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Gold nanoparticles have been used in environmental remediation as catalysts through biological
and chemical redox reactions of many types of industrial waste including nitroarenes, organic dyes, carbon
monoxide, and others. These reactions occur in harsh environmental conditions (e.g. changing
temperature, presence of salts, extreme pH solutions) which requires robust nanoparticles that can keep
their activity and resist aggregation. This thesis describes the synthesis, characterization, and investigation
of the catalytic activity of gold-aryl nanoparticles. Gold–aryl nanoparticles (AuNPs-COOH) fabricated using
a mild reduction process of a molecular aryldiazonium gold(III) salt [HOOC-4-C6H4N≡N]AuCl4 showed high
stability in the presence of high ionic strength salt, acidic and basic pH values, commercial buffer solutions,
and moderate temperature range (20-90 °C). In addition, AuNPs-COOH showed resistance for ligand
exchange of the aryl organic shell on the gold core surface with alkane thiols.
The catalytic activity of the AuNPs-COOH was investigated by using two model reduction
reactions. First, the reduction of 4-nitrophenol (4-NPh) with sodium borohydride was studied. AuNPs-

COOH showed high catalytic activity (apparent rate constant, kapp = 2.26 x 10-2 s-1) and a relatively low Ea
(25 kJ mol−1) compared to reported literature values of other gold nanomaterials systems. The second
model reaction was the reduction of ferricyanide with sodium borohydride or sodium thiosulfate
catalyzed with AuNPs-COOH. In the presence of AuNPs-COOH as a catalyst the apparent rate constant of
the reduction reaction with sodium borohydride is kapp = 0.142 s-1 and with sodium thiosulfate kapp = 0.045
min-1. The catalytic reduction of ferricyanide showed decreased Ea in both reducing agent systems (20 kJ
mol-1 and 24 kJ mol-1 for NaBH4 and Na2S2O3, respectively) compared with the reported uncatalyzed
reactions (30 kJ mol-1 and 38 kJ mol-1, respectively). AuNPs-COOH showed an increase in kapp value through
multicycles reduction experiment in the Na2S2O3 system with formation of a gold-Prussian blue analogue
at the end.
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CHAPTER 1
GENERAL INTRODUCTION
1.1. Project motivation
Industrial wastewater is a major source of environmental pollution that causes negative effects to
the ecosystem and human life. There are two broad categories of industrial wastewater: inorganic waste,
for example from coal, steel, and electroplating industries; and organic waste from pharmaceuticals,
textiles, and organic dye production. For example, nitroarenes compounds are widely used in chemical
industry as intermediates in the production of plastics, dyes, and pesticides. The compound, 4-nitrophenol
(4-NPh) is an example of a toxic and hazardous material that can contaminate surface water and ground
water as a result of industrial waste from pharmaceutical factories and photodegradation of pesticides.1
Remediation of 4-NPh can be achieved by catalytic reduction to 4-aminophenol (4-APh; equation 1.1)
which has value as a starting material for different medicinal compounds e.g. paracetamol (see equation
1.2).

(1.1)

(1.2)

Interest in nanomaterials as catalysts for environmental remediation is due to the large surface area
and high reactivity. Because of their small sizes and high mobility in solutions, nanomaterials can be easily
dispersed in solution to scavenge pollutants and catalyze redox reactions in degradation methods.
Gold nanoparticles (AuNPs) present chemical and physical properties that differ from the molecular
and bulk forms of gold2 and they are attractive for catalysis due to the large number of active sites per

1

gold mass.3 For example, many industrial reactions that use AuNPs as a catalyst include; polymerization
of alkylsilanes,4 CO oxidation,5 and redox reactions for the preparation of organic compounds.6 These
applications have made AuNPs a potentially promising solution for treatment of waste organic pollution
compounds. To achieve this goal, AuNPs need to have good stability, for example in the presence of salt
and different temperatures, which can lead to aggregation and affect performance. Multiple approaches
have been developed to stabilize AuNPs in liquid phase conditions and conserve their catalytic activity by
functionalization with organic molecules. The steric stabilization mechanism is one method to prevent
nanoparticle aggregation in large molecules where polymers and surfactants are absorbed and act as
stabilizing agents on the gold surface.7,8 Another method used to stabilize the AuNPs is the electrostatic
repulsion method, where an electrical double layer of ions, provided by the starting materials in the
preparation steps surround the surface of the nanoparticles to control particle repulsion in the colloidal
solution.9
The stability of metal nanoparticles depends on the interaction between the surrounding organic
shell and the core metals in the colloidal solution. The shell layer protects the nanoparticles from
agglomeration and aggregation of the particles by preventing metal-metal interactions (see Scheme 1.1).

Scheme 1.1. Core/shell structure of AuNPs stabilized with different organic shell materials. (Reprinted with
permission from.10 Copyright 2019 American Chemical Society).

2

Aryldiazonium salts have been widely used to create organic shells on metal surfaces and
nanoparticles. They have been used as coupling agents for large organic compounds like polymers and
DNA to metal surfaces in many applications. The interaction between the aryl groups and the metal is very
robust and can withstand some harsh conditions like temperature changes and long-term sonication.
Electrochemical and spontaneous grafting methods with aryldiazonium salts have been reported to lead
to covalent interactions between the aryl groups and gold surfaces.11–14 The interaction between aryl
groups and metal surfaces has been widely investigated on other metal surfaces such as iron and
copper.15,16 These studies indicate the presence of both M–O–C and M–C bonds which were stabilized by
strong electronic coupling between the metal and organic film (see Figure 1.1).17

Figure 1.1. Binding of aryl ring to Cu substrate. (Reprinted with permission from.16 Copyright IOP Publishing).

In this thesis, we are applying the concept of the functionalization of the gold surface by arylcarboxylate moieties generated from a gold(III) aryldiazonium salt, with the goal of forming waterdispersed AuNPs with enhanced stability and reactivity as catalysts in two environmental redox model
reactions (Scheme 1.2). The first reaction studied is reduction of 4-NPh. This reaction is widely used for
evaluating catalysis by nanoparticles. The second reaction is the reduction of ferricyanide to ferrocyanide.
This reaction is used to study the electron transfer properties of nanoparticles in aqueous media.
3

Scheme 1.2. Research project outline illustrating preparation of Aryl-AuNPs and catalysis of the reduction of 4nitrophenol and ferricyanide.

1.2. Introduction to metal nanoparticles
Metals nanoparticles have been used since ancient times for various purposes especially in jewelry
and accessories.18 Gold (Au) sols can exhibit different colors depending on their environments. The
Lycurgus Cup is a famous example from Roman times of the use of colloidal gold and silver nanoparticles
dispersed over a glass material.19 According to the angle of illumination on the cup, it will appear as
different colors. Transmitted light gives a red cup and reflects light shows a green cup due to scattering.
The Purple of Cassius is another example of the use of gold particles mixed with tin oxides in a glass matrix
as a coloring agent.20 In medical purposes, colloidal gold sols were reported by Hans Heinrich in 1718 as
drinkable gold or "aurum potabile". In his article, he described the enhancement stability of gold sols by
using boiled starch in the potion’s preparation.21 Later, Michael Faraday documented scientifically the
preparation of a deep red colloidal gold nanoparticles solution by reducing chloroauric acid with
phosphorus in a two-phase system (water/carbon disulfide) which marked the beginning of systematic
modern studies on different metals colloids.22
In the 20th century, new methods for preparation of gold colloids were developed and reviewed.23–
26

Due to the unique electronic and optical properties of metal nanoparticles, a new era of research was

4

beginning to explore more details about preparation, size and shape control, characterization, and
applications of nanoparticles in different fields. In 1925, Richard Zsigmondy was awarded the Nobel Prize
for his work on the contribution of the heterogeneous nature of colloidal solutions. Also, Theodor
Svedberg won the Nobel Prize in 1926 for his fundamental studies on sedimentation properties of gold
sols by using many reducing agents and investigation of the chemical condensation mechanism of gold
particles in colloidal solutions.20
Currently, metal nanoparticles are widely used in a variety of academic research and industrial
applications such as electrical,27 drug delivery,28–30 bioimaging,31 power storage,32 catalysis,6,33–35
environmental,36,37 and many others. These applications led to advances and the development of new
synthetic strategies for metal colloids that can control nucleation and growth of nanoparticles in solution
to target the desired application. AuNPs represent one of the nanoparticle systems that have been studied
widely. Nanoscale gold particles exhibit optical and electrical properties that are distinct from molecularor bulk- gold which has made them popular in many research fields.38 AuNPs have found fertile ground
in sensors, optical, energy, environmental, and catalysis.39–42 In addition, AuNPs are biocompatible, and
they can be prepared in different sizes and coated with many target molecules in biomedical
nanotechnology applications.43–45
In catalysis, gold nanoparticles in the diameter range 1-100 nm are advantageous in heterogeneous
catalysis in comparison to the bulk surfaces due to the increase in surface area and active sites. In addition,
AuNPs were used frequently in a wide range of solution reactions including reduction of nitroaniline,46
oxidation of alcohols and alkanes,47,48 oxidation of CO,49 hydrogenation,47,50 water-gas shift,51 coupling
reactions52 and other organic reactions.53 As a catalyst, AuNPs need to maintain their structure and
efficiency during reaction conditions (e.g. changing temperature, pH, presence of salts, etc.) of these
solution reactions.
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1.3. Unique properties of gold nanoparticles
In the 1970s, gold nanoparticles supported on silica and alumina were used as catalysts for
hydrogenation and isomerization of olefins.54 These investigations indicated a promising catalytic activity
of gold metal in small nanoparticle size. AuNPs continued to be used in several reactions like oxidation of
carbon monoxide and hydrochlorination of acetylene that showed new catalytic performance of gold and
increased the potential applications in the heterogeneous catalysis field.55,56 Due to the focus on
performance and efficiency of AuNPs in catalytic applications, the particle size and stability of the
nanoparticles in reaction systems were investigated and methods to control these features were
developed by modifying the surface coverage.57
Nanoparticles can be classified according to their structure as simple nanoparticles made from a
single material or core/shell particles composed of two or more materials.58 A second type is when AuNPs
are supported on other surfaces like carbon nitride, alumina, carbon nanotubes, graphene, and others.59–
61

Figure 1.2 shows different core/shell nanoparticle shapes which consist of an inner material (core) and

outer layer (shell). These multiple material structures give more additive values for nanoparticle
properties by combining a wide range of different organic and inorganic materials. Depending on the end
application, core/shell structures can be built as organic/organic, inorganic/inorganic, organic/inorganic,
and inorganic/organic nanoparticles. Inorganic/organic particle structures are composed of metal, metal
oxide, or silica cores with an organic outer shell such as citrate, thiols, or polymers.62 The organic shell in
AuNPs can play a substantial role in the dispersibility and stability of the metallic core by preventing
aggregation of the nanoparticles that can be caused by the high surface energy of naked gold
nanoparticles.10 In many applications, the organic layer stabilizes the nanoparticles in suspension by
controlling the attractive and repulsive forces between the particles through electrostatic, steric
repulsions, or both methods combined. In general, the most common method reported for aqueous
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media is the electrostatic method and for organic media steric repulsion is commonly used to prevent
aggregation.

Figure 1.2. Different core/shell nanoparticles: (a) spherical core/shell nanoparticles; (b) hexagonal core/shell
nanoparticles; (c) multiple small core materials coated by single shell material; (d) nanomultilayers material; (e)
movable core within hollow shell material. (Reprinted with permission from.58 Copyright 2012 American Chemical
Society).

The electronic character of AuNPs is very important for the unique properties of the particles, e.g.
surface-enhanced Raman scattering,63 surface plasmon resonance,64 catalytic activity,65 and others. The
electronic properties depend on the ratio between the surface and inner atoms, which is directly related
to the particle size. As the particle size decreases, the ratio of surface to inner atoms increases leading to
an enhancement in the AuNPs reactivity and optical properties.
1.4. Gold nanoparticle synthetic methods
Core/shell nanoparticles can be synthesized by two main methods.58 First, the core particle is
prepared in situ by using a suitable reagent, then, more reactants are added to begin the formation of an
organic film on the core surface. The disadvantage of this method is that some impurities from the reagent
or the reaction media may be trapped between the core and the organic shell. In the second method, the
core particle is synthesized and separated from the preparation media, then, an organic surface
modification is used for the coating. This gives a purer core surface to grow the target organic shell on it
without impurities. Coating percent and uniformity also can affect the nanoparticles’ properties. In
achieving a high uniform organic coating of a metal surface, many techniques have been used such as;
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precipitation,66 polymerization,67 microemulsions,68 and sol-gel condensations.69 On the other hand,
controlling the uniformity and thickness of the organic layer is still challenging due to the agglomeration
of the core in the synthesis material, incomplete core surface coverage, control of the reaction rate, and
formation of shell material particles without the core.58
Turkevich, et al. first reported creating AuNPs from the reaction of hydrogen tetrachloroaurate with
citric acid as a reducing and stabilizing agent in boiling water.23 Further refinement of this method was
reported by Frens in 1973 by changing the gold to citrate ratio to prepare small spherical nanoparticles.24
Citrate stabilized gold nanoparticles can undergo ligand exchange with an alkane thiol to functionalize the
AuNPs, which disperses them in organic solvents and prevents aggregation.70 The Brust-Schiffrin method
was developed in 1994 to create AuNPs stabilized with alkanethiol disperse in organic solvent using a twophase procedure.71 In this method, sodium borohydride is used as reducing agent and
tetraoctylammonium bromide is used as a phase transfer reagent. Gold-thiolate nanoparticles are usually
dispersed and stabilized in organic solvents and cannot be used in aqueous catalytic reactions.
Phosphines are also used to stabilize and functionalize AuNPs surfaces. Schmid et al. used
triphenylphosphine (PPh3) and chloride to stabilize 1.4 nm A55 clustes.72 The synthesis starts with Ph3PAuCl
in benzene and toluene and requires a strong reducing agent (diborane) under anaerobic conditions. In
this process, byproducts like chlorinated boranes are produced and further purification steps are needed.
In 2000, Hutchison, et al. prepared gold phosphine nanoparticles by using a two-phase procedure with
sodium borohydride as a reducing agent for HAuCl473 (see Scheme 1.3). From this point, preparation
methods have been developed for gold phosphine nanoparticles which require phase transfer reagents,
more purification steps, and increases the number of solvents and reagents. Moreover, these types of
procedures provide some challenges for post functionalization of the nanoparticles with other target
capping ligands, such as amines and thiols for further applications.
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Scheme 1.3. Reaction pathway for preparation of gold phosphine nanoparticles. (Reprinted with permission from.73
Copyright 2000 American Chemical Society).

1.4.1. Aryl diazonium salts with gold nanoparticles
Aryl diazonium salts exhibit a strong affinity between the gold core and the outer organic shell,
which enhances the stability for the nanoparticles during prolonged sonication, and exposure to ambient
storage conditions.74 Aryls modify gold nanoparticles by several methods including spontaneous reduction
of aryldiazonium salts on gold surfaces, phase-transfer methods, and reduction of aryldiazonium salts in
the presence of gold salts.75 Modification of flat metal surfaces and nanoparticles by aryldiazonium salts
can be through direct metal-carbon interaction or by metal–diazenido–carbon bonding.76–78 To study the
mechanism of spontaneous grafting of aryldiazonium salts on metal surfaces, Mesnage et al. used several
spectroscopic techniques like IR and XPS to show that different grafting mechanisms occur on gold and
nickel surfaces.78 Mechanical anchoring, cationic, radical, and other mechanisms were proposed and
tested to investigate the formation of the aryl film on the metal surface. The results showed a direct
cationic reaction with the metal surface occurred which explained the presence of azo groups in the
organic film (see Scheme 1.4).
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Scheme 1.4. Proposed mechanism for the spontaneous grafting of aryldiazonium salts on gold substrate. (Reprinted
with permission from.78 Copyright 2012 American Chemical Society).

Mirkhalaf, et al. demonstrated a direct preparation method for gold and platinum nanoparticles
based on the reduction of a diazonium salt derivative. They produced nanoparticles that they described
as stabilized by the formation of aryl organic film by covalent metal-carbon bonds were which can be an
alternative to metal-nitrogen and metal-sulfur bonds in core/shell metal nanoparticles structures.12
McDermott, et al. demonstrated formation of aryl films on AuNPs by spontaneous reduction of
aryldiazonium salts and studied them with surface-enhanced Raman scattering (SERS).77 The study
showed that a nitrobenzene film forms on the AuNPs surface. The SERS spectrum was compared with
density functional theory (DFT) models to characterize the surface. Observation of a Au-C band at 412 cm1

confirmed the formation of a direct covalent bond between the organic film and the AuNPs surface

(Scheme 1.5).
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Scheme 1.5. Reaction scheme for the spontaneous adsorption of diazonium-derived nitrobenzene to 40 nm AuNPs
illustrating the proposed film structure on the surface of the nanoparticle. (Reprinted with permission from.77
Copyright 2011 American Chemical Society).

Metal-carbon surface modifiers can be generated using different methods other than diazonium
salts. Isocyanids organic films on metals by bonding through the lone pair localized on carbon.79 Nheterocyclic carbenes also are reported as metal modifiers through thermolysis, hydride reduction, and
ligand exchange mechanisms.80–82 Aryl ammonium, sulfonium, and oxonium salts have been used as
metals arylating agents for metal surfaces. But these exhibit some drawbacks such as low surface
coverage, and poorer dispersion compared to diazonium salts.83
1.5. Nanoparticles characterization methods
Metals nanoparticles can be characterized by chemical and physical parameters like chemical
composition, particle size, stability, surface charge, and others.84 It is important to understand the physical
and chemical properties of nanoparticles since this impact the activity in specific application fields i.e.,
biology, catalysis, sensing, etc. Figure 1.3 shows a list of the most common analytical methods used in
core/shell nanoparticles characterization.
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Characterization Techniques:
Chemical composition: MS, IR, NMR, EA.

Metal
Core

Total size: DLS, UV-vis, AFM.
Charge: Zeta potential, Electrophoresis.
Binding Strength: DSC, TGA.
Core size: SAXS, XRD

Figure 1.3. Characterization techniques of metal nanoparticles. Where, MS: mass spectrometry; IR: infrared
spectroscopy; NMR: nuclear magnetic resonance; EA: elemental analysis; DLS: dynamic light scattering; UV-vis:
ultraviolet-visible spectroscopy; AFM: atomic force microscopy; DSC: differential scanning calorimetry; TGA:
thermogravimetric analysis, SAXS: small angle X-ray scattering; XRD: X-ray diffractometry. (Reprinted with
permission from.84 Copyright 2013 Royal Society of Chemistry).

A widely used method for characterization of AuNPs is UV−visible spectroscopy. AuNPs larger than
2 nm in diameter have a localized surface plasmon resonance (LSPR) band in the wavelength range of 500600 nm, which is influenced by particle shape, size, and morphology.85 The LSPR band is due to the
oscillation of free electrons in the conduction band of AuNPs excited by the electromagnetic field from
the incoming light (see Figure 1.4-A). For particles less than 2 nm, the electron density in the conduction
band is low which gives rise to another absorbance pattern without a significant LSPR.86 Since the LSPR
band is sensitive to changes in particle size, many researchers use this phenomenon to determine the
particle diameter by measuring the wavelength and width of the LSPR band(see Figure 1.4-B).87 By solving
the Maxwell equations, Mie published an interesting work in 1908 to calculate the scattering and
extinction efficiencies of AuNPs from the LSPR band. Haiss, et al, extended Mie’s work to correlate the
experimental LSPR band of AuNPs with particle diameter in the 5 -100 nm range.88 The results showed
high agreement between the calculated and experiment particle size, which established the UV-vis
technique as a simple and fast method for determination of AuNPs size.
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Figure 1.4. (A) Schematic of plasmon oscillation for spherical nanoparticles. (Reprinted with permission from.86
Copyright 2003 American Chemical Society). (B) UV-vis absorption spectra of 9, 22, 48, and 99 nm gold nanoparticles
in water. (Reprinted with permission from..87 Copyright 1999 American Chemical Society).

In addition to particle size, the LSPR band is affected by changes in shape, which can be used to
determine restructuring and aggregation of nanoparticles.89 Aggregation is observed in the UV-vis as a
redshift and broadening of the LSPR band. Moreover, the nature of the ligand attached to the nanoparticle
surfaces can also affect the LSPR band by changing the electron density in the AuNPs leading to an increase
or decrease in the position of the LSPR band.90 Wang, et al. described the effect of dispersion solvent on
the LSPR band. They concluded that the increased dielectric environment of the medium surrounding the
charged nanoparticles could make a red shift in the LSPR band depending on the interaction between the
ligands on the nanoparticle’s surface and the solvent.91 In conclusion, UV-vis spectroscopy is a highly
important characterization method that can provide of critical information about the status of the AuNPs
by monitoring the LSPR band.
The hydrodynamic radius and size distribution of nanoparticles can be measured by the dynamic
light scattering (DLS). As a non-destructive, simple, and rapid technique, DLS is used to determine particle
size on nanoparticles in colloidal solutions.92 The DLS technique depends on the scattered light intensity
from large nanoparticles, therefore, it is not beneficial for smaller particles < 2 nm.93 This technique also
is very useful in the characterization of nanoparticles coated by large molecules like polymers, DNA, or
proteins since a change of hydrodynamic size in the solution can be used to detect the presence of the
organic shell on the nanoparticle surface.92
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Another common technique used in AuNPs characterization is transmission electron microscopy
(TEM). The structure and size distribution of metal clusters can be obtained by using the TEM method.94
TEM is widely used to study biological tissues and is useful to investigate morphological details combined
with chemical data. A potential drawback is that the core size of the AuNPs can be increased on the TEM
grid during sample drying.95 In addition, long exposure to the electron beam can cause coalescence and
rearrangement, which gives unclear results. Finally, the TEM instrument may not have a good resolution
for very small nanoparticles (<2 nm) due to poor contrast between the core and the organic shell.96
Another useful technique is Zeta (ζ) potential provides, which information about the net surface
charge and how the nanoparticles interact with the solution.97 ζ-potential can be used to determine the
stability of colloidal solutions as a function of temperature, pH, and the nanoparticles’ surface chemistry
components. The ζ -potential technique uses two electrodes to apply a potential in the colloidal solution
containing the nanoparticles which will move to the oppositely charged electrode and thus provides a
measurement of the electrophoretic mobility of the nanoparticles.98 Potential values between <-30 and
>+30 mV is indicative of stable colloidal nanoparticles. Zhang, et al. demonstrated the effect of adding
sodium borohydride and sodium chloride solutions on citrate-AuNPs colloids and examined the stability
of the AuNPs versus the amount of the salts added.99
Infrared (IR) spectroscopy can be used to study the presence of organic ligands on particle surfaces
and can provide information about the interaction between the metal and the stabilizing ligand shell. For
example, Park, et al. used IR spectroscopy with other characterization techniques to investigate the
structure of citrate adlayers on AuNPs.100 The FTIR analysis exhibited the presence of two binding modes
of the carboxylic acid group with an additional mode for free carboxylate exposed to the solution. These
results were used to propose the orientation of adsorbed citrate on the AuNPs surface as a combination
of η1-COO- and η2-COO- coordination. For aqueous samples, Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR) can eliminate interference from water in nanoparticle

14

samples.101 The difference here is the infrared beam path undergoes internal reflection from a high
refractive index crystal to penetrate the sample.
X-ray photoelectron spectroscopy (XPS) provides information about the nanoparticle's chemical
composition through surface analysis.96 Analysis of results can provide an overall molecular formula of the
particle. In addition, XPS can probe the type of interaction of the ligand or the shell with the metal core
by the energy peak shape and position.102 Young, et al. demonstrated a good example of using the XPS
technique to reveal the presence of Au(I) and Au(0) in AuNPs stabilized with N-heterocyclic carbenes(NHC)
ligands.103 A combination of Au(I) and Au(0) was observed in NHC-AuNPs compared with thiol-AuNPs,
which showed only Au(0) oxidation state. This supported the formation of a Au(I) monolayer surrounding
an Au(0) core for AuNPs synthesized from reduction of a histidine derivative of a gold(I) complex. Figure
1.5 shows the combination of the two-oxidation states of gold in the AuNPs-NHC compared with starting
complexes and AuNPs-thiol.

15

Figure 1.5. Normalized Au4f XPS narrow scan spectra of NHC-AuNPs and the complex. Raw data are shown as colored
scatter plots. Deconvolutions are shown in grey, resulting envelopes in color. (Where; 2L, 2D: haloaurate derivative
complexes, 3’-NP(L), 3’-NP(D): N-heterocyclic carbenes-AuNPs, and DDTAuNPs: dodecanethiol-stabilized AuNPs).
(Reprinted with permission from.103 Copyright 2019 Royal Society of Chemistry).

1.6. Stability of gold nanoparticles in aqueous catalytic systems
The stability of colloidal AuNPs is associated with the preparation method. In the wet chemical
synthesis method, the size and morphology of the AuNPs can be controlled by various parameters such
as the reactant chemical precursor, pH of the reaction media, temperature, and stabilizing agent.10 This
stability plays an important role in the catalytic activity of nanoparticles. The choice of the AuNPs
stabilizing agent, for example, which is adsorbed or covalently attached to the gold surface, affects critical
AuNPs properties like colloidal solubility, ligand exchangeability, biocompatibility, and activity after short
16

or long-term storage. Due to the high surface energies of gold in the nanoparticle size, AuNPs can lose
their size-dependent catalytic activity due to aggregation and adhesion. AuNPs are commonly synthesized
by Turkevich method reported in 1951 using acid with trisodium citrate to reduce tetrachloroauric acid
(HAuCl4).23 This one-step method is used frequently in many AuNPs preparations to tune the nanoparticle
size by controlling the concentration and addition of citrate reagent. Rahme et al. prepared AuNPs
functionalized with a polyethylene glycol-based thiol (PEG-S) polymer and compared them with AuNPscitrate in different particle sizes (5, 15, 30, and 60 nm).104 The authors focused on the concept that AuNPs
electrostatically stabilized with charged stabilizing agents as citrate ions have limitations due to lack of
their stability and fast aggregation in complex environments like biological media where the presence of
high salt concentration or changing pH values of the solution medium can occur. In this study, high ionic
strength media were used to examine the stability of these nanoparticles under physiological conditions
by NaCl. The position and shape of the LSPR band in the UV-vis spectroscopy were monitored to see the
effect of the salt on the nanoparticle structure. Figure 1.6 shows the high stability of AuNPs-PEG compared
to AuNPs-citrate. Exposure of the citrate stabilized AuNPs to a 0.157 M solution causes a redshift of the
LSPR band from ~520 nm to ~710 nm. With time the LSPR band also disappeared due to the aggregation
of AuNPs and precipitation from the solution. In contrast the AuNPs stabilized with the PEG polymer
resisted the high salt concentration up to 24 hrs.
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Figure 1.6. Effect of salt (0.157 M NaCl) followed by UV-visible spectroscopy. (a) AuNPs–citrate, (b) AuNPs–
PEG10800. The pictures of the colloidal solutions in the middle show the high stability of the PEG–AuNPs colloidal
solution in high ionic strength conditions, compared to AuNPs–citrate that are aggregated and precipitated.
(Reprinted with permission from.104 Copyright 2013 Royal Society of Chemistry).

On the other hand, using polymers and long-chain molecules as stabilizing agents for AuNPs can
reduce the catalytic activities of these nanoparticles. The increase of packing density of these molecules
on the AuNPs surface can block the active sites and inhibit the catalytic activity overall.105 Chen, et al.
exhibited the effect of the increment of a -CH2 group in the alkyl thiol chains used to stabilize AuNPs on
their catalytic activity of the reduction of 4-NPh as the alkyl chain lengthened using sodium borohydride
as a reducing agent.106 The results showed a decrease in the catalytic activity and an increase of induction
time in the redox reaction.
1.7. Thesis Objectives and Organization
This thesis describes the preparation of water-dispersed gold-aryl nanoparticles by reducing of a
carboxylic acid modified aryl diazonium gold(III) salt in aqueous solution, and investigation of the catalytic
activity of the gold nanoparticles in different model redox reactions.
The thesis is organized as follows, Chapter 2 presents the synthesis, separation, and characterization
of the aryl diazonium gold (III) salt ([HOOC-4–C6H4N≡N]AuCl4). The product was isolated and fully studied
by spectroscopic, thermal, and elemental techniques. The single-crystal X-ray diffraction study shows that
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the diazonium group was stabilized by multiple close contacts with four [AuCl4]− anions. The structure is
compared with other reported gold aryldiazonium salts.
Chapter 3 describes the one-step synthesis of the gold aryl nanoparticles (AuNPs–COOH) using 9Borabicyclo[3.3.1]nonane (9-BBN) as a reducing agent in aqueous media at room temperature. The 70 nm
nanoparticles are characterized and discussed in detail. The stability of the AuNPs-COOH was assessed as
a function of pH, salt concentration, and temperature. The nanoparticles show long-term stability under
the conditions studied. In addition, Density Functional Theory (DFT) calculations of an Au38–C6H4–COOH
model in Cs symmetry were used in the estimation of the gold–aryl binding energy.
Chapter 4 presents the investigation of the catalytic activity of AuNPs-COOH in an aqueous solution.
The reduction of 4-nitrophenol (4-NPh) by sodium borohydride served as a model reaction for AuNPsCOOH as a catalyst. The apparent rate constant (kapp) was determined by monitoring the decrease in
concentration of 4-NPh using UV-vis spectroscopy. The results show that the reaction depends directly on
the concentration of 4-NPh and the amount of the nanoparticle catalyst added to the reaction mixture.
The effect of different concentrations of sodium borohydride was also studied. These experiments show
enhancement of kapp with increasing concentration of the reducing agent. A normal kinetic isotope effect
gave indirect evidence for the formation of Au-H bonds on the surface of AuNPs-COOH. In order to obtain
the reduction kinetic parameters, the catalysis was performed at different temperatures (10-50 °C). The
initial activation energy, enthalpy, and entropy of activation for the reaction were determined. Induction
time and the influence of the order of addition of components were investigated, with two components
incubated for 5 min prior to addition of the third component. The results show that incubating the AuNPsCOOH catalyst solution with 4-NPh followed by the addition of NaBH4 decreases the induction time and
increases kapp. The AuNPs-COOH were able to be recycled, although aggregation of the nanoparticles was
observed by the TEM at the end of the reduction cycles.
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Another model redox reaction was used to measure the catalytic activity of AuNPs-COOH. Chapter
5 describes the reduction of ferricyanide to ferrocyanide by sodium borohydride using AuNPs-COOH as a
catalyst. The effect of changing the reducing agent was also studied by using sodium thiosulfate in place
of sodium borohydride. In the absence of the nanoparticles, the reduction reaction takes considerable
time to complete with both reducing agents. With the addition of AuNPs-COOH, the apparent rate
constant significantly increases. The kapp of reduction depends on the reducing agent’s concentration at
the borohydride and thiosulfate concentrations studied. The kinetic parameters were determined at 2545 °C temperature range. The activation energy was 20 kJ mol-1 and 24 kJ mol-1 for the reduction reaction
using sodium borohydride and sodium thiosulfate, respectively. The recyclability of AuNPs-COOH was also
studied. The Borohydride reaction showed a decrease in kapp due to nanoparticle aggregation through 9
reaction cycles. In contrast, in the thiosulfate reduction an increase in kapp was observed due to leaching
of gold(I) ions by S2O32- from the AuNPs-COOH which enhances the reduction reaction in each cycle. This
work demonstrates that the AuNPs-COOH can be used as efficient catalysts for electron transfer reactions
in an aqueous environment.
The appendices collect some published work during the completion of this project. Appendix A is
comprised of a manuscript published in Catalysis Science & Technology titled “Synthesis of water-soluble
gold–aryl nanoparticles with distinct catalytic performance in the reduction of the environmental
pollutant 4-nitrophenol”. Chapters 2-4 are based on this manuscript. Appendix B consists of a review
article titled, " Conceptual developments of aryldiazonium salts as modifiers for gold colloids and
surfaces" which is accepted for publication in Langmuir. This article summarizes the conceptual
development of recent studies of aryldiazonium salts including the catalytic application of our gold-aryl
nanoparticles in the reduction of 4-nitrophenol. Also, it focuses on surface modification of gold
nanostructures and flat surfaces and their applications in nanomedicine engineering, sensors, and energy,
and forensic science.
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF WATER-SOLUBLE ARYLDIAZONIUM GOLD(III) SALT
2.1. Introduction
Aryl diazonium salts are commonly used to modify metal surfaces by grafting organic films through
spontaneous and low potential electrochemical reduction reactions.78 Aryl diazonium salts can produce a
wide variety of organic functional groups coupled to surfaces such as carboxyl, boronic acid, amine, thiol,
and many others.75 In addition, biological compounds, like DNA and proteins, can be grafted to metal
surfaces and nanoparticles through reduction of diazonium salts.107–109 To understand the aryl grafting on
the surfaces, Pinson and co-workers studied the aryl radical attachment to glassy carbon electrodes.110 A
true covalent bonding was reported between the aryl ring carbon and the glass carbon substrate, which
is turned to be a critical factor for the robust properties of surfaces grafted with aryl diazonium salt.78
The difficulty of isolation, explosive nature, and instability at room temperature of diazonium salts are
drawbacks in the synthesis and purification process.111 As a result, diazonium salts are usually prepared in
situ without isolation in some target applications. The long-term stability of these compounds has been a
major concern for their use in nanoparticle surface modification. Development of aryldiazonium salts that
can be purified and isolated has played an important role in the progress of synthesizing nanoparticles
stabilized by aryl groups. For example, a method for stabilizing aryldiazonium salts was reported which
uses a polymer-supported diazotization agent in the presence of p-toluenesulfonic acid (see Figure 2.1).112

Figure 2.1. X-ray crystal structure with multiple close contacts between nitrogen atoms of arenediazonium cations
and oxygen atoms of tosylate anions. Reprinted with permission from.112 Copyright 2008 American Chemical Society.
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The tetrachloroaurate anion ([AuCl4]-) was reported as a good stabilizing agent of aryldiazonium
salt.13,113 In this work, the water-soluble aryldiazonium gold (III) salt ([COOH-4-C6H4N≡N]AuCl4) was
prepared by adding an aqueous solution of sodium nitrite to the 4-aminobenzoic acid dissolved in
concentrated hydrochloric acid at a temperature below 5 °C (see Scheme 2.1). Then tetrachloroauric acid
was added to replace the chloride ion through an ion exchange method. A full characterization of [COOH4-C6H4N≡N]AuCl4 is reported. This aryl diazonium salt is used in the preparation of gold nanoparticles. The
carboxylic acid functional group is important for making the nanoparticles water-soluble and preventing
aggregation. The work reported in this chapter is based on a published manuscript, “Synthesis of watersoluble gold–aryl nanoparticles with distinct catalytic performance in the reduction of the environmental
pollutant 4-nitrophenol”114 which can be found in Appendix A.

Scheme 2.1. Synthesis of aryldiazonium gold(III) salt [COOH-4-C6H4N≡N]AuCl4

2.2. Experimental
2.2.1. Chemicals and synthesis procedure
4-Aminobenzoic acid (99.1%, Chem Impex), HAuCl4.3H2O (>99.9%, Sigma-Aldrich), and sodium nitrite
(98.9%, Sigma-Aldrich) were used as received. All solvents used were reagent grade and used without
further purification.
The aryldiazonium gold(III) salt [HOOC‐4‐C6H4N≡N]AuCl4 was synthesized following previous published
procedures.113 4-Aminobenzoic acid (0.411 g, 3.00 mmol) was dissolved in 15.0 mL of 6.00 M HCl and
0.311 g (4.50 mmol) of NaNO2 was dissolved in 5.0 mL of DI water. Both solutions were kept at 0.0-5.0 °C.
The NaNO2 solution was added dropwise to the 4-aminobenzoic acid solution on an ice bath under
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continuous stirring for 1 h. HAuCl4.3H2O (1.182 g, 3.00 mmol) was dissolved in 10.0 mL DI water and added
slowly to the in situ formed aryldiazonium salt solution under vigorous stirring in an ice bath. A canary
yellow microcrystalline precipitate was formed and filtered, washed with 10.0 mL of cold DI water, dried
in air, and stored in the refrigerator for further use (0.879 g, Yield = 60%). The elemental analysis %found
(%calculated) for C7H5AuCl4N2O2.0.5H2O: %C = 16.88 (16.92), %H = 1.42 (1.22), %N = 5.84 (5.64).
2.2.2. Characterization
UV-vis spectra were measured using a Perkin Elmer Lambda 25 spectrophotometer in the 200-800 nm
range. ATR-FTIR analyses were carried out on solid samples using a Bruker ALPHA-P ATR spectrometer in
the 400-4000 cm-1 wavenumber range. 1H NMR spectra were recorded using a 400 MHz INOVA-NMR.
Chemical shifts are reported relative to the residual proton peak in CD3CN. A Renishaw Ramascope was
used for Raman measurements of solid samples. All Raman measurements were done at laser excitation
wavelength of 785 nm in the range 200-2400 cm -1. Elemental analysis was carried out by Galbraith
Laboratories, Inc., Knoxville, Tennessee, USA.
2.2.3. Single-crystal X-ray diffraction measurements (SC-XRD)
SC-XRD data for [HOOC-4-C6H4-N≡N]AuCl4 were collected using a Bruker D8 QUEST ECO diffractometer
with sealed tube source (Mo-Kα λ = 0.71073 Å) running at 50 mV/20 mA with a Photon 50 detector. A
crystal, grown in acetonitrile solution by slow evaporation at room temperature, was mounted using a
dual thickness MiTeGen Micro Loop. The crystal was kept at 296 K during data collection. Cell parameters
were determined and refined on all observed reflections. The resulting structure was solved by direct
methods using the APEX 3 suite of programs. Further refinement on the solved structure was done by
Olex2 (V1.2.10)115 using the SHELXL refinement package.116 All hydrogen atoms were calculated by the
software and finally refined. The compound was registered in the Cambridge Crystallographic Data Centre
(CCDC) (Refcode: KOVVOJ) in 2019.
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2.3. Result and discussion
Aryldiazonium salts stabilized with metal-based anions, i.e. [AuCl4-], were discussed in a previous work
where the compounds, [X-4-C6H4N≡N]AuCl4 (X: F, Cl, Br, I, CN, NO2),113 which are not water soluble, were
prepared and characterized. Synthesis of the water soluble aryldiazonium gold(III) salt [HOOC-4C6H4N≡N]AuCl4 occurs via diazotization of 4-aminobenzoic acid (Scheme 2.1), which produces a 60% yield.
1

H NMR characterization in deuterated acetonitrile indicates the absence of the amine protons at 4.79

ppm in the starting compound (Figure 2.2-A) and the aromatic ring protons are shifted downfield between
8 and 9 ppm (Figure 2.2-B). UV-vis spectroscopy study showed a new band for [HOOC-4-C6H4N≡N]AuCl4
at 294 nm with a shoulder due to [AuCl4-] (see Figure 2.3). The extinction coefficient at 294nm was
determined as 8.5 x 103 M-1 cm-1.

Figure 2.2. 1H-NMR spectrum of 4-aminobenzoic acid (A), and [HOOC-4-C6H4N≡N]AuCl4 (B) in (CD3CN).
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Figure 2.3. UV-Vis spectrum for HAuCl4 (0.246 M), and Diaz-Au (0.123M) in deionized water.

2.3.1. ATR-FTIR and Raman Study
The presence of the diazonium functional group was confirmed by ATR-FTIR at νN≡N at 2270 cm-1
(Figure 2.4-A). Moreover, the aryls νC=C at 1578 cm-1, νC=O at 1696 cm-1, and the νC-N at 1411 cm-1. Raman
spectroscopy measurements showed νN≡N at 2274 cm-1, νC=O at 1705 cm-1, and νC=C at 1590 cm-1. The
[AuCl4]- square planar anion shows two strong bands in the Raman at 345 and 320 cm-1 (Figure 2.4-B). The
IR and Raman data are consistent with literature values for similar compounds.111,113
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Figure 2.4. (A) ATR-FTIR of the aryldiazonium gold(III) salt showing the diazonium functional peak at 2270 cm -1, and
(B) Raman spectrum of the aryldiazonium gold(III) salt showing the diazonium functional and the [AuCl 4]- anion
peaks.

2.3.2. Single crystal X-ray (SC-XRD)
A well-shaped yellow crystal was obtained by slow evaporation of an acetonitrile solution of [HOOC4-C6H4N≡N]AuCl4 at room temperature. The crystal showed good stability with no evidence of
decomposition seen in the X-ray measurements. The ORTEP diagram is shown in Figure 2.5 and
crystallographic details and X-ray data are presented in Tables 2.1-2.2. Other X-ray diazonium salts
structures have been reported in last few decades.117–120 The N≡N distance of 1.079 (12) Å is similar to
other reported gold aryldiazonium salts and is consistent with a triple bond.113,121 Four [AuCl4]− ions
surround the diazonium group axis in a square-planar arrangement where the distances between the
outer N atom and Cl are 3.277, 3.297, 3.320, and 3.321 Å (see Figure 2.6).
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Figure 2.5. Model molecular structure of [COOH-4-C6H4N≡N]AuCl4 showing the close proximity of the chloroaurate
ion to the diazonium functional.
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Figure 2.6. Model molecular structure of [COOH-4-C6H4N≡N]AuCl4 showing the close proximity of the
tetrachloroaurate ion to the diazonium functional.

Figure 2.7. Packing model of [COOH-4-C6H4N≡N]AuCl4 in the unit cell.
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Table 2.1. Crystal data and structure refinement for [COOH-4-C6H4N≡N]AuCl4.

Empirical formula
Formula weight (g/mole)
Temperature (K)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (˚)
β (˚)
γ (˚)
Volume (Å3)
Z
ρcalc (g/cm3)
µ (mm-1)
F(000)
Crystal size/mm3
Radiation
2Θ range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [I>=2σ (I)]
Final R indexes [all data]
Largest diff. peak/hole / e Å-3

C7H5AuCl4N2O2.H2O
505.92
296.15
Triclinic
P-1
7.831(2)
7.931(2)
11.079(3)
97.173(15)
95.533(15)
96.097(15)
674.7(3)
2
2.490
11.690
465.9
0.249 × 0.213 × 0.127
Mo Kα (λ = 0.71073)
5.214 to 50.048
-9 ≤ h ≤ 9, -9 ≤ k ≤ 9, -13 ≤ l ≤ 13
6474
2370 [Rint = 0.0776, Rsigma = 0.0936]
2370/3/152
1.012
R1 = 0.0445, wR2 = 0.0838
R1 = 0.0770, wR2 = 0.0937
1.35/-2.00
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Table 2.2. Bond distances (Å) and angles (˚) for Diaz-Au salt.

Bond distances (Å)
Au1-Cl1
Au1-Cl2
Au1-Cl3
Au1-Cl4
O1-C7
N2-N1
O2-C7
N1-C1

2.275(3)
2.270(3)
2.285(3)
2.272(3)
1.195(13)
1.079(12)
1.317(12)
1.347(11)

C1-C2
C1-C6
C2-C3
C3-C4
C4-C7
C4-C5
C6-C5

1.3900
1.3900
1.3900
1.3900
1.470(12)
1.3900
1.3900

Bond angles (˚)
Cl2-Au1-Cl1
Cl3Au1-Cl1
Cl3-Au1-Cl2
Cl4-Au1-Cl1
Cl4-Au1-Cl2
Cl4-Au1-Cl3
C1-N1-N2
C2-C1-N1
C6-C1-N1
C6-C1-C2

179.74(12)
89.88(12)
90.16(11)
90.13(12)
89.83(11)
179.86(14)
177.1(13)
119.6(6)
120.4(6)
120.0

C3-C2-C1
C4-C3-C2
C7-C4-C3
C5-C4-C3
C5-C4-C7
O2-C7-O1
C4-C7-O1
C4-C7-O2
C5-C6-C1
C6-C5-C4

120.0
120.0
116.5(6)
120.0
123.5(6)
123.78(10)
112.9(10)
123.3(10)
120.0
120.0

In general, aryl diazonium salts have been reported to their explosive nature and intrinsic instability
at room temperature which made them difficult to isolate and purify.111 In order to avoid these drawbacks
and fulfillment of the safety regulations, [HOOC-4-C6H4N≡N]AuCl4 was isolated from the cold aqueous
media in the preparation step by simple filtration and air drying to avoid applying external temperature
that case a decomposition in the product. According to that, water molecules were clearly observed in
the characterization results. 1H-NMR of [HOOC-4-C6H4N≡N]AuCl4 shows clearly a broad band for H2O at
2.21 ppm in (CD3CN) solvent. In the SC-XRD model, water molecules are inherent in the crystal structure
and reported as two water molecules in each triclinic P-1 unit cell. Elemental analysis of the [HOOC-4C6H4N≡N]AuCl4 was found to be complementary with the other characterization techniques. Table 2.3
shows the suggested molecular formula of the aryldiazonium gold (III) salt collected. The experimental
results fitted more with the calculated values by adding water molecules to the structure which indicates
the presence of water molecules in product crystals.
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Table 2.3. Comparison between % found and %calculated elemental analysis results in presence of water molecules.
Molecular formula

%C

%H

%N

Δ%

C7H5AuCl4N2O2.0.0H2O

17.23

1.03

5.74

0.84

C7H5AuCl4N2O2.0.5H2O

16.92

1.22

5.64

0.44

C7H5AuCl4N2O2.1.0H2O

16.62

1.39

5.54

0.59

C7H5AuCl4N2O2.1.5H2O

16.33

1.57

5.44

1.10

C7H5AuCl4N2O2.2.0H2O

16.05

1.73

5.35

1.63

Experimental result

16.88

1.42

5.84

2.4. Conclusion
In conclusion, we have presented a new simple method for the preparation of and isolation of [HOOC4-C6H4N≡N]AuCl4. The diazonium salt was characterized by ATR-FTIR, Raman, UV-vis, elemental analysis,
and SC-XRD. The product shows good stability at room temperature for days compared to other reported
aryldiazonium salts. In addition, there is no crystal decomposition was observed for [HOOC-4C6H4N≡N]AuCl4 in SC-XRD measurement. The aryldiazonium gold (III) salt was stored in the refrigerator for
further usage in the preparation of the nanoparticles. The 1H-NMR of the aryldiazonium gold (III) salt dose
not showed any decomposition signals for more than a year refrigerator storage of the product.
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CHAPTER 3
SYNTHESIS AND CHARACTERIZATION, AND STABILITY OF WATER-DISPERSED GOLD-ARYL
NANOPARTICLES
3.1. Introduction
Gold nanoparticles (AuNPs) have been recognized as more effective catalysts than bulk gold, which
has made them a highly popular research subject in the last few decades.42 Different types of AuNPs have
been used in industry as catalysts for many reactions including the oxidation of CO, aerobic oxidation of
methanol, and production of monomers such as vinyl acetate and vinyl chloride.6,122,123
Water-dispersed nanoparticles have an essential role in new industrial applications like; catalysis,
nano-biomedicine, environmental remediation, and energy production.45,124,125 Water-dispersed
nanoparticles can enhance the development of green procedures in chemical synthesis and can be
separation easy from the reaction systems to produce purified products.126 To utilize the basic
characteristics of the nanoparticles, they must be highly stable and compatible with a variety of
environmental conditions. Due to the high surface energy of AuNPs, ligands such as amines, thiols,
phosphines, and N-heterocyclic carbenes have been used to prevent aggregation of the nanoparticles.
However, these stabilizer ligands may impede the catalytic activity of AuNPs for in some cases.
Surface modification by organic aryl layers by electrochemical or spontaneous reduction reactions of
diazonium salts have attracted significant attention.127 The aryl films formed on the metal surface are very
stable, and can withstand ultrasonic treatment, boiling in several solvents, and exposure to harsh
conditions for long time periods.127 In graphitic carbon surface modification by diazonium salts, evidence
for C-C covalent bonds between the aryl film and the carbon surface was obtained by Raman spectroscopy
and ion mass spectrometry.128,129 Also, XPS was used to study the aryl interface bond on Fe and Cu
surfaces.11,16
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Gold surfaces modified with aryl films have been reported via diazonium salts reduction.76,130–132 The
deposited aryl films show similar stability properties to films formed on a carbon surface. Nitrobenzene
films derived from diazonium salts on gold surfaces present strongly bonded behavior in comparison to
their analogues.76 These observations opened investigations for use of aryldiazonium salts in the
modification of AuNPs. F. Mirkhalaf and co-workers reported the synthesis of platinum and gold
nanoparticles in the presence of aryldiazonium salts and assumed that covalent metal-carbon bonds
provide excellent stability of the nanoparticles.12 M. T. McDermott, et al, reported that aryl films can be
grown on the surface of gold nanoparticles by spontaneous reaction with aryldiazonium precursors.77
Surface-enhanced Raman scattering showed the formation of a nitrobenzene film attached to AuNPs
surface from aryldiazonium salt reduction. In McDermott study, Au-C covalent bonds were observed and
modeled with density functional theory. Also, Au-C bonds were reported in modification of AuNPs with
aminophenyl groups using 4-aminophenyl diazonium cations in an aqueous medium.133
Several unique properties of AuNPs such as resistance to oxidation, inertness, and high
biocompatibility has led to their use in environmental and biomedical applications.10 The stability of
nanoparticles depends on how they are prepared. Stabilizing agents are used to prevent aggregation or
agglomeration of the nanoparticles. In biomedical applications, AuNPs must maintain their properties to
perform the desired function until they arrive at a site of action in the body within a complex matrix
containing salts, media of different pH, and buffer solutions. High ionic strength can affect the structure
of the nanoparticles and some stabilizing agents such as citrate or PVP have insufficient stability and can
degrade to produce cytotoxic compounds.134
This chapter describes the one-step preparation of water-dispersed gold-aryl nanoparticles (AuNPsCOOH) by the reduction of the aryldiazonium gold(III) salt, [HOOC-4-C6H4N≡N]AuCl4 using 9-BBN (Figure
3.1). The carboxylic acid functional group is important for dispersing the nanoparticles in water and
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preventing aggregation of the AuNPs. A full characterization in solution and solid state was reported by
ATR-FTIR, Raman spectroscopy, UV-vis spectroscopy, dynamic light scattering (DLS), thermal gravimetric
analysis (TGA), X-ray powder diffraction (XRD), energy dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS).

Scheme 3.1. Synthesis of diazonium gold(III) salt [COOH-4–C6H4N≡N]AuCl4 and the fabrication of gold–aryl
nanoparticles in water, 9-BBN is 9-borabicyclo(3.3.1)nonane.

Also, this chapter discusses the stability of AuNPs-COOH vs AuNPs stabilized by citrate ions (AuNPsCitrate) in different conditions. The presence of NaCl salt in nanoparticles media was used to demonstrate
the effect of the ionic strength on the AuNPs colloidal solutions. Moreover, the study continued to test
the stability of the nanoparticles by changing the pH of the surrounding media with NaOH, HCl, and
commercial buffer solutions. For thermal stability testing, the AuNPs-COOH stock solution was kept on a
water bath for 1h at different temperatures (20-90 °C). UV-vis spectroscopy was chosen to follow the
nanoparticle solution's stability by monitoring the LSPR peak of the studied colloidal AuNPs-COOH
solutions.
The robustness of the organic layer on the AuNPs surface was examined with a ligand exchange test
with 1-dodecanethiol (1-DoDT). Shiraishi, et al. report ligand exchange of benzoic acid, weakly adsorbed
of the surface of water-dispersed AuNPs, with 1-DoDT and transfer of the AuNPs to organic solvent.135
Here, we used the same procedure to investigate the stability of the organic layer on the surface of the
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AuNPs-COOH. A computational study of a AuNPs model, Au38-C6H4-COOH, containing a Au-C bond is
discussed. The Au-C bond distance and binding energy is compared with previously reported Au-S bonds
in gold thiolate nanoparticle models. This chapter is based on the published manuscript “Synthesis of
water-soluble gold–aryl nanoparticles with distinct catalytic performance in the reduction of the
environmental pollutant 4-nitrophenol”114 which can be found in Appendix A.
3.2. Experimental
3.2.1. Chemicals and synthesis procedure
[COOH-4–C6H4N≡N]AuCl4 was prepared as described in Chapter 2. 1-dodecanethiol (98%) was
purchased from Thermo Fisher, 9-borabicyclo(3.3.1)nonane (9-BBN, 0.5M in THF) was purchased from
Alfa Aesar, gold(III) chloride trihydrate (>99.9%) and sodium citrate dihydrate (>99%) were purchased
from Sigma-Aldrich, and pH buffer solutions package (4.01, 7.00, and 10.01) were obtained from Agilent
Technologies. All solvents were reagent grade and used without further purification.
3.2.2. Synthesis of gold-aryl nanoparticles (AuNPs-COOH)
[HOOC-4-C6H4N≡N]AuCl4 (0.031 g, 0.064 mmol) was dissolved in 30.0 mL of DI water and 0.270 mL
(0.135 mmol) of 9-BBN (0.5M in THF) was added dropwise to the salt solution. The reaction was vigorously
stirred for 2 h. The nanoparticles formed as a fine black powder and were purified using a 30 cm length of
dialysis tubing cellulose membrane of 25 mm width in 300 mL of DI water for three days at room
temperature. The AuNPs-COOH stock solution was stored in the refrigerator.
TGA, and XRD measurements were carried out in the chemistry department at the University of
Sharjah in UAE by collaboration with Dr. A. Mohamed, and XPS measurements were accomplished in
Institut de Chimie et des Matériaux Paris Est (ICMPE), Université Paris Est Créteil, France in collaboration
with Dr. M Chehimi. The solid AuNPs-COOH samples were prepared as follows. 0.480 g (0.984 mmol) of
the aryldiazonium gold(III) salt was dissolved in 60.0 mL of DI water and 4.2 mL (2.076 mmol) of 9-BBN
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was added dropwise with stirring to the aqueous solution over 30 min. The nanoparticles were formed as
a fine black powder. The solution was centrifuged at 6000 rpm for 10 min and washed with 10.0 mL of DI
water and then purified using 30 cm of dialysis tubing cellulose membrane of 25 mm width for three days
at room temperature in 400 ml DI water. Finally, the AuNPs-COOH were separated from the solution by
centrifugation at 6000 rpm for 10 min and stored in a desiccator.
3.2.3. Characterization
UV-Vis spectra were measured using a Perkin Elmer Lambda 25 spectrophotometer in the 200-800
nm range. ATR-FTIR analyses were carried out on solid samples using a Bruker ALPHA-P ATR spectrometer
in the 400-4000 cm-1 wavenumber range. A Renishaw Ramascope was used for Raman measurements of
solid samples. All Raman measurements were done at laser excitation wavelength of 785 nm in the scale
range 200-2400 cm-1. A Malvern Instruments Zetasizer 3000 HSa Particle Sizer was used for zeta potential
and particle size measurements. X-ray powder diffraction (XRD) data were collected by a Bruker D8
Advance diffractometer with Cu-Kα source (λ=1.5406 Å) operating at 40 kV tube voltage and 40 mA
current. Energy dispersive X-ray spectroscopy (EDS) were collected with map and point modes at 50 kV.
Thermal stability studies were recorded in air atmosphere using a Shimadzu TGA analyser at a scan rate
of 20 ˚C/min in the temperature range 25-500 ˚C in platinum pans.
3.2.4. Atomic absorption spectroscopy (AAS)
For AAS, gold standard solutions (0.5, 1.0, 1.5, 2.0 and 2.5 ppm) were freshly prepared by dissolving
HAuCl4.3H2O (>99.9%, Sigma) in deionized (DI) water to construct a calibration curve. A 10.00 ml stock
solution of AuNPs-COOH was digested overnight at room temperature in 4.00 mL of aqua regia solution
and then diluted to 100.00 mL with DI water. The AAS measurements were done by using a Perkin-Elmer
5100 atomic absorption spectrometer at 242.8 nm equipped with a gold Atomax Hollow Cathode lamp.
The concentration of the AuNPs-COOH stock solution was determined to be 0.095±0.020 mM.
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3.2.5. X-Ray photoelectron spectroscopy (XPS)
XPS measurements were recorded using a Thermo Scientific K Alpha X-ray Photoelectron
Spectrometer XPS system fitted within an Al-Kα X-ray source, monochromator of 400 µm spot sizes and
a flood gun for static charge compensation. The pass energy was set to 200 eV for the survey spectra
and 80 eV for the narrow regions. The elemental composition of the samples was determined using the
manufacturer sensitivity factors.
3.2.6. Synthesis of gold-citrate nanoparticles (AuNPs-Citrate)
AuNPs-Citrate were prepared by the Turkevich method.23 95.0 mL of 0.254 mM chloroauric acid
(HAuCl4) was refluxed and 5.0 mL of 0.034 M of sodium citrate solution was added to the boiling solution.
After 30 min, a ruby-colored solution was produced and left to cool to room temperature. This method
produced spherical nanoparticles with 20 nm average particle diameter. UV-vis measurements showed
an LSPR band at 525 nm for the AuNPs-Citrate solution.
3.2.7. Stability of AuNPs-COOH
Zeta potential and particle size measurements were done by Malvern Instruments Zetasizer 3000 HSa
Particle Sizer. For pH stability tests, an aliquot of the AuNPs-COOH stock solution (2.0 mL) was mixed with
an equal volume of solution ranging in pH from 1-13. UV-vis measurements were taken after 1 day of
incubation. To test stability in salt solutions, 2.0 mL aliquots of NaCl solutions (0.01, 0.10, and 1.00 M)
were mixed with equal volumes of the AuNPs-COOH stock solution and incubated for 30 min. For thermal
stability testing, the AuNPs-COOH stock solution was kept on a water bath for 1h at different temperatures
(20-90 °C). The LSPR peak was monitored by UV-vis for each set of experimental conditions.
3.2.8. Computational details
Computational investigations were carried out in Departamento de Química, Centro de Investigación
en Síntesis Química (CISQ), Universidad de La Rioja, Complejo Científico-Tecnoloǵico, Spain. The model
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system Au38-C6H4-COOH was fully optimized in Cs symmetry by using the exchange-correlation BP86 DFT
functional136 as implemented in the Turbomole v6.4 program package.137 The def-SV (P) basis set was used
for all atoms.138,139 Water was introduced in further single point DFT calculations using the COSMO
solvation model140 implemented in Turbomole.
3.3. Result and discussion
Use of aryldiazonium salts as surface modifiers and stabilizers for nanoparticles has recently been
reviewed.111,113 For AuNPs, several approaches have been described, including spontaneous reduction of
aryldiazonium salts on preformed gold nanoparticles, in situ formation of aryldiazonium tetrachloroaurate
salts in organic media under phase transfer conditions, followed by chemical reduction, and chemical
reduction of an aqueous solution containing [R-4-C6H4N≡N+], (formed in situ) with a five-fold excess of
HAuCl4.
AuNPs-COOH were prepared by chemical reduction of [HOOC-4-C6H4N≡N]AuCl4 with the reducing
agent 9-BBN141 in aqueous media at room temperature (Scheme 3.1). The nanoparticles were purified by
filtration through a dialysis tubing cellulose membrane. The resulting AuNPs-COOH stock solution can be
stored at room temperature and is stable for several months. Infrared and Raman data were measured
on solid samples obtained by evaporation of an aliquot of the AuNPs-COOH stock solution. Evidence of
the aryl shell is provided by observation of ν(C=O) at 1685 cm-1 and ν(C=C) at 1566 cm-1 in the infrared. The
absence of the diazonium band at 2270 cm-1 is also notable (Figure 3.1).
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Figure 3.1. (A) ATR-FTIR spectrum of AuNPs-COOH, and (B) Raman spectrum of AuNPs-COOH, showing the absence
of diazonium functional peak.

3.3.1. Particle size analysis
The particle size of AuNPs-COOH in aqueous solution was determined by using UV-vis spectroscopy
and dynamic light scattering. Figure 3.2-A shows the localized surface plasmon resonance (LSPR) peak at
542 nm for the AuNPs-COOH stock solution. Based on data provided by Haiss, et al., for the determination
of nanoparticle size based on scattering theory, the AuNPs-COOH are estimated to have a particle size of
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~70 nm.88 This is consistent with the particle size distribution determined by dynamic light scattering for
the AuNPs-COOH stock solution, which gives a narrow average particle size of 68.2 ± 0.4 nm (Figure 3.2B).
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Figure 3.2. (A) UV-Vis spectrum for AuNPs-COOH in water where LSP λmax is 542 nm, and (B) Particle size analysis for
AuNPs-COOH solution in water (average of 10 scans).

The particle/volume concentration also can be calculated from the total Au3+ concentration from the
AA study and particle size of the nanoparticles as below:
Where; Concentration of [Au3+] (CAu) = 95.0x10-6M
Particle radius (Rp)=34.1 nm= 34.1x10-9 m
Avogadro’s number (NA)=6.02x1023mol-1
Molar volume of gold (Vm)=10.3 cm3/mol= 1.03x10-5 m3/mole
▪

Nanoparticle volume (Vp)=(4/3)πRp3 = 1.66x10-22 m3

▪

Vp/Vm=1.61x10-17 Au/nanoparticle

▪

[(Vp/Vm). NA] = 9.69x106 Au/mole of nanoparticle

▪

[AuNPs-COOH] =CAu/[(Vp/Vm).NA]= 9.80x10-12 M
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3.3.2. Composition analysis
3.3.2.1. TGA, XRD, and EDS analysis
Thermoresponsive studies provided information to assess the organic shell percentage composition
and robustness of the Au-C bond in the AuNPs-COOH. For TGA experiments, the AuNPs-COOH were
isolated by repeated centrifugation and washing as described in the experimental. The TGA data show a
weight loss at 253°C corresponding to 45% organic shell (Figure 3.3-A). This is followed by negligible
weight loss in the temperature range 312-500 °C. The TGA data are consistent with the presence of a
dense and robust organic shell of the aryl functional on the gold core surface. The presence of gold was
confirmed using XRD, and EDS. XRD patterns exhibited intense peaks corresponding to (111), (200), (220),
and (311) Bragg reflections of face-centered cubic Au(0) (Figure 3.3-B). EDS analysis (Figure 3.4) displayed
a gold mass percentage of ~42% based on the average of two measurements, consistent with the TGA
results.
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Figure 3.3. (A) TGA measurement, and (B) XRD analysis of AuNPs-COOH.
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Figure 3.4. Two sites EDS study of AuNPs-COOH with Au= 42.2%, C= 44.2%, and O= 10.3% as average wt%.

3.3.2.2. X-Ray Photoelectron Spectroscopy (XPS) analysis
The XPS survey spectrum (Figure 3.5) displays Au4f (84-88 eV) and Au4d (336-352 eV) doublets, C1s
(285 eV) and O1s (533 eV) peaks. A B1s peak is centred at 193.4 eV and is tentatively assigned to a boron
salt or oxide such as B2O3. The Au4f7/2 peak is centred at 84 eV and is assigned to zero-valent gold.
Sampling depths of Au4p3/2 (~5.1 nm) and Au4d5/2 (~5.6 nm) are estimated using d= 3λcosθ where λ is the
mean free path of the core-electron in the aryl layer, and cosθ= 0.5 for particles, θ is the emission angle.142
It follows that the thickness is higher than the analysis depth of the core electrons Au4s and 4p (they are
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not detected) and only Au4d and Au4f electrons could escape from the top aryl layer. The Au4f7/2/Au4f5/2
peak intensity ratio is ~4/3 indicating that there is no other gold-containing compound or any other
oxidation state arising from incomplete gold(III) reduction (Figure 3.5 inset). The O1s is centred at 533.0
eV and could be due to a convoluted doublet arising from C=O and OH O1s peaks which are expected at
532.4 and 533.8 eV, respectively. The C1s peak is not symmetrical, exhibiting a shoulder at 289 eV assigned
to COOH groups (Figure 3.5 inset). An interesting feature in the survey region is the concave shape at the
higher binding energy side of the Au4d doublet and to a lesser extent between Au4f and B1s peaks. This
inelastic background shape is in line with a screened gold surface.143,144

Figure 3.5. XPS survey region of the AuNPs-COOH. Insets show narrow Au4f and C1s high resolution spectra.

3.3.3. AuNPs-COOH aqueous stability
Zeta potential (ζ-potential) is a measure of the electrostatic repulsion between charged particles in a
colloidal dispersion. A high ζ-potential is indicative of greater repulsive electrostatic forces between
nanoparticles that work against agglomeration and sedimentation.145 Figure 3.6 shows the ζ-potential
measurement for the AuNPs-COOH stock solution with an average maximum value −33.2 mV. This is
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consistent with gold nanoparticles dispersed in water by virtue of negatively charged carboxylate
functional groups on the surface of the nanoparticles.
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Figure 3.6. Average ζ-potential spectra of AuNPs-COOH dispersed in water at 25˚C.

3.3.4. Stability of AuNPs–COOH toward pH
The stability of the AuNPs-COOH was assessed as a function of pH, salt concentration, and
temperature. Prior preliminary studies reported long-term stability of AuNPs-COOH in different buffer
solutions in a wide range of pH, and in the presence of cationic polyelectrolytes.109,143 The initial pH of the
AuNPs-COOH stock solution prepared in this work is pH 4.7. At this pH we would expect approximately
30% of the carboxylic functional groups to be protonated (assuming a pKa of 4.2, like benzoic acid). The
pH of 2.0 mL aliquots of the AuNPs-COOH stock solution was adjusted by addition of NaOH or HCl. UV-vis
spectra were recorded after one day of incubation at each pH (Figure 3.7). There was little change in the
LSPR band in the pH range 4-13. Notably, the nanoparticles are stable under basic conditions which
normally occur in aqueous redox reactions in the presence of NaBH4 as a reducing agent. Below pH 4,
there is a decrease and red shift in the LSPR band and an increase in a broad absorption around 650 nm.
44

This is consistent with formation of some larger nanoparticles because of a decrease in electrostatic
repulsion as more carboxylate surface groups are protonated. However, the presence of the LSPR peak at
542 nm, even at pH 1, indicates excellent stability of the nanoparticles over a wide range of pH. In
comparison, for a AuNPs-Citrate solution, the LSPR band disappeared, and the color of the colloidal
solution was changed to colorless in pH 1-3 solutions. Figure 3.7-B shows the change in the decrease and
red-shift of the LSPR band at low pH due to aggregation of the particles in the nanoparticle solution.
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Figure 3.7. UV-vis spectra of A) AuNPs-COOH, and B) AuNPs-Citrate as a function of pH; each spectrum was recorded
after 1 day of incubation.

Three buffer solutions were also used to study the stability of the AuNPs-COOH solution. Acidic,
neutral, and basic media were applied for incubation of AuNPs-COOH solutions for 1 day. Figure 3.8 shows
the UV-vis spectra for AuNPs-COOH and AuNPs-Citrate after incubation in 4, 7, and 10 buffer solutions.
The red-shift and appearance of the second LSPR band in AuNPs-Citrate indicate that aggregation of the
nanoparticles has occurred. In general, AuNPs-COOH exhibit greater stability in pH medium buffer
solutions than the gold-citrate nanoparticles.

45

0.35

0.08

A)
0.06

4.01
7.00
10.01

0.30
0.25

0.05

Absorbance

Absorbance

B)

4.01
7.00
10.01

0.07

0.04
0.03

0.20
0.15
0.10

0.02

0.05

0.01
0.00

0.00
400

500

600

700

800

400

Wavelength (nm)

500

600

700

800

Wavelength (nm)

Figure 3.8. UV-vis spectra of A) AuNPs-COOH, and B) AuNPs-Citrate as a function of pH in commercial buffer
solutions; each spectrum was recorded after 1 day of incubation.

3.3.5. Stability of AuNPs-COOH toward ionic solutions
The stability of the AuNPs-COOH stock solution in 0.01M, 0.10 M and 1.00 M NaCl solutions was also
monitored by UV-vis. As the NaCl concentration increases, the colour of the nanoparticle solution changes
from light pink to colourless and the LSPR band at 542 nm decreases and red shifts slightly, concomitant
with an increase in a broad absorption near 700 nm (Figure 3.9-A). These changes are attributed to an
increased interaction of the nanoparticles with the ions of NaCl.146 Nanoparticles stabilized by small
organic charged molecules are reported to have less stability in high ionic strength solutions.104 In Figure
3.9-B, the AuNPs-Citrate aggregated completely which can be observed by the complete disappearance
of the LSPR band. In conclusion, these experiments suggest that the AuNPs-COOH are resistant to
aggregation, even in 1.00 M NaCl solution.
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Figure 3.9. UV-vis spectra of A) AuNPs-COOH and B) AuNPs-Citrate recorded after 30 min. incubation with varying
NaCl concentrations.

3.3.6. Stability of AuNPs–COOH toward temperature
Thermal stability of functionalized nanoparticles in aqueous solution is a critical aspect for practical
applications, especially in the environmental field.147 To probe the thermal robustness of the AuNPs-COOH
in water, the stock solution was monitored by UV-Vis in the temperature range 20-90˚C (Figure 3.10). An
increase in temperature is associated with a red shift and broadening of the LSPR for the gold
nanoparticles.148 The presence of the LSPR peak at 542 nm suggests that the AuNPs-COOH shows high
stability of the gold-organic shell at all studied temperature values.
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Figure 3.10. UV-Vis of aqueous solution of AuNPs-COOH at different temperatures.

3.3.7. Stability of AuNPs-COOH in 1-DoDT solution
Benzoic acid was used as a reducing and stabilizing agent in the preparation of AuNPs using
photoreduction.135 The benzoic acid organic shell on the surface of AuNPs can be displaced by ligand
exchange with 1-DoDT in toluene (see Figure 3.11). Following the same exchange method, a 2.00 mL of
AuNPs-COOH was stirred with 2.00 ml of toluene solution containing 1.0 mM 1-DoDT for 3 days. As shown
in Figure 3.12, the toluene layer remains colorless, and the aqueous layer maintains the purple color due
to the presence of AuNPs-COOH. This experiment suggests that the AuNPs-COOH resist ligand exchange
with alkane thiol, which indicates that interaction of the organic shell with the gold surface in AuNPsCOOH is stronger than the interaction of the alkane thiols with the gold surface.
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1 day

Figure 3.11. Transfer of AuNPs from water to toluene phase with 1-DoDT. (Reprinted with permission from.135
Copyright 2017 American Chemical Society).

toluene

water

Figure 3.12. AuNPs-COOH in water phase mixed with 1-DoDT toluene solution after 3 days.

3.3.8. Density Functional Theory calculations
Density functional theory (DFT) is a unique computational tool to gain insight into covalent bonding
energies and structures occurring at organic–inorganic interfaces.149 DFT-D3-BP86 optimization of a Au38C6H4-COOH model in Cs symmetry and the estimation of the gold-aryl binding energy was carried out on
by one of our collaborators, Prof. M. Monge, and Prof. J. López-de-Luzuriaga in University of La Rioja,
Spain. Figure 3.13 displays the optimized model system Au38-C6H4-COOH showing a Au-C distance of 2.04
Å, which is related to a binding energy of -59.2 kcal/mol. This result agrees well with the robust character
of the gold-carbon nanoparticles reported here. This value can be qualitatively compared to previously
reported results at the same level of theory (DFT) but using other DFT functionals and basis sets. For
example, the computed binding energy is stronger than that estimated for the thiol-protected Au38 NPs
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of about 50 kcal/mol at DFT-PBE level of theory.150 In this case the authors propose that the obtained
value is much larger than that computed at a Au(111) surface due to energetically unfavorable positions
of the gold atoms at the edges of the Au38 clusters compared to the ones at the Au(111) surface. A
comparable result, computed at DFT-B3LYP level, was also described by Berisha et al. in which the
dissociation energy (homolytic cleavage) of phenyl or tolyl groups from Au19 clusters of 34.4 and 34.3
kcal/mol in the gas phase is slightly larger than that of thiophenol of ca. 32.6 kcal/mol.151 Finally, our
obtained value is also larger than the one previously reported by Rodríguez-Castillo, et al. of ca. -34
kcal/mol for the binding of N-heterocyclic carbene ligands to Au38 clusters, computed at DFT-CAM-B3LYP
level of theory.152

Figure 3.13. Au38-C6H4-COOH model in Cs symmetry in DFT calculations.

3.4. Conclusion
We have shown that [HOOC-4-C6H4N≡N]AuCl4 can be used as a precursor for the preparation of
AuNPs-COOH by a one-step simple reduction method using the 9-BBN in water. The disappearance of the
azo band indicates the removal of the N2 group during the nanoparticles’ preparation step. Investigation
of the composition of AuNPs-COOH showed the presence of a high percent of organic mass compared
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with gold mass in TGA and EDS measurements, which suggests a multilayer structure of the organic arylfilm on the AuNPs surface.
The AuNPs-COOH are stable under conditions of varying pH, ionic concentration, and temperature.
The stability of AuNPs-COOH is also compared to AuNPs-Citrate. Analysis of the ζ-potential and surface
properties of the nanoparticles indicates the formation of a negatively charged organic shell on the gold
core surface. The formation of gold-carbon bonds on the surface of the nanoparticles is supported by DFT
calculations.
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CHAPTER 4
REDUCTION OF 4-NITROPHENOL BY SODIUM BOROHYDRIDE CATALYZED BY WATER- DISPERSED ARYLGOLD NANOPARTICLES
4.1. Introduction
Nitrophenols are considered as organic pollutants in industrial and agricultural wastewaters due to
their toxicity,153 anthropogenic and inhibitory nature.154 The 4-nitrophenol (4-NPh) reduction product, 4aminophenol (4-APh), has several applications such as an intermediate for photographic film sensors,
metal corrosion inhibitors155 and in manufacturing of analgesic and antipyretic drugs such as paracetamol
synthesis.156,157 To achieve this transformation of a nitroarene, metal catalysts such as silver, palladium,
and gold nanoparticles have been used to enhance the reduction reaction in aqueous media rather than
organic solvents to be applicable in the field.155,158 AuNPs in nitroarene reduction have unique properties
compared with other metal nanoparticles. For example, the catalytic activity of gold is observed only on
the nanoscale and directly depends on the particle size. AuNPs are active catalysts under mild conditions
and ambient temperature which make them valuable in environmental remediation and industrial
applications.159,160
This chapter describes the investigation of the catalytic activity of aryl-gold AuNPs-COOH in the
reduction of 4-NPh to 4-APh using NaBH4 as reducing agent. The reduction of 4-NPh is a frequently used
as model reaction, which is useful for making comparisons between different catalytic systems.159,161–163
The reaction does not take place without a catalyst and reduction of 4-NPh can be easily monitor by UVvis spectroscopy and produce only 4-APh, with no byproducts.155
In the presence of gold nanoparticles, AuNPs-COOH, the reaction follows pseudo-first order kinetic
behavior with excess NaBH4. The apparent rate constant (kapp) is used as the key kinetic parameter for
comparison throughout the study. The effect of the reactant and catalyst concentrations, and the kinetic
isotope effect by using sodium borodeuteride (NaBD4) were examined. The activation energy (Ea) is
calculated by studying the catalytic reaction at different temperatures. This chapter is based on the
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published manuscript “Synthesis of water-soluble gold–aryl nanoparticles with distinct catalytic
performance in the reduction of the environmental pollutant 4-nitrophenol”114 which can be found in
Appendix A.

4.2. Experimental
4.2.1. Chemicals
4-aminophenol (98%, Alfa Aesar), gold(III) chloride trihydrate (>99.9%, Sigma-Aldrich), magnesium
sulfate anhydrous (>99%, Sigma-Aldrich), 4-nitrophenol (99%, Acros Organics), sodium borodeuteride
(98% Acros Organics), and sodium borohydride (99%, Sigma-Aldrich) were used as received. All solvents
used were reagent grade and used without further purification.
4.2.2. Atomic absorption spectroscopy (AAS)
For AAS, gold standard solutions (0.5, 1.0, 1.5, 2.0 and 2.5 ppm) were freshly prepared by dissolving
HAuCl4.3H2O (>99.9%, Sigma) in deionized (DI) water to construct a calibration curve. A 10.00 ml stock
solution of AuNPs-COOH was digested overnight at room temperature in 4.00 mL of aqua regia solution
and then diluted to 100.00 mL with DI water. The AAS measurements were done by using a Perkin-Elmer
5100 atomic absorption spectrometer at 242.8 nm equipped with a gold Atomax Hollow Cathode lamp.
The concentration of the Au3+ in the stock solution was determined to be 0.095±0.020 mM.
Furthermore, the AuNPs-COOH concentration was calculated using (equ. 4.1).164
[AuNPs − COOH] =

3𝑉𝑚 [𝐴𝑢3+ ]
𝑁𝐴 4𝜋𝑅 3

(4.1)

Where Vm is the molar volume of gold of 10.3 cm3/mole, NA is the Avogadro’s number, and R is the
particle radius of 34.1±0.4 nm.
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4.2.3. Transmission electron microscopy (TEM)
The particle size and morphological structure of AuNPs-COOH were examined using TEM. TEM
samples were prepared by drop casting of a synthesized AuNPs-COOH dispersion onto 300 mesh Cu grids
covered with a carbon film, followed by solvent evaporation. TEM images were obtained using a Philips
CM10 transmission electron microscope with an accelerating voltage of 100 kV and a Gatan Orius camera.
The size distributions were obtained by image analysis with the ImageJ software package.
4.2.4. 4-Nitrophenol (4-NPh) reduction catalysis studies
4-NPh reduction kinetic experiments were performed using a PerkinElmer Lambda 25 UV-vis
spectrophotometer. A 0.02 mL aliquot of a freshly prepared solution 0.01 M 4-NPh, 0.60 mL of 0.10 M
NaBH4, and 0.88 mL water were mixed in a 4.0 mL quartz cell. UV-vis spectra were taken immediately
after the addition of 1.00 mL of the 1.22 pM AuNPs-COOH stock solution. The reaction progress was
monitored by the decrease in absorbance of 4-nitrophenolate at 400 nm as a function of time.
4.2.5. Isolation of 4-Aminophenol (4-APh) from the reaction mixture
The reduction reaction of 4-NPh by NaBH4 using AuNPs-COOH as catalyst was scaled up to isolate the
reaction product by solvent extraction.165 2.5 mL of 4-NPh (0.01 M) was added to 8.8 mL of deionized
water in a 50 ml conical flask. Then 15.0 mL of 0.50 M NaBH4 was added to the above mixture with stirring,
followed by 5.0 mL of the AuNPs-COOH stock solution. The reaction mixture was kept under stirring for
30 min until the yellow colour of 4-NPh disappeared. The colourless solution was acidified with 1.00 M
HCl to decompose all excess NaBH4, and then neutralized to pH 7 with 0.5 M NaOH solution. After that,
the reaction mixture was saturated with NaCl, followed by solvent extraction with diethyl ether (3× of
15.0 mL in each batch). The diethyl ether extracts were dried over anhydrous MgSO4. Finally, the dried
solution was evaporated completely to collect the isolated product as a pink powder.
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4.3. Result and discussion
Reduction of 4-nitrophenol with sodium borohydride is widely used as a model reaction for assessing
the catalytic activity of metal nanoparticles (eq. 4.2).155 The reaction is thermodynamically favourable, but
the activation barrier is large, hence a catalyst is required for the reaction to occur in a suitable time frame.
The reaction proceeds in aqueous solution at mild temperatures and can be easily monitored by following
the disappearance of the 4-nitrophenolate ion (generated under the alkaline conditions of the reduction
reaction) at 400 nm using UV-vis spectroscopy. 4-Nitrophenol is cleanly converted to 4-aminophenol and
the reaction follows pseudo first order kinetics when an excess of sodium borohydride is used. The
apparent catalytic rate constant (kapp) can be calculated from the decay of the 4-nitrophenolate peak (eq.
4.3), The apparent rate constant is a function of the true rate constant, the total surface area of the
catalyst, and the adsorption constants of the reactant.161 The apparent rate constant is a useful parameter
for comparing catalytic activity of different nanoparticle systems.155,161

(4.2)

Heterogeneous catalysis reactions can be described in general by two models, Eley-Rideal or
Langmuir-Hinshelwood (L-H) mechanisms, which propose different pathways for the adsorption process
of the reactant on the catalyst. In the Eley-Rideal model, only one of the reactants is adsorbed on the
surface of the catalyst without co-adsorption of the second reactant.166 In the case of the LangmuirHinshelwood model, the reaction takes place on the surface on the catalyst after adsorption of both
reactant molecules.167 Catalysis of 4-NPh reduction by gold nanoparticles is frequently modelled by the LH mechanism in which both BH4- and 4-NPh interact with the surface, followed by reduction of 4-NPh to
4-APh and then desorption of the product from the surface.155
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𝑑[4 − 𝑁𝑃ℎ]
= −𝑘𝑎𝑝𝑝 [4 − 𝑁𝑃ℎ]
𝑑𝑡

(4.3)

The following experiments were conducted to gain mechanistic insight into the reduction of 4-NPh
catalysed by AuNPs-COOH: evaluation of the apparent rate constant (kapp) and the dependence of kapp on
the concentrations of total gold in the AuNPs-COOH, 4-NPh, and NaBH4; the kinetic isotope effect
(kappH/kappD); the influence of the order of addition of components in the catalytic reaction on k app and
induction time; and the temperature dependence, including measurement of the apparent activation
energy.
4.3.1. Apparent rate constant, kapp
The reduction reaction was monitored by following the decrease in absorbance of 4-nitrophenolate
at 400 nm as a function of time (Figure 4.1). Freshly prepared aqueous solutions of 4-NPh and NaBH4 were
mixed in a quartz cuvette. A 1.00 mL aliquot of the AuNPs-COOH stock solution was added to the cuvette
and the absorbance vs. time data was collected. (Final concentrations: [4-NPh] = 80 µM, [NaBH4] = 0.024
M and [AuNPs-COOH] = 0.49 pM). The Turnover number (TON) for reductions of 4-NPh with NaBH4 was
calculated as follow:
Where; Concentration of [AuNPs-COOH]= 0.49x10-12 M
Concentration of [4-NPh]= 80.0x10-6 M
Particle radius (Rp)=34.1 nm= 34.1x10-9 m
Avogadro’s number (NA)=6.02x1023mol-1
Molar volume of gold (Vm)=10.3 cm3/mol= 1.03x10-5 m3/mole
Lattice constant for gold FCC unit cell (a)= 0.4079 nm= 4.079x10-10 m
▪

Nanoparticle volume (Vp)=(4/3)πRp3 = 1.66x10-22 m3

▪

Determine the core radius (R’=34.1-(0.4079/2)= 33.9 nm = 33.99x10-9 m)

▪

𝑉𝑐𝑜𝑟𝑒 = 3 𝜋(𝑅′)3 =1.63x10-22 m3

▪

𝑉𝑠ℎ𝑒𝑙𝑙 = 𝑉𝑝 − 𝑉𝑐𝑜𝑟𝑒 =3.00x10-24 m3

▪

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 = (4.079𝑥10−10 )3 = 6.79x10-29 m3

▪

𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠𝑖𝑛 𝑠ℎ𝑒𝑒𝑙 = 𝑉

4

𝑉𝑠ℎ𝑒𝑙𝑙
𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

= 4.42x104
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▪

Since the number of surface atoms per unit cell is 2, the total number of surface atoms is:

▪

Atomsin surface = 2 × Unit cellsin sheel = 8.84x104 atom/particle

▪

Concentration of [AuNPs-COOH]in the reaction:

▪

[𝐴𝑢𝑁𝑃𝑠 − 𝐶𝑂𝑂𝐻] =

▪

Concentration of Atomssurface (Active sites) in the solution (Atomssurface/L) is:

▪

[𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠] =

▪

𝑇𝑂𝑁 =

0.49 𝑥 10−12 𝑚𝑜𝑙𝑒 6.023 𝑥 1023 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑥
𝐿
1 𝑚𝑜𝑙𝑒

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
)
𝐿

= 2.95 𝑥 1011 (

2.95 𝑥 1011 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
8.84 𝑥 104 𝑎𝑡𝑜𝑚
𝑥
= 2.61𝑥1016 𝑎𝑐𝑡𝑖𝑣𝑒
𝐿
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
[4−𝑁𝑃ℎ].𝑁𝐴
(80.0𝑥10−6 )(6.02𝑥1023 )
=
= 1.85𝑥103
[𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠]
(2.61𝑥1016 )

𝑠𝑖𝑡𝑒/𝐿
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Figure 4.1. Reduction of 4-NPh with NaBH4 in the presence of AuNPs-COOH recorded for 5 min ([NaBH4] = 0.024 M,
[4-NPh] = 80 µM, and [AuNPs-COOH]= 0.49 pM); the time between each scan is 12 s; inset photos show reduction
reaction at time 0 and after 5 min, TON = 1.85x103.

The reaction begins after an induction time of approximately 60 sec (not shown). Figure 4.1 shows a
rapid decrease in the intensity of the peak at 400 nm, with complete disappearance of the yellow colour
within 5 minutes and concomitant appearance of a new peak at 300 nm assigned to 4-APh. The formation
of 4-APh was confirmed by comparison of 1H-NMR and UV-vis spectra of extracts taken from a reaction
carried out on a larger scale to spectra of authentic samples (see Figures 4.2, and 4.3).
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Figure 4.2. 1H-NMR spectrum (in DMSO-d6) of 4-APh extracted from reaction mixture (A), and an authentic sample
of 4-APh (B).
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Figure 4.3. UV-vis spectra of 4-APh extracted from the reduction reaction mixture and authentic 4-APh.

A control experiment established that there is no reaction of 4-NPh with NaBH4 in the absence of
AuNPs-COOH, as evidenced by no change in absorbance at 400 nm even after 4 days (Figure 4.4). Finally,
the LSPR band for the AuNPs-COOH remains constant in intensity (Figure 4.1) although there are slight
shifts in λmax (vide infra) during the reaction.
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Figure 4.4. UV-vis spectra of 4-NPh with NaBH4 mixture in the absence of AuNPs-COOH which that no reaction even
after 4 days, min ([NaBH4] = 0.024 M, and [4-NPh] = 80 µM).

The apparent catalytic rate constant (kapp) was evaluated by studying the reaction under pseudo-firstorder conditions, where the NaBH4 concentration was in large excess with respect to the 4-NPh and
catalyst concentrations.155,161 The kinetic equation can be written as ln(At/Ao) =-kappt, where Ao and At are
the absorbance values of 4-nitrophenolate at time 0 and time t, respectively. The rate of the reaction is
directly proportional to the concentration of the catalyst as is demonstrated by the linear relationship of
ln(At/Ao) vs time for different concentrations of AuNPs-COOH (expressed as concentration of total gold in
the solution; Figure 4.5). The apparent rate constants for each concentration of 4-NPh and gold were
obtained from the slopes of the lines in Figures 4.5, and 4.6 and these were used to construct a plot of
kapp vs. 4-NPh, and vs. total gold concentration in AuNPs-COOH.
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Figure 4.5. Plot of ln(At/Ao) vs. time for different concentrations of total gold. Data were taken from the initial portion
of the absorbance vs time curve following the induction time. ([NaBH 4] = 0.024 M, and [4-NPh] = 80 µM).
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Figure 4.6. Plot of ln(At/Ao) vs. time for different concentrations of 4-NPh. Data were taken from the initial portion
of the absorbance vs time curve following the induction time. ([NaBH 4] = 0.024 M, and [AuNPs-COOH] = 0.49 pM).

As the total gold concentration increases from 22.8-53.2 µM, kapp increases from (0.77-2.26) x 10-2 s-1,
at fixed concentrations of 4-NPh and NaBH4 (Figure 4.7-A). Similar plots of ln(At/Ao) vs time for different
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concentrations of 4-NPh (40-120 µM; see Figure 4.6) lead to the results shown in Figure 4.7-B. As shown
in Figure 4.6, the reaction is first order in [4-NPh] when using a large excess (200-600X) of [NaBH4]. The
molar ratio of NaBH4 to 4-NPh appears to influence the reaction kinetics in other related systems. For
example, Fedorczyk, et al. report first order kinetics for reduction of 4-NPh catalyzed by Au nanoparticles
dispersed in a polymer matrix when the NaBH4:4-NPh molar ratio is above 450 and zero order kinetics for
molar ratios below 300.168
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Figure 4.7. (A) Dependence of kapp on the concentration of AuNPs-COOH under fixed concentration of NaBH4 (0.024
M) and 4-NPh (80 µM) in the catalytic reduction of 4-NPh by NaBH4 and (B) Dependence of kapp on the concentration
of 4-NPh under fixed concentration of NaBH4 (0.024 M) and Au3+ (38.0 µM; concentration of total gold in AuNPsCOOH) in the catalytic reduction of 4-NPh by NaBH4. Error bars are one standard deviation of 3 trials.

In contrast to the direct relationship of kapp with catalyst concentration, there is an inverse relationship
between kapp and the 4-NPh concentration. In other words, as the concentration of 4-NPh increases, the
rate of the reaction decreases. This is consistent with the Langmuir-Hinshelwood mechanism for a
heterogeneously catalysed reaction. As the concentration of 4-NPh increases, for a constant amount of
AuNPs-COOH, the active sites on the catalyst surface become saturated. Since the reduction of 4-NPh
occurs at the surface in the L-H mechanism, when fewer sites are available, the rate of the reaction
decreases for higher concentrations of 4-NPh.
Table 4.1 shows a comparison of apparent rate constants for the 4-NPh reduction in the presence of
gold nanoparticle catalysts selected from the literature. Since we are using the total concentration of gold
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in the stock solution of AuNPs-COOH as an expression of catalyst concentration, and the total surface area
of our gold nanoparticles has not been determined, we chose to compare examples from the literature
that included information about total gold concentration. This comparison demonstrates that in general
AuNPs-COOH are an effective catalyst for 4-NPh reduction, which is especially noteworthy given the
relatively large particle size.169 For example, a comparison of our AuNPs-COOH with the similarly sized
gold nanoparticles in entry 5, reveals that AuNPs-COOH are more active at a lower ratio of total gold to 4NPh.
Table 4. 1. Comparison of 4-NPh reduction by various gold nanoparticles catalysts from the literature.
No.
1
2
3
4
5
6
7
8

Supports or stabilizers
Caffeic acid
N,N-Dimethyl formamide
Mesoporous carbon
Glycodendrimers
PVP nanogel
Fe3O4@Au/MIL-100
Magnetically recoverable
AuNPs-COOH

[4-NPh]a
(x 10-4 M)
1
1
1.9
6.2
0.32
0.83
2
0.80

[NaBH4]a
(x 10-2 M)
1.0
20
6
5.0
0.47
0.7
0.06
2.40

[Au3+]a,b
(x 10-4 M)
0.5
0.015
10.20
1.2
0.50
2.1
1.7
0.53c

[Au]/[4-NPh]
0.5
0.015
5.37
0.2
1.6
2.58
0.8
0.66

Particle size
(nm)
38.61 ± 6.21
~0.7
2.6 ± 0.4
65
2-3
3.14
68.2 ± 0.4

kapp
(x 10-2 s-1)
0.573
1
0.57
0.65
0.12
0.43
0.68
2.26 ± 0.12

aMolarity

of the final volume of solutions.
some literature, [Au] is based on the initial molarity of HAuCl4.3H2O used to synthesize AuNPs.
c[Au3+] measured by atomic absorption spectroscopy (see experimental section).
bIn

4.3.2. Kinetic Isotope Effect
The kinetic isotope effect (KIE) was measured by carrying out the 4-NPh reduction reaction using
NaBH4 and NaBD4 as reducing agents. Figure 4.8 shows the dependence of kapp on the concentration of
NaBH4 (red squares) and NaBD4 (blue squares) in the reduction of 80 M 4-NPh catalyzed by AuNPs-COOH
([Au3+]=38.0 µM). There is an increase in kapp as the concentration of BH(D)4- increases, and it appears to
level off at higher concentrations. The data shown in Figure 4.8 is consistent with the L-H model, which
predicts that BH4- and 4-NPh compete for surface sites on AuNPs-COOH; at some point, when the
concentration of BH4- is too high, the surface has more H- and not enough sites are available for 4-NPh to
bind, which decreases the rate of reaction. For all concentrations studied, kappH/kappD ≥ 1, which is
indicative of a normal isotope effect. At the concentration of NaBH4 (24 mM) used throughout this study,
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the ratio kappH/kappD = 1.71±0.08, which is in line with the KIE measured by Lykakis, et al. for the reduction
of 4-NPh catalyzed by gold nanoparticles supported on mesoporous titania and is consistent with B-H(D)
cleavage occurring prior to in the rate determining step to form Au-H(D) bonds on the surface.177
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Figure 4. 8. Dependence of kapp on the concentration of NaBH4 and NaBD4 under fixed concentration of AuNPs-COOH
([Au]= 38.0 µM) and 80 µM of 4-NPh; error bars are one standard deviation of 3 trials

Indirect evidence for the formation of Au-H bonds on the surface of AuNPs-COOH is obtained by
monitoring the LSPR band during the reaction. Figure 4.9 shows a plot of λmax for the LSPR of the AuNPsCOOH (red squares) vs. the absorbance of 4-nitrophenolate (blue circles) over the course of the reaction.
During the induction time (176 sec) the LSPR peak undergoes a blue shift from 542 to 535 nm. The increase
in scatter of the data when the reduction reaction begins is likely due to the rapid formation of hydrogen
gas in solution.
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Figure 4.9. Absorbance of 4-NPh- at 400 nm (•), and AuNPs-COOH LSPR peak (▪) as a function of time; [NaBH 4] =
0.024 M, [4-NPh] = 80 µM, and [AuNPs-COOH]= 0.49 pM). The dashed line indicates the end of the induction time.

The initial blue shift (from 542 to 535 nm) in the LSPR band during the induction period is consistent
with the literature, which attributes a blue shift to a combination of increasing electron density on the
nanoparticle surface as BH4- reacts to form Au-H bonds and restructuring of the surface by migration
and/or desorption of the stabilizing ligand shell.105,178 DFT calculations on AuNPs-COOH (vide supra)
predict the Au-C binding energy (-59.2 kcal/mol) to be lower than Au-H bond, reported to be between 70.6 and -74.3 kcal/mol.179 The calculational result is compatible with the experimental observation of a
blue shift in the AuNPs-COOH LSPR peak and the assumption of a degree of migration/desorption of the
aryl layer from the gold surface.90

4.3.3. Induction time (t0)
There are several possible explanations for the occurrence of an induction time, characterized as t0,
in the reduction of 4-NPh catalyzed by a metal surface. It has been attributed to a diffusion barrier in the
catalytic reaction, or alternatively it is the time in which restructuring of the catalyst occurs to render the
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surface active.167,180,181 Figure 4.10 shows plots of induction time (t0, in s) as a function of increasing
concentrations of 4-NPh, AuNPs- COOH, NaBH4 and NaBD4. The order of addition of components was done
in the “standard” way, i.e. NaBH4 with first mixed with 4-NPh followed by addition of AuNPs-COOH. The
induction time decreases with an increase in AuNPs-COOH concentration (Figure 4.10-A) and
NaBH4/NaBD4 concentration (Figure 4.10-C), while the induction time is independent of the 4-NPh
concentration, within the error of the experiment (Figure 4.10-B). These experiments are consistent with
an interpretation of activation and restructuring of the catalyst surface during the induction time rather
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Figure 4.10. Induction time measurements for reduction of 4-NPh as a function of increasing concentrations of (A)
AuNPs-COOH ([4-NPh]= 80 µM and [NaBH4]= 24 mM), (B) 4-NPh ([Au]= 0.49 pM and [NaBH4]= 24 mM), and (C)
NaBH4, NaBD4 ([Au]= 0.49 pM and [4-NPh]=80 µM). Error bars are one standard deviation of 3 trials.
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4.3.4. Influence of order of addition of components
The effects of the order of addition of 4-NPh, NaBH4, and AuNPs-COOH on kapp and induction time (t0)
were investigated. Two components were incubated for 5 min prior to addition of the third component.
The concentration of gold is estimated to be > 60 μM for this set of experiments. The reaction was
monitored by following the disappearance of the 4-nitrophenolate peak at 400 nm in the usual manner
(Figure 4.11).
1.6
P1(4-NPh + NaBH4) / AuNPs-COOH
P2( NaBH4 + AuNPs-COOH) / 4-NPh
P3(4-NPh + AuNPs-COOH ) / NaBH4

1.4

Absorbance

1.2
1
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0.4
0.2
0
0

10
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Time (min)
Figure 4.11. Reduction of 4-NPh catalysed by AuNPs-COOH with different reactant addition sequences. The first two
components enclosed in parenthesis in the figure legend were incubated for 5 min prior to addition of the third
component. Monitoring of the reaction began immediately upon addition of the 3 rd component by measuring the
absorbance vs time for the 4-NPh peak at 400 nm; [NaBH4] = 0.024 M, [4-NPh] = 80 µM, and [Au3+]= >60µM.

For the “standard” order of addition, i.e. incubation of 4-NPh (80 μM) with NaBH4 (24 mM) followed
by addition of the AuNPs-COOH catalyst solution the induction time is 19.8 ± 1.5 s and kapp = 0.041 ± 0.006
s-1 (Table 4.2, middle row). Incubating the AuNPs-COOH catalyst solution with NaBH4 followed by addition
of 4-NPh increases the induction time by a factor of 3-4 and decreases the apparent rate constant by a
factor of 20 (Table 4.2, bottom row). This is consistent with the L-H model, which predicts that as more of
the active sites on the gold nanoparticles are filled by hydride, there are fewer sites available for
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adsorption of 4-NPh, increasing the induction time and decreasing kapp of the reaction. It is important to
note that the AuNPs-COOH stock solution is stable for up to 24 hours when incubated with a solution of
NaBH4. The LSPR peak blue shifts as described above, but the nanoparticles do not undergo aggregation,
which would be expected to occur if formation of Au-H bonds on the surface induced desorption of a
significant amount of the organic shell.
Conversely, incubating the AuNPs-COOH catalyst solution with 4-NPh followed by addition of NaBH4
decreases the induction time to 12.2 ± 1.4 s and increases kapp to 0.108 ± 0.014 s-1 (Table 4.2, top row).
There is no shift in the LSPR band when a solution of AuNPs-COOH is incubated with 4-NPh, which suggests
that 4-NPh does not induce significant restructuring of the catalyst surface. However, there may be some
type of weak interaction between 4-NPh182 that makes the catalysis more efficient since the reaction
begins more quickly (shorter t0) and proceeds rapidly (higher kapp) when NaBH4 is added.
Table 4.2. Induction time and kapp for reduction of 4-NPh catalyzed by AuNPs-COOH with different reactant addition
sequences.
Induction time (s)

kapp (s-1)

(4-NPh + AuNPs-COOH) / NaBH4

12.2 ± 1.4

0.108 ± 0.014

(4-NPh + NaBH4) / AuNPs-COOH

19.8 ± 1.5

0.041 ± 0.006

(AuNPs-COOH + NaBH4) / 4-NPh

67.6 ± 7.8

0.002 ± 0.009

Component’s addition order

4.3.5. Temperature effect
The influence of temperature on the reaction was studied to determine activation parameters for the
reduction of 4-NPh catalyzed by AuNPs-COOH. The reaction was carried out at five different temperatures
between 10 and 50°C. An increase in temperature results in a decrease in induction time (Figure 4.12)
presumably because adsorption of BH4- and restructuring of the AuNPs-COOH surface is enhanced at
higher temperatures.
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Figure 4.12. Induction time for reduction of 4-NPh reaction at different temperatures; [NaBH4] = 0.024 M, [4-NPh] =
80 µM, and [AuNPs-COOH]= 0.49 pM; error bars are one standard deviation of 3 trials.

Activation parameters for the reduction reaction in the presence of AuNPs-COOH catalyst were
calculated using the Arrhenius (equ. 4.4) and Eyring equations (equ. 4.5) where Ea is the apparent
activation energy; kapp is the apparent rate constant, T is the absolute temperature, kB is Boltzmann’s
constant (1.381 x 10−23 J K−1), h is Planck’s constant (6.626 x 10−34 J s), ΔH# is the activation enthalpy, ΔS# is
the activation entropy and R is the ideal gas constant (8.314 J K−1 mol−1).
𝐸
ln 𝑘𝑎𝑝𝑝 = ln 𝐴 − ( 𝑎 )
𝑅𝑇

(5.4)

𝑘𝑎𝑝𝑝
𝑘
∆𝑆# ∆𝐻# 1
ln (
) = ln ( 𝐵 ) +
−
( )
𝑇
ℎ
𝑅
𝑅 𝑇

(5.5)

Plots of ln kapp vs 1/T and ln(kapp/T) vs 1/T for the 4-NPh reduction catalyzed by AuNPs-COOH are
shown in Figure 4.13-A and B, respectively. The apparent activation energy for the reaction is 25 kJ mol−1,
the reaction is endothermic (∆𝐻# = 23kJ mol−1) and the entropy is negative (∆𝑆# = −166 J mol−1 K−1). Table
4.3 compares apparent activation energies for the 4-NPh reduction catalyzed by other gold nanoparticle
systems. The relatively low apparent activation energy is consistent with the enhanced catalytic activity
observed for the AuNPs-COOH nanoparticles.
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Figure 4.13. (A) ln kapp vs 1/T graph for 4-NPh (Arrhenius Eq. (5.4)), and (B) ln(kapp/T) vs 1/T graph (Erying Eq. (5.5))
by AuNPs-COOH. (Reaction conditions: [4-NPh] = 80 µM, [AuNPs-COOH] = 0.49 pM, [NaBH4] = 0.024 M); Error bars
are one standard deviation of 3 trials.
Table 4.3. Summary of reported examples and our present work involving in catalytic system and activation energy.
No.

Catalytic System

Ea (kJ mol-1)

Ref.

1

Au/carbon mesoporous

86.8

172

2

Au nanoparticles/Fe3O4

51.2

176

3

AuCl4-/NaBH4 system

32.6

183

4

Au nanoparticles

30.1

184

5

Au nanostructures

28–55

185

6

AuNPs-COOH

25

Our work

4.3.6. Effect of multiple reaction cycles on the activity of the AuNPs-COOH catalyst
Prior to the first kinetic run of the reduction of 4-NPh, the LSPR band for the AuNPs-COOH stock
solution occurs at λmax = 542 nm (Figure 4.14-A) and the TEM image shows individual particles that are
approximately 60-65 nm in diameter (Figure 4.14-B). The 4-NPh reduction reaction was set up as
previously described; an aqueous solution of 4-NPh was incubated with NaBH4, followed by addition of
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the AuNPs-COOH stock solution to give a final volume of 2.5 mL and final concentrations of 80 μM of 4NPh, 24 mM of NaBH4 and 0.49 pM of AuNPs-COOH. The reaction was monitored by UV-vis and when the
4-nitrophenolate ion was depleted, the UV-vis of the LSPR band was recorded and a 5 μL aliquot was
withdrawn for TEM studies. The LSPR band decreases in intensity from an absorbance of 0.12 prior to the
reaction to 0.06 after the 1st cycle (Figure 4.14-A) and the TEM image shows individual nanoparticles of
the same shape and size, although there is some clumping of particles (Figure 4.14-C).
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Figure 4.14. (A) UV-Vis spectrum for AuNPs-COOH through three reduction reaction cycles, TEM images of the
AuNPs-COOH (B) before reaction (61.7 ± 0.5 nm), (C) after the first reaction cycle (113.6 ± 2.4 nm), (D) after the
second cycle (241.9 ± 4.9 nm) and (E) after the third cycle (364.7 ± 27.6 nm).
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For subsequent kinetic runs, small aliquots of the reactant solutions were added to the cuvette to
minimize changes in volume and concentration of gold and to maintain pseudo first order conditions.
Thus, to start the second run, 2 µL each of 0.02 M 4-NPh and 0.10 M NaBH4 were added to the reaction
mixture in the cuvette (final concentration of 4-NPh was 16 mM and NaBH4 was in excess). This process
was repeated for a third catalytic cycle after making sure that 4-NPh was consumed in the second run (in
the third cycle, the volume was 2.498 mL and the concentration of 4-NPh was 16 mM).
After the 2nd reaction cycle, the LSPR band is barely visible and there is an increase in absorbance at
longer wavelengths, suggesting some aggregation of nanoparticles has occurred (Figure 4.14-A, curve
labelled 2nd cycle). After the 3rd cycle, the UV-vis spectrum shows a broad absorbance centred around 650
nm (Figure 4.14-A, curve labelled 3rd cycle). The TEM images show an increase in aggregation of particles
after the 2nd cycle and more extensive aggregation after the 3rd cycle (Figure 4.14-D and E). This is
presumably due to desorption of some of the organic layer from the gold surface, decreasing the stability
of the nanoparticles.
Figure 4.15 shows a decrease in kapp (black squares) concomitant with a decrease in the % conversion
of 4-NPh (blue circles) in the first 5 minutes of reaction from the 1st to the 3rd catalytic cycle. This is
consistent with the UV-vis and TEM data, which indicate that there is some aggregation of the AuNPsCOOH nanoparticles resulting in a decrease in active sites available for 4-NPh at the surface of the AuNPsCOOH nanoparticles in the subsequent cycles.
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Figure 4.15. Comparison of kapp for reduction of 4-NPh (black) percent conversion (blue) between the first, second
and third reaction cycles.

Although there appears to be significant aggregation after the 3rd cycle, the catalyst is still active and
capable of reducing 92% of the 4-NPh in solution. Additional experiments on different batches of AuNPsCOOH indicate that the % conversion and kapp decrease significantly between the 3rd and 4th catalytic cycles
(Figure 4.16 and Table 4.4).
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Figure 4.16. Comparison of 4-NPh percent conversion between eight reduction cycles after 5 mins from the
beginning of the reaction cycle.
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Table 4.4. kapp and time needed to complete the 4-NPh reduction reaction with NaBH4 using AuNPs-COOH as a
catalyst.
Time needed to complete the reduction
Cycle
kapp (x 10-2 s-1)
reaction (min)
1
2
3
4
5
6
7
8

1.58
1.05
0.71
0.22
0.16
0.12
0.08
0.05

5.2
9.7
11.0
15.1
18.2
28.6
39.5
59.4

4.4. Conclusion
We have demonstrated that water-dispersed AuNPs-COOH are catalytically active in the reduction of
4-NPh by NaBH4 to 4-APh. By following pseudo-first-order kinetics in the presence of AuNPs-COOH, the
kapp was found to depend on the amount of the catalyst, and reactant concentrations. The kinetic isotope
effect experiments support that the AuNPs-COOH catalytic system follows a Langmuir-Hinshelwood
mechanism, where the two reactants are adsorbed on the AuNPs surface prior to the reaction continue.
The induction time also observed to decreases with an increase in AuNPs-COOH and NaBH4/NaBD4
concentration, while remaining independent of the 4-NPh concentration, within the error of the
experiment. This was attributed to the restructuring of the AuNP-COOH surface for catalysis. The Ea for
the reaction was relatively low (25 kJ mol-1) compared to literature values. The catalytic activity decreases
with subsequent cycles of the reaction, along with a decrease in intensity and red shift in the LSPR band,
and an increase in aggregation of nanoparticles in the TEM following each reaction cycle.
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CHAPTER 5
REDUCTION OF FERRICYANIDE TO FERROCYANIDE BY SODIUM BOROHYDRIDE AND SODIUM
THIOSULFATE CATALYZED BY WATER- DISPERSED ARYL-GOLD NANOPARTICLES
5.1. Introduction
Gold nanoparticles (AuNPs) are outstanding catalysts in reduction reactions related to several
contemporary applications.161,184,186,187 In the energy sector, gold nanoparticle catalysts play a critical role
in promoting electron transfer in hydrogen production and oxygen reduction.188,189 Gold is also of interest
as a catalyst for reduction of ferricyanide in the presence of bacteria and other biological species.190–192
The promising catalytic properties of AuNPs prompted us to investigate the reduction of ferricyanide in
the presence of the robust and covalently functionalized AuNPs with aryl functionals, i.e., gold-aryl
nanoparticles in which gold is connected to the aryl carbon.113
Interest in the study of the electron-transfer in the ferricyanide/ferrocyanide (Fe3+/Fe2+) couple using
various chemical and biological species stems from its wide role in ecological and physiological
applications since its discovery in 1822.193 Ferricyanide reduction has also been used as a model system
for studying redox catalysis by AuNPs (see equ. 5.1).164 Ferricyanide reduction has been studied using
borohydride, thiosulfate, and cyanide as reducing agents for hemoglobin assay, flavonoids, blue algae,
and human red blood cells.194–200
(5.1)
The one-electron reduction of ferricyanide proceeds at a slow rate in the absence of a metal catalyst.
Citrate-stabilized AuNPs catalyze the redox reaction between ferricyanide and borohydride and
thiosulfate as reducing agents.164,201 A few studies have reported the kinetics of ferricyanide reduction
catalyzed by AuNPs using borohydride as a reducing agent. To the best of our knowledge, none of the
studies so far describe the catalysis and kinetics of ferricyanide reduction using covalently functionalized
AuNPs in which the gold core is covalently linked to organics. All studies so far utilized citrate stabilized
AuNPs.
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The activation energy (Ea) of the reduction reaction between ferricyanide and thiosulfate catalyzed by
platinum nanoparticles stabilized with polyvinylpyrrolidone (PVP) was investigated according to the shape
of the nanoparticles (tetrahedral, cubic, and near-spherical).202 The results showed that tetrahedral
nanoparticles have a lower Ea of 14.0 + 0.6 kJ mol-1 compared to other shapes (22.6, and 26.4 kJ mol-1).
The authors propose that this is because tetrahedral nanoparticles have smaller particle sizes and their
edges and corners are sharper, which increases the catalytic activity. In another study, near-spherical
platinum nanoparticles were used to determine the effect of the nanoparticles' concentration on the
catalytic activity.203 By increasing the nanoparticles concentration the Ea of the reaction decreases. The
multicycle reduction showed decrease in Ea in the second cycle accompanied by aggregation. As a result,
new activation sites were generated in the aggregated particles to continue the reduction reaction with
more reactivity than the original particles.
This chapter describes an investigation of the reduction of ferricyanide to ferrocyanide with sodium
borohydride and sodium thiosulfate in the presence of AuNPs-COOH catalyst. The effects of several
parameters on the rate of reaction were investigated, including catalyst concentration, temperature, and
the role of the reducing agent. We also followed the fate of AuNPs-COOH after a few catalytic cycles.
5.2. Experimental
5.2.1. Chemicals
Gold(I) sodium thiosulfate hydrate (99.9%, Alfa Aesar), potassium hexacyanoferrate (III) (99.20%,
Chem Impex), sodium borohydride (98%, STREM Chemicals), sodium nitrite (98.9%, Sigma-Aldrich), and
sodium thiosulfate pentahydrate (+99%, Alfa Aesar) were used as received. All solvents used were reagent
grade and used without further purification.
5.2.2. Characterization
UV-vis spectra were measured using a PerkinElmer, Inc., Lambda 25 spectrophotometer in the 200800 nm range. PerkinElmer 5100 PC atomic absorption spectrophotometer at 242.8 nm equipped with
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gold Atomax Hollow Cathode lamp was used to determine the concentration of gold in AuNPs-COOH stock
solutions using HAuCl4.3H2O standard solutions in DI water. ATR-FTIR analyses were carried out on solid
samples using a Bruker ALPHA-P ATR spectrometer in the 400-4000 cm-1 wavenumber range. X-ray
powder diffraction (XRD) data were collected with a PANalytical X'pert diffractometer in a reflection mode
with Ni-filtered Cu-Ka radiation (λ = 1.54 Å). The operation voltage and current were set at 45 kV and 40
mA. Energy dispersive X-ray spectroscopy (EDS) were collected with map and point modes at 50 kV by
Zeiss NVision 40 FIB/SEM.
5.2.3. X-ray photoelectron spectroscopy (XPS)
The XPS measurements were recorded using a hemispherical energy analyzer (SPECS PHOIBOS HSA
3000 Plus) having a Cannelton electron multiplier. A voltage of 14.5 kV was used to accelerate X-ray
photoelectrons at a current of 20 mA. The resulting spectra were analyzed using CasaXPS version
2.3.24PR1.0 software for the area under the peak to determine the relative quantity of the elements. The
photoelectrons were collected first as a survey scan with a binding energy of 0-800 eV and a narrow scan
for iron 2p (700-720 eV) and gold 4f (76-96 eV).
5.2.4. Atomic absorption spectroscopy (AAS)
For AAS, gold standard solutions (0.5, 1.0, 1.5, 2.0 and 2.5 ppm) were freshly prepared by dissolving
HAuCl4.3H2O (>99.9%, Sigma) in deionized (DI) water to construct a calibration curve. A 10.00 ml stock
solution of AuNPs-COOH was digested overnight at room temperature in 4.00 mL of aqua regia solution
and then diluted to 100.00 mL with DI water. The AAS measurements were done by using a Perkin-Elmer
5100 atomic absorption spectrometer at 242.8 nm equipped with a gold Atomax Hollow Cathode lamp.
The concentration of gold in the AuNPs-COOH stock solution was determined to be 0.012±0.018 mM.
AuNPs-COOH concentration was calculated using (equ. 5.2).164
[AuNPs − COOH] =

3𝑉𝑚 [𝐴𝑢3+ ]
𝑁𝐴 4𝜋𝑅 3

(5.2)
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Where Vm is the molar volume of gold of 10.3 cm3/mole, NA is the Avogadro’s number, and R is the
particle radius of 35.5±1.4 nm. The stock solution was fully characterized and stored at room temperature
for further use. Iron and potassium concentrations also measured using standard solutions with
FeCl3.6H2O and KCl in the same instrument.
5.2.5. Ferricyanide reduction catalysis studies
K3[Fe(CN)6] reduction kinetic experiments were performed using a PerkinElmer, Inc., Lambda 25 UVvis spectrophotometer. The reaction progress was monitored by the decrease of the K3[Fe(CN)6] peak at
λmax = 420 nm over time. AuNPs-COOH were prepared and characterized according to previous reported
procedure.114
K3[Fe(CN)6] reduction reaction by NaBH4: In a 4.00 mL quartz cell was mixed 0.35 mL of a freshly
prepared solution of 0.90 M NaBH4, 0.50 mL of 1.10 X 10-12 M AuNPs-COOH stock solution, and 1.20 mL
DI water. The solution was stirred for 4 min. The ionic strength was adjusted to 0.18 M using 0.50 M NaCl
solution. UV-vis spectra were recorded immediately after the addition of 0.35 mL of a freshly prepared
solution of 0.01 M ferricyanide. The final volume of the reaction solution is 3.50 mL in all studies.
K3[Fe(CN)6] reduction reaction by Na2S2O3: In a 4.00 mL quartz cell was mixed 0.35 mL of a freshly
prepared solution of 0.90 M Na2S2O3, 1.00 mL of 1.10 X 10-12 M AuNPs-COOH stock solution, and 1.80 mL
DI water. A 0.35 mL of 0.01 M K3[Fe(CN)6] solution was then added to initiate the reaction. The activation
parameters for the reduction reaction were studied at 25, 30, 35, 40, and 45 °C. All reagents were kept in
a water bath for 15 min before the reactions.
5.2.6. Recycling study of AuNPs-COOH in the electron-transfer reactions
After the first reduction reaction was completed, additional cycles were initiated by the addition of
10 μL of 0.35 M K3[Fe(CN)6] and 50 μL of 0.90 M NaBH4 to maintain an excess of the reducing agent.
Apparent rate constant (kapp) values were calculated for all 9 cycles following the pseudo-first-order
kinetics in the presence of AuNPs-COOH catalyst. In the thiosulfate study, 10 μL of 0.35 M K3[Fe(CN)6] was
added at the beginning of each cycle without adding more thiosulfate.
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5.2.7. Synthesis of gold-Prussian blue analogue (Au-PBA)
In a 4.00 mL quartz cell was mixed 0.35 mL of a freshly prepared solution of 0.01 M ferricyanide with
2.80 mL of DI water. UV-vis spectra were recorded immediately after the addition of 0.35 mL of a freshly
prepared solution of 0.90 M Na3[Au(S2O3)2] with stirring. After the reaction completed, the solution was
kept overnight, and the blue powder was participated. The blue product was washed two times with DI
water and separated by centrifugation for 10 min and left to dry in 60 °C oven for further investigation.
5.3. Result and discussion
5.3.1. Reduction of hexacyanoferrate(III) using sodium borohydride
The catalytic activity of AuNPs-COOH in the electron-transfer reaction between Na3[Fe(CN)6] and
NaBH4 was investigated. Both oxidation states of iron (II and III) in the redox reactions are stable, and do
not hydrolyze. The iron (II) and iron (III) complexes have the same chemical composition which is
advantageous for using this reaction as a model system in redox catalysis studies since the only factor
changing is the iron oxidation state.164,167 The reduction reaction of [Fe(CN)6]3- using [BH4]- can be written
as shown in equation 5.3:
(5.3)
Figure 5.1 shows the reaction between the AuNPs-COOH and ferricyanide without the presence of a
reducing agent. The LSPR band of the AuNPs-COOH decreases with time and completely disappears after
2 hrs, while the Fe(CN)63- band at 420 nm decreases slightly. The reaction between AuNPs and [Fe(CN)63−]
was reported previously by Zahi, et al. work.204 The work demonstrated that ferricyanide could do a direct
dissolution of AuNPs and form [Au(CN)2]−. This is a possible explanation for the disappearance of the LSPR
band in Figure 5.1.
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Figure 5.1. UV-vis spectrum of mixing [Fe(CN)63-] with AuNPs-COOH. The concentration is [Fe(CN)63-]= 1.0 mM and
[AuNPs-COOH] = 0.79 pM; total time is 2 hr.

5.3.1.1. Apparent rate constant, kapp
The reduction of ferricyanide to ferrocyanide by borohydride follows zero-order kinetics in the
absence of a catalyst with a half-life of a 5000 s.205 The presence of AuNPs increases the reaction rate and
changes the order to first-order kinetics when [Fe(CN)63-] << [BH4-].167 According to the model for reduction
reaction of ferricyanide catalyzed by metal nanoparticles in aqueous solutions, the AuNPs store the
electrons from [BH4-], ferricyanide diffuses to the polarized surface of nanoparticles and is reduced to
[Fe(CN)6]2-. Equation 5.4 shows the general rate law according to the consumption of [Fe(CN)63-] in the
redox reaction in the presence of catalyst:
𝑑[𝐹𝑒(𝐶𝑁)6
−
𝑑𝑡
𝑙𝑛

3−

]

= 𝑘𝑎𝑝𝑝 [𝐹𝑒(𝐶𝑁)6

3−

(5.4)

]

𝐴𝑡
= −𝑘𝑎𝑝𝑝 𝑡
𝐴𝑜

(5.5)
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The rate of reaction was monitored using UV-vis to follow the decrease in the [Fe(CN)63-] peak at 420
nm. Figure 5.2 shows the UV-vis spectra for reduction of [Fe(CN)63-] by [BH4-] using AuNPs-COOH catalyst
for 10 min. The results were fitted to equation 5.5 as first-order kinetics. During the reduction reaction, a
12 nm blue shift in the LSPR of AuNPs-COOH band at 573 nm occurs (see Figure inset-5.1). A blue shift of
7 nm was observed in our previous work with the reduction of 4-nitrophenol by NaBH4 using AuNPs-COOH
catalyst, and is assumed to be due to the reaction of [BH4-] with the AuNPs-COOH surface which results in
restructuring of the surface of the nanoparticles.105,114 Recently, Neal and co-workers reported the
influence of ligands on gold nanoparticles in the reduction of 4-nitrophenol using NaBH4. In this work,
[BH4−] showed a high tendency for displacing the ligands on the nanoparticles surface, which was indicated
by the shift in the LSPR band of the gold nanoparticles. The restructuring in which of the surface had a
direct effect on the reaction rate and induction time.90 Where, turnover number (TON) of reductions of
ferricyanide was determined as follows:
Where; Concentration of [AuNPs-COOH]= 0.18x10-12 M
Concentration of [K3Fe(CN)6]= 1.0x10-3 M
Particle radius (Rp)=35.5 nm= 35.5x10-9 m
Avogadro’s number (NA)=6.02x1023mol-1
Molar volume of gold (Vm)=10.3 cm3/mol= 1.03x10-5 m3/mole
Lattice constant for gold FCC unit cell (a)= 0.4079 nm= 4.079x10-10 m
▪

Nanoparticle volume (Vp)=(4/3)πRp3 = 1.87x10-22 m3

▪

Determine the core radius (R’=35.5-(0.4079/2)= 35.3 nm = 35.3x10-9 m)

▪

𝑉𝑐𝑜𝑟𝑒 = 3 𝜋(𝑅′)3 =1.84x10-22 m3

▪

𝑉𝑠ℎ𝑒𝑙𝑙 = 𝑉𝑝 − 𝑉𝑐𝑜𝑟𝑒 =3.00x10-24 m3

▪

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 = (0.4079𝑥10−9 )3 = 6.79x10-29 m3

▪

𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠𝑖𝑛 𝑠ℎ𝑒𝑒𝑙 = 𝑉

▪

Since the number of surface atoms per unit cell is 2, the total number of surface atoms is:

▪

Atomsin surface = 2 × Unit cellsin sheel = 8.84x104 atom/particle

▪

Concentration of [AuNPs-COOH]in the reaction:

4

𝑉𝑠ℎ𝑒𝑙𝑙
𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

= 4.42x104
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0.18 𝑥 10−12 𝑚𝑜𝑙𝑒 6.023 𝑥 1023 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑥
𝐿
1 𝑚𝑜𝑙𝑒

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
)
𝐿

= 1.08 𝑥 1011 (

▪

[𝐴𝑢𝑁𝑃𝑠 − 𝐶𝑂𝑂𝐻] =

▪

Concentration of Atomssurface (Active sites) in the solution (Atomssurface/L) is:

▪

[𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠] =

▪

𝑇𝑂𝑁 =

1.08 𝑥 1011 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
8.84 𝑥 104 𝑎𝑡𝑜𝑚
𝑥
= 9.55𝑥1015 𝑎𝑐𝑡𝑖𝑣𝑒
𝐿
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
[𝐾3 𝐹𝑒(𝐶𝑁)6 ].𝑁𝐴
(1.0𝑥10−3 )(6.02𝑥1023 )
=
= 6.3𝑥104
[𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠]
(9.55𝑥1015 )
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Figure 5.2. UV-vis spectra of the reduction of [Fe(CN)63-] by [BH4-] using AuNPs-COOH catalyst for 10 min. Figure inset
show a blue shift in the LSPR of AuNPs-COOH band. Reactant concentrations: [BH4-]= 0.026 M, [Fe(CN)63-]= 1.0 mM,
and [AuNPs-COOH]= 0.18 pM. Time between each scan is 44.3 s. Total time is 7.4 min. TON = 6.3x104.

The effect of the catalyst concentration on kapp was studied with constant concentrations of [BH4-] and
[Fe(CN)63-]. The results show an increase in kapp with an increase in AuNPs-COOH concentration (see Figure
5.3-A), which indicates that the catalyst is involved in the rate-determining step and the rate depends
directly on the total availability of the catalyst active surface. An increase in [BH4-] concentration increases
kapp by increasing the supply of electrons from the reducing agent (see Figure 5.3-B). At high [BH4-]
concentration, the AuNPs-COOH gain many electrons, which makes the reaction limited to the diffusion
of [Fe(CN)63-] to the surface of nanoparticles. Our results are consistent with the microelectrode model by
Henglein which demonstrates that metal nanoparticles act as electron reservoirs in reduction
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reactions.206,207 At the initial stage, [BH4-] transfers electrons to the AuNPs-COOH surface. Then, [Fe(CN)63] diffuses to the surface of the AuNPs-COOH where it is reduced by the electrons.
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Figure 5.3. (A) Dependence of kapp on the concentration of AuNPs-COOH catalyst under fixed concentrations of [BH4]= 0.090 M and [Fe(CN)63-]= 1.0 mM. (B) Dependence of kapp on the concentration of NaBH4 under fixed
concentrations of [AuNPs-COOH]= 0.18 pM and [Fe(CN)63-]= 1.0 mM in the catalytic reduction of [Fe(CN)63-] by [BH4]. Error bars are one standard deviation of 3 trials.

Figure 5.4 shows the inverse relationship between the concentration of [Fe(CN)63-] and kapp. As the
concentration of [Fe(CN)63-] increases, for a fixed amount of AuNPs-COOH and [BH4-], the available
electrons on the catalyst surface becomes limiting, which eventually leads to a decrease in the kapp values.
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Figure 5.4. Dependence of kapp on the concentration of [Fe(CN)63-] under fixed concentrations of [BH4-]= 0.090 M and
[AuNPs-COOH]= 0.18 pM in the catalytic reduction of [Fe(CN)63-] by [BH4-]. Error bars are one standard deviation of
3 trials.
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5.3.1.2. Temperature effect
The effect of temperature on the reaction rate was studied over a range of 25-45 ℃. Solutions were
maintained in a water bath for 10 min prior to mixing. Figure 5.5 shows plots of relationships between
kapp and temperature using Arrhenius (5.6) and Eyring (5.7) equations to calculate the activation
parameters.
𝐸
ln 𝑘𝑎𝑝𝑝 = ln 𝐴 − ( 𝑎 )
𝑅𝑇
ln (

(5.6)

𝑘𝑎𝑝𝑝
𝑘𝐵
∆𝑆# ∆𝐻# 1
−
( )
) = ln ( ) +
𝑇
ℎ
𝑅
𝑅 𝑇

(5.7)

Where, Ea is the apparent activation energy, kapp is the apparent rate constant, T is the absolute
temperature, kB is the Boltzmann constant (1.381 × 10−23 J K−1), h is Planck constant (6.626 × 10−34 J s), ΔH#
is the activation enthalpy, ΔS# is the activation entropy, and R is the ideal gas constant (8.314 J K−1 mol−1).
The activation enthalpy and entropy were calculated to be 17 kJ mol-1, and -205 J K-1mol-1, respectively.
Also, activation energy for the catalyzed reaction was measured to be 20 kJ mol-1, which is lower than Ea
of the noncatalyzed reaction previously reported (30 kJ mol-1).205 Freund, et al. propose a mechanism for
the noncatalyzed reduction reaction in which the slow formation of an activated intermediate complex
(H+BH4-) from the dissociation of NaBH4 in water is the rate determining step before the electrons transfer
to the ferricyanide complex. In the presence of AuNPs, Romero and co-workers showed that the formation
of the intermediate complex is not necessary, whereas the metallic nanoparticles electron reservoir is
responsible for the high reactivity.164
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Figure 5.5. (A) A plot of ln(kapp) vs. 1/T, and (B) A plot of ln(kapp/T) vs. 1/T of the reduction of [Fe(CN)63-] with [BH4-]
in the presence of AuNPs-COOH. Concentrations: [Fe(CN)63-]= 1.0 mM, [AuNPs-COOH] = 0.18 pM, and [BH4-]= 0.090
M. Temperature range= 25-45 ℃. Error bars are one standard deviation of 3 trials.

5.3.1.3. Effect of multiple reaction cycles on the activity of the AuNPs-COOH catalyst
The catalytic activity of the AuNPs-COOH was examined by following the reaction kinetics over
multiple reaction cycles. The ferricyanide reduction reaction was set up by incubating the AuNPs-COOH
solution with NaBH4 for 4 min at room temperature, followed by addition of an aliquot of the K3[Fe(CN)6]
solution to give a final volume of 3.5 mL and final concentrations of [BH4-]= 0.090 M, [Fe(CN)63-]= 1.0 mM,
and [AuNPs-COOH]= 0.18 pM. In the eight subsequent runs, 10 µL of 0.35 M K3[Fe(CN)6] and 50 µL of 0.90
M NaBH4 were added to the reaction mixture in the cuvette after completion of each catalytic cycle. The
kapp values decrease with each catalytic reduction cycle (see Figure 5.6).
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reduction reaction kapp by [BH4-] through nine reduction cycles under fixed
concentration of AuNPs-COOH catalyst of 0.18 pM.
[Fe(CN)63-]

The decrease in kapp is due to restructuring of the AuNPs-COOH surface by [BH4-], which adversely
affects the nanoparticles colloidal stability and increases aggregation by desorption of some of the organic
layer from the nanoparticles surface. Figure 5.7 shows the increase of ZAve size values from 71 ± 2 nm to
1029 ± 180 nm for the AuNPs-COOH catalyst in the reaction solution after 5 and 9 reduction cycles
consistent with nanoparticles aggregation. This result is also consistent with our prior work on the
reduction of 4-NPh with AuNPs-COOH.
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Figure 5.7. ZAve size measurements of AuNPs in reduction of [Fe(CN) 6]3- by [BH4]- after 5 and 9 reduction cycles
under fixed AuNPs-COOH catalyst concentration of 0.18 pM.

5.3.2. Reduction of hexacyanoferrate(III) by sodium thiosulfate
The catalyzed electron-transfer reaction between [Fe(CN)63-] and [S2O32-] produces in [Fe(CN)64-] and
sodium tetrathionate [S4O62-] according to the following reaction:
(5.8)

The reaction can proceed without a catalyst but at significantly slow rate. The reduction potential of
[Fe(CN)6]3- is +0.36 V and the oxidation potential of [S2O3]2- is +0.08 V at 25 °C vs. NHE.208 Both reactant
solutions are stable at room temperature the reaction can be catalyzed on metal surfaces.
Freund and Spiro suggested that the redox reaction between [Fe(CN)6]3- and [S2O3]2- proceeds
according to the two half-reactions shown in equations 5.9 and 5.10:209
[S2O3]2- → ½[S4O6]2- + e-

+0.08 V

(5.9)

[Fe(CN)6]3- + e- → [Fe(CN)6]2-

+0.36 V

(5.10)
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Freund and Spiro used the ferricyanide-thiosulfate reaction catalyzed by citrate-gold nanoparticles as
a surface-controlled redox reaction model to study the electron transfer mechanism through the gold
nanoparticles.209 Their experimental results support that the rate constant values and dependence
confirm that the reaction is controlled by the active surface sites rather than diffusion of reactant to the
surface.
In the present study, the catalytic activity of AuNPs-COOH in the electron transfer reaction between
[Fe(CN)63-] and [S2O32-] was investigated. Figure 5.8 shows the UV-vis spectra for the reaction of [Fe(CN)63] with [S2O32-] in the presence of the AuNPs-COOH catalyst. The decrease in [Fe(CN)63-] concentration at
420 nm follows pseudo first-order kinetics since the reducing agent is in large excess. The value of kapp
was determined by using equation 5.4. The inset in Figure 5.8 shows the AuNPs-COOH LSPR band at 540
nm during the reduction reaction. The disappearance of the LSPR band is evidence of the degradation of
the nanoparticles. This behavior contrasts with the reduction reaction with [BH4-], which shows a blue
shift in the LSPR band but no decrease in intensity (see Figure 5.2 inset). We hypothesize that thiosulfate,
which has a strong affinity for gold can leach out gold ions from AuNPs-COOH. This point will be discussed
further below. Where, turnover number (TON) of reductions of ferricyanide was determined as follows:
Where; Concentration of [AuNPs-COOH]= 0.79x10-12 M
Concentration of [K3Fe(CN)6]= 1.0x10-3 M
Particle radius (Rp)=35.5 nm= 35.5x10-9 m
Avogadro’s number (NA)=6.02x1023mol-1
Molar volume of gold (Vm)=10.3 cm3/mol= 1.03x10-5 m3/mole
Lattice constant for gold FCC unit cell (a)= 0.4079 nm= 4.079x10-10 m
▪

Nanoparticle volume (Vp)=(4/3)πRp3 = 1.87x10-22 m3

▪

Determine the core radius (R’=35.5-(0.4079/2)= 35.3 nm = 35.3x10-9 m)

▪

𝑉𝑐𝑜𝑟𝑒 = 𝜋(𝑅′)3 =1.84x10-22 m3

▪

𝑉𝑠ℎ𝑒𝑙𝑙 = 𝑉𝑝 − 𝑉𝑐𝑜𝑟𝑒 =3.0x10-24 m3

▪

𝑉𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 = (0.4079𝑥10−9 )3 = 6.79x10-29 m3

▪

𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠𝑖𝑛 𝑠ℎ𝑒𝑒𝑙 = 𝑉

4
3

𝑉𝑠ℎ𝑒𝑙𝑙
𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

= 4.42x104
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▪

Since the number of surface atoms per unit cell is 2, the total number of surface atoms is:

▪

Atomsin surface = 2 × Unit cellsin sheel = 8.84x104 atom/particle

▪

Concentration of [AuNPs-COOH]in the reaction:

▪

[𝐴𝑢𝑁𝑃𝑠 − 𝐶𝑂𝑂𝐻] =

▪

Concentration of Atomssurface (Active sites) in the solution (Atomssurface/L) is:

▪

[𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠] =

▪

𝑇𝑂𝑁 =

0.79 𝑥 10−12 𝑚𝑜𝑙𝑒 6.023 𝑥 1023 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑥
𝐿
1 𝑚𝑜𝑙𝑒

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
)
𝐿

= 4.76 𝑥 1011 (

4.76 𝑥 1011 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
8.84 𝑥 104 𝑎𝑡𝑜𝑚
𝑥
= 4.21𝑥1016 𝑎𝑐𝑡𝑖𝑣𝑒
𝐿
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
[𝐾3 𝐹𝑒(𝐶𝑁)6 ].𝑁𝐴
(1.0𝑥10−3 )(6.02𝑥1023 )
=
= 1.4𝑥104
[𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠]
(4.21𝑥1016 )
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Figure 5.8. UV-vis spectra of the reduction of [Fe(CN)63-] by [S2O32-] in the presence of AuNPs-COOH catalyst. Figure
inset show Reactant concentrations: [S2O32-]= 0.090 M, [Fe(CN)63-]= 1.0 mM, and [AuNPs-COOH]= 0.79 pM. Time
between each scan is 44.3 s; total time 36.2 min. TON = 1.4x104.

5.3.2.1. Apparent rate constant, kapp
The effect of varying the concentration of the AuNPs-COOH catalyst on the kapp was investigated. As
shown in Figure 5.9-A, kapp increases as the concentration of AuNPs-COOH increases and appears to level
off at higher AuNPs-COOH. This is consistent with the proposed mechanism in which the AuNPs-COOH act
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as electron reservoirs. In contrast, there is a direct linear relationship between the reducing agent,
[Na2S2O3] and kapp (see Figure 5.9-B).
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Figure 5.9. (A) Dependence of kapp on the concentration of AuNPs-COOH under fixed concentrations of [S2O32-]=
0.090 M and [Fe(CN)63-]= 1.0 mM. (B) Dependence of kapp on the concentration of Na2S2O3 under fixed concentrations
of [AuNPs-COOH]= 0.79 pM and [Fe(CN)63-]= 1.0 mM in the catalytic reduction of [Fe(CN)63-] by [S2O32-]. Error bars
are one standard deviation of 3 trials.

Figure 5.10 shows the inverse relationship of [Fe(CN)63-] with kapp, which levels off at higher [Fe(CN)63]. This is similar to what was seen for the reduction [Fe(CN)63-] with [BH4-]where higher concentrations of
[Fe(CN)63-], the rate is limited by the availability of reducing equivalents on the catalyst surface.
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Figure 5.10. Dependence of kapp on the concentration of [Fe(CN)63-] under fixed concentrations of [AuNPs-COOH]=
0.79 pM and [S2O32-]= 0.090 M in the catalytic reduction of [Fe(CN) 63-] by [S2O32-]. Error bars are one standard
deviation of 3 trials.
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5.3.2.2. Temperature effect
The temperature dependence of the kinetics of the reduction of [Fe(CN)63-] by [S2O32-] and catalyzed
by AuNPs-COOH was studied in the range of 25-45 °C. Similar to the study with NaBH4 as the reducing
agent, an increase in temperature increases the rate of reaction. The plot of ln (k) versus (1/T) is shown in
Figure 5.11-A. The activation energy of 24 kJ mol-1 was calculated from the slope (-Ea/R) of the straight
line using the Arrhenius (equ. 5.6). Enthalpy and entropy parameters were calculated to be 21 kJ mol-1
and -223 J mol-1 K-1, respectively, from the plot of ln (k/T) vs. (1/T) in Figure 5.11-B. Activation energy
values for citrate-gold nanosphere and nanocage catalysts were reported by as 29 and 24 kJ mol-1,
respectively, for a temperature range of 22-60 ℃. Gold nanocages with large diameters of 75 nm showed
higher activity due to the increase of surface core ratio gold atoms compared to the small nanospheres of
25 nm diameter.201
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Figure 5. 11. Activation energy determination for the reduction of [Fe(CN) 63-] by [S2O32-] in the presence of AuNPsCOOH catalyst. (A) ln kapp vs. 1/T graph from (Arrhenius Eq. 5.6), and (B) ln(kapp/T) vs. 1/T graph from (Eyring Eq. 5.7).
Concentrations: [Fe(CN)63-]= 1.0 mM, [AuNPs-COOH]= 0.79 pM, and [S2O32-]= 0.090 M. Error bars are one standard
deviation of 3 trials.

5.3.2.3. Effect of multiple reaction cycles on the activity of the AuNPs-COOH catalyst
The recyclability of the AuNPs-COOH as a catalyst for the reduction of ferricyanide was studied by
mixing 0.30 mL of DI water, 0.35 mL of 0.01 M [Fe(CN) 62-], and 0.35 mL of 0.9 M [S2O32-] in the first cycle.
For the next eight cycles, 10 µL of 0.35 M [Fe(CN)62-] was added to each cycle. Figure 5.12 shows the
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increase in kapp values from the first to the ninth cycle of the reduction reaction. The particle size increases
from 71 ± 2 nm in the first cycle to 560 ± 112 nm in the ninth cycle (see Figure 5.13).
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Figure 5.12. Comparison of [Fe(CN)63-] reduction reaction kapp by [S2O32-] over nine cycles with a fixed catalyst
concentration of [AuNPs-COOH]= 0.79 pM and [S2O32-]= 0.090M. Additional [Fe(CN)63-] was added to give an initial
concentration of 1.0 mM at the start of each cycle.
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Figure 5.13. ZAve size measurements of AuNPs-COOH in reduction of [Fe(CN)63-] by [S2O32-] after 5 and 9 reduction
cycles under fixed AuNPs-COOH catalyst concentration of 0.18 pM.
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Figure 5.14 shows the effect of adding more reducing agent at the start of each cycle. The blue circles
in Figure 5.14 correspond to the data shown in Figure 5.12, where no additional [S2O32-] was added after
the first cycle. For the orange diamond data points, [S2O32-] was added to give a concentration of 0.001 M
at the start of each cycle. For the green squares, the initial concentration of [S2O32-] was 0.090 M for each
cycle.

Figure 5.14. Comparison of [Fe(CN)63-] reduction reaction kapp through nine cycles with fixed catalyst concentration
([AuNPs-COOH]= 0.79 pM). Initial concentration for the first cycle of [S2O32-]= 0.090M and [Fe(CN)63-]= 1.0 mM. In
cycles 2-9, the initial concentration of [Fe(CN)63-] was 1.0 mM, and [S2O32-]= ■:no extra added, ■:0.001M, and ■:
0.090 M.

At the end of a reaction cycles the solution in the cuvette had changed color from yellow to pale blue
with λmax = 638 nm (Figure 5.15-A). This blue solution is not observed in the BH4- system. A blue complex
was reported by Mahmoud, et al. when platinum-PVP nanoparticles were mixed with [Fe(CN)63-]. Spectral
signatures of Prussian blue analogues were observed and reported as K[PtIIFeIII(CN)6] and [PtIVFeII(CN)6]
complexes.210 The Prussian blue analogues are compounds formed from the reaction of metal salt leached
from the nanoparticles and potassium hexacyanoferrate (II or III). Gold is also reported to form a Prussian
blue analogue by mixing gold(III) chloride with K4[FeII(CN)6] with λmax at 690 nm.211 Observation of the blue
solution in the reduction of [Fe(CN)63-] catalyzed by AuNPs-COOH in the [S2O32-] system, is consistent with
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the assumption that gold ions are leached from the nanoparticle surface by [S2O32-] after each reduction
cycle to form a gold-Prussian blue analogue.
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Figure 5.15. A) Photos of the reduction of [Fe(CN)63-] by [S2O32-] catalysed by AuNPs-COOH. A reaction cuvette before
and after nine reaction cycles, and B) UV-vis spectrum for the blue solution after 9 cycles.

5.3.2.4. Gold-Prussian blue analogue (Au-PB)
Sodium thiosulfate can leach gold from its minerals and other industrial matrices.212–214 The redox
reaction can form gold-thiosulfate complex according to equation 5.11:
4Au + 8[S2O3]2- + O2 + 2H2O → 4[Au(S2O3)2]3- + 4OH-

ΔG˚=-97.9 kJ mol-1

(5.11)

The reaction traditionally is catalyzed by copper-ammonia complexes in aqueous solution to increase
the gold leachability. Iron(III) can also can catalyze the leaching reaction due to its high reduction
potential.213,215 Figure 16-A shows the UV-vis spectrum of the reaction of AuNPs-COOH and [S2O32-] in the
absence of [Fe(CN)63-].The LSPR band of AuNPs-COOH decreases and shifts to longer wavelengths due to
the degradation and aggregation of the nanoparticles. The reaction AuNPs-COOH and [S2O32-] was
investigated in the absence of oxygen (see Figure 16-B). The AuNPs-COOH showed resistance to the
sodium thiosulfate where the UV-vis spectrum still shows the LSPR band of the AuNPs-COOH with broad
and red shift of the LSPR band position. Figure 5.17 shows the increase of ZAve size values from 61 ± 4 nm
to 576 ± 17 nm over one hour of the reduction of [Fe(CN)63-], where the reaction mixture was sampled
every 10 min. Finally, incubation of AuNPs-COOH with thiosulfate prior to adding [Fe(CN)63-] was
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examined. As shown in Figure 5.18, incubation of AuNPs-COOH with [S2O32-] for 4 hours decreases kapp by
a factor of approximately 3, in comparison to the reaction conducted with no incubation period.

Figure 5.16. UV-vis spectrum of mixing AuNPs-COOH (1.00 pM) with [S2O32-](0.010 M). (A) under air. And (B) under
nitrogen. Time between each scan is 7.4 min; total time 1.9 h.
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Figure 5.17. ZAve value vs time in the reduction of [Fe(CN)63-] by [S2O32-] with using AuNPs-COOH as a catalysis.
(Reaction parameters; [S2O32-]= 0.090 M, [Fe(CN)63-]= 1.0 mM, and [AuNPs-COOH]= 0.79 pM); Error bars are one
standard deviation of 10 scans.
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Figure 5.18. Absorbance at 420 nm vs time of reduction of [Fe(CN) 63-] by [S2O32-] using AuNPs-COOH as a catalyst.
ANPs-COOH was mixed with [S2O32-] for 4 hrs. (Reaction parameters; [S2O32-]= 0.090 M, [Fe(CN)63-]= 1.0 mM, and
[AuNPs-COOH]= 0.79 pM).

The increase in kapp over 9 cycles of reduction of [Fe(CN)63-] (Figure 5.12) and the reaction of gold with
thiosulfate to form [Au(S2O3)2]3- (equation 5.11) suggests that the gold (I) thiosulfate complex can
participate the reduction of ferricyanide. To test this idea, Na3[Au(S2O3)2] was used instead of Na2S2O3 as
a reducing agent for the ferricyanide reaction in the absence of AuNPs-COOH. Figure 5.19 shows the UVvis spectra for reaction of 0.090 M Na3[Au(S2O3)2] with 1.0 mM [Fe(CN)63-]. A large excess of Na3[Au(S2O3)2]
was used to mimic the conditions for the reduction of [Fe(CN)63-] with [S2O32-] catalyzed by AuNPs-COOH.
The absorbance band at 420 nm, due to [Fe(CN)63-] decreases, while the band at 638 nm increases. The
absorbance at 638 nm is identical to the band observed at the end of 9 cycles of the reduction of [Fe(CN)63] with [S2O32-] catalyzed by AuNPs-COOH (see Figure 5.15-B). The solution changes in color to dark blue
after 1 h and a blue powder precipitate after 1 day (see Figure 5.20). The reduction reaction was complete
within 60 min which is longer than the same reaction with [AuNPs-COOH]= 0.79 pM as a catalyst with
[S2O32-]= 0.090 M as reducing agent which is complete in 36 min. However, it is difficult to compare
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reaction results since the concentration of total gold is much lower in the reaction catalyzed by AuNPsCOOH.
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Figure 5.19. UV-Vis spectrum of reduction of [Fe(CN)63-] by gold(I) thiosulfate complex. (Reaction parameters;
Na3[Au(S2O3)2]= 0.090 M and [Fe(CN)63-]= 1.0 mM); Total time 1 hr.
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Figure 5.20. Photos of the reduction of [Fe(CN)63-] by gold thiosulfate complex reaction cuvette before and after the
reaction, after 1 h and after 1 day. (Reaction parameters; Na3[Au(S2O3)2]= 0.090 M and [Fe(CN)63-]= 1.0 mM).
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The blue powder that precipitated after 1 day (Figure 5.20) was isolated by centrifugation and washed
with deionized water two times then dry in oven at 60 °C. The blue powder analyzed by XPS, atomic
absorption, and ATR-FTIR. Figure 5.21 shows the XPS spectrum of the blue powder. The graph shows the
presence of Au(0) and Au(+1) in the sample with the two oxidation states of iron as Fe(+2) and Fe(+3). The
atomic% was calculated to be 3.46% of total iron and 2.08% total gold. These results are consistent with
atomic absorption measurements which show that the concentration of total gold is 39 ± 5 μM, potassium
is 54 ± 5 μM and iron is 51 ± 1 μM. Also, EDS shows the presence of gold, potassium, and iron in the
crystalline blue Au-PBA sample (see Figure 22).
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Figure 5.21. XPS measurement of blue powder from reaction of Na3[Au(S2O3)] and K3[Fe(CN)6]. Atomic% of total iron
= 3.46%, and total gold = 2.08%. insets figures show the position and fitted elements peaks for iron and gold ions.
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Figure 5.22. EDS measurement of Au-PBA sample.

XRD spectroscopy showed presence of two lattice systems; face centered cubic lattice for gold and
cubic lattice group for PB. Figure 23-A shows standard Bragg reflections (111), (200), (220), and (311) of
gold with average lattice constant 4.1 ± 0.1 Å. PB cubic lattice reflections was observed also as (200), (220),
(400), (420), and (422) with average lattice constant 7.9 ± 0.5 Å. The ATR-FTIR spectrum of the blue powder
shows a band at 2065 cm-1 which is assigned as the cyanide stretch (νC≡N) (Figure 23-B). It is noteworthy
that there is no band a 2140 cm-1 which indicates the absence of [Au(CN)2-]in the blue powder. For
comparison purpose, a sample of Prussian blue was prepared, and the FTIR-ATR spectrum was recorded.
The spectrum of the blue powder is nearly identical to the Prussian blue spectrum.

Figure 5.23. (A) XRD spectrum for Au-PB sample. (B) ATR-FTIR spectrum for PB and Au-PB complexes.
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The UV-vis, XPS, XRD, EDS, atomic absorption, and FTIR-ATR data are consistent with incorporation of
gold (Au(I) and Au(0)) in the Prussian blue lattice structure. We hypothesize that during the reduction of
[Fe(CN)63-] with [S2O32-] catalyzed by AuNPs-COOH, thiosulfate leaches gold ions from the nanoparticles
forming [Au(S2O3)23-] in the solution. Experiments demonstrate that [Au(S2O3)23-] can participate in the
reduction of ferricyanide formation gold-Prussian blue analogue. In the multicycle study for the reduction
of [Fe(CN)63-] with [S2O32-] catalyzed by AuNPs-COOH, the increase in kapp could be due to formation of
[Au(S2O3)23-] in the solution. Moreover, the leaching of gold and degradation of AuNPs-COOH could open
more sites on the nanoparticles, which would also increase their catalytic reactivity in the reduction
reaction. Narayana, et al. reported a similar observation using platinum nanoparticles as a catalyst in
ferricyanide reduction with [S2O32-].203 The activation energy of the platinum-PVP nanoparticles decreases
between two catalytic cycles and aggregation of nanoparticles was observed.
5.4. Conclusion
This chapter describes our experimental results for the reduction of ferricyanide by sodium
borohydride and sodium thiosulfate catalyzed by water-soluble AuNPs-COOH. In both reduction systems,
kapp depends on the concentration of AuNPs-COOH, which is consistent with the role of the AuNPs-COOH
as a catalyst for electron transfer from the reducing agent to the ferricyanide. Kinetic parameter
measurements demonstrate a decrease of Ea for the reduction of ferricyanide in both reducing agent
systems using the AuNPs-COOH as a catalyst compared with the uncatalyzed reactions. In multicycle
experiments, kapp values decrease with each catalytic reduction cycle in the [BH4-] system, unlike in the
[S2O32-] reduction system, where kapp increases with each catalytic reduction cycle and a blue solution with
λmax = 638 nm, is observed at the end. To further investigate the role of thiosulfate, the gold (I) thiosulfate
complex (Na3[Au(S2O3)2]) was used in the reduction of ferricyanide. The same blue solution (λmax = 638
nm) and a blue powder form in both thiosulfate reduction systems. The results suggest formation of a
gold-Prussian blue analogue from reduction of ferricyanide by [Au(S2O3)23-] and in the reaction catalyzed
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by AuNPs-COOH. Enhancement of kapp in the multicycle experiments is likely due to a combination of
factors, leaching of gold ions from AuNPs-COOH by [S2O32-] to form [Au(S2O3)23-] and opening new catalytic
sites in the aggregated nanoparticles. Further experiments are underway to characterize the goldPrussian blue analogue.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
6.1. Conclusion
In this work, we show that a molecular aryldiazonium gold(III) salt can be used as a precursor for the
preparation of stable, water-soluble gold-aryl nanoparticles. A simple one step method for preparing
water-soluble gold-aryl nanoparticles from [HOOC‐4‐C6H4N≡N]AuCl4 has been presented. This method
depends on using a mild reducing agent 9-Borabicyclo[3.3.1]nonane (9-BBN) in an aqueous solution and
eliminates the usage of phase transfer reagents. The gold-aryl nanoparticles (AuNPs-COOH) are soluble in
water due to the presence of the carboxylic acid group. The stability of the AuNPs-COOH colloidal solution
was investigated as a function of pH, salt, and temperature. The UV-vis spectroscopy (LSPR λmax = 542 nm)
and zeta potential (−33.2 mV) measurements indicate that the nanoparticles have good stability under
the conditions studied.
The catalytic activity of the AuNPs-COOH was investigated by using two different model reduction
reactions. The first model was the reduction of 4-nitrophenol (4-NPh) by sodium borohydride (NaBH4)
using AuNPs-COOH as a catalyst. The reduction of 4-NPh is widely used as test for catalytic activity because
it is easy to monitor the decrease of the 4-NPh band using UV-vis spectroscopy and the reaction cleanly
produces a single product, 4-aminophenol. Our nanoparticles showed good catalytic activity with a
relatively low Ea (25 kJ mol−1) compared with other reported literature values using different AuNPs
catalytic systems. The second model reaction with electron transfer properties used to test the catalytic
activity of AuNPs-COOH was the redox reduction of ferricyanide to ferrocyanide. For this reaction, two
reducing agent systems were investigated, sodium borohydride and sodium thiosulfate. A positive
relationship between the apparent rate constant and the nanoparticle concentration in both reduction
systems was observed. In the sodium thiosulfate reduction system, the formation of a gold (I) thiosulfate
complex proposed to be [Au(S2O3)2]3-, complicates the kinetic analysis, for the multicycle reduction
experiments. The apparent rate constant increases over 9 cycles of catalysis by AuNPs-COOH and a blue
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solid precipitate from a blue solution (λmax = 638 nm) XPS and AA measurements are consistent with
formation of a gold-Prussian blue analogue.
6.2. Future work
We have presented a new method of preparation of AuNPs stabilized with organic aryl group using
a aryldiazonium gold salt that showed good stability under a variety of condition and high catalytic activity
for reduction of 4-NPh and ferricyanide. Due to the presence of the active functional group (-COOH) on
the surface, AuNPs-COOH could be functionalized with different ligands, large molecules, or polymers for
different applications, for example for sensing applications.14,216 In addition, aryldiazonium gold (III) salts
with different functional groups could be used to prepare gold-aryl nanoparticles.
In the nanoparticle’s preparation steps, 9-BBN was used as a mild reducing agent to minimize side
reactions and keep the surface of gold nanoparticles functionalized with the organic aryl. On the other
hand, it would be interesting to use other reducing agents like NaBH4, ascorbic acid, and citric acid in the
preparation step to investigate the effect of reducing agent on the shape and size of the nanoparticle
formed. More investigation and characterization of the structure of the organic shell is required to
understand the nature of the interaction of the organic ligand and the gold surface. A proposed
mechanism for growth of the organic shell in the modification of metal surfaces with aryldiazonium salts
includes radical reactions that lead to coupling of aryl rings at the ortho-positions in the preparation
step.77 An investigation of using aryldiazonium salts substituted with alkyl group on the aryl ring may
provide insight about the effect of blocking the aryl sites on the formation of the nanoparticles, thickness
of organic layer, and the stability of the colloidal solution.
In addition, many kinetic and thermodynamic factors could determine nanoparticle growth. For
example, the nucleation step in the preparation of nanoparticles is highly sensitive to factors such as
reactant concentration, temperature, solution pH, and speed of stirring.217 Small changes in these factors
can affect the nuclei concentration, which leads to producing various nanoparticle sizes. A deeper
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investigation of the formation of AuNPs-COOH using 9-BBN could help to determine most efficient
parameters needed to prepare smaller gold-aryl nanoparticles, which may exhibit higher reactivity.
The stability and catalytic activity of the nanoparticles depend critically in this system on the
robustness of the interaction of the organic shell with the surface of gold core. Also, the type of the
functional group can influence the stability and the solubility of the nanoparticles. Mohamed, et al. have
reported the preparation of gold-aryl nanoparticles with different organic shells.113 Continued work in this
area may lead to enhanced understanding of the importance of certain factors on properties, growth, and
stability. On the other hand, these proposed catalytic systems could also be evaluated to understand the
recyclability of catalytic nanoparticles.
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