after reduction was complete, 72 hours after the first addition of H2O2.
(D) SAED pattern of Au the nanostructure shown in (C).
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Figure 5.40: Time evolution of the electronic spectra for [AuCl4]- (0.125 mM) solution
following 5.0 seconds irradiation and immediate addition of 75 µL of 7.6 mM H2O2. The
electronic spectrum is recorded for 12 hours at 10 minutes intervals until the full reduction
was observed. The inset magnifies the region from 300 nm to 1100 nm.

5.3

Summary and Conclusions
A new laser-assisted approach has been developed for facile high-yield synthesis

of triangular Au nanoplates without any added surfactant molecule. This approach relies
on rapid energy deposition by using shaped (SSTF), ultra-intense laser pulses to generate
Au seeds in aqueous [AuCl4]- solution, and slow post-irradiation reduction of un-reacted
[AuCl4]- species by using H2O2 as a mild reducing agent. Variation of the laser irradiationtime form 180 seconds to 5.0 seconds was successfully employed for tuning the shape of
AuNPs produced in the post-irradiation process from Au spheres (5-15nm) to a mixture of
spherical and triangular AuNPs with a significant amount of triangles with sizes larger than
100nm. Systematic studies performed on the effect of reactions parameters including the
metal salt concentration, laser pulse energy and irradiation-time reveals the potential of this
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approach for facile production of Au nanomaterials with morphologies ranging from pure
spherical nanoparticles to relatively pure nanotriangles. Formation of Au nanotriangles
observed at shorter laser irradiation-times (e.g. 5 seconds) is ascribed to the rate of postirradiation reduction process, which can be simply controlled by the amount of reducing
agent (H2O2) produced during laser irradiation.
The mechanism of Au nanoplate formation in the post-irradiation process was
investigated by using several methods such as real-time microscopy and UV-Visible-NIR
spectroscopy. Systematic studies performed at different stages of the nanoplate formation
shows that the oriented-attachment of laser-generated seeds plays a dominant role in highyield synthesis of Au nanotriangles. Elemental mapping analysis performed on the final
product of the synthesis shows that the nanotriangles produced by this method are
surfactant-free, and can be readily used for a variety of applications. Control studies
performed to evaluate the effect of reaction parameters revealed that the chemical reduction
of aqueous [AuCl4]- by H2O2 in the absence of laser processing do not lead to the formation
of Au nanotriangles. The control experiments performed in this chapter collectively
suggest that the rapid energy deposition to produce Au seeds is necessary for nanoplate
formation in our system, and the kinetic of the post-irradiation reduction process
determines the shape and purity of the final product. The innovations of this research
provide a fundamentally new synthetic route and class of reagents for synthesis of
surfactant-free Au nanotriangles for biomedical and sensing applications.
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5.4

Experimental Section

5.4.1

Materials
Potassium tetrachloroaurate(III) was used as obtained from Strem Chemicals. A

stock solution of aqueous [AuCl4]- was prepared from a weighed sample of KAuCl4, which
was then diluted with HPLC-grade deionized water (Fisher Scientific) to a concentration
of 0.125 mM, and a final pH of 3.0. Hydrogen peroxide (H2O2), certified ACS 30%, was
purchased from Fisher Scientific and diluted to the final concentration of 7.6 mM with
HPLC-grade deionized water.
5.4.2

Characterization and Analytical Techniques
Laser irradiation was performed using a titanium-sapphire-based chirped-pulse

amplifier (Coherent, Inc.) delivering 5 mJ, 35 fs pulses with bandwidth centered at 790 nm
at a 1 kHz repetition rate. Pulses were spectrally dispersed using a grating pair (1200 l/mm),
then focused with an f = 50-mm aspheric lens into a screw-capped quartz cuvette containing
3.0 mL of aqueous [AuCl4]- solution. The gratings act to spectrally disperse the pulse in
space and time. The laser pulse is simultaneously focused in space and time as the spectral
components of the pulse are recombined, and the temporal profile is restored when all of
the spectral components are spatially overlapped at the focal point (SSTF). The negative
frequency chirp introduced by the grating pair results in a 36 ps pulse duration at the focal
point in the sample.
A JEOL JEM-1400 transmission electron microscope (TEM) operating at an
accelerating voltage of 120 kV was used for low-resolution TEM imaging. The highresolution TEM measurements (HRTEM) and elemental mapping were performed by using
a FEI Titan3 G2 operating at 300 kV. The TEM grids were prepared by depositing 2µL of
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the aqueous dispersions on the formvar side of an ultra-thin carbon type-A 400 mesh
copper grid (Ted Pella Inc., Redding, CA) and the droplet was blotted and allowed to
evaporate under ambient conditions overnight. Electronic spectra of the solutions were
recorded on a Shimadzu UV-1800 spectrophotometer in 1-cm quartz cells. The UV-VisNIR spectrum of the Au nanoplate solution was recorded with HR-4000 and NIRQuest
(Ocean Optics) spectrometers in a 1-cm quartz cell. Scanning electron microscopy (SEM)
was performed using a FEI Quanta 450FEG SEM at a 65º tilt angle. SEM grids were
prepared by depositing a few droplets of the Au nanoplate solution on a polished Si(111)
wafer (Nova Wafers).
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