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ABSTRACT

Nanomaterials have become a popular topic of research over the years
because of their many important applications. It can be a challenge to stabilize

the particles at a nanometer size, while having control over their surface features.

Copper nanoparticles were synthesized photochemically using a
photogenerated radical allowing spatial and temporal control over their formation.
The synthesis was affected by the stabilizers used, which changed the size,
dispersity, rate of formation, and oxidation rate. Copper nanopatrticles suffer from
their fast oxidation in air, so copper-silver bimetallic nanoparticles were
synthesized in attempts to overcome the oxidation of copper nanoparticles.
Bimetallic nanoparticles were synthesized, but preventing the oxidation of the

copper nanoparticles proved difficult.

One important application of nanoparticles that was explored here is in
catalyzing organic reactions. Because of the fast oxidation of copper
nanoparticles, silver nanoparticles were synthesized photochemically on different
supports including TiO. and hydrotalcite (HTC). Their catalytic efficiency was
tested using alcohol oxidations. Different silver nanoparticle shapes (decahedra
and plates) were compared with the spheres to see the different catalytic

efficiencies.
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4-MBA 4-methoxybenzyl alcohol
4-MBAldehyde 4-methoxybenzaldehyde

A Angstrom (107° m)

Ag@support Silver nanoparticles attached to support

APTES Aminopropyltriethylsiloxane

CTAB Cetyltriethylammonium bromide

CTAC Cetyltriethylammonium chloride

EtOH Ethanol

GCMS Gas chromatography-mass spectrometry

HPLC High-performance liquid chromatography

HTC Hydrotalcite

1-2959 Irgacure 2959 (2-Hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-
methyl-1-propanone)

1-907 Irgacure 907 (2-methyl-1-[4-(methylthio)phenyl]-2-
(morpholinyl) phenyl]-1-butanone)

k Rate constant

LED Light emitting diode

MeCN Acetonitrile

M Molar (mol/L)

mM Millimolar (10 M)

m Metre, basic S.I. unit for length

mL Millilitre (10 L)

II1
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1.1 Introduction

This first part of this thesis will cover the photochemical synthesis of
copper nanoparticles and copper-silver bimetallic nanoparticles allowing spatial
and temporal control over the synthesis. It will investigate copper nanoparticle
stabilization with different ammonium halides, their oxidation, and attempts to
prevent copper from oxidizing by making bimetallic copper-silver nanoparticles.
The second part of this research will look at the photochemical synthesis of
supported silver nanopatrticles for their use in alcohol oxidations. It will compare

the catalytic efficiency of different supported silver nanoparticle shapes.

1.2 Nanoparticles

Metallic nanoparticle research, once called “finely dispersed metals” by
Faraday, began in the late 1970s." Nanomaterials are clusters of a few to many
millions of atoms or molecules on the scale of 10° m whereas an atom measures
~1 A (10"° m).2 Properties of nanometer sized materials are different than their
bulk counterparts and their study has become increasingly investigated over the
past 20 years.® As the size of a material decreases, its properties also change
(i.e. electron confinement in quantum dots), resulting in a material whose
properties are different from both their bulk counterparts and individual atoms.®
As the size decreases, the surface area to volume ratio increases, giving it

unique properties not exhibited by the bulk material. Metal nanoparticles have
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been found to be useful in catalytic applications, nanoelectronics, biological
imaging and drug delivery, information storing, Raman scattering, sensors, and

information storage, among others.>*

Metallic nanoparticles exhibit a Surface Plasmon absorption Band (SPB),
which is present at a particle size of at least 15 atoms." For metals including Au,
Ag, and Cu, the absorption maximum occurs in the visible frequency range giving
rise to colourful colloidal solutions. Nanometer sized particles are transparent and
light scattering is negligible.! Changing the size or shape of a nanoparticle results
in a change in the observed colour.® The colour of the NP solution is a result of
the Surface Plasmon resonant absorption and depends on the shape and size of
the nanoparticle and the dielectric constant surrounding the particle.® The SPB is
a result of a collective excitation and oscillation of free electrons in the
nanoparticles in the conduction band under the electric field of incoming light,
which results in a dipole excitation across the sphere causing the electrons to
oscillate (see Figure 1.1)."® Once the particle size decreases below the electron
mean free path, the SPB is observed.” These properties coming from nano-sized

particles are unique and not seen with bulk metal or atoms.®
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Light, hv

Electric field

—

Figure 1.1 Polarization of a spherical nanoparti1cle by the electric field vector of incoming
light.

Silver nanoparticles exhibit a SPB around 400 nm. The SPB and the
interband transitions occur at separate wavelengths.! Whereas gold and copper
nanoparticles also exhibit SPB in the visible region of the spectrum (520 and
570 nm respectively), their resonances are superimposed by interband
transitions.! The free electrons in the metal can travel through the particle and
when the wavelength of light is longer than the nanoparticle size, it generates
standing resonance and the wavelength of light in resonance with the Surface
Plasmon oscillation causes the free-electrons to oscillate (see Figure 1.2).2 The
electron density is polarized to one surface when light passes and oscillates in

resonance with the light’s frequency causing a standing oscillation.®
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e" ©

Nanoparticle Inverse of Electrons

Incoming Light on Nanoparticle
Surface

Figure 1.2 Surface Plasmon Resonance resulting from interactions of the electrons in the
conduction band with light®

The SPB position does not depend on the size of the NP; between 3 and
20 nm there is not a strong dependence on particle size and absorption
spectrum.” Using a capping agent on the nanoparticle changes the surface and
may cause a shift in the SPB since it can change the dielectric constant of the

medium with respect to the metal NP.2
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1.3 Synthesis methods for colloidal nanoparticles

There are two general approaches to obtain metallic nanoparticles: (1) A
top down approach where material is removed from bulk material until nanosized
particles are left or (2) a bottom up approach where a metal salt is reduced and
assembled together to make nanosized particles (see Figure 1.3).% Typical top
down approaches use photolithography or electron beam lithography, but are a
challenge because of the need to remove so much material.®> Photolithography is
also limited by the diffraction limit where electron beam is not, however the
instrumentation for electron beam is expensive.® Bottom up approaches have a
challenge to achieve good monodispersity and the ability to stop reduction and

arrest growth of the NP as well as the need for other stabilizing agents.®

Chemical Method

Precursor
Molecules
o 2° % et
[ ]
O ...... .. Metal Atoms
0% 4 [ ]

Figure 1.3 Figure illustrating top-down vs. bottom-up approaches to making
nanoparticles®
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Most commonly used bottom-up methods for making metallic
nanoparticles are chemical methods of reducing a metal salt using a surfactant or
capping agent to control the size, shape, and polydispersity of the NP.> Common
methods are citrate reduction or sodium borohydride reduction requiring high
temperatures and/or harsh conditions.? Irradiation methods for making colloidal
NP have several advantages over chemical reductions. Photochemical methods
are reproducible and occur at room temperature in a closed vessel avoiding the
introduction of impurities.! Furthermore, there is complete temporal and spatial
control over the reaction and the reduction is initiated homogeneously since
mixing does not control the reduction rate." In the Scaiano group, we use
photochemical initiators to produce ketyl (in the case of 1-2959)"° or a-amino
alkyl (in the case of 1-907)® radicals, which go on to reduce metal salts in solution
through an electron donation (see Figure 1.4 and Figure 1.5). Irgacure undergoes
a Norrish type | photocleavage resulting in a ketyl radical in the case of 1-2959
and an a-amino alkyl radical in the case of I-907 and a benzoyl radical. The
benzoyl radical is not a participant in the reduction since its reduction potential is
not comparable to the other radicals (0.2-0.7 V vs NHE)."® The ketyl radical
generated from photolysis of 1-2959 has a reduction potential of -0.578 V vs. NHE
(or -0.82 V vs. SCE)."" The a-amino radical generated from the photocleavage of
[-907 has a reduction potential of -1.47 V (vs. NHE) and is a stronger reductant

than the ketyl radical from 1-2959.'°
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In a multivalent metal (i.e. Cu(OAc),, holding a charge of 2+, two
subsequent electron donations can occur to reduce Cu®* to Cu® or a one electron
reduction to Cu® followed by disproportionation where two M* can combine to

make M° and M*?, see Figure 1.4.
0

0]
OH ] I, OH
v + ).\
HO\/\O HO\/\O

OH O

Figure 1.4 Irgacure 2959 photocleavage under UVA photolysis followed by metal (M)
reduction. B: Disproportionation after one electron reduction to M

N hv . / N\
CrF-Ors, —2— O+ O

/ > 4< +N —mM / ‘®4< 0
O N—e* + o) N= +
\ / M \_/ M
Figure 1.5 Irgacure 907 photocleavage under UV photolysis followed by metal (M)
reduction

A Norrish Type | reaction creates a radical pair upon irradiation of a
carbonyl compound.’ This involves the a-cleavage of C-C bond of the C=0
portion in ketones resulting in a carbonyl radical and an alkyl radical (see

Figure 1.6)."2
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O (|)|* 0] O CH,

I I I I
CeHs CeHs Cets K CeHs H

Figure 1.6 Norrish Type | reaction.'

When Irgacure (I-907 or 1-2959 are the two used in these studies) is
irradiated, it absorbs light, produces a singlet, which undergoes intersystem
crossing with a high efficiency to form the triplet, which has a longer lifetime of
11 ns."™ The transient biradical undergoes Norrish type | photocleavage (see
Figure 1.6) efficiently to form a benzoyl and keyl radical (see Figure 1.4). The
resultant ketyl radical can transfer an electron to reduce a metal species (see
Figure 1.4). A hydrogen donating solvent improves this process as it will stabilize
benzoyl radical after photocleavage of 1-2959 through hydrogen bonding or
hydrogen abstraction. For a more detailed diagram of the processes that can

occur in the excited state, see Figure 1.7.

10
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Singlet energy -------~  pemeeeeeeemeeeee Triplet energy
Singlet reaction 7=~ Triplet reaction
Intersystem crossing ; i Triplet spin configuration
Singlet spin configuration : 1 '
L —+— Pk g i i
| 1 i H
HO —— £/ 1 i i
81 k kT 3
'\’\,\-\Sl\,\ R/> I —t— | U
E.
T, —+— HO
€85>S, ke )kic &Sy=Ty)|  |kp dkrs
LU —
% Yoo @O0
Ground-state orbital Pl :
configuration o i
Singlet-singlet absomtion -- [ ! Singlet-triplet absorption
Fluorescence -------- o ----L---- Phosphorescence
Internal conversion ------------4 ---- Intersystem crossing

Figure 1.7 Jablonski Diagram showing possible transitions upon excitation by light and

the possible transitions back to the ground state, including fluorescence (3), internal
conversion (5), or intersystem crossing to form the triplet (6)."?

11
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1.4 Bimetallic nanoparticles

Bimetallic nanoparticles are nano-sized metallic particles composed of two
different metals taking on different conformations depending on the strength of
binding to surface ligands, strengths of the bonds between the metal atoms,
surface energies of the bulk elements, relative atomic sizes of the metals, and
the conditions used.? There are four main types of bimetallic nanoparticles (see
Figure 1.8): core-shell (a), subcluster segregated (b), mixed (alloy) (c), or three

shell (core-shell-shell) (d).?

Figure 1.8 Different types of bimetallic structure: (a) core-shell, (b) subcluster segregated,
(c) mixed (alloy), (d) three shell®

Bimetallic NP taking on the composition of an alloy will exhibit one SPB in
between the SPB of the two metals used (providing they exhibit a SPB in the UV-

Vis region of the electromagnetic spectrum) (see Figure 1.9).'*'°

12
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0.01
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Figure 1.9 Absorbance spectra of NP made with ratios of 100 % up to 0 % Ag content in
Ag/Au alloy NP™

There is some discrepancy about the absorbance spectra of core-shell

1516 report core-shell (Au-Ag)

type structures, however, some papers
nanoparticles showing two SPB; one for AUNP and the other for the AgNP shell
(see Figure 1.10). The SPB of the two metals and their respective intensities
depend on the thickness of the shell.” If the shell becomes thick enough, it may

be possible that only one SPB is exhibited since the contribution from the core is

ignored by the thickness of the outer metal shell.

Absorbance

I1 min

L Lo M R R T
400 500 600 700
Wavelength, nm

Figure 1.10 Figure showing absorption spectra of core-shell NP (Ag-core Au-shell NP)
showing two distinct SPB.'

13
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1.5 Nanoparticle Shapes

The shape of nanoparticles can be tuned to make different morphologies,
exposing different facets resulting in useful shapes for different applications
including SERS and catalysis.”>'”'® Some methods for changing the shape of
spherical AgNP use thermal methods using strong reducing agents and yield a
polydisperse particle size.®'®?° Photochemical methods have been used to
shape nanoparticles more monodispersely and with spatial and temporal
control.?" Using a wavelength of light that excites the plasmon resonance of the
different shaped particles can change spheres into other morphologies as has
been shown.®?' Using LED irradiation of a solution of AgNP seeds (~3 nm)
stabilized with citrate, results in a shift of the absorbance from 395 nm to the

plasmon resonance of the resulting shape (see Figure 1.11).°

Absorbance (a.u.)

0 e ;
300 400 500 600 700 800
[ ] Wavelength (nm)

Figure 1.11 Coalescence mechanism of changing spherical AgNP into different shapes
based on the wavelength of LED irradiation. UV/Vis absorbance changes over time from
spheres absorbing at 395 nm to decahedra absorbing at 480 nm.’

14



CHAPTER 1

1.6 Supported nanoparticles

One of the first goals of nanoparticle research was their use as catalysts
through the storage of excess electrons on the particles in solution.’
Nanoparticles have important properties that make them better catalysts than
bulk material; their large surface area to volume ratio giving a large percentage of
their atoms to surface sites making them available for catalysis and allow efficient
use of expensive metals.*® A constant challenge, however, in the field of
nanoscience is reproducibility and attaining a monodisperse sample of
nanoparticles.* Commonly catalyzed reactions include oxidation, carbon-carbon
coupling, hydrosilylation, and hydrogenation among others.®? Nanoparticles are
used in both homogeneous and heterogeneous catalytic applications.'®?>%*
Homogeneous catalysis using colloidal nanoparticles suffers from the inability in
most cases to effectively separate the NP from the reaction after completion and
for this reason are not reusable. In order to effectively use the nanoparticles for
heterogeneous catalytic applications, a support is helpful to be able to retrieve
the particles after use and separate them from solution for reuse. This could be
using magnetic properties, a larger solid for filtration or centrifugation, or
extraction methods. Using solid supports; TiO,, hydrotalcite, SiO,, MgO, alumina,
zeolites, clays, or polymers allow easy separation of the catalyst from the
reaction for reuse and are integrated through ion exchange, ligand grafting, metal
coordination, microencapsulation, and electrostatic interactions.?® TiO, has been

shown to be an important support because the catalytic properties of metals can

15
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be modified by metal-support interactions.?® Titanium dioxide is a popular support
for supported nanoparticle catalysis for this reason. There are two catalytically
active types: P25 titania, which consists of 80% anatase and 20% rutile® and
P90, which is 90% anatase and 10% rutile. The nanoparticles have shown to
preferentially locate on the rutile phase.?? Nanoparticles on metal-oxide supports
have been shown to be more catalytically active than either of the two materials

on their own.?’

Most methods of synthesis of NP on support involve a chemical reduction
using NaBH4, citrate, or H, reduction of the metal salt, attaching it to the support
through reduction in the presence of the support and any necessary ligand or in

4,24,26,28

solid state after calcination, or formation of the NP followed by deposition

on the support using heat, electrostatic interactions or ligand interactions.?**
The main methods for preparing supported metal nanoparticles on metal oxide
supports are adsorption and deposition-precipitation.?? Adsorption of the metal
salt on the surface depends on the charge of the metal salt complex and the
isoelectric point of the metal oxide support; if there is an attraction, they can
adsorb through coulombic interactions.?> Adsorption can also be the adsorption
of preformed nanoparticles on the support.?? Deposition-precipitation involves
changing the pH to force the metal salt to precipitate and adsorb onto the solid

support.??

This method works well with supports having a zero potential charge
greater than five since it will be negatively charged at a neutral pH, attracting the

metal salt, this includes magnesia, titania, alumina, zirconia, and ceria.??

16
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Previous work used a photochemical approach of making these supported
nanoparticles but only by photochemically making the nanoparticles followed by
liquid deposition on the support.?® Their attempts to make them ensemble were
reported as kinetically inefficient, requiring too many hours to obtain the catalyst

because of radiation absorbed or scattered by the support.?®

Using metal nanoparticles as catalysts provides a greener, reusable,
recoverable, and toxic waste free method for many chemical transformations that

are important to synthetic and industrial chemistry.?®2*3

17
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2.1 Introduction

2.1.1 Copper Nanoparticles

Copper nanoparticles (CuNP) are useful for many applications; however
pose difficulties because of their instability to oxygen; they will oxidize
spontaneously if unprotected.’ They also have problems with stability in solution
and suffer from precipitation if they are not sufficiently stabilized.? Copper is an
inexpensive metal making bulk production of CuNP feasible for industrial
applications. They are of interest because of their application in catalysis, optical
applications, conducting properties, electronic applications, and their low cost
compared to their gold or silver counterparts.>® Copper nanoparticles are of
interest for making microelectronic devices, inkjet printing inks, radio frequency
identification tags, and disposable electronics because of their low cost and
conductive properties.*® Copper is also attractive for its use in cancer cell killing
and germicide properties.? Copper is cheaper than silver and is very conductive,
only 6% less than silver, making it a feasible replacement for silver nanoparticles
in inkjet printing applications.” The fast oxidation and low reduction potential of
Copper (E°[Cu®/Cu®*] +(0.34 V)) makes their synthesis and stabilization a
challenge.® Many syntheses use harsh reducing agents such as hydrazine,
sodium borohydride, and hydrogen in excess, taking hours for completion.? Other
syntheses use laser ablation, electrode discharge, sonochemical, radiolytic, or

microwave reduction, some of which can be difficult to perform.7
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2.1.2 Copper-Silver bimetallic NP

For CuNP to be useful in applications, the oxidation must be prevented.
Methods used to protect CuNP from oxidation include employing a protective
shell of ligands, polymers, or silica; however this is not advantageous since it
now has a non-metallic outer layer." Using a thin shell of a non-oxidizable metal
around the core of CuNP will overcome both of these obstacles: oxidation of the
CuNP is prevented and the NP maintains its metallic properties.! This has been
done by making CuNP followed by addition of a silver salt where some of the
CuNP is sacrificed to reduce the Ag" to Ag° (transmetalation method, see
Figure 2.1)." Core-shell Cu-Ag NP have also been made through an

electrochemical reduction of Cu** on AgNP formed on graphite.?

2Ag* Cu?
- ' = N2H4 N .:...t."... oo AQ+
. ° f..:"". R ° “

Cu?* Cuo CuNP 2AQ+ +Cul 2 ZAQO +Cu? CucoreAgshe// NP

Figure 2.1 Diagram of transmetalation method to make Cu/Ag core-shell NP.'

Bimetallic NP can be combined or joined in a variety of ways including (i)
an alloy, (ii) bimetallic segregated (two NP of different metals are joined at the
edges or each makes half of the NP (see Figure 2.1)), or (iii) a mixture of the two

NP metals separate in solution (see Introduction for further explanation).’?
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Figure 2.2 Cartoon image of bimetallic segregated NP°

The results presented herein are copper nanoparticles synthesized using
a photochemical approach avoiding literature preparations using chemical
reductions with harsh reducing conditions.> The more environmentally benign
conditions used in this approach use a photochemical initiator (either
Irgacure 2959 or Irgacure 907 in water or acetonitrile respectively.) Upon
irradiation with UVA (in the case of 1-2959) or UVA or UVB (in the case of |-907)
radicals capable of reducing metals salts are produced. The photochemical
reduction pathway is in Scheme 2.1. Irgacure 2959 undergoes a Norrish Type |
photocleavage producing a ketyl radical where 1-907 generates an a-amino alkyl

radical, a stronger one-electron reductant.
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Scheme 2.1 Proposed photochemical reduction pathway of 1-2959 and 1-907 in
water and MeCN respectively.

The benzoyl radical also produced in the photochemical cleavage of the
photochemical initiators does not partake in the reduction because its reduction
potential is too low (E°[R-(CO)/CO(R)] is approximately +(0.2-0.7)V vs. NHE)™

compared to the ketyl radical and a-amino alkyl radical produced from [|-2959
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(E°[CH3COHCH;] is -0.578 V vs. NHE (-0.82 V vs. SCE))'" and 1-907

(E°[(CH3)2CN(CHa)2] is -1.47 V vs. NHE)™ respectively.

The goals of this research are to photochemically synthesize CuNP
allowing spatial and temporal control over the NP synthesis, which is not possible
with chemical reductions used previously. It also aims to determine the role of
halides as stabilizers for CuNP to ultimately attempt to prevent their oxidation.
Copper/Silver bimetallic NP were explored using a photochemical approach in

further attempts to protect the CuNP from oxidation.
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2.2 Materials and Methods

For the preparation of CuNP in water, CuSQO4, Cu(NOs3). 3H.O, and
CuCl>*2H,O were the copper salt precursors and because of solubility only
Cu(OAc). was used in acetonitrile. The CuNP synthesis done in water was
primarily done by Dr. Natalia Pacioni. All copper precursors were purchased from
Sigma Aldrich and used as received. The stabilizers that were used include
cetyltrimethylammonium bromide (CTAB), cetyltrimethylammonium chloride
(CTAC), NaCl, tetramethylammonium bromide (TMABr), tetramethylammonium
chloride (TMACI), tetramethylammonium bromide (TMABF), tetraethylammonium
bromide (TEABEr), tetrabutylammonium bromide (TBABr), tetrapropylammonium
bromide (TPABr), tetraheptylammonium bromide (THABr), tetraoctylammonium
bromide (TOABr) were purchased from Sigma Aldrich and used as received.
Irgacure 2959 (2-Hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone)
and Irgacure 907 (2-methyl-1-[4-(methylthio)phenyl]-2-(morpholinyl) phenyl]-1-
butanone) were a generous gift from Ciba Specialty Chemicals. Doubly distilled
deionized water was used from a Milli-Q system (18 MQ resistance) and

spectroscopic grade acetonitrile was purchased from Fisher Scientific.

The concentrations used in the preparation of the nanoparticles were
0.66 mM of copper salt precursor, stoichiometric amount of Irgacure, and
0.66 mM of stabilizer (unless otherwise stated.) All samples were Ar-purged for

30 minutes prior to irradiation. Samples were irradiated in a fused silica cuvette
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(10 x 10 mm) sealed with a septum and placed in a Luzchem LZC-4V
photoreactor equipped with up to 14 lamps and a carousel to rotate the samples
during photolysis. UVA lamps (centred at ~350 nm) were used for the NP
prepared in water with 1-2959 (Amax ~ 270 nm) and UVB (centred at ~300 nm with
a peak at 313 nm) irradiation was used for those prepared in MeCN with -907
(Amax ~ 300 nm). In both syntheses (water and acetontrile) the results were found

to be quite reproducible with freshly prepared solutions and sufficient Ar-purging.

The characterization of the NP was done using UV-Vis spectroscopy
(Varian Cary UV-50, Cary UV-100, Cary UV-500, or SpectraMax M5
spectrometer in cuvette mode), field emission scanning electron microscopy
(SEM, JEOL JSM-7500F), and Transmission Electron Microscopy (TEM, JEOL
JEM-2100F). The UV-Vis spectroscopy was done in the cuvette used to make
the NP scanning between 200 and 900 nm. For the microscopy, approximately
50 pL of solution was dropped onto a copper grid (400 mesh) or a silicon wafer
and evaporated under vacuum dessicator in attempts to avoid oxidation while

drying. Images were analyzed using ImagedJ Software.
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2.3 Results and Discussion

2.3.1 Synthesis in Water

2.3.1.1 Synthesis

Copper nanoparticles were photochemically synthesized in water using
different soluble Cu (l1) salts to find the ideal conditions for CuNP stabilization.®
The synthesis in water was done using Irgacure 2959 as the reducing agent

using UVA light.

Copper (Il) chloride, copper nitrate, and copper sulphate were tested as all
are soluble in water. After deaerating with Ar and irradiating, the clear solution of
CuSOy turned a reddish-brown colour with a Surface Plasmon Band (SPB) at
575 nm seen from UV-Vis spectroscopy measurements indicative of CuNP.>"2
The CuNP solution from CuCl, had a pink colour with a SPB red-shifted
compared to those made with CuSO, to 580 nm. The Cu(NOs). solutions had a
low yield of NP indicated by the pale colour generated and the weak absorbance.
See Figure 2.3 for absorbances of CuNP from each salt. The SPB of CuNP is
known to appear in the 560-580 nm region."”'® Copper nanoparticles with an
oxide layer around them from the literature, show an additional absorbance at

wavelengths greater than 800 nm.'*"3
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Figure 2.3 Absorbance of CuNP yielded from 0.66 mM CuSO,, Cu(NOs),, and CuCl,,
with stoichoimetric amount of 1-2959 after 30 min of UVA irradiation.

SEM and TEM images show monodisperse spherical NP obtained from
CuSO, with an average diameter of 8.2 nm. Nanopatrticles obtained from CuCls
were more polydisperse with an average diameter of 18 nm. This precursor also
yielded particles larger than 100 nm with a broader SPB and a rise in absorbance
intensity, which could also be caused by the increased scattering at longer

wavelengths.

When investigating the kinetics of CuNP formation, it was noted that the
rate of formation is fastest with CuCl, compared to CuSO4 and Cu(NOs). (see
Figure 2.4). This was attributed to the chloride counter anion, likely responsible
for stabilizing and catalyzing the NP growth. It is known that CI" adsorbs to the
surface of copper.” The growth of CuNP in the presence of CI begins
immediately, where a delay is noted in the CuNP formation when no CI is

present. The delay without CI" present indicates that the ketyl radical does not
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reduce Cu(l) until the Cu(ll) is depleted, whereas with the CI' present
disproportionation occurs quickly, forming CuNP. Disproportionation is the main
mechanism proposed with the chloride anion because of these experimental
observations (see Figure 2.5). This is also seen in SEM results where
nanoparticles made with chloride are more polydisperse because of their fast

formation.

—
(6)}

—

o
o

Absorbance

0 10 20 30 40 50 60
Time (min)

Figure 2.4 Growth of CuNP over time monitoring the absorbance maximum of the
SPB of 0.66 mM CuCl,, CuSO,, and Cu(NO3)..
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2x( Cu** + CIr —=——==—— CuCl*)

disproportionation
without chloride

2 Cut S Cu?t + Cu°

CHj ' Minor due to inefficient

+CI- HO—¢ 1 disproportionation
CHs | without chloride

v
CuCl* + Cu° CuNP
disproportionation fast
with chloride

Figure 2.5 Proposed mechanism of CUNP synthesis in water in the presence of
chloride.’

2.3.1.2 Stabilizers

The effect of different halides as stabilizers was studied as well as the
concentration on the formation of CuNP from CuSO.. By using NaCl as the
source of the CI ion, it was found that it was not concentration dependent,
implying the catalytic role of the chloride ion (see Figure 2.6). With no NaCl, very
few NP formed based on the observed low absorbance at the SPB of 0.08, and
with a small amount of NaCl (0.08 mM) the absorbance increases 6-fold to 0.5
(Figure 2.6). The absorbance of the CuNP increases to 0.54 when the
concentration of NaCl is nearly quadrupled to 0.3 mM indicating the catalytic role

of the chloride anion.
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Figure 2.6 Absorbance of CuNP at the maximum SPB while changing the
concentration of NaCl using 0.33 mM CuSO, solutions and UVA irradiation.
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2.3.2 Synthesis in Organic Solvents

2.3.2.1 Synthesis

Synthesis of CuNP is of interest in organic solvents for increasing the
applicability and the usefulness of organic solvents in industrial applications
because of organic solvents’ low boiling points and easy removal. Other studies
have synthesized CuNP in acetonitrile-water solvent mixtures and found that the
acetonitrile captures the CuNP and prevents oxidation.? It has been reported that
acetonitrile stabilizes Cu* ions, making their reduction to Cu® more difficult than in
water (E°(Cu*/Cu®= -0.29 V vs. SHE)."™'® For this reason, 1-2959 was not
effective as a reductant and disproportionation was not the proposed mechanism

as in the case of water.

Copper nanoparticles in this study were synthesized in acetonitrile using
Copper (Il) acetate, 1-907 as the reducing agent and CTAC as a stabilizing agent.
The photoproducts from Irgacure 907 are stronger reducing agents and |-907
absorbs more strongly in the UVB region (Amax=300 nm), thereby producing more
reducing radicals in a shorter amount of time. Both irradiation types (UVA and
UVB) work for both photoinitiators (I-907 and 1-2959), but because of availability
of bulbs, stability of NP when reduced at a faster/slower rate, and effectiveness,

UVA was used for 1-2959 and UVB was used for 1-907.
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Using Cu(OAc). in acetonitrile, no nanoparticles form without the use of
CTAC (see Figure 2.7). Without CTAC, the absorbance remaining around
670 nm and 375 nm is that of the Cu(OAc), and the absorbance less than
350 nm is that of the Irgacure. There is no CuNP SPB absorbance around

575 nm for the sample without CTAC.

——e—— 0.66 MM CTAC
——— ) MM CTAC

—_
(&)

oAbsorbance
b'| -
T I LI L L) I LI L L) I LI L L)

0
300 400 600 700 800

500
Wavelength (nm)

Figure 2.7 Absorbances of solutions containing 0.33 mM Cu(OAc),, 0.66 mM 1-907,
and 0 mM or 0.66 mM CTAC after 15 mintues of UVA irradiation (9 lamps) and 30
minutes of Ar-degassing.

The synthesis of CuNP in acetonitrile with CTAC as a stabilizer under UVA
irradiation after degassing the solution with argon was monitored over time to see
the appearance and growth of the SPB. Initially, the absorbance of the copper
acetate is seen at 670 nm, around 8 minutes the growth of the SPB appears at
575 nm and the solution changes from blue to a pinkish colour. The SPB stops

growing after 60 minutes of irradiation (see Figure 2.8).
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Figure 2.8 A: Monitoring the growth of the SPB of CUNP over time from 0 to 60
minutes of UVA irradiation using UV-Vis spectroscopy. Solution contains 0.66 mM
Cu(OAc),, 1.32 mM 1-907, 0.66 mM CTAC. B: Absorbance at the SPB maximum (573

nm) of the CuNP with time of irradiation.

There is an induction period between 0 minutes and 8 minutes when the
SPB first appears. We propose this period as the reduction of all Cu*® to Cu*
followed by the further reduction to Cu® by the radical. There is also a nucleation
period where the particles are too small to have a SPB, and once they aggregate
and reach the critical size (around 15 atoms'”) begin absorbing around 575 nm.

After 4 minutes, the peak for Cu(OAc). disappears, indicating the reduction of
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Cu?* and thus disappearance of its absorbance at 670 nm. After 12 minutes the
peak for CuNP appears at 575 nm. It has been established that once CuNP

begin to form, they catalyze the reduction of more Cu*."®

Since 1-907 absorbs in the UVB region of the electromagnetic spectrum,
the difference in growth time and the resulting NP were investigated. A
comparison of 8 UVA lamp and 4 UVB lamp irradiation of a solution of 0.66 mM
Cu(OAc),, 0.66 mM CTAC, and 1.98 mM [-907 is shown in Figure 2.9. The NP
formation is twice as fast with UVB irradiation forming in 30 minutes with half the
lamps compared to UVA irradiation, which takes 60 minutes. Using 8 UVB lamps
compared to 4 UVB lamps does not make a significant difference in the rate of

formation of the NP (see Figure 2.9A).
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Figure 2.9 (A) Absorbance of CuNP at the SPB maximum vs. time for solutions of
0.66 mM Cu(OAc),, 1.98 mM 1-907, and 0.66 mM CTAC with 8 UVA, 4 UVB, or 8 UVB.
(B) Absorbance after specified irradiation times with UVA (8 lamps) or UVB (4
lamps).

The effect of concentration of CTAC was looked at to find the optimal
concentration for a good yield of NP. Using a sample of 0.66 mM Cu(OAc),
1.32 mM 1-907, and changing the concentration of CTAC the absorbance and
SPB maximum were monitored with UV-Vis spectroscopy. As the concentration

of CTAC increased from 0.15 mM to 0.33 mM to 0.66 mM, the absorbance of the
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SPB increased along with a simultaneous blue-shift (see Figure 2.10). As the
concentration was increased further, from 0.66 mM to 0.99 mM, the absorbance
decreased significantly. The CTAC concentration of 0.66 mM resulted in the
narrowest and most blue-shifted absorbance at 575 nm (see Figure 2.10). SEM
imaging in Figure 2.11 showed nanoparticles made with 0.66 mM CTAC have a
mean diameter of 19 nm (x 7 nm). With 0.15 mM CTAC the mean size is 14.5 nm
(= 8 nm). This increased absorbance could be because as more stabilizer is
added (up to 0.66 mM), more particles are stabilized allowing more to form.
There is more stabilizer present to associate with the particles as they form
preventing growth of each particle, resulting in more particles of a smaller size.
When you reach a certain point (0.99 mM) the concentration of the stabilizer is
too high and it prevents more nucleation by getting in the way of reducing Cu*?
and Cu" resulting in a low yield and slower formation of NP as can be seen in
Figure 2.10B. Energy-dispersive X-ray spectroscopy (EDS) was done and
confirmed the presence of elemental Cu, Figure 2.12. We proposed that the
delay of SPB appearance between 0 and 10 minutes (Figure 2.10C) suggested
that reduction from Cu* - Cu® may be solely a radical reduction in acetonitrile
rather than disproportionation, and it is slowed by the presence of bulky

stabilizers.
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Figure 2.10 Solution of 0.66 mM Cu(OAc), with 1.32 mM 1-907, irradiated with 8 UVA

lamps for 55 minutes. CTAC concentration varied from 0.15 to 0.99 mM. (B)

Maximum absorbance at SPB of CuNP versus each concentration of CTAC (C)

Normalized absorbance vs. time.
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Figure 2.11 SEM images of CuNP with differing concentrations of CTAC. All three
samples contained 0.66 mM Cu(OAc),, 1.32 mM I-907. A & B: 0.66 mM CTAC; C:
0.15 mM CTAC. Size bars in all images are 100 nm.
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Figure 2.12 EDS spectrum of CUNP made with 0.66 mM CTAC and 1.98 mM of 1-907.
NP drop cast onto a silicon wafer.

2.3.2.2 Reducing Agent

The photochemical reducing agent commonly used in our lab is 1-2959,
but 1-907 is also able to reduce metal salts to form nanoparticles. The strongly
reducing a-aminoalkyl radical produced is able to reduce Cu(OAc), to Cu° in
acetonitrile (see Scheme 2.1) where [-2959 is not effective in the reduction. The
concentration of 1-907 plays a role in the position of the final SPB and the final
absorbance. With more Irgacure, the SPB is more blue-shifted, which may
indicate smaller nanoparticles formed'®?° (see Figure 2.13). Also, a higher yield
of nanoparticles is achieved with a higher concentration of Irgacure. With a 2:1
ratio of 1-907:Cu*? (stoichiometric amount), the SPB appears at 580 nm and a
lower absorbance than with a 3:1 or 4:1 ratio (see Figure 2.13A). With a 3:1 ratio
of 1-907:Cu*?, the SPB maximum position was shifted to ~572 nm with a doubled
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final absorbance (from 0.7 with a 2:1 ratio to 1.36) as seen in Figure 2.13A. This
is likely because more reducing radicals are produced with the same dose of light
at one time allowing more nucleation centres to form. This results in more NP of
a smaller size. It could also be explained by the increased amount of amine
stabilizers coming from the 1-907 photoproducts, which could be aiding in the
CuNP stabilization as the concentration of -907 increases. Interestingly, the
concentration of the reducing agent does not affect the rate of nanoparticle
formation (see Figure 2.13B). This could be because in all cases Cu*? is being
reduced to Cu®, but they still need to be subsequently reduced to Cu’ by the
a-amino alkyl radical and there is a lag as the nucleation centres form and
become large enough to support a SPB." The lowest concentration of 1-907
(1.32 mM) had the shortest nucleation time since there are likely less nucleation
centres formed because of the lower number of reducing radicals produced.
Because there are less nucleation centres, there are less centres for addition and
further Cu* reduction will occur more likely on these centres forming larger NP

that support a SPB faster (see Figure 2.13B).
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Figure 2.13 Solution of 0.66 mM Cu(OAc),, 0.66 mM CTAC, and 1.32 mM, 1.98 mM,

or 2.64 mM 1-907 (A) after 35min irradiation 4 UVB lamps. (B) Normalized

Absorbance of the SPB maximum of each 1-907 concentration with time. Plot is

normalized to the maximum absorption of each 1-907 concentration in A.
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Figure 2.14 SEM images of CuNP formed with 0.66 mM Cu(OAc),, 0.66 mM CTAC
and 1.32 mM 1-907 (A) or 1.98 mM 1-907 (B). Average particle size for A is 17 nm (*
10 nm) and for B is 10 nm (+ 3 nm). Scale bars indicate 100 nm.

47



CHAPTER 2

2.3.2.3 Stabilizers

Different stabilizers were tested to try to find optimal conditions for the
growth of CuNP as well as prevent their oxidation. As seen in the case of water,
the chloride ion is an effective stabilizer for CUNP in MeCN as well. In attempts to
better stabilize the NP to the atmosphere, other stabilizers were studied,
including TOPO (trioctylphosphine oxide), cyclohexylamine, thiophene, and PVP
(Molecular weight: 55K and 10K). These were also used in attempts to grow a
shell around the CuNP of another metal (Au or Ag.) Cyclohexylamine, thiophene,
and PVP yielded some NP but the colour was more grey and the SPB was red-
shifted to around 585 nm or 590 nm in the case of TOPO, likely indicating larger
particles.'®? It is even more red-shifted with the 10K PVP to 604 nm compared
to 587 nm with the 55K PVP. These stabilizers were not further explored because
they were shown to be ineffective at stabilizing smaller CuNP and often lead to

precipitation of the NP in solution.

Our attention turned to stabilizers containing a halide anion to see how the
different counter anions and lengths of alkyl chains would affect the NP. The
counter ion of the ammonium stabilizer showed large variations on the SPB
maximum as well as the rate of NP formation. When comparing CTAC with CTAB
under UVB irradiation (4 bulbs), the SPB maximum of CTAB is more blue-shifted
(572 nm), narrower, and a higher intensity with the bromide counter anion of
CTAB than with the chloride counter anion of CTAC (SPB maximum 575 nm),

19,20

(Figure 2.15). This indicates smaller, more monodisperse NP, as seen via
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SEM (Figure 2.16). SEM indicated the average NP size with CTAB was 16 nm
(= 11 nm) whereas for CTAC the average NP size was 27 nm (= 18 nm). The
reason for the increased monodispersity and smaller NP size with the bromide
counteranion is not known, but could be because the chloride ion is smaller and
has a stronger electric field, attracting it to the ammonium cation.?’ The
ammonium cation of CTAC is closer associated and may hinder its ability to

effectively stabilize the NP at a smaller and more monodisperse size compared

to CTAB.
2
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Figure 2.15 Final absorbance spectra of CUNP from solutions of 0.66 mM Cu(OAc),,
1.32 mM 1-907, and 0.66 mM CTAC or CTAB. Red trace denotes samples before
irradiation.
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Figure 2.16 SEM image of the NP above. A: CTAC, B: CTAB. Scale bar in each is
100 nm.

The effect the bromide ion had on the position of the SPB provoked further
investigation into stabilizing agents with different counter anions and cations. To
investigate the counter ammonium cation, different alkylammonium salts with
chloride counterions were investigated. When looking at the effects of different
alkyl substituents from the ammonium salt using the bromide counter anion, there
were noticeable differences depending on the length of the alkyl chain and the
structure of the ammonium salt. Stabilizers CTAB, TMABr, TBABr, THABr, and
TOABr were examined to see how they affected the NP formation. The most
blue-shifted absorbance was that of THABr at 570 nm (see Figure 2.17A). The
others were fairly close with CTAB and TOABr at 572 nm, TMABr and TBABr at
571 nm. The SPB positions are likely shifted as a result of the different medium
of alkyl chains surrounding the NP, which has been shown for AgNP as the alkyl

chain length changes.?
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CTAB shows the highest absorption after 34 minutes of irradiation but also
takes the longest to complete the growth (see Figure 2.17). The rates of
formation of all the NP are similar except for CTAB, which takes longer to
complete than the other bromide alkylammonium salts (see Figure 2.17B). The
induction period for the CTAB is also much longer than with the other stabilizers.
For CTAB it is around 8 minutes, whereas the others have induction periods
around 3 or 4 minutes (see Figure 2.17B). The formation of the NP may be
slower with the CTAB because of its structure of three short chain methyl groups
and one longer alkyl group (cetyl), which cause the anion to associate closer
preventing it from immediately stabilizing the NP. A previous report®' showed that
the association between the anion and cation in alkylammonium salts in
acetonitrile changes depending on the alkyl substituents. They found the shorter
the chains, the closer the association to the counter anion.?' Perhaps the CTAB
has a close association with its counter anion because of its short methyl chains
keeping the ammonium cation and bromide anion close preventing immediate
stabilization of the NP by the Br. Another possible explanation could be that as
the Cu*® is reduced to Cu® by subsequent a-amino alkyl radical reduction, the
remaining Cu” is attracted to the negative media around the Cu® atom and the
CTAB may be better at encapsulating or surrounding it and temporarily
preventing the a-amino alkyl radical from further reducing the Cu® and slowing

the process of nucleation (see Figure 2.18).
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Tetrabenzylammonium chloride (TBenzylACl) was also tested as a
potential stabilizer. It had a short induction period (see Figure 2.19B) but formed

NP with a more red-shifted absorbance and more scattering (see Figure 2.19A).
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Figure 2.17 A: Final absorption of CuNP after irradiation of degassed MeCN
solutions of 0.66 mM Cu(OAc),, 0.66 mM stabilizer, and 1.98 mM 1-907 with 4 UVB
bulbs. CTAB: 34 minutes, TMABr, TBABr, THABr, TOABr: 23 minutes. B:
Normalized absorption over time of CuNP formation with each alkylammonium
bromide salt at the SPB maximum. B is normalized to the maximum absorption
achieved in A.
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Figure 2.18 Proposed cartoon mechanism for slowed nucleation and growth of
CuNP using CTAB. Not to scale.

The difference between the bromide and chloride counter anions triggered
testing the iodide counter anion. Figure 2.19 shows that the CuNP formed with
TBAI have the most blue-shifted absorbance at 568 nm compared to CTAC and
CTAB. The rates of formation in the presence of TBABr and TBAI are similar but
TBAI has a much shorter induction period, the particles show a SPB immediately,
whereas for TBABr it takes 3 minutes before the SPB appears and 9 minutes for

TMACI (see Figure 2.19B).
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Figure 2.19 A: position of SPB after reduction completed. B: Normalized
absorbance at the SPB maximum with respect to time of irradiation. B is
normalized to the maximum absorption reached in A.

It seems that the counter anion plays a large role in the initial rate of NP
formation. It could be by catalyzing the nucleation and changing the rate at which
the reduced Cu® coalesce to form clusters large enough to support a SPB. It
could also be the anion’s association with the Cu* species and how easily the

Cu* can undergo another electron reduction to Cu°. The catalytic effects increase
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as you move down the periodic table with CI'<Br'<I" in terms of the time at which
initial NP formation begins. This could reflect the size and electric field around the
anion catalyst. As the catalyst anion becomes smaller and its electric field
increases, it is more tightly bound to the ammonium cation centre and less
associated with the NP. It is also possible that the close ammonium cation blocks
further nucleation of Cu® on the surface. A previous study comparing iodide and
bromide in alkylammonium salts found bromide is more closely associated
potentially because of a higher electric field around it and its smaller size.?" This
ignores solvation effects of the ions in the acetonitrile. Another explanation could
be that the chloride anion binds strongest with the Cu°® as it is nucleating and
occupies sites where more Cu° can add in the nucleation period, slowing the

growth of the NP2

The main difference between the growth of CuNP in the presence of the
chloride and bromide counter anion with the TMA salt is in the induction period
during nucleation (see Figure 2.20). The growth period for both has a similar
slope, indicating once nucleation is done and the size of the NP is large enough
to support a SPB, the rates for both are the same. The different induction periods
indicate that Cu(l) = Cu(0) is counter anion dependent since the absorbance of
Cu(ll) at 670 nm disappears immediately. The delay of NP formation indicates
that Cu(l) = Cu(0) is a radical reduction not disproportionation of Cu(l) + Cu(l) >

Cu(0) + Cu(ll) (see Chapter 1).
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Figure 2.20 Normatlized growth of CuNP stabilized with TMABr and TMACI
comparing the maximum absorbance of the SPB of CuNP with time. These are
normalized to the maximum absorption reached in each case.
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2.3.2.4 Copper Nanoparticle Oxidation

One of the main challenges of working with CuNP is their oxidation, which
happens quickly when exposed to air. The effect of the different stabilizers on the
oxidation time of CuNP was explored but showed limited reproducibility. The
CuNP were made in a quartz cuvette with a neck for degassing. Once the NP
were made, the cuvette was opened to the atmosphere and placed in the Cary

spectrometer to monitor the SPB maximum every minute.

When first looking at the tetraalkylammonium bromide salts, it was seen
that as the length of the alkyl chain increased, the time for oxidation increased
(see Figure 2.21). The total oxidation times, which is the time it takes for the SPB
of CuNP to disappear completely from the absorbance spectrum, for TMABT,
TBABr, THABr, and TOABr are 100, 110, 130, 135 minutes respectively (see
Figure 2.21 and Table 2.1) It seemed as the length of the alkyl chain increased,
the oxidation time slowed by 45 minutes in the case of TMABr and TOABr. To
see if a different arrangement of alkyl chains would have an effect, benzyl
triethylammonium chloride (BenzylTEACI) was used to see if the benzyl group
would potentially stabilize the CuNP further through 1 interactions with the
aromatic ring. The BenzylTEACI did not lengthen the time for total oxidation
compared to TOABr, it was only a slight improvement over TMABr with the
oxidation beginning at 40 minutes. The oxidation time increases as the length of
the alkyl chain on the ammonium salt increases (time for oxidation
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methyl<butyl<heptyl<octyl) (see Figure 2.21). This could be a result of the longer
alkyl chain interacting with the nanoparticle, shielding it temporarily from oxygen
and protecting it from oxidation. When comparing CTAC and CTAB, the oxidation
time is greater for the bromide containing ammonium salt. This could be because
the chloride anion is more closely associated with the alkylammonium cation and
it is a poor stabilizer of the NP, as seen in their formation compared to bromide or
iodide, making the chloride stabilized NP less stable and more open to oxidation.
The oxidation time is faster for CuNP in acetonitrile than it is in water, which can
be explained by the higher solubility of oxygen in MeCN compared to water
(8 x 10 mol/L versus 1.2 x 10 mol/L at 25°C, respectively).?*?* It is worthwhile
to note that during these experiments, the cuvette was opened to the air but was
not stirred or agitated throughout the duration of the experiment. For more
reproducible results and accurate results, stirring needs to take place. This,
however, could not be done because of complications incorporating stirring with

the spectroscopy instrument.
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Figure 2.21 Normalized absorbance at the SPB maximum for each sample
monitored over time after opening the cuvette to air, unstirred. Respective
absorbance spectra can be found in Figure 2.17 and Figure 2.19.

Table 2.1 Table summarizing time for growth of NP, time when oxidation began,
and time for complete oxidation of the CuNP with the different stabilizers. Data
taken from figures 2.18, 2.20, and 2.22.

Stabilizer Growth Time of Time when Time for Complete

NP (min) Oxidation begins Oxidation (min)
(min)
CTAB (570 nm) 32 20 120
TMABTr (572 nm) 23 55 100
TBABr (570 nm) 20 75 110
THABTr (570 nm) 21 95 130
TOABY¥ (572 nm) 22 100 135
TBAI (569 nm) 13 60 85
CTAC (575 nm) 34 25 30
TMACI (573 nm) 30 8 20
BenzyITEACI 25 40 100
(578 nm)
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It is important to note that when the CuNP oxidize, they return to their
original state as Cu** and do not make CuO NP, which absorb around
800 nm."®"® This is evident from the colour reverting back to the original blue as
before irradiation and the absorbance spectra seen in Figure 2.22. The reversion
back to the original Cu?®* rather than CuO has been noted in other reports as

well 26
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Figure 2.22 Spectra of CuNP solution before irradiation and before and after
oxidation. 0.66 mM Cu(OAc),, 1.98 mM I-907, and 0.66 mM TOABYr in deaerated
MeCN.
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2.3.3 Bimetallic Cu/Ag NP

In attempts to protect the CuNP from oxidation, bimetallic Cu/Ag were
made in the hope of capping the CuNP with a small amount of Ag to protect from
oxidation making a core-shell (Cu-Ag) type structure (see Figure 2.1 for image).
Making bimetallic structures was possible, but characterizing the type (core-shell,
alloy, segregated, etc. (see section 2.1.2 and Chapter 1)) was challenging. The
reduction potentials of the two metals do not promote the desired core-shell
structure. With the reduction potentials of +0.34 V for Cu®/Cu®* and +0.799 V for
Ag°/Ag* (vs. SHE), silver will be reduced first followed by copper leading to the

formation of Ag-core Cu-shell."#’

2.3.3.1 Synthesis

Different syntheses were attempted to obtain a core-shell type structure
and control the morphology (all methods are briefly described in Table 2.2). The
first was irradiation of both salts at the same time with a solution of 0.66 mM
Cu(OAc)2, 0.33 mM AgNOs, 1.65 mM 1-907, and 0.66 mM CTAC in MeCN
followed by Ar-purging and UVA irradiation (Referred to as method 1 or M1). The
ratio of Cu:Ag was varied to optimize the synthesis. In all attempts the Cu(OAc).
concentration was kept at 0.66 mM and the ratio of Cu:Ag was 1:1, 1:2, or 2:1.
Figure 2.23 shows that both SPB appear when the ratio is 2:1 Cu:Ag indicating
that both nanoparticles have formed. SEM images of the 2:1 Cu:Ag NP can be

seen in Figure 2.24 and have a size of 25 nm = 10 nm. They are polydisperse
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and no discernable difference in the SEM images can be made between the two

metals to identify them (see Figure 2.24).
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Figure 2.23 Different ratios of Cu:Ag made together with a stoichiometric amount
of 1-907 and 0.66 mM CTAC in MeCN with 20 minutes of 8 UVA lamp irradiation
after degassing with Ar. Cu(OAc), concentration was kept constant at 0.66 mM.

62



CHAPTER 2
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Figure 2.24 SEM images of (M1) Cu/Ag bimetallic NP (0.66 mM Cu(OAc),, 0.33 mM
AgNO3, 0.33 mM CTAC, 1.65 mM 1-907). No difference can be seen between the
CuNP and AgNP in these images.

The concentration of CTAC was also varied to achieve optimum
conditions. With 2:1 Cu:Ag solutions, the CTAC concentration was varied
between 0 mM and 0.66 mM. With no CTAC, no NP of any type formed but
scattering across the entire spectrum was noted (see Figure 2.25). With 0.15 mM
CTAC, no absorption for CuNP appeared, only a broad absorption with a
maximum around 670 nm where the Cu(OAc), absorbs (see Figure 2.25). With
0.33 mM of CTAC, a SPB for CuNP appeared around 580 nm, but has low
intensity along with absorption at longer wavelengths. At a 0.66 mM CTAC
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concentration, the results improved significantly with two SPB for AgNP and

CuNP and less scatter at longer wavelengths (see Figure 2.25).
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Figure 2.25 Varying the CTAC concentration after degassing solutions of Cu(OAc).
(0.66 mM), AgNO;3 (0.33 mM), and 1-907 (1.65 mM) with Ar in MeCN and irradiating
with 8 UVA lamps for 20 minutes.

In this method, the AgNOs; reduces first as expected from the reduction
potential (0.799 V?’ for Ag°/Ag* compared to 0.34 V' for Cu°/Cu*? vs. SHE)
followed by the Cu(OAc)., giving rise to two SPB at 395 nm and 568 nm,
respectively (see Figure 2.26). When monitoring the kinetics of formation, the
AgNP first showed a SPB at 408 nm and subsequently blue-shifted to 395 nm
after about 10 minutes, the same time that the CuNP SBP began appearing (see
Figure 2.26). Previous reports of core-shell NP state that blue-shifting occurs for
the core of the NP when the outer shell is formed and is related to an increase in
the thickness of the shell and the dielectric constant.?® The CuNP SPB was blue-

shifted with respect to where it would normally fall under monometallic conditions
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(Figure 2.26), which could be a result of the interaction with AgNP if they are the
core because reports of core-shell have noted similar results explained by
plasmon hybridization.?® The outer layer nuclei will have a stronger attraction to
the outer electrons of the core than the ligands in solution, resulting in coupling
that increases the energy required for oscillation of the electrons 2 If these Cu/Ag
NP are core-shell, the silver is the core and the copper nuclei will be attracted to
the electrons in the silver increasing the oscillation energy and blue-shifting its

absorbance as seen in Figure 2.26.
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Figure 2.26 Kinetics of (Method 1) Cu/Ag NP growth in degassed MeCN from 0 to
45 minutes. 0.66 mM Cu(OAc),, 0.33 mM AgNO;, 1.65 mM 1-907, and 0.66 mM CTAC
with 8 UVA lamps.

2.3.3.2 Rate
The rate of NP growth was investigated under monometallic and bimetallic
conditions to see if the presence or absence of another metal or salt influenced

the rate of growth the NP.
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Silver nanoparticles will not form readily on their own without a stabilizer in
solution and do not form with CTAC as the stabilizer, so the rate could not be
compared in the same way as CuNP. Using a CI" or Br’ containing stabilizers can
be a problem since AgCl and AgBr will precipitate in solution.?® Silver NP will
form in a solution containing the copper salt and stabilizer if irradiation is stopped
before CuNP begin forming (before SPB is seen) but are not stable to oxidation
and oxidize within 8 days (see Figure 2.27). The Cu(OAc). must be assisting the
formation of the AgNP, but not enough to prevent eventual oxidation. When using
chloride or bromide containing stabilizers, the solution of Cu/Ag turned a bit
cloudy, but after irradiation, both CuNP and AgNP are formed. If the solution is
filtered before irradiation to remove AgCI/Br precipitate, no NP form. AgNP have
been made in water using CTAC® or CTAB® as a stabilizer. The AgCl
precipitate was noted but reported to dissolve over the course of the reaction,?®
which was also the case in this study with Cu/Ag NP. Before irradiation, Cu/Ag

solutions were a cloudy blue colour and upon irradiation became transparent.
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Figure 2.27 Silver nanoparticles made by irradiating a solution of 0.33 mM AgNO;,
0.66 mM Cu(OAc),, 1.65 mM 1-907, and 0.66 mM CTAC in de-aerated MeCN for five
minutes with 8 UVA lamps. Left in dark for 8 days, and spectrum taken again.

When monitoring CuNP made alone in solution, their rate of formation is
slower than when AgNP are already in solution (in bimetallic conditions, the Ag
reduces first) (see Figure 2.28). There is still an induction period of nucleation
before a SPB is supported in the bimetallic system but once growth begins the
rate of formation of the CuNP is greatly affected by the presence of AgNP (see
Figure 2.28). The copper nanoparticles still have the same induction period
regardless of the presence of AgNP, but the CuNP made in the presence of
preformed AgNP seem to form at a faster rate (see Figure 2.28). It has been
reported that CUNP formation is catalyzed by the presence of AgNP in solution.®
They found that with an atomic ratio of 0.1 Ag:Cu, the reaction time decreased

from 2 hours to 10 minutes.®
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Figure 2.28 Growth of Cu and Ag NP monitoring their respective absorption SPB
maxima with time of irradiation with 8 UVA lamps.

2.3.3.3 Different Copper/Silver Nanoparticle Bimetallic Syntheses

Since the oxidation was not prevented using this method of bimetallic
synthesis (see section 2.3.3.5) and if the structure was core-shell, it was a silver
core, based on UV-Vis kinetics of the NP growth (Figure 2.26). Attempts were

made to synthesize CuNP, followed by addition of a silver salt (either AgQNO; or
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AgTFA) (referred to as Method 2 and known as transmetallation method) in
Ar-purged MeCN in hopes to reduce the silver second and form a shell on the
preformed CuNP. To make the CuNP, 0.66 mM Cu(OAc),, 1.98 mM [-907, 0.66
mM TOABr or CTAC, in MeCN and 0.15 to 0.3 mM Ag*. A smaller amount of Ag
had to be added with respect to the Cu to ensure the reduction of silver did not
result in complete oxidation of the CuNP. Because of their oxidation potentials,
Ag" can be reduced by the CuNP at the expense of the CuNP oxidation. When
AgTFA or AgNO3; was added to the cuvette, a peak appears around 420 nm
while maintaining a peak around 575 nm assigned to the CuNP (see Figure 2.30
and Figure 2.31). The colour of the cuvette changes to a brown/orange colour (all
the colours and descriptions of how bimetallic NP are made can be found in
(Table 2.2). The spectrum is similar to that of Cu/AgNP made together in solution
(see Figure 2.30 and Figure 2.31). The same result is observed using AgNO; as

the silver salt added after the formation of the CuNP (see Figure 2.30).
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Table 2.2 Descriptions of the types of mono and bimetallic NP combinations with

Ag and Cu and their resulting colour.

Type of NP Description Colour SPB locations
(nm)
CuNP CuNP made in Pink/red ~575 nm
MeCN
AgNP AgNP made in Yellow ~400 nm
MeCN
Cu/Ag NP (Method CuNP and AgNP | Dark purple Cu: ~570 nm
1/M1) made at the same Ag: ~418 nm
time in the same
solution
CuNP+Ag* (Method CuNP made in Brown/orange Cu: ~575 nm
2/M2) MeCN, degassed Ag: ~418 nm
Ag* added
CuNP+AgNP CuNP made in Pink-yellow Cu: ~577 nm
(Method 3/M3) MeCN, AgNP Ag: ~430 nm
made in a
separate solution
of MeCN. Two
solutions
combined.

To try to determine the bimetallic structure of these two methods, CuNP

and AgNP were made separately and added together (referred to as Method 3).

CuNP are made with 0.66 mM Cu(OAc),, 1.98 mM 1-907, and 0.66 mM CTAC in

de-aerated MeCN and AgNP are made using 0.2 mM AgNQO;3, 0.2 mM 1-907, and

0.6 wt% PVP (55K) in de-aerated MeCN. AgNP could not be made with CTAC

because of the insolubility of the resulting AgCl.?° The two solutions of NP were

added together and the resulting spectrum taken right after addition can be seen

in Figure 2.29 and is a combination of the two SPB of CuNP and AgNP. An SEM

image of these NP is in the Appendix. The combination of the two NP solutions

70




CHAPTER 2

does not have significant shifts in the SPB of the NP, which may indicate the two

NP are not interacting with each other.?®
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Figure 2.29 CuNP made with 0.66 mM Cu(OAc),, 1.98 mM 1-907, and 0.66 mM CTAC
with 20 min UVB irradiation and AgNP made with 0.2 mM AgTFA, 0.2 mM 1-907,
0.6wt% PVP then adding the two solutions together to form the green trace (M3).

The spectra of all three syntheses were compared (see Figure 2.30 and
Figure 2.31). Based on the spectra, it is difficult to tell whether the NP of Cu and
Ag are forming monometallic NP separately in solution (green trace) or if they are
a core-shell structure. They are not forming an alloy because the spectra would
appear as a single peak in between the two positions of the two SPB.2"?® Based
on spectra, and previous reports of core-shell NP,?®%? the Cu/Ag (M1) could be
forming a core(Ag)-shell(Cu) structure. Because the copper and silver Plasmon
bands are blue-shifted compared to the addition of the two NP (M3), it could
indicate the presence of core-shell NP.?® However, when looking at the SEM and
TEM images of these NP, the composition of the bimetallic NP were not able to
be determined (see Appendix and Figure 2.32). The size of the NP made with

Cu/Ag together followed by reduction (M1) have a mean size of 26 + 12 nm. The

71



CHAPTER 2

size of CuNP with Ag" added to the solution are 14 + 7 nm. CuNP alone are

27 £13 nm.
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Figure 2.30 Spectra comparing (M1) Cu/Ag NP made together in solution (0.66 mM
Cu(OAc),, 0.3 mM AgNO3, 1.65 mM 1-907, 0.33 mM CTAC degassed and irradiated
for 20min with 4UVB). (M2) CuNP made (0.66 mM Cu(OAc),, 1.98 mM 1-907, 0.66 mM
CTAC with 20 min 4UVB) then adding 0.3 mM AgNO; and irradiating for reduction.
CuNP (0.66 mM Cu(OAc),, 1.98 mM 1-907, 0.66 mM TOABr) and (M3) AgNP (0.2 mM
AgNO3, 0.2 mM I-907, 0.6wt% PVP) made separately and added together.
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Figure 2.31 Spectra comparing (M1) Cu/Ag NP made together in solution (0.66 mM
Cu(OAc),, 0.3 mM AgTFA, 2.31 mM 1-907, 0.66 mM CTAC degassed and irradiated
for 20min with 4UVB). (M2) CuNP made (0.66 mM Cu(OAc),, 1.98 mM 1-907, 0.66 mM
CTAC with 20 min 4UVB) then adding 0.15 mM AgTFA and irradiating for reduction.
(M3) CuNP (0.66 mM Cu(OAc),, 1.98 mM 1-907, 0.66 mM TOABr) and AgNP (0.2 mM
AgTFA, 0.2 mM I-907, 0.6wt% PVP) made separately and added together.
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Figure 2.32 TEM images of A: (M1) Cu/Ag NP (0.66 mM:0.33 mM), B: (M2) CuNP +
AgNO; (0.66 mM + 0.3 mM) made together in solution, and C: CuNP alone (0.66
mM). No difference can be seen between CuNP and AgNP in these images making
determining the Cu/Ag composition not possible.
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2.3.3.4 Copper/Gold Nanoparticle Attempts

The capping of CuNP was also attempted using HAuCl, instead of using
silver. The synthesis using gold was not successful and the NP were not stable.
Using 0.66 mM Cu(OAc),, 0.33 mM HAuCl,, 0.33 mM CTAC and stoichiometric
amount of 1-907 in de-aerated MeCN, followed by 20 minutes of UVB irradiation.
When looking at the spectrum, the formation of what appeared to be alloy Cu/Au

28,31

NP formed with a peak at 564 nm (see Figure 2.33). They were not stable

under atmospheric conditions, so this was not followed further.
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Figure 2.33 Cu/Au NP made together in solution using 0.66 mM Cu(OAc),, 0.33 mM
HAuCl,, 0.33 mM CTAC, and stoichiometric amount of 1-907 in de-aerated MeCN
under 4 UVB lamp irradiation.

Unsuccessful attempts were made to make CuNP followed by addition of
HAuCls; to make a shell of AuNP around the CuNP. Different stabilizers were
used including CTAC, TOABtr, thiophene, and dibenzothiophene in attempts to
attract the gold to the surface of the CuNP. Unfortunately, the thiol-containing

stabilizers would not stabilize the CuNP so these attempts were unsuccessful.
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2.3.3.5 Copper/Silver Nanoparticle Oxidation

The oxidation of the Cu/Ag NP (M1) was investigated to see if the rate of
CuNP oxidation was altered by the presence of AgNP. If the particles have a
core-shell Cu-Ag structure, the oxidation of the CuNP should be prevented. This
is unlikely, however, given the reduction potentials of the two metal salts (0.34 V
for Cu®/Cu*? and 0.799 V for Ag°/Ag* vs. SHE) and the kinetics of formation (see
Figure 2.26).%%" The oxidation of the bimetallic species synthesized by making
Cu/Ag together (Method 1) from Cu(OAc), and AgNO; (see Table 2.2 for
description and section 2.3.3.2 for experimental details) showed both NP were
being oxidized at the same rate through UV-Vis scanning kinetics after
120 minutes (Figure 2.34). By morning, there was no absorbance left for any NP

and all species were completely oxidized.

Next, the oxidation of particles made with method 2 showed both species
were reduced at the same rate and after 120 minutes the only absorbance left
belonged to Cu(OAc). and Irgacure (see Figure 2.35). It is notable that in both
cases both species oxidized rather than just the CuNP. Silver nanoparticles can
be oxidized as well,*® but not as readily as CuNP. Silver nanoparticles can be
stable on their own under ambient conditions indefinitely depending on the
environment and stabilizers. If they are core-Ag shell-Cu, the oxidation of the
copper may catalyze and promote the oxidation of the AgNP as well, since AgNP
can oxidize.*® After oxidation, the absorbance is the same as before irradiation;
The absorbance of the Cu(OAc), salt at 670 nm and any remaining Irgacure
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around 330 nm can be seen (see Figure 2.35) showing NP do not oxidize to

Cu0, which would absorb at 800 nm.'>'®
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Figure 2.34 A: CuNP+AgTFA (M2) (0.66 mM Cu(OAc),, 1.98 mM 1-907, 0.66 mM
TOABr, Ar-purged and irradiated with 4 UVB for 15 min followed by addition of 0.15

mM AgTFA and 20 min irradiation) followed by monitoring absorbance oxidation
kinetics from 0 to 120 minutes after opening cuvette. Concentrations are 0.66 mM

Cu(OAc),, 0.33 mM AgNO;, 0.66 mM CTAC, 2.28 mM 1-907. B: Cu/Ag NP made

together in solution (M1) monitoring absorbance kinetics from 0 to 120 minutes.

Concentrations are 0.66 mM Cu(OAc)2, 0.66 mM TOABr, 1.98 mM 1-907, and
addition of 0.15 mM AgTFA. C: Note that in B the absorbances in kinetics mode
measured are not accurate, see C for actual absorbances.
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Figure 2.35 CuNP before and after addition of AgTFA. Spectra before irradiation
showing absorbance of Cu(OAc), before irradiation and after oxidation.

When comparing the oxidation of CuNP alone in solution to those made
with silver (either method 1 or method 2), the presence of the AgNP slows the
overall time for oxidation (Figure 2.36). This indicates that the presence of AgNP
slow the oxidation of the CuNP, but not knowing the composition makes it difficult
to predict how. The AgNP oxidation could be happening because as the CuNP
begin to oxidize, this destabilizes the AgNP and they oxidize and are no longer
stable and return to Ag"* in solution. This was seen when AgNP were made in the
presence of Cu(OAc). and were not stable over time (Figure 2.27). In that case,
they are stable for over a week, which shows that the CuNP oxidation is

quickening their oxidation when they are present in solution.

78



CHAPTER 2

1.2

B ——e—— CuNP
B ——a—— CuNP+AgTFA (M2)
———— Cu/AgNFP (M1)

—_

o
o

o
N
OIIIIIIIIIIIIIIIIIII

Normalized Absorbance
o o
N o

20 40 60 80 100 120
Time (min)

o

Figure 2.36 Oxidation of Cu and Cu/Ag NP made by either making them together
(M1) or making CuNP then adding AgTFA (M2) both with 0.66 mM TOABE-.
Absorbance monitored at SPB maximum of the CuNP over time. CuNP alone made
using 0.66 mM TOABTr as a stabilizer.
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CuNP were formed photochemically using a photochemical radical

generation followed by a series of electron donations. A summary of the

conditions can be seen in Table 2.3. CuNP can be made photochemically in

aqueous and organic media from a variety of Cu*® precursors. These

nanoparticles are stable in inert environments but oxidize when exposed to air.

When making CuNP using this photochemical approach, a halide counter anion

is necessary to stabilize the NP.

In acetonitrile, the synthesis of the CuNP was faster in the presence of

tetralkylammonium bromide salts compared to the chloride analogues. The

chloride counter anion also produced larger nanoparticles compared to the

bromide counter anion.

Table 2.3 Summary of conditions required for NP and the different sizes (of those

known) and growth time. The lines in bold indicate the best conditions for CUNP

synthesis.
Solvent | Radical | Irradiation | Cu®* salt Stabilizer NP size Time for
precursor (nm) complete
growth (min)
Water 1-2959 UVA CuSO, none 8 30
Water [-2959 UVA CuCly none 18 14
MeCN [-907 uvB Cu(OAc). | CTAC 27 30
MeCN 1-907 UvVB Cu(OAc). | CTAB 16 30
MeCN [-907 uvB Cu(OAc). | TMACI -- 30
MeCN [-907 uvB Cu(OAc). | TM/B/H/OABF | -- 18
MeCN [-907 uvB Cu(OAc). | TBAI -- 12
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Bimetallic nanoparticles of Cu/Ag were synthesized but their composition
could not be determined by spectroscopy and other techniques were difficult
because the particles readily oxidized. Imaging techniques were not definitive in

the composition of the NP.

The oxidation of the CuNP and the bimetallic Cu/Ag NP were monitored
and in all cases, the particles oxidized readily when exposed to air. In the case of
the bimetallic species, both the Cu and Ag oxidized leaving Cu*? and Ag* in

solution after oxidation.

In the case of CuNP oxidation, preliminary experiments showed that the
stabilizing agent affected the rate of oxidation. The longer the alkyl chain on the
alkylammonium salt resulted in a slower oxidation process than with a short alkyl

chain.
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3.1 Introduction

Using nanoparticles toward the catalysis of organic reactions has become
an important application of metallic NP in recent years. Many different reactions

are being explored to see how efficient certain nanoparticles are at catalysis.

Copper nanoparticles have important uses as catalysts in chemical
reactions.”” Copper is known to be an effective catalyst in hydrogenation and
oxidation reactions, as well as Suzuki cross coupling and addition-elimination
reactions between methylene and imine compounds.>* Copper (I) is known to
catalyze click reactions and recently CuNP have been used to catalyze click

reactions between alkynes and azides and are shown to be reusable.’

Conversely, silver nanoparticles as catalysts have been less explored than
copper and gold.° Bulk silver has been used to catalyze partial oxidation
reactions, including oxidation of methanol to formaldehyde and ethylene
epoxidation.® Some work has suggested the surface and subsurface oxygen
atoms in a silver catalyst are essential for activity and selectivity of silver-
catalyzed reactions.® Recent work with HRTEM (High Resolution Transmission
Electron Microscopy) and DFT (Density Functional Theory) found that the oxygen
atoms are on the edge and steps of the Ag surfaces and increased the catalytic

activity of the AgNP catalyst.?

Alcohol oxidations are a fundamental reaction in industrial and synthetic

chemistry, and thus have attracted attention in the field of nanoparticle
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catalysis.”® Previously these oxidations required strong, toxic, and expensive
oxidizing agents, including permanganate and dichromate, leading to waste and
a non-environmentally friendly reaction.”® Being able to carry out these
oxidations in environmentally benign conditions, with a reusable catalyst, and no

harsh by-products is appealing.”°

In particular, the use of supported metal NP offers significant advantages
to the development of these methods. Supports are important for catalyst
recovery and easy separation from the reaction mixture, and often play an
important role in the catalytic reaction. Some supports are shown to be active in
the catalytic reaction and others are found to be inactive.'"'?'® Active supports in
oxidation reactions include TiO», Fe»xO3, and CeO,, and inactive include SiOs,
MgO, and Al,Oz.""'#'® Active supports can enhance activity by providing better
stabilization for NP in harsh conditions, preventing agglomeration of NP, and
providing a source of oxygen atoms.'"'>® Titanium dioxide is of interest because
it has been shown to have higher catalytic properties through the modified metal-
support interactions.'® TiO, has also been shown to be very catalytically efficient

at larger NP sizes.'

Almost all the previous work found in the literature using supported silver
nanoparticles as catalysts involved making the catalyst using a chemical
reduction method of Ag" (KBH4, hydrazine, H, reduction, or sodium citrate)
yielding small NP between 2 and 6 nm.”'®'® The only photochemical approach

found used Ag(acac) and yielded NP around 8 nm."® The NP size has a distinct

89



CHAPTER 3

effect on the ability of the NP to act as catalysts where smaller NP have been
shown to be better catalysts.'”” One study showed a 77% decrease in conversion
from sec-phenethyl alcohol to acetophenone when using 5.8 nm NP compared to

2.7 nm NP./

Previous work on similar alcohol oxidations, all using sec-phenethyl
alcohol converting to acetophenone has shown the following results: One paper
used a green approach with water, AUNP@TiO,, and hydrogen peroxide as the
oxidant.® With 0.4 pmol of Au, the authors were able to achieve 99% conversion
to acetophenone.® Another example using AuNP as a catalyst supported on
hydrotalcite (HTC) using 0.0045 mmol of Au, at 80°C under air, had 99%
conversion to acetophenone in 20 min for an alcohol oxidation.” In another
example using AgNP (3.3 nm diameter) on HTC (45 nmol of Ag) at 130°C under
a flow of Ar resulted in 99% conversion in 16 hours.'® This work also looked at
other alcohol oxidations including 4-methoxybenzyl alcohol, which had 98%

conversion to 4-methoxybenzaldehyde in 14 hours.™

The oxidation of alcohols is a well-studied catalytic reaction using mainly
AuNP and thus is a good reaction to test new catalysts synthesized here. The
goals of this work include synthesizing AgNP @support in a one-pot synthesis as
well as tethering AgNP shapes (seeds, decahedra, and plates) to support.
Different alcohol oxidations will be explored in different solvent systems to
ultimately determine ideal conditions to test the different AgNP shapes and

compare their different catalytic efficiencies.
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3.2 Materials and Methods

Silver supported nanoparticles were made using AgNOs; or Ag(acac),
trisodium citrate, Irgacure 2959, and support (TiO, (P25 and P90), hydrotalcite,
SiO,). The silver precursors, AgNOs; or Ag(acac), and trisodium citrate were
purchased from Sigma Aldrich and used as received. Irgacure 2959
(2-Hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone) was a
generous gift from Ciba Specialty Chemicals and was recrystallized twice from
ethyl acetate. The supports: titanium dioxide (TiOy) (P25: 20% rutile, 80%

anatase and P90: 10% rutile, 90% anatase),'®

were a generous gift from
Degussa Chemicals, zeolites (NH.Y, NaY) and hydrotalcite (HTC) were
purchased from Sigma Aldrich, and silica (SiO,) from Fluka Chemicals, all used

as received.

Doubly distilled deionized water was used as a solvent from a Milli-Q
system (18 MQ resistance) for silica and titanium dioxide supports. A mixture of
doubly distilled deionized water and spectroscopic grade acetonitrile was used

for supported silver nanoparticles made with hydrotalcite.

For silver supported nanoparticles synthesized directly on the support, a
1% loading of Ag (by mass with respect to the support) (equivalent to 1.2 mM
concentration in 20 mL of water) was used with 10 times the amount of trisodium
citrate (equivalent to 12 mM) and a stoichiometric amount of [-2959 (1.2 mM) with

respect to the silver. All of these components for this method (slurry method), the
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solution of silver salt, Irgacure 2959, and citrate were combined in 20 mL of water
and stirred until well mixed (~15 minutes) in an Erlenmeyer flask followed by
addition of the support (250 mg) with stirring (~20 minutes). Once mixed, the
flask was placed into a Luzchem LZC-4V photoreactor equipped with 14 UVA
lamps and the stirring function on. The flask is stirred while being irradiated for 10
minutes (in the case of TiOy) and 45 min (in the case of hydrotalcite) to yield an
orange/brown slurry. Solutions were centrifuged, decanted, and re-centrifuged
until no coloured supernatant was present and all the photoproducts were
washed off (5-6 times). This synthesis is quite reproducible but the actual loading

of Ag on the support was not verified.

Copper nanoparticles on hydrotalcite were prepared similarly using
Cu(OAc), (1.2 mM) (from Sigma Aldrich and used as received),
tetraoctylammonium bromide (TOABr) (1.2 mM) (from Sigma Aldrich and used as
received), and 1-907 (2.4 mM) (a gift from Ciba Specialty Chemicals) in
stoichiometric amount, and HTC in spectroscopic grade acetonitrile. The solution
was deaerated for 30 minutes with argon prior to irradiation. Solution was
irradiated with 8 UVB lamps revealing a pink solution where all NP were on the

support.

The shaped silver nanoparticles were synthesized by first making a seed
solution of silver nanoparticles using 0.2 mM AgNOs;, 0.2 mM 1-2959, and 2 mM
trisodium citrate in doubly distilled deionized water.'® This solution is deaerated

using argon gas for 30 minutes in an Erlenmeyer flask followed by irradiation for
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1 minute with 14 UVA lamps in a photoreactor. Following this, 4 LED lights of
either 455 nm or 590 nm were used to irradiate a solution through a flow cell
cuvette. The LED setup was 4 LED lights attached to 4 aluminum plates to
transfer the heat into two heat sinks, to make a square where a cuvette could fit
and be irradiated from all four sides. This was used to irradiate a solution of 50
mL of seeds by flowing through the cuvette. Either 455 nm LEDs (to make
decahedra) or 590 nm LEDs (to make plates) were used for 3 to 7 days until

shapes were made and confirmed spectroscopically.'®

Seeds (irradiated for 5 minutes) and shapes were only able to adhere to
TiO2 (P90) functionalized with aminopropyl! triethyl siloxane (APTES). This was
done by adding 0.5% by weight of Ag to the TiO(APTES) and stirring for five
minutes followed by centrifugation, decanting and re-centrifuging (3 times). All
NP adhere to the support and the supernatant is clear. Support is dried by rinsing
with EtOH and roto-evaporating off the solvent leaving the supported NP. This
synthesis is very reproducible and all NP loaded on to the support adhere

resulting in good reproducibility from batch to batch.

The TiO, is functionalized with APTES by adapting a procedure for
functionalizing SiO. with APTES.?° 60 uL of APTES was added to a stirred slurry
of 500 mg of TiO2 (P90) in 99% ethanol, followed by heating to reflux at 70°C for
3 hours.?® The mixture was then centrifuged and washed with EtOH until no
APTES was left in solution (this confirmed that all APTES was on the TiO, and

not left in solution). The detection of APTES was done with luminescence
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measurements. APTES was confirmed to be functionalizing the surface of the
TiO, through luminescence measurements of a film of the TiO, before and after
adding a drop of fluorescamine (4-phenyl-spiro [furan-2(3H),1'-phthalan]-3,3'-
dione) (from Sigma Aldrich), which only displays fluorescence in the presence of
primary amine groups.?' A solution of the TiO, in EtOH was dropped and dried on
a quartz disc. After a measurement was taken, a drop of the fluorescamine was
dropped on and dried. The same was done with the supernatant, to ensure there
was no APTES free in solution and all was attached to the TiO.. A film of the
supernatant was made, followed by putting a drop of fluorescamine to ensure
there was no fluorescence, thus no APTES in the supernatant. The measurement
was done using a luminescence spectrometer (Perkin Elmer LS 50) scanning
between 370 and 800 nm, exciting at 365 nm and observing the fluorescence at
470 nm. Fluorescence was observed only after the fluorescamine was added to

the disc.

The characterization of the supports and NP in solution was done through
diffuse reflectance and UV-Vis Spectroscopy using a Varian Cary UV-1 or Varian
Cary UV-100, SEM (field emission scanning electron microscopy JEOL,
JSM-7500F), and TEM (Transmission Electron Microscopy, JEOL JEM-2100F).
The diffuse reflectance measurements were done between two quartz discs
enclosed with Teflon tape and scanning between 300 and 800 nm. The UV-Vis
spectroscopy was done in a 10 x 10 mm quartz precision cuvette scanning

between 200 and 900 nm. For the microscopy, approximately 50 uL of solution
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was dropped onto a copper grid (400 mesh) and evaporated under vacuum
dessicator. Images were analyzed using ImageJ Software. Supported NP were
prepared for microscopy, by suspending a small amount (<1 mg) of support in
MeCN (~1 mL) and sonicated for 1 minute followed by drop-casting 50 pL onto a
copper grid and drying in a vacuum dessicator. Copper nanopatrticles on support
could only be characterized visually by their colour and by SEM since upon
opening to the atmosphere, they readily oxidized. A Diffuse Reflectance

spectrum could not be done because the NP oxidized while drying the solid.

Catalysis reactions on the bench were done using 4-methoxybenzyl
alcohol (4-MBA) (from Sigma Aldrich, used as received) in HPLC grade toluene,
and supported AgNP in a round bottom flask heated in an oil bath at 75°C with
stirring for the specified time. The system was kept under a positive oxygen
atmosphere. The reactions were aliquoted as specified and repurged after every

aliquot with oxygen.

Catalysis reactions done using the SYMYX High Throughput Facility were
done at 75°C in a 96 well plate leaving every other well free to avoid solvent or
reactant contamination in neighbouring cells. The plate was put under 30 psi of
oxygen and stirred while heating using a metal block surrounding the plate for

16 hours.

All catalysis reactions were monitored by Gas Chromatography Mass

Spectroscopy (GCMS) (Agilent Technologies 5973 inert Mass Selective Detector)

95



CHAPTER 3

or High-Performance Liquid Chromography (HPLC) (Waters 996 Photodiode
Array Detector). The wavelength was monitored where the product absorbs
(275 nm for 4-MBA and 240 nm for sec-phenethyl alcohol) and integrated to get

the percent conversion to the product.
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3.3 Results and Discussion

3.3.1 Synthesis

The supported nanoparticles were prepared in a variety of ways. The main
approach was to prepare the NP@support directly using a known photochemical
approach from our group.'®?%? |n this method a photochemical reducing agent,
Irgacure 2959 undergoes Norrish type | a-cleavage upon exposure to UVA light
to form a ketyl radical that can then donate an electron and reduce the metal salt
to its zero valent state, followed by nucleation and growth to form nanoparticles

(see Scheme 3.1).

(o)

OH q
hv ) OH
HO~q > Hou~, + P

T M ———> M+ o+ oW

I

MNP

Scheme 3.1 Norrish type | a-cleavage of 1-2959 forming a benzoyl and a ketyl radical
followed by reduction of a metal salt (M) to its zero valent state.

3.3.1.1 Slurry Method
Preparation of AgNP using the slurry method was carried out using AgNOs
as the metal salt at 0.5 - 4% Ag loading with respect to the support and |-2959 in

a stoichiometric amount with respect to the Ag*. Trisodium citrate was also used
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as a stabilizer for the nanoparticles in an excess of 10 times the amount of silver
added.” The AgNOs (0.0039 g for 1% loading), citrate (0.059 g), and 1-2959
(0.0052 g) were all added to a solution of Milli-Q water (20 mL) or a combination
of 50:50 MeCN:H,O for HTC in an Erlenmeyer flask and stirred for about
15 minutes until all components had been solubilized. Following this, 250 mg of
support was added to the flask and stirred for another 20 minutes followed by

irradiation with 14 UVA lamps while stirring (see Scheme 3.2).

TiO,, AgNO;, citrate
1-2959 in H,0

Wash with
MeCN,
rotovap

Scheme 3.2 Scheme of AgNP@TiO, synthesis used in this approach. Solution shown
stirring, irradiating while stirring, and the final slurry of AQNP@TiO, before and after
drying.

After NP formation, the orange/brown solution was centrifuged at a low
speed (1900 rpm); Most of the nanoparticles are on the support and do not
remain in the supernatant. The support was washed multiple times to remove any
photoproduct or nanoparticles not adhered to the support. Following this, NP
were washed with EtOH or MeCN and rotoevaporated to leave a solid powder

with a SPB at around 465 nm (see Figure 3.1). The SPB can be detected using
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diffuse reflectance (F(R)). Diffuse reflectance measures the reflectance off of a
solid substance from light?* A broader absorbance is seen for NP@TiO,
because of the absorption contribution of the interband transition of TiO.
absorbing below 390 nm.? It is also important to note that for AQNP made in
solution, the typical SPB is at 400 nm'® but diffuse reflectance of the supported
AgNP typically show more red-shifted absorbances (see Figure 3.1). Other
papers have also noted a red-shift in the typical SPB absorbance when NP are
supported on TiO, compared to where the same sized particles would absorb in
solution.?® The position of the SPB in supported NP also reflects the size of the

NP, the more red-shifted the absorption, the larger the NP sizes.?’

In the absence of trisodium citrate, the NP form, but oxidize within
24 hours evidenced by the change in colour of the support from orange to white.
The band gap of TiO, is 3.2 eV corresponding to a band gap below 410 nm
depending on its composition of anatase and rutile.?® The absorption seen in the
DR below 390 nm is attributed to the band gap of the TiO.. TiO, has a redox
potential of 1.96 V vs. NHE (2.2 V vs. SCE).? Silver has a redox potential of
0.799 V vs. NHE and AgNP have a redox potential of 0.371 V.*° This means the
TiO; can oxidize the AgNP, however, with the citrate stabilizing the NP (0.79 V
(vs. NHE))*', they provide a reducing atmosphere, which can overcome oxidation
caused by photooxidation with TiO.. Under visible irradiation, the transfer of an

electron from Ag to TiO; is favoured,?® but may be prevented by the presence of
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the citrate. Under UV irradiation (the conditions to make the NP) the opposite is

observed (an electron transferred from TiO; to the Ag).?°

This method can also be used with Ag(acac) and support together. Silver
acetylacetonate does not need a reducing agent as it releases the Hacac ligand
in its protonated form upon irradiation and does not require the use of a
stabilizing agent to prevent oxidation.** Once Ag(acac) is solubilized in water with
the support, irradiation with 9 UVA and 4 UVB lamps in a photoreactor results in
a yellow/orange powder after washing and drying and a SPB around 450 nm (see
Figure 3.1). The average particle size is 27 nm + 9 nm, shown in Figure 3.5. It is
important to note that in order to image the supported NP, COMPO (composition)
mode must be used on the SEM, which is a backscattering technique. Because
TiO2 can also charge with this technique, it makes imaging the NP on TiO, very
difficult and it is a challenge to get a clear image and good contrast between the
NP and the support with the resolution available with this mode. It is difficult to
image the NP@TiO, with TEM because there is little contrast between the

support and the metal NP, so NP cannot be easily imaged.

A solid state synthesis was also attempted unsuccessfully (see
Figure 3.1) where all components are added to a round bottom flask and stirred
until well mixed (30 minutes) followed by roto-evaporation and irradiation in the
solid state while rotating under 4 UVA lamps. A colour change as well as a SPB
is noted by UV-Vis spectroscopy, however, in comparison to the slurry method

( Figure 3.1), the amount of NP formed is far lower.
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The AgNP@TiO, (P90) can be seen visually (Figure 3.2) and with SEM in
Figure 3.3 and Figure 3.5. The NP size for 4% AgNO; on TiOz is 177 nm £ 17 nm
(see Figure 3.4) and for 4% Ag(acac) on TiO, (P90) it is 31 nm + 13 nm (see

Figure 3.6).

B ——e—— Agacac
8 - —a—— AgNO3 .
- ——e—— Solid synthesis

%50 400 450500 550 600 650 700
Wavelength (nm)

Figure 3.1 Diffuse Reflectance of Ag(acac) and AgNO; @TiO, made using the slurry
method at 4% loadings and black trace is solid state synthesis. Peak for AgNO; at 465 nm
and peak for Ag(acac) at 450 nm. The solid state synthesis has a SPB at 470 nm with a lot

of scatter.

Figure 3.2 Photographs of nanoparticles on support made from 4% AgNO;@TiO, (left) and
4% Ag(acac)@TiO, (right)
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I 1pm Uottawa 2/4/2010
10.0kv COMPO SEM ) WD 7mm

100nm UOttawa 6/14/2010
15.0kVv COMPO SEM WD 7mm 12:47:43

Figure 3.3 SEM images of 4% AgNO;@TiO, (P90). The SEM is used in COMPO mode in
order to see spots of higher electron density belonging to AgNP. The red arrows point to
some of AgNP on the surface, which are the small round brighter spots.
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Figure 3.4 Histogram showing size distribution of 4% AgNO;@TiO, based on sizing around
60 nanoparticles.

lpm Uottawa  4/7/2010

X 19,000 15.0kV COMPO SEM WD 7mm 12:29:05

Figure 3.5 SEM of 4% Ag(acac)@TiO, (P90). Red arrows point to some AgNP, which are the
small bright spots on the surface of the TiO..
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Figure 3.6 Histogram showing 4% Ag(acac)@TiO; size distribution based on 33 particles.

3.3.1.2 Supported Copper Nanoparticles

Copper nanoparticles were prepared similarly to the Ag@support with the
slurry method. Previous reports have chemically synthesized (via. Ho reduction)
CuNP on hydrotalcite, MgO, Al,O3, SiO,, TiO,, and hydroxyapatite and the NP
were shown to be very active toward alcohol oxidations in neat reaction
conditions.®® These composites were confirmed to be comprised of Cu® by XAFS
(X-ray absorption fine-structure spectrum) and exhibited reasonable recyclability
(two times).>® CuNP were also made on zeolites, but showed agglomeration and

large particle sizes as well as the formation of copper oxide.**

In this work, Cu(OAc),, I-907, and TOABr were added to an Erlenmeyer
flask in MeCN, as seen in Chapter 2. After stirring for 10-15 minutes, HTC was
added (enough for a 1% loading of Cu) and stirred for 10 minutes. The slurry was

deaerated using Ar gas for 30 minutes following irradiation with 8 UVB lamps in a
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photoreactor. Following irradiation, SEM grids were loaded and imaged, showing
CuNP were formed on the HTC (see Figure 3.7). The CUNP@HTC are 8 nm =3
nm and are fairly monodisperse (see Figure 3.8). All the NP adhered to the
support based on SEM and observing the flask when the support settled to the
bottom leaving a pink support and a clear supernatant (see Figure 3.9). No
further work was able to be done with the Cu@HTC because of the fast oxidation
back to Cu(ll) after opening the flask to the atmosphere. This was confirmed by

the colour change back to the original blue colour of Cu(OAc)..

—_— 100nm UOttawa 7/28/2010
X 43,000 15.0kV COMPO SEM WD 7mm 1:29:36

BN 100nm Uottawa 7/28/2010
15.0kV COMPO SEM WD 7mm  1:32:18

Figure 3.7 SEM images of Cu@HTC. CuNP can be seen as the smaller bright spots on the
surface of the larger HTC surface.
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Figure 3.8 Histrogram of CuNP sizes from ImageJ based on the size of 33 CuNP on HTC.

Figure 3.9 Photographs of a suspension of CUNP@HTC. Top: Pink colour indicates the
presence of CuNP on the HTC support. Bottom: Support has settled to the bottom of the
flask and all the NP have formed on the support since the support is now pink and the
supernatant is clear.

3.3.1.3 Shapes@Support

Many efforts were made to either make Ag shapes (including decahedra
and plates) on the support (similar to the slurry method) or to make AgNP shapes
in solution through LED irradiation'® and then add them to the support. Attempts
were made to synthesize spherical AQNP on TiO; followed by LED irradiation

(either 590 nm to make plates or 455 nm to make decahedra AgNP) to change
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the shape. These attempts were unsuccessful as seen in the SEM
(Figure 3.10). The NP size before the LED irradiation is 28 nm + 4.7 nm and after
itis 13.6 nm = 7.5 nm but remained spherical (see Figure 3.10). The mechanism
for the synthesis of the different AgNP shapes involves an
aggregation/coalescence of the NP seeds when they are excited by light.'® The
light absorbed is converted to thermal energy, resulting in the NP coalescence
and the exciting wavelength causes more particles to form with absorption at that
wavelength.'® Because the NP in this case are already stationary on the support
and cannot move, coalescence will not be possible. The diffuse reflectance of the
NP before and after irradiation can also be seen in Figure 3.11. The slight blue-
shift in the spectrum from 426 nm in the case of spheres to 408 nm after LED
irradiation further shows that the NP are likely getting smaller and are not

growing to decahedra where an absorbance at 455 nm would be visible.'®
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] 100nm UOttawa 7/21/2010
X 55,000 15.0kV COMPO SEM WD 7mm  11:46:43

— 100nm UOttawa 7/28/2010
X 60,000 15.0kV COMPO SEM WD 7mm  2:21:21

Figure 3.10 TOP: SEM image of Ag@TiO, (P90) after slurry synthesis. Small brighter spots
indicate AgNP on the TiO,. Bottom: SEM image of Ag@TiO, (P90) after LED irradiation at
455 nm. The small bright spots indicate AQNP, which are now smaller than in the top
image. Red arrows indicate some of the AgNP on the TiO..
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Figure 3.11 UV-Vis diffuse reflectance of sphere@TiO, (P90) and the NP@TiO, (P90) after
LED irradiation with 4 LED lights at 455 nm in a flow cell cuvette.

Another attempt was made at appending the Ag shapes to the supports.
The AgNP shapes were synthesized in solution with LED irradiation'® followed by
addition to TiO2 or HTC; however, these results were not consistent. In some
cases the NP would adsorb onto the support surface, while other trials showed
little adsorption. This may be explained by the properties of the TiO, and the NP.
The TiO. has an isoelectric potential of 6 and the NPs have a negative surface
charge because of the citrate stabilizing them, which may be preventing the
association.>>% Acid treatment of the TiO, was attempted to positively charge the
support surface varied to facilitate NP adsorption. This was done by soaking TiO»
in concentrated HCI for a few hours, then washing many times with water and
centrifuging.®” This process did help the adhesion of the NP, but the quantity of

NP adsorbed onto the support surface varied from batch to batch.

109



CHAPTER 3

Functionalizing SiO, with APTES is a common synthesis® and AgNP are
known to be attracted to amine groups because of interactions between the
nitrogen lone pair and the AgNP through 1 back bonding forming a strong
bond.***® All the AgNP shapes adhered to the APTES functionalized SiO, with no
NP left in solution. Because previous work showed SiO, was not an effective
support for the catalytic reactions, this functionalization method was used for
TiO.. TiOo, APTES functionalization was adapted from the procedure for SiO

functionalization,®

and AgNP shapes were found to adsorb well onto these
surfaces. TiO, (P90) was always used for the APTES functionalization in this
work. The loading in the case of APTES functionalized TiO, was 0.5%. The NP
composites of APTES functionalized TiO, are coloured (Figure 3.12, Figure 3.13)
depending on the shape added and have DR SPB representative of each shape
(Figure 3.14 and Figure 3.15). Seeds, decahedra, and plates in solution have
peaks at 398 nm, 463 nm, and 330 nm with scattering >690 nm, respectively
(Figure 3.16). On support, seeds, decahedra, and plates have peaks at 430 nm,
445 nm, and scattering >650 nm respectively (Figure 3.14). The SEM images of
decahedra@TiO, can be found in Figure 3.17, and have an average size of
25 nm + 8 nm (Figure 3.18). Before addition to support, the decahedra NP have a
size of 29 nm + 4 nm (see Figure 3.17). SEM images of 0.5% AgNP
seeds@TiO,, Figure 3.19, show an average size of 30 nm + 9 nm

(Figure 3.20). Before addition, the seed NP are 5 nm = 1 nm in size

(Figure 3.19 top). The seeds may be agglomerating on the surface of the TiO,
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causing the effective NP size to increase. SEM of the plates@TiO, was
attempted many times unsuccessfully. The plates in solution can be seen in
Figure 3.21. Because of their large size (edge length >100 nm), the smaller sized
TiO, particles (~7-50 nm)®® may be sticking to the surfaces of the plates since
they are in great excess preventing the visualization by microscopy (COMPO
mode depends on the backscattering and is a surface technique).*® Their
presence is confirmed by visual observation of blue colour and diffuse reflectance

spectra (Figure 3.12 and Figure 3.16).

Figure 3.12 Photograph of the supports with different AgNP shapes. TiO, type is P90.
From left to right: 1%Ag@TiO, (slurry method), 0.5% AgNP seeds@TiO,(APTES), 0.5%
decahedra@TiO,(APTES), 0.5% plates@TiO,(APTES), 4% AgNO;@HTC

Figure 3.13 Photographs of Left: 1% Ag@TiO, (P90) (slurry) and Right: 0.5% Ag@TiO,
(P90) (slurry)

111



CHAPTER 3
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4 | ——a— 0.5%decahedra@TiO2

400 500 600 700 800
Wavelength(nm)

Figure 3.14 Diffuse Reflectance of 0.5% Ag shapes@TiO, (P90) (APTES). Scattering at
>650 nm for the plates, peaks at 465 nm for 1% Ag@TiO, (slurry), 430 nm for seeds, and
445 nm for decahedra.

—e—— 0.5%Ag@TiO2
———— 0.5%seeds@TiO2
—a—— 0.5%decahedra@TiO2

1.5

0.5

400 500 600 700 800
Wavelength(nm)

Figure 3.15 Diffuse Reflectance close up of 0.5% Ag@TiO, (P90) (slurry method), 0.5%
seeds@TiO,(APTES), and 0.5% decahedra@TiO, (APTES).
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Figure 3.16 A: Photograph of the 0.1 mM colloidal silver seeds, decahedra, and plates
respectively.19 B and C: Absorption spectra of the different colloidal AgNP shapes in
solution. Peaks at 398 nm (AgNP seeds (C)), 463 nm (decahedra (B)), and scattering >690
nm and a peak at 330 nm for the transverse mode (plates (B)).
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Figure 3.17 SEM images of Ag decahedra in TED mode (A) and Ag decahedra@TiO, (P90)

(APTES) in COMPO mode (B). Arrows show AgNP on the TiO,.
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Figure 3.18 Histogram showing particle size distribution of AgQNP decahedra@TiO,(P90)
(APTES) based on approximately 20 NP.
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I 100nm UOttawa 4/7/2010
X 200,000 15.0kV TED SEM WD 7mm  1:45:30

I 1pm Uottawa 11/9/2010
10.0kV COMPO SEM WD 7mm 12:41:59

Figure 3.19 SEM images of AgNP seeds in solution (0.2 mM) in TED mode (top) and 0.5%
Ag seeds@TiO,(P90) (APTES) in COMPO mode where red arrows point to some of the
AgNP (bottom image)
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Figure 3.20 Histogram showing size distribution of AgQNP seeds@TiO,(P90) (APTES) based
on about 45 nanoparticles.

L] 100nm UOttawa 10/5/2009
X 55,000 15.0kV TED SEM WD 7mm 2:40:37

Figure 3.21 SEM image of AgNP plates in TED mode. Some smaller spherical NP are still
present, but the majority are plates.

3.3.1.4 Supports

Many supports were used in attempts to get AQNP on the support in situ

as well as after synthesis. The supports include TiO, (P25, P90, anatase), HTC,
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zeolites (NH4Y, NaY), SiO,, MgO, hydroxyapatite, and APTES functionalized
TiO2 (P90) and SiO.. The only supports that worked well were TiO, (both P90
and P25) (Figure 3.3) and HTC (Figure 3.23 and Figure 3.22) for the slurry
method. Hydrotalcite is a layered double hydroxide containing magnesium and
aluminum (MgsAl2(CO3)(OH)154(H20)).*" The NP made on HTC have a size of
14 nm = 7 nm based on SEM (Figure 3.24). Previous reports have successfully
synthesized NP followed by addition to the support to form the NP composite.'®
In the case of the citrate stabilized NP, this was not possible, with the majority of
NP remaining in the supernatant solution. The lack of NP adsorption may be a
result of the negative charge of the NP with citrate stabilization®® and pH of the
NP solution, ~ 6.8. The TiO: has an isoelectric point of 6,* so at pH 6.8 it will
carry a slight negative charge, repelling the negatively charged NP, suppressing
electrostatic interactions.’®** HTC has an isoelectric point of 10,'" meaning in
pH 6.83 the support will carry a more positive charge.18 This would make it a
better support that would promote adhesion of the NP to the support, however,
hydrotalcite is hydrophobic and does not suspend in water, which makes addition
of the water-soluble particles difficult. Further, the NP are not stable in organic
solvents or a mixture of water and acetonitrile. Silica has an isoelectric point of
2,'® so the NP do not attach to it either because of its negative charge at

pH 6.8."

In the slurry method, the AgNP form on the support and stay attached.

This may be because the silver ion has a positive charge, attracting it to the
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negative TiO, surface at slightly basic pH (pH of solution with TiO. is around 7.8)

1842 \while the citrate acts as a stabilizer to the

through coulombic interactions
other exposed AgNP surfaces. Silver nanoparticles synthesized on TiO, have
been shown to have strong metal-support interactions.' The APTES
functionalized TiO; and SiO,, however, worked very well for this approach. All the

NP were on the support after addition and centrifugation, the supernatant was

clear and the support was coloured (Figure 3.12).
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Figure 3.22 A: Diffuse Reflectance of 4% AgNO;@HTC and TiO; using the slurry method.
B: an expansion of the Ag@HTC showing the SPB at 430 nm.

118



CHAPTER 3

L 100nm UOttawa 3/2/72010
X 30,000 10.0kV COMPO SEM WD 7mm 12:13:11

- 100nm UOttawa 3/2/2010
X 33,000 10.0kv COMPO SEM WD 7mm 12:18:34

Figure 3.23 SEM images of 4% AgNO;@HTC. Red arrows are pointing out some of the
AgNP on the HTC.
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Figure 3.24 Histogram showing distribution of AQNP@HTC based on approximately 35
nanoparticles.

3.3.1.5 Loadings

Samples were made using the slurry method and varying the Ag loading
between 0.5 and 4% with respect to the support. With higher loadings, more NP
appeared to wash off in the cleaning phase of the synthesis as can be seen by
the increased absorption of the supernatant at wavelengths below 400 nm (that
of AgNP and around 270 nm of 1-2959) in Figure 3.25. After 4 washes and
centrifugation, there is a small amount of AQNP washing off as well as Irgacure.
The diffuse reflectance of 0.5%, 1% and 4% loadings of Ag@TiO, (P90) can be
found in Figure 3.26, Figure 3.27, and Figure 3.28 respectively. The 4% loading
shows a broader peak, which may indicate more polydisperse NP.** The 4%
loading of AgNO3 on TiO, does have a broader range of NP sizes based on SEM
(17 nm = 17 nm see Figure 3.4) whereas with a 1% loading they are more

monodisperse with a size distribution of 9 nm + 3 nm based on SEM
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I.14

measurements (see Figure 3.30). Previous work by Grunert et al.”* has shown

that the size of the AgNP on the support depends on the metal loading.

When HTC is the support, a 1% loading of Ag in the slurry method results
in no NP formation, a 4% loading is necessary to have NP formation. The
irradiation time for HTC is also much longer, 1 hr compared to 10 minutes for
TiO,. This could be because there is not enough light getting to the 1-2959 to form
a ketyl radical to reduce the Ag*'® HTC has a larger particle size (>100 nm) than
TiO (7-50 nm** with a mean size of 21 nm,* Figure 3.31), requiring more light to
reduce the Ag® with the same amount of solid because of more scattering
(Figure 3.23 and Figure 3.31). The larger HTC particle size might prevent light
from reaching the 1-2959, thus reducing the yield of AgNP formed. As can be
seen with the 4% loading, there are less NP forming with HTC compared to 4%
Ag@TiO, (Figure 3.22) showing that the reduction is less efficient with HTC. The
lower yield of NP could also reflect the need for a mixed solvent system of 50:50
MeCN:H,O to form a suspension of HTC, which is very hydrophobic. This may
have reduced the solubility of the other reagents, mainly the citrate, which is not

soluble in MeCN.
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Figure 3.25 UV-Vis of runoff (supernatant) after centrifuging 4 and 5 times (Ag@TiO, (P90)
made in slurry method). After 4 times, can see some AgNP washing off (absorbance ~400
nm) as well as Irgacure that absorbs around 270 nm.
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Figure 3.26 Diffuse Reflectance of 4% Ag@TiO, (P90) (slurry method) with a maximum
absorbance at 465 nm.
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Figure 3.27 Diffuse reflectance of 1% Ag@TiO, (P90) (slurry method) with a maximum
absorbance at 480 nm.
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Figure 3.28 Diffuse Reflectance of 0.5% Ag@TiO, (P90) (slurry method) with a maximum
absorbance at 460 nm.
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Figure 3.29 SEM image of 1% Ag@TiO, (P90) in the slurry method. Red arrows point to
some of the AgNP.
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Figure 3.30 Histogram showing particle size distribution of 1% Ag@TiO, based on
approximately 45 nanoparticles.
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Figure 3.31 SEM image of TiO, (P25) alone
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3.3.2 Catalysis

Nanoparticle catalysis was tested using alcohol oxidations. Alcohol
oxidations have been shown to be catalyzed by AgNP® and are a relatively easy
reaction not requiring high pressures or temperatures with which to test the

catalytic efficiency.
3.3.2.1 Preliminary Reactions and Comparison with Gold Nanoparticles

The oxidation of 4-methoxybenzyl alcohol to 4-methoxybenzaldehyde
(4-MBAldehyde) (Scheme 3.3) was tested and the kinetics were monitored every
5 minutes until completion. In 9 mL of toluene, 0.1 mmol of 4-methoxybenzyl
alcohol (4-MBA) was used with 138 mg (0.05 mmol Ag) of 4% Ag@TiO, (P90)
prepared using the slurry method. The kinetics were monitored by GCMS and
show that at 40 minutes the reaction has reached 100% completion to the

aldehyde (Figure 3.32).

O-H /O
O_©_/ + 120, O_Q_/ +H,0
/ /

Scheme 3.3 Oxidation of 4-MBA to 4-MBAIldehyde using AgNP supported on TiO..
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Figure 3.32 A: GCMS of 4-MBA oxidation using 4% Ag@TiO, (P90) prepared in the slurry

method. Peak at 9.8 minutes is that of the aldehyde and the peak at 10.2 minutes is the

alcohol. B: Intensity at the time of each aliquot throughout the reaction monitored at 9.8
minutes retention time (peak in GCMS of the 4-MBAIldehyde).

Using the same experimental conditions as above, Ag@HTC was
aliquoted after one hour to compare the supports (Figure 3.33). The hydrotalcite
is less catalytically active than TiO, toward this reaction showing that the support
is more than an inert participant in the reaction. Metal oxide supports have been

suggested to participate actively in the reaction mechanism of oxidation reactions
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where the metal oxide has a surface redox reaction.'®** The hydrotalcite cannot
participate in this manner since it cannot undergo a surface redox reaction that
occurs with the oxygens on the surface of metal oxides. Hydrotalcite is composed
of aluminum and magnesium hydroxides, which are considered inactive supports
in oxidation reactions.'"'® Active metal oxides are able to undergo redox

reactions providing reactive oxygen species to the reaction. '
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Figure 3.33 GCMS of the products of the oxidation of 4-MBA using Ag@HTC (prepared in
slurry method). Peak at 10.2 minutes is the alcohol and the aldehyde will appear at 9.8
minutes.

As a comparison between Ag and Au for this reaction, Ag@HTC was run
alongside Au@HTC (prepared using a solid state method) to compare the
catalytic effectiveness of the different metal NP for the reaction. The oxidation of
sec-phenethyl alcohol (Scheme 3.4) was run and aliquots were removed every
hour for GCMS analysis. The reaction was carried out under a positive oxygen
atmosphere, in toluene at 75°C using 0.1 mmol of alcohol and 150 mg of catalyst
(0.056 mmol Ag, 0.0076 mmol Au). The oxidation using the A@HTC showed

more conversion than that of Au@HTC (see Figure 3.34). There is approximately
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a 49.5% conversion to the ketone after 7 hours for Ag@HTC and a 0%
conversion for the Au@HTC (see Figure 3.34). This may be a result of the lower
amount of Au compared to Ag for the two reactions or may also be a result of

silver’s higher catalytic activity toward this reaction.

OH 0
©_< + 1720, ©—< +Hy0

Scheme 3.4 Oxidation of sec-phenethyl alcohol to acetophenone.
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Figure 3.34 GCMS of aliquots of the oxidation of sec-phenethyl alcohol to acetophenone
using A: Ag@QHTC (prepared in slurry method) and B: Au@HTC (prepared in solid state
method). Alcohol is seen at 6.83 minutes and the ketone at 6.92 minutes. C: Intensity at a
retention time of 6.92 minutes (acetophenone) at each aliquot time throughout the
reaction.
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3.3.2.2 Screening Process

The amount of catalyst in these experiments is quite high and running
each experiment on the bench-top is not time efficient. Experiments were done
using the SYMYX high throughput facility at the University of Ottawa to
systematically monitor the efficacy of various catalysts and of different catalyst

amounts and were analyzed via HPLC-UV spectroscopy.

0.025 mmol of either sec-phenethyl alcohol or 4-MBA was heated and
stirred at 75°C, under 2 atm of oxygen for 16 hours using either water or toluene
as the solvent and a variety of supports (740 nmol of Ag@TiO,(P90 and P25),
SiO,, HTC) (Figure 3.35). Samples prepared in water had very little conversion,
likely because of the minimal solubility of 4-MBA in water. The formation of an
emulsion minimized interactions of the 4-MBA with the oxygen and the catalyst.
Sec-phenethyl alcohol has a solubility of 0.163 mol/L in water*® but still had little
conversion to the ketone attributed to the solvent. Solvents of high polarity have
been shown to be poor for oxidation reactions and non-polar solvents have been
shown to increase the rate or reaction.*’” For this reason, water was not further
examined as a solvent. Silica as a support also had very little conversion, so was
also no longer examined as a viable catalyst support. Silica is considered to be
an inactive support, and therefore not aiding in catalytic activity.!' Silica is an
irreducible oxide that cannot provide oxygen atoms to the reaction the way that
active supports, such as TiO, can.”*® It has also been reported that for inactive

supports, the NP size has a large effect on the catalytic efficiency and only
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compare to active supports at particle sizes below 2 nm.'? With active supports,
the size of the NP was shown to be less important, with particles as large as

30 nm on TiO, showing good catalytic efficiencies.'?
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Figure 3.35 Bar graph of percent conversion to the aldehyde or ketone from the oxidation
of sec-phenethyl alcohol and 4-methoxybenzyl alcohol in toluene using the specified
loading of Ag and catalyst support. All were prepared in slurry method.

The reactions gave varying degrees of efficiency. TiO, P25 is not as
efficient as the P90 for alcohol catalysis. AQNP on hydrotalcite show less catalytic
activity compared to those on TiO,, which was expected based on previous
results. This may reflect the likely lower loading of silver on hydrotalcite or the
support itself both discussed earlier. The oxidation reaction used as a model from

here on was the oxidation of 4-MBA in toluene using TiO, (P90).

3.3.2.3 Amount of Catalyst
The amount of catalyst was tested to see what effect this has on the
efficiency of the oxidation. The oxidation of 4-MBA in toluene using 0.012 mmol

of alcohol and varying the amount of catalyst from 0 mg to 20 mg of 1%
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Ag@TiO, (P90) made with slurry method. This was done in the SYMYX under
2 atm of oxygen and at 75°C for 16 hours. With just TiO. or no catalyst there was
0% conversion to the aldehyde (see Table 3.1), showing that AgNP are
necessary for catalysis. The percent conversion to the aldehyde increases as the

amount of catalyst increases, Figure 3.36.

Table 3.1 Table showing % aldehyde after oxidation of 4-MBA using different amounts of
catalyst (1% Ag@TiO, made in the slurry method without APTES).

Amount of 1% Ag@TiO»(P90) % Aldehyde
0 mg (0 umol Ag) 0 %

4 mg (0.37 umol Ag) 55.5 %

8 mg (0.74 umol Ag) 67 %

12 mg (1.1 pmol Ag) 86.3 %

20 mg (1.85 umol Ag) 99 %

20 mg just TiO, (P90) 0 %

20 mg just HTC 0 %
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Figure 3.36 A: HPLC spectra of different catalyst amounts monitored at 275 nm. Catalyst is
1% Ag@TiO, made in slurry method. Peak just before 5.5 minutes is that of the alcohol
and the peak around 6 minutes is that of the aldehyde. B: amount of catalyst versus the %
conversion to the aldehyde monitored at 275 nm (absorbance of the aldehyde).

3.3.2.4 Shapes

Using 8 mg of catalyst, reactions were run in the SYMYX using the
different catalysts including Ag seeds@TiO»(APTES), decahedra@TiO»(APTES),
plates@TiO2(APTES), 1% Ag@TiO, (slurry), and 1% Ag@TiO2(APTES) (slurry).
These reactions were done under the same conditions as previously (0.012 mmol

4-MBA, 75°C, 2 atm O, 16 hours). There is little difference between the
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supported NP made in the slurry method with or without APTES functionalized on
the TiO,, showing that the APTES is not an active player in the catalysis
(Table 3.2). The 1% Ag@TiO, (slurry) had the highest conversion after 16 hours
followed by the plates@TiO, and seeds@TiO,, then the decahedra@TiO;
(Table 3.2). The near-spherical NP made in the slurry method are the best at
catalyzing the oxidation of 4-MBA alcohol. This may be a result of their smaller
size compared to the larger shapes or may be because of their edges or facets,

which is elaborated on in the next section.

Table 3.2 Table of % conversion to 4-methoxybenzyl aldehyde using the different silver NP
and Ag shapes supported on TiO,. TiO, is P90 in all cases.

Support % Aldehyde
8 mg 1% Ag@TiO, (slurry) 94%
8 mg 1% Ag@TiO(APTES) (slurry) 97%
8 mg 0.5% seeds@TiO,(APTES) 64.5%
8 mg 0.5% decahedra@TiO,(APTES) 57%
8 mg 0.5% plates@TiO,(APTES) 80%

3.3.2.5 Kinetics

The conditions used for the SYMYX were selected to run the kinetics
measurements comparing the different shapes on the bench. The same
conditions as outlined previously were used for the oxidation of 0.075 mmol of

4-MBA with 40 mg of catalyst (1% Ag@TiO; (slurry), or 0.5% seeds, decahedra,
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or plates@TiO,(APTES)) (see section 3.3.2.4 Shapes). The reactions were done
on a 5 mL scale in toluene taking an aliquot every 1-2 hours depending on the
rate and monitoring up to 24 hours. The traces can be seen in Figure 3.37
showing that AgNP@TiO, made in the slurry method provide the fastest
conversion to the aldehyde. The reaction is unimolecular and fits well to first
order growth kinetics (Table 3.3). The rate constant for the slurry showed the
fastest conversion, 2.04 x 10* s'. The decahedra were the next fastest followed
by the plates, and the seeds were the slowest (Figure 3.37). The seeds, plates,
and decahedra have rate constants of 4.72 x 10° s, 8.48 x 10° s, and

8.85 x 10° s, respectively.
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Figure 3.37 Conversion from 4-MBA to 4-MBAIldehyde followed using HPLC and
monitoring at 275 nm where the aldehyde absorbs. Reaction run on bench, 0.075 mmol
alcohol in 5 mL of toluene, with 40 mg of catalyst (0.00185 mmol Ag) using 1% Ag@TiO,
(slurry), or 0.5% seeds, decahedra, or plates@TiO,(APTES). A-D show the first order fits

for Ag@TiO; (slurry) (A), seeds (B), decahedra (C), plates (D). In all cases TiO, is P90.
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Table 3.3 Table of rate constants and correlation factors for the kinetics of the different
shapes in oxidizing 4-MBA.

Shape Rate Constant (s™) R

Slurry 2.04 x 10™ 1.000
Seeds 472 x10° 0.995
Decahedra 8.85x 10° 0.999
Plates 8.48 x 10° 0.999

Literature has measured the XRD diffraction of the various facets of the
shapes. Spherical AgNP have {111} and {200} lattice planes of face centred
cubic (fcc) lattice and a small contribution of {220}.°*° Plate shaped AgNP have
{111} lattice planes and {100} on the transverse mode edges.’®®' Decahedra

shaped AgNP have {111} facets.”'

Previous work done comparing the catalytic efficiency of cubes, plates,
and spheres in colloidal solution for the oxidation of styrene found that the cubic
AgNP were the best catalysts followed by spheres, then plates.® They attribute
the catalytic activity of the shapes solely to their surface crystallographic
structure. The higher the surface energy, the more catalytically reactive because
it is easier for adsorption and activation on crystal planes with higher surface
energy.”® The {100} facet was stated to be the least catalytically active.® Near
spherical NP do have some facets and edges and are not a true sphere, usually

giving intermediate catalytic activity® depending on the size.
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This previous work comparing AgNP shapes used a different surface
stabilizer for each shape, which makes their comparison more complicated.*
They also discount the size difference between the different shapes as well as
the edges, which can increase the catalytic activity. In the current work, all the
different AQNP shapes have the same surface stabilizer, so can be compared
more directly. In this case, the decahedra and plates have very stable facets
({111} for decahedra and {111} with a small contribution from {100} for plates),*
but the spheres have higher energy facets ({200}, and {220})***° making them
more reactive for catalysis. The decahedra are the next most catalytically active.
The decahedra are a more strained structure and have energetic contributions
from the distorted internal lattice.>® The plates were the slowest catalyst of the
three. They have a small contribution of {100}, which is the least catalytically
active facet.”® This low catalytic activity may also have resulted from the larger
size of the plates, ~100-200 nm (Figure 3.21), resulting in a decrease in volume

to surface area for the reaction to occur.

Another paper looking at different platinum NP shapes investigated the
role of the edges in the rate of the catalysis.”®> Atoms located at sharp edges
have been shown to be catalytically active sites because they have fewer
neighbouring atoms.>® Moreover, catalysis is known to occur at defect sites on
NP surfaces.®® The decahedra have 15 edges, 7 vertices, and 10 faces. Sharp
edges and vertices contain atoms that are chemically very active or atoms that

will dissolve leaving behind arrangements of atoms containing catalytically active
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sites.®® This may also explain the increased catalytic activity of the decahedra

compared to the plates.

The AgNP seeds are less efficient than the AgNP@TiO, (slurry) likely
because of the size difference. The AgNP seeds appear to agglomerate on the
surface of the APTES covered TiO. (see Figure 3.19) and are around 27 nm
whereas the AQNP made on the TiO- in the slurry method are around 10 nm (see
Figure 3.29). The smaller the NP, the higher the surface area-to-volume ratio
giving it unique properties.*®> The size of the NP changes its catalytic properties
and activity.'” The smaller the nanoparticle, the higher the surface energy, which
makes it more prone to surface reconstruction'’ as well as higher catalytic
activity.®*° One study looking at the oxidation of sec-phenethyl alcohol with AUNP
found that as the particle size increased from 2.7 nm to 5.8 nm, the conversion to
the ketone decreased from 99% to 22% and they claim that a small NP size is
essential for the oxidation of alcohols.” Another source notes the same result of
higher catalytic activity with smaller NP sizes as well as the increase in catalytic

active sites on the NP surface.®®

Putting size aside, a comparison of the decahedra (~30 nm) and the
seeds (~27 nm) show that the decahedra are more catalytically active than the
seeds, likely owing to their edges and vertices containing highly catalytically
active sites.’® They both contain the {111} facet and the spheres contain smaller
contributions from {200} and {220} facets but the main difference for the catalysis

is likely attributed to the edges.
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The trisodium citrate is necessary for the stabilization of the NP, but is not
aiding in the oxidation; if anything it is hindering the oxidation, since citrate is a
common reducing agent used for making metallic NP,>* having a reduction
potential of -1.2 V (vs. NHE)*' and would provide a reducing environment rather
than an oxidizing one for the alcohol. However, experiments using Ag(acac) as
the silver precursor and photochemically reducing it without any stabilizing or
reducing agents, did not show improvement over citrate stabilized NP
(Figure 3.38). This may also be a reflection of the reduced catalytic effectiveness
of larger NP,? since the NP made with Ag(acac) are larger (~33 nm, Figure 3.5)
compared to those made with citrate and AgNOs (~10 nm, Figure 3.29). Other
studies have shown the capping layer on a NP can alter its catalytic activity
potentially preventing adsorption of reactants and limiting the metal surface

available for catalysis.*®
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Figure 3.38 % conversion to 4-MBAldehyde using either Ag(acac) or AgNO; as the silver
precursor
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The oxidation of 1 mmol of 4-MBA in toluene took 3.3 hours and yielded
77% conversion when carried out on the bench under positive oxygen pressure
and heated to 75°C using 0.005 mmol of Ag (for 1% loading). Similarly, after 16
hours in the SYMYX under 2 atm of oxygen, 100% conversion of 4-MBA to
4-MBAldehyde was observed. Because of inherent differences between
experimental procedures used in this work, a direct comparison to previous work
of NP catalyzed alcohol oxidations could not be made.”'®" However, the
catalysts examined in this study show good conversion to product in similar
reaction times. The NP size is also larger than that in most studies, making direct

comparison impossible.

3.3.2.6 Reusability

The reusability of all the supports was tested in the SYMYX under 2 atm of
oxygen at 75°C for 16 hours using 0.012 mmol of 4-MBA and the 0.5%
shapes@TiO>(APTES) or 1% Ag@TiO: (slurry). The catalysts were recovered by
evaporating the solvent and recovering the solid support. The recycled and new
samples were all done in the same plate to assure consistency in the SYMYX
trials. All Ag shapes show good reusability (Figure 3.39). After three uses, the
AgNP made in the slurry method begin to show fatigue and less conversion. The
seeds and decahedra show increased efficiency in their second use. SEM was
run on decahedra@TiO, after one use to ensure NP were not changed. It

showed NP are still on the support with a similar size distribution of 22 nm +7 nm
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(Figure 3.40 and Figure 3.41). This shows the supports can be used for at least

two reactions without showing significant fatigue.

The increase in the catalytic activity of some of the catalysts is likely a
result of surface oxygen on the silver that is present after one reaction because
of the heating under oxygen atmosphere during the first reaction. Studies have
shown that putting silver catalysts under oxygen at elevated temperatures
increased the catalytic activity because of a reduced energy barrier? The
cleavage of the O-H and C-H bonds in catalytic reactions became exothermic
with oxygen-treated Ag catalysts opposed to endothermic without the surface

oxygen on the Ag catalyst.’
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Figure 3.39 Reusability of 1% Ag@TiO, (P90) (slurry) for three reactions, 0.5% seeds,
decahedra, and plates@TiO,(P90) (APTES) for two reactions
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[_] 100nm Uottawa  1/6/2011
15.0XKV COMPO SEM WD 7mm  1:44:06

Figure 3.40 SEM of Ag decahedra@TiO, (P90) (APTES) after one use, showing NP are still
on support. Red arrows point to NP on the TiO, surface.
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Figure 3.41 Histogram showing particle size distribution of 0.5% Ag decahedra@TiO, (P90)
(APTES) after one use based on approximately 30 nanoparticles.

3.3.2.7 Role of Oxygen
Oxygen was expected to be necessary for the oxidation, but control

experiments done under air and under Ar revealed, surprisingly, that the
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oxidation of 4-MBA was equally efficient in all three conditions indicating that

oxygen pressure was not necessary for the oxidation (Figure 3.42).
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Figure 3.42 Conversion from 4-MBA to 4-MBAIldehyde with 0.075 mmol alcohol, 40 mg of
support (Ag@TiO,(P90) (slurry)) in 5 mL toluene under atmosphere of oxygen, air, and
argon.

Mitsudome, et al. studied the oxidation of sec-phenethyl alcohol with
Ag@HTC under argon conditions and found that in 16 hours at 130°C 99%
conversion to the aldehyde was achieved with 0.045 pmol of Ag.'® In
comparison, in this research, under Ar conditions, in 4 hours at 75°C, with
0.025 mmol Ag supported on TiO,, 80% conversion is achieved. The amount of
catalyst is larger in this case compared to Mistudome, et al. and the times for the
reaction, solvent, and alcohol are also different, but both are proceeding under
argon conditions, and in this case it may be a faster rate since Mitsudome, et al.
report only after 16 hours.'® This research also found that Ag@TiO, or Ag@SiO,
showed very little product formation when used under argon.'® The NP in this

study proved to be more efficient under similar conditions. Because air or oxygen
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is not necessary, this makes this catalyst unique, interesting, and important
because water is no longer formed as a by-product, which would be formed if
oxygen was necessary, eliminating the need to dehydrate the reaction mixture.
Moreover, this reaction will work in situations where the alcohol has functional

groups that are sensitive to oxygen.'®

A potential mechanism for the oxidation is shown below in Scheme 3.5.
The negative surface of the AgNP aids in abstracting a hydrogen from the
alcohol, thereby promoting the delocalization of the charge and abstraction of

another hydrogen, to produce H,, and the final aldehyde formation.

Ho + P =
2+ o ) - AgNP

Scheme 3.5 Cartoon mechanism of proposed oxidation of 4-methoxybenzyl alcohol to 4-
methoxybenzaldehyde.

It is important to note that in the control experiments with just TiO,, HTC,

or the alcohol alone at the conditions described in all the experiments, there was
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0% conversion to the aldehyde, showing the AgNP are necessary for the

catalysis.
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3.4 Conclusion

This is the first reported one-pot photochemical synthesis of supported

AgNP that is able to effectively catalyze reactions. Previous papers report

unsuccessful attempts to photochemically generate AgNP@support.'® In this

chapter, AgNP shapes made photochemically have successfully been put onto

APTES functionalized TiO; allowing their separation from the reaction and reuse.

A summary and comparison of the supported NP synthesized can be found in

Table 3.4.

Table 3.4 Table summarizing the sizes and SPB maximum of supported NP synthesized
and their solution-based counterparts. The solution based NP are indicated along with the
solvent. The silver salt precursor is AgNO; unless otherwise indicated. The copper salt

precursor is Cu(OAc),.

Type of NP Size (nm) SPB maximum (nm)
4% Ag@TiO, (P90) (slurry) 17+17 465
1% Ag@TiO, (P90) (slurry) 9+3 480
4% Ag@HTC (slurry) 14+7 430
4% Ag(acac)@TiO, (P90) 31+13 455
(slurry)
1% Cu@HTC (slurry) 8+3
CuNP (MeCN solution) 16+11 575
0.5% decahedra@TiO, 25+8 445
(P9O/APTES)
Decahedra (H-O solution) 2914 463
0.5% seeds@TiO, 3049 430
(P9O/APTES)
Seeds (H20 solution) 5+1 398
0.5% plates@TiO» Scattering >650
(P9O/APTES)
Plates (H2O solution) Edge length >100 330 and scattering
>690
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This is the first report of using supported AgNP shapes to compare their
effectiveness at catalyzing reactions. AQNP have shown to be able to effectively
catalyze the oxidation of 4-MBA and sec-phenethyl alcohol in toluene under a
positive oxygen atmosphere, in air, as well as under argon atmosphere, showing

no difference in catalytic efficiency.
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4.1 Conclusions

Irgacure undergoes a Norrish Type | photocleavage upon exposure to UV
light producing two radicals, one that will donate its electron to reduce a copper
salt to its zero valent state. This reaction was selected to synthesize copper
nanoparticles photochemically using Irgacure 2959 or Irgacure 907 in water and
acetonitrile respectively. Using different chloride and bromide containing
alkylammonium salts, the CuNP are stabilized in an argon atmosphere.
Depending on the alkylammonium salt, the size of the NP as well as the rate of
formation differs. Upon exposure to oxygen, the rate of oxidation also differs
depending on the stabilizer used, but complete oxidation occurs within 2 hours.
Bimetallic copper/silver nanoparticles were also synthesized in attempts to coat
the copper with silver to prevent oxidation. The oxidation of these particles also
occurred upon exposure to oxygen. Both the copper and silver oxidized returning
to their original ionic states. The composition of these NP could not be

determined.

Copper nanoparticles were synthesized in an argon atmosphere on
hydrotalcite, however oxidized upon exposure to oxygen, so could not be further
used in catalytic applications. Silver nanoparticles were synthesized on supports
in order to use them for catalytic applications. Silver NP shapes (seeds,
decahedra, and plates) were photochemically synthesized' and put onto support
to use for catalysis to compare the catalytic efficiency of different shapes. The

oxidation of 4-methoxybenzyl alcohol to 4-methoxybenzylaldehyde was the
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reaction used to monitor and compare the catalytic efficiency and rates of
different shapes as well as comparing different supports. The AgNP synthesized
on TiO3 in the slurry method were found to be the best catalyst for this reaction
followed by the decahedra, plates, and then seeds. The reaction was found to
proceed as effectively under argon atmosphere, showing the mechanism for
oxidation does not involve oxygen. The reusability was also tested showing good
reusability of all supports after one use, and higher catalytic efficiency in the

second use for the decahedra and the seeds.
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4.2 Future Directions

4.2.1 Copper and copper-silver nanoparticles
More work needs to be done on characterizing the Cu/Ag bimetallic NP
and their composition. Further work should also be done on actually capping the

CuNP with a shell of AgQNP to prevent their oxidation.

4.2.2 Copper nanoparticle catalysis

CuNP were shown to be synthesized in the slurry method on support (in
Chapter 3) but because of their instability to oxygen oxidized readily. Future work
includes synthesizing CuNP in ionic liquids, which can slow or prevent oxidation
and using them toward catalytic reactions.? CuNP have shown to be useful
catalysts in a variety of reactions including oxidation, Suzuki cross-coupling, and

hydrogenation, among others.>®

4.2.3 Photocatalysis

Some preliminary experiments were done using colloidal NP and
excitation with laser at 410 nm of a drop of water containing AgNP and
sec-phenethyl alcohol. There was no conversion to the ketone seen. This could
be because of the low solubility of oxygen in water® and the inability to use
another oxidizing agent, like H>O, as used in other experiments in our group,

because it readily oxidizes the AgNP.
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Using 25 mg of 1% supported AgNP on TiO, (P25), 200 uL of H2O,, 99 uL
of sec-phenethyl alcohol in a flat cell cuvette (solvent-less Neat Reaction), and
irradiating with a 532 nm laser for 20 minutes showing 74% conversion to the
ketone. However, this reaction showed to be sacrificial since after the reaction
the Ag@TiO, was white and no longer contained any NP as they were oxidized

by the H202.

Experiments could be done using the supported shapes and irradiating the
plasmon bands with the respective LEDs of each shape in toluene with the
alcohol. The heat generated from the plasmon excitation of the AgNP may be

able to replace the heating needed in the alcohol oxidations studied in Chapter 3.

Work on the catalysis is promising, however, more work could be done by
attempting to use photochemistry for the catalysis, taking advantage of the heat

produced when exciting the SPB of NP.

4.2.4 Platinum nanoparticle synthesis

Platinum nanoparticles have been less studied than gold and silver NP
toward catalysis, but have shown to be effective at catalyzing hydrogenation and
alcohol oxidations, among others.”® Photochemical synthesis of Platinum NP
was successful using KzPtClg (0.3 mM), with 1-2959 (1.2 mM), and TMABr (0.2-
1.1 mM) in water and irradiation with 14 UVA lamps for 30 minutes, yielding a

brown solution showing increased scattering (Figure 4.1). Other stabilizers
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including CTAC and SDS show some NP formation, but not as effectively as

TMABr. The NP are mainly less than 5 nm in size as seen by TEM (Figure 4 2).

2.5
N ——e—— Omin
N —a—— 0.1mM TMABr
2 - — +— 0.2mM TMABr
() N ——&— 0.5mM TMABr
Q 15 E ——%—— 0.8mM TMABr
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_Q -
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» 1
_Q -
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05
0 B e »
300 400 500 600

Wavelength (nm)

Figure 4.1 Absorption spectrum before and after irradiation of K,PtClg with 1-2959 and
different amounts of TMABEr. Picture on the right is the PtNP synthesized with TMABr in
solution in the cuvette.
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Figure 4 2 TEM images of PtNP made with 0.8 mM TMABTr. Scale bars are 10 nm and 5 nm
respectively.

4.2.5 Supported platinum nanoparticles

These NP may be very useful for catalytic applications. Attempts were
made to synthesize PtNP on support as in the case of the slurry method with

silver in Chapter 2. A yellow powder was made, using TMABr and the same
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conditions as above with TiO, (P25) and some NP were present on the TiO»
(Figure 4.3), but the pale colour indicated a low yield of NP. More work needs to
be done to improve this synthesis and then use these PtNP @support for catalytic
reactions. Limited literature'® is found using supported PtNP for catalytic
applications, so this could be explored further using a photochemical approach to

synthesizing the catalysts.

- 100nm UOttawa 3/2/2010
X 30,000 10.0kV COMPO SEM WD 7mm 11:12:29

Figure 4.3 SEM image of PtNP made on TiO; in the slurry method. Red arrows point to the
brighter spots, which are PtNP on the TiO,. Scale bar is 100 nm.

4.3 Final Remarks

Nanoparticles of different metals (Cu, Cu/Ag, Ag, Pt) have been shown to
be synthesized with a photochemical approach using Irgacure, which undergoes
Norrish type | photocleavage producing a radical capable of reducing metal salts.
The growth rate and stabilities of CuNP to oxygen have shown to differ
depending on the stabilizer, but are still easily oxidized in atmospheric conditions.

Silver nanoparticles were made on support in a slurry method photochemically,
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and were shown to be an effective catalyst for oxidation reactions. Silver
nanoparticles of different shapes have been made photochemically and attached
to a support and show high catalytic activity toward alcohol oxidations in toluene
under inert atmosphere and heating. The different shapes show different catalytic

efficiencies and have shown to be reusable.

This thesis explored using photochemistry to synthesize different
bimetallic and monometallic NP and their use in catalytic applications. This
avoids harsh conditions and difficult procedures needed without the use of a

catalyst for organic reactions.
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APPENDIX

SEM from Chapter 2

— 100nm Uottawa 9/9/2009
X 130,000 20.0kV TED SEM WD 7mm 12:06:45

-

— 100nm UOttawa 9/9/2009
X 160,000 20.0kV TED SEM WD Tmm 10:35:48

— 100nm UOttawa 1/12/2009
X 140,000 20.0kV TED SEM WD 7mm 3:49:30

Figure 5.1 SEM images of Cu/Ag NP A: (M1) Cu/Ag NP made together in solution B: (M2) CuNP +
AgTFA C: (M3) CuNP + AgNP made separately. Scale bars are all 100 nm. No significant difference
can be seen between these images, making determination of the composition not possible.
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HPLC from Chapter 3

The following are HPLC spectra of 4-MBA run at 75°C for 16 hours in
toluene at a concentration of 30 mM with 8 mg of catalyst unless otherwise
stated. The retention time of peaks shift in some cases because of previous
column conditions and were identified using UV-Vis. The alcohol absorbs most
strongly at 225 nm and the aldehyde absorbs at 275 nm. Chromatographs were

all extracted at the wavelength of the aldehyde, 275 nm.

4-MBA

0.8 |-

<04 |-

0.2 |-

45 5 55 6 65 7 75
Time (min)

Figure 5.2 HPLC spectrum of 4-Methoxybenzyl alcohol. Peak at 5.5 minutes has a strong absorption
at 225 nm.
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2.5

— 4-MBAldehyde I ﬂ

D15 -

0.5 -
Ollllillllilllllllllllll

4 45 5 55 6 65 7 75
Time (min)

Figure 5.3 HPLC spectrum of 4-Methoxybenzaldehyde. Peak at 6 minutes has a strong absorption at
275 nm.

0.1

just TiO2 (P90) l

0.08 |-

0.06 |-
2 4
<(0'0 —

0.02

45 5 55 6 65 7 75
Time (min)

Figure 5.4 HPLC spectrum of 4-MBA oxidation run with 8 mg of TiO, and no AgNP. Peak is that of 4-
MBA with absorption at 225 nm.
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Just HTC

45 5 55 6 65 7 75
Time (min)

Figure 5.5 HPLC spectrum of 4-MBA oxidation run with 8 mg of HTC and no AgNP. Peak is that of 4-
MBA with absorption at 225 nm.

Just 4-MBA |

0.8 |-

0.6 |

0.2 |-

45 5 55 6 65 7 75
Time (min)

Figure 5.6 HPLC spectrum of 4-MBA oxidation run without any catalyst. Peak is that of 4-MBA with
absorption at 225 nm.
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Figure 5.7 HPLC spectrum of 4-MBA oxidation run with 8 mg of 0.5% Ag@SiO,. Peak is that of 4-MBA

2.5

D15

0.5

0

with absorption at 225 nm.

————— 8 mg 1% Ag@TiO2(P90) I m

4 4.5 5 5.5 6 6.5 7 7.5

Time (min)

Figure 5.8 HPLC spectrum of 4-MBA oxidation run with 8 mg of 1% Ag@TiO, (P90). Peak is that of 4-

MBAIdehyde with absorption at 275 nm.
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O.5%Agseeds@Ti02I
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Figure 5.9 HPLC spectrum of 4-MBA oxidation run with 8 mg of 0.5% Ag seeds@TiO,. Peak around
5.4 minutes is that of 4-MBA with absorption at 225 nm and peak around 6 minutes is that of 4-
MBAIldehyde with absorption at 275 nm.

0.5

0.5% Ag decahedra@TiO2 l

0.4 |-

< 0.2 |

0.1 |-

45 5 55 6 65 7 75
Time (min)

Figure 5.10 HPLC spectrum of 4-MBA oxidation run with 8 mg of 0.5% Ag decahedra@TiO,. Peak
around 5.4 minutes is that of 4-MBA with absorption at 225 nm and peak around 6 minutes is that of
4-MBAIldehyde with absorption at 275 nm.
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Figure 5.11 HPLC spectrum of 4-MBA oxidation run with 8 mg of 0.5% Ag plates@TiO,. Peak around
5.4 minutes is that of 4-MBA with absorption at 225 nm and peak around 6 minutes is that of 4-
MBAIldehyde with absorption at 275 nm.
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Figure 5.12 HPLC spectrum of 4-MBA oxidation run in water extracted at 275 nm with 8 mg of 1%
Ag@TiO,. Peak around 5.5 minutes is that of 4-MBA with absorption at 225 nm and the small peak at
6 minutes, is the 4-MBAldehyde with absorption at 275 nm.

The following are HPLC spectra of sec-phenethyl alcohol run at 75°C for
16 hours in toluene at a concentration of 30 mM unless otherwise stated The
sec-phenethyl alcohol absorbs most strongly at 215 nm and the aldehyde

(acetophenone) absorbs at 240 nm.
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Figure 5.13 HPLC spectrum of sec-phenethyl alcohol extracted at 215 nm where the alcohol
absorbs. Peak at 5.75 minutes is that of the alcohol, absorbing most strongly at 215 nm.
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Figure 5.14 HPLC spectrum of sec-phenethyl alcohol oxidation run in toluene with 20 mg of 1%
Ag@TiO,. Spectrum extracted at 240 nm. Peak around 6.4 minutes is that of acetophenone with
absorption at 240 nm.
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