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Abstract

Phase change materials (PCM) were utilized as solvents to synthesize small particles and
stabilize them in those media in order to determine time independent thermal properties of
nanostructure-enhanced phase change materials (NePCM). Spherical Ag particles in poly
(ethylene glycol), PEG, and CuO rods in dodecane were achieved at high concentrations, these
concentrated colloids exhibited a significant stability against precipitation at room temperature.
The resuting nanoparticles and nanorods were characterized usng UV-Visble
spectrophotometry; transmission electron microscopy (TEM); Cytoviva optical microscopy; X-
ray diffraction (XRD) and Fourier transform infrared spectroscopy, FTIR. Thermal conductivity
enhancements were determined at different concentrations of particles as well as at different
temperatures by using thermal analyzers (TPS 500 and KD2 Pro). Moreover, metallic Ag
clusters were formed during illumination of organometallic Ag precursors in akanes containing
oleoyl sarcosine. Clusters were detected by UV-Vis and fluoresence spectroscopies and their
concentrations were estimated from titration experiments. A novel feature of the clusters was

their long lifetime even under air in non-polar solvents.
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Chapter |

Introduction

The ongoing growth of economic development depends on the technological advancement and
management of energy. Technological advancements include the utilization of alternative
energy sources to overcome excessive Utlization of fossl fuel and other sources which increases
greenhouse gases.? Alternative energy sources also include systems devised to extract energy
from unconventional resources. Thermal energy from geothermal sources, solar radiation and hot
waste stream can be systemetically stored by meterials for future use. In fact, thermal energy
storage (TES) can play an important role to balance the demand and supply of energy. TES
systems are primarily of three different types 1) sensble heat storage (SHS) which utilizes the
heat capacity of a pure liquid or solid (e.g. water, inorganic sats, sands etc.); 2) latent heat
storage (LHS) which absorbs heat during phase change a constant temperature (e.g.
hydrocarbons, poly(ethylene glycol) etc.) and 3) thermo-chemical storage (TCS), which involves
utilization of chemical reactions in order to store and release thermal energy (e.g. adsorption of
water in silica-gel or zeolites).® Storage and retrieval of thermal energy in a controllable fashion
by any meteria is of great significance for various thermal-based technologies. Materials which
are able to absorb and release thermal energy via the sensible heat and latent heat routes are
caled phase change materials (PCM).* Upon melting, PCM absorb thermal energy, which is
stored for future use.

Heat transfer mediated by fluids is one of the most important technical challenges facing
numerous industries.  Faster cooling is essential to enhance the efficiency of sophisticated

mechineries. Gases transfer heat by direct collisions between molecules, and as would be



\ !

N 7
. 7 i 7
y X1 EN X
y 7
/ \

7 \

Absorb Store Release

Figure 1.1: A hypotheticadl PCM showing energy storage capabilities, which includes absorbtion

of energy upon melting and releasing the absorbed energy during freezing.

expected, their thermal conductivities are low compared to most solids since they are a dilute
media. On the other hand, non-metallic solids transfer heat by lattice vibrations so thet there is no
net motion of the media as the energy propagates through. Such heat transfer is often described
in terms of "phonons’, or quanta of lattice vibrations. Metals are much better thermal conductors
than non-metals because the same mobile electrons, which participate in electrical conduction,
aso take part in the transfer of heat. A comparison of thermal conductivity (TC) of base fluids
and bulk inorganic meterials are given below. Because of the differences in TC introduction of
nanoparticles into fluids may resuit in liquids systems with enhanced thermal conductivities, also
known as nanofluids (Table 1.1).

The low thermal conductivity of conventional heat transfer fluids is a serious limitation for
improving the performance and compactness of engineering equipment. By considering the fact
that metallic solids possess higher TC values than fluids, liquid suspensons of solid particles
coud be expected to exhibit sgnificantly higher thermal conductivities as compared to

conventional heat transfer fluds. Fluids containing millimeter or micrometer size particles are



difficult to deal with due to clogging of narrow passages along the flowing path of the coolart.

Also, rapid settling out from the solution of the particulate meterials is difficult to prevent.

Table 1.1: Compilation of thermal conductivities and melting enthalpies of common inorganic

and organic materials.>®

Material Melting Melting Thermal Density (g/cc)
Temperature Enthalpy Conductivity
(OC) (kJ/kg) (W/mK)
PEG 600 17-22 107 019 (liquid, | 1126 (liquid, 25 ‘o)
0
38 C) 1.232 (solid, 4 C)
PEG 6000 55-60, 66 190 1.085 (liquid, 70 C)
- 0
1.212 (solid, 25 C)
H,0 0 333 0.6 (liquid), | 0.997 (liquid, 25 C)
0
2.2 (Solid) 1 917 (solid, 0°C)
Cu 1085 - 398 8.96 (solid, 25 'C)
CuO 1326 - 20 6.32 (solid, 25 C)
Ag 961.8 ] 429 10.49 (sofid, 25 'C)

Due to the large values of the heat of fusion (AHsy) possessed by long chain hydrocarbons, these
compounds are considered to be best sited for thermal energy storage media® Furthermore, the
melting temperature of hydrocarbons can be manipulated by using molecules with ef different
chain lengths. This interesting possibility provides an opportunity for utilizing hydrocarbons as
energy Storage materials that can function over a wide temperature range. Although
hydrocarbons possess vauable properties for PCM applications, one of their disadvantages is

flammability. Another issue associated with hydrocarbons as base fluids is that formetion and



long-term stabilization of small particles in akanes is difficuit to achieve because of solubility
problems of relevant precursors. Listed below are characteristic thermal properties of PEG’s and

hydrocarbons relevant to their potential ability as energy storage materials.'©

Table 1.2: Thermal properties of PEG’s as phase change materials.

Material AHcooling(J/g) Temperature AHpeating(J/g) Temperature
(solidification) range (°C) (melting) range (°C)
PEG: 400 MM | 48.7 3.7-73 533 5.6t010.7
PEG: 600 MM | 107.9 20-0 112.6 3.6-28
PEG: 1000 MM | 102.2 38.2-22.3 107.6 23-44
Octodecane 208.7 28.3-24.8 208.7 27.7-32.5
Dodecane 211 -10.0- (+9) - -
Paraffin wax 153.1 56.2-31.2 150.4 31.6-60.6

Dispersion of particles in fluids:

The goa of this study was to achieve enhancements in the thermal conductivity of PCM’s not
only in the solid phase but also in the liqud phase. In order to achieve enhanced TC,
nanoparticles of materials possessing high thermal conductivity were to be incorporated into the
flud form of PCM’s. The feasibility of using suspensions of solid particles with sizes in the
order of millimeters or micrometers was previoudy investigated by several researchers and the
following significant drawbacks were observed:'*

1. Rapid sedimentation of the particles with time due to gravity, which reduces the heat transfer

capacity of the fluid.




2. Sedimentation of particles is inversely proportional to the fluid circulation rate but erosion of
the heat transfer devices, pipelines, etc., increases with increasing circulation rate of the coolant.
3. Particles exhibiting a wide size digtribution tend to clog the flow channels especially in the
case of narrow channels .

4. Clogging of flow channels radidly increases the pressure drop in the fluid.

5. EBEventually, a thermal conductivity enhancement induced by a high particle concentration may
be achieved. However, the above mentioned problems become more significant when higher

particle volume fraction are used.

Aggregation \
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Figure 1.2: Example of stable (left) and unstable (right) colloids.

Nanofluids:

A recent advancement in nanotechnology has been the introduction of nanofluids, that is,
suspensions of nanometer-sized solid particles instead of common working fluids.*? Nanofiuids
were first proposed by Choi and Eastman in 1995 at the Argonne National Laboratory, USA.

These are two-phase systems condsting of a solid phase dispersed into a liquid phase.



Nanofluids have been found to possess enhanced thermophysical properties such as thermdl
conductivity, thermal diffusivity, viscosity and convective heat transfer coefficients as compared

to those of base fluids like oil or water.

8
N
- ™~

Figure 1.3: Idedlized depictions of colloids, or stable suspensions, of colloidal spherical and

rodlike particle in flud media

Nanofluids have novel properties that meke them potentialy useful in many applications
particularly for efficient heat transfer in several areas, including microelectronics, transportation,
and power generation, thermal therapy for cancer treatment, as well as for heating, cooling,
ventilation and air conditioning.®**

Basically, metal or metal oxides colloidal particles dispersed in liquid media are used to enhance
the thermal conductivity coefficient. For a two-phase system, there are some important issues
that need to be considered in order to achieve stability in the solvent medium. One of the most
important issues is agglomeration of particles and their subsequent sedimentation. Hence, a big
challenge is to avoid particle aggregation as much as possible thereby achieving the desired long-
term dStability of the dispersed phase in nanofluids. Van der Waals forces between similar

particles in a medium are attractive and this force will result in aggregation of most suspensions.



Density differences between the solute particles and the external phase lead to sedimentation or

creaming of the aggregated solutes.

Stability of particles in liquid media

Although colloidal particles in a flud medium are thermodynamically unstable, they can be
mede kinetically stable either by charging the particle surface, or by means of steric hindrance.
Due to the large surface area to volume ratio, even when stabilizing agents are employed,
particle aggregation may be induced by Van der Waas (VDWL) force. If particle stability can be
achieved then the enhanced properties of the resuting fluids can be utlized to improve the
efficiency of machinery. Individual particles attract each other at short distances due to van der
Walls forces. The attraction originates from three contributions. dipole-dipole, dipole-induced
dipole and London dispersion forces. If attractions between particles predominate over repulsion
forces then particles will adhere and finally coalesce to precipitate out from the colloidal state.
On the other hand, if repulsions predominate over attractions then the system will be stable and a
dispersed date will be achieved. There are two mgjor approaches to overcome the attractive
forces between particles electrostatic and steric  stabilization.’* Electrostatic  stabilization  is
based on coulombic repulsions, which counterbalance the VDWL forces. In a two-phase
colloidal system, ionic groups can be adsorbed on the particle surface, forming a charged layer
next to the dense inner core. In order to balance charge neutrality, an equal number of counter
ions with opposite charge will surround the colloidal particles establishing double layers
characterized by an overal neutral charge.® The mutua repulsion of double layers surrounding

the particles provides kinetic stability of the dispersion. Turkevich demonstrated that a mutual



repusion of electric double layers containng sodium citrate was the main key for the
stabilization Au colloids.*®

Steric stabilization of particles can be achieved by incorporating macromolecules on the surface
of the colloidal particles. Grafting or chemisorption of long chain polymer molecules on the
dispersed particles is the primary way to stabilize nanoparticles in solution. There are numerous
examples of utilization of macromolecules to achieve colloid stabilization. Depending on the
interaction between polymer and solid surface, a macronolecue can be classfied as either
anchored or adsorbed. Anchored polymers bind irreversibly to the colloidal surface whereas
adsorbed macromolecules bind at random points along the polymer chain. When two particles
with adsorbed polymer chains interact with each other, the macromolecules may overlap with
each other, increasing the local segment density. This increase in segment density will eventually
increase the osmotic pressure. An increase of loca osmotic pressure will result in strong
repuision between particles.’ Steric stabilization is advantageous over electrostatic stabilization
because a very high concentration of particles can be accommodated and the solvent can be
completely removed without flocculation of particles. A wide range of studies is available
demonstrating steric  stabilization of colloids induced by polymers such as PVP'®, PVA92,
poly(acrylonitrile)?*, poly(ethylene glycol)®**® and polyurea.®*

Surface active molecules and organic polymers are generally used to induce either electrostatic
or seric tabilization of colloidal particles. Surfactants are aso often featured in self-assembly
processes, where energetic and entropic effects determine the structure and dynamics of complex
aggregates.  Lyophilic molecules chemically or physically attached to the surface of colloidal
particles prevent thelr aggregation. Overlap of the stabilizing nolecules results in an osmotic

pressure in the overlap region and the stabilized solutes are pushed apart.
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Figure 1.4: Conceptual interaction of organic nolecues and surfactants with the surface of

colloidal particles in liquid media.

Synthetic strategy of colloidal metal and metal oxide particles:

Numerous procedures are available to obtain nanoparticles of colloidal metals, oxides and
aufides. The formulation of highly monodispersed colloidal particles involves two mgjor steps. a
single and short nucleation period followed by slow growth to form colloidal particles.?® The
termination of the growth process may occur through capping of the surface of colloidal particles
with the aid of a sabilizer. A short nucleation or seeding is crucial to obtain uniform particles.
Otherwise, a second growth process called Ostwald ripening will start to dominate where larger
particles will grow further via dissolution of the smaller particles possessing high surface energy
to decrease the overal energy of the system?® Traditionally, metal nanoparticles are prepared by
reducing metal ions in the presence of a suitable particle stabilizer. Reduction of metal ions can
be classfied into two subdivisons; in the classica chemical approach the redox reaction is

induced by strong reducing agents such as sodium borohydride,>’?° hydrazine and hydrogen®®3*



etc. Stronger reducing agents are preferable in order to achieve smaller nuclel, which yield
narrow size distributions of particles. Sodium citrate and ascorbic acids are commonly used as
weak reducing agent to disfavor rapid growth of particles.3*33

N, N-dimethyl formamide and acohols'®2%3* are dso quite extensively used and which act both
as solvent as well as electron donors that reduce metal ions. When a strong reducing agent is
employed, the reaction is performed at room temperature or even at very low temperatures in
order to achieve some control of the rate of reduction and of the rapid particle growth. On the
other hand, if a weak reducing agent is employed, the reduction is usually performed at elevated
temperatures to achieve fast nuclel formation. Other approaches for reducing metal ions includes
introduction of photons or other form of radiation in presence of a chemical senstizer. A
photosensitizer absorbs photons of a particular wavelength and the excited singlet or triplet state
of the sendtizer becomes capable of reducing metal ions dissolved in solution. The radiation-
chemical approach utilizes solvated electrons generated by ionizing the solvent with the
radiation.®* The reduction procedure of metal salts has been very successful at producing noble
metal particles of Ag, Au and Pt. Non-noble metals such as Cu, Fe, Ni and Co cannot be easly
prepared by reducing their salts because of their sensitivity towards oxidation by air.

Colloidal metal oxides can be produced by the hot injection method in which transformeation of
precursor species occurs to form oxidic compounds in presence of a stabilizer or surfactant.
Surfactants contain a coordinating head group and an organic long chain; they can adsorb on the
suface of oxide particles and thereby induce dsteric repulsions between particles. The
morphology and stability of colloidal metal oxides depend on the reaction time, concentration of

precursors and surfactants as well as of the temperature of the reaction medium. Metal oxide
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particles with low dispersty and well-defined morphologies can be achieved by judicious

adjustment of the reaction parameters.

Thermal conductivity enhancement by particles in fluid from theory to applications:

Over the last decade, nanofluids sparked excitement as well as controversy. The evolution of this
field of research has been hindered due to the lack of harmony between theoretical models and
experimental data. This has hampered the development of a useful model that describes TC
enhancements. In particular, a number of investigations reported that drametic increases in
thermal conductivity were possible by addition of small nanoparticles to liquids, while others
showed moderate increases consistent with the effective medium theories of well-dispersed
conductive spheres. Maxwell first proposed that a disperson of metadlic particles in a solvent
will produce enhanced thermal properties depending on the particle loading of the mixture.*®
According to Maxwell’s classical theory, for an inhomogeneous mixture of solid-liquid system

the effective thermal conductivity (k) can be described as:

_ 2k./" + kp + 2¢p (kp B k/)
=k,
2k, vk, 4,6, k)

where, k,, and k, are thermal conductivities solid and liquid phases respectively and ¢p is the

volume fraction of solid particles.

For a nanofluid, the thermal conductivity enhancements beyond the prediction of Maxwell’s
theory are often regarded to be anomalous or unusual. A wide range of experimental and
theoretical studies were reported in the literature to model the thermal conductivity of
nanofllids.®*® The existing resuits were generally based on the definition of the effective

thermal conductivity of atwo-component mixture.
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For nanofluids based on dispersions, their heat transfer characteristics are time dependent
properties, and ther mechanists are ill under investigation. The first classical approach to
model thermal conductivity of a colloidal suspension was presented by Maxwell.*® To model
thermal conductivity of a solid-liqud system Maxwell considered a very dilute solution
negecting interactions between particles. Hamilton-Crosser modified Maxwell’s model by
introducing a shape factor of the particles which is applicable for spherical and cylindrical
particles only.3” The Bruggeman approach addresses the inter-particle collision in a suspension.®
Bruggerman’s model is an extension of Maxwell’s model that is applicable for particles of any
volume fraction, and matches well Maxwell’s model at low concentration of particles. Liquid
layering on the nanoparticles surface was also assumed to have an effect on the relative thermal
conductivity enhancement as compared with the TC value of the basefluid.*® The wrapping of
liguid molecules on the solid surface acts as a thermal bridge between particles and bulk liquid.
The nanolayer thickness of the liquid molecules was also taken into account in order to explain
anomalous thermal  conductivity enhancements  claimed for nanofluids.*®#?  Aggregation  of
nanoparticles,*® interfacial thermel resistance,***®> Brownian motion followed by micro-liquid
convection*®*® were also suggested to contribute to the overall TC enhancement. Although a
plethora of theoretical models are available in literature, none of the models is able to explain
some clams of extraordinary experimental TC enhancement single handedly. Accordingly, the
mechanism of thermal conductivity enhancement is a hotly debated topic. Efforts to develop
nanoflud of long term stability that could yield optimum thermal conductivity enhancements
were assessed in several investigations. 490

Efforts were made to obtain ideal combinations of nanoparticles and solvents to increase the heat

transfer coefficient of the mixture.'?>1°8 Metas are better thermal conductors than non-metals or
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oxides. Therefore, particles of metals such as Cu, Fe, Au and Ag dispersed in common
basefllids™ (water, ethylene glycol etc.) were popular components in this research arena. Oxide
materials such as CuO, Al,O3; and TiO, dispersed in water were also considered because of their
long term stability and low production cost.>*°"*° Eastmen et al. claimed that the thermal
conductivity of ethylene glycol nanofluids containing 0.3% copper particles is boosted by up to
40% in contrast to the TC of the basefluid.*? Liu et al reported that an introduction of 0.1% Cu
particles in water increases TC by up to 23.8%.%° Also reported was that a TC enhancement of
about 150-200% can be achieved using a 1% loading of multi-walled carbon nanotube (MWNT)
in poly(a-olefing).®* A 75% of TC enhancement was aso reported for dispersions in ethylene
gycol cortaining 1.2% of diamond particles with diameters of 30-50 nm®% Amidst these
remarkable observations, there is a considerable number of researchers claming that nanofluids
exhibit no anomalous TC behavior.®**® These scientists indicate that their observations can be
explained by means of the convertional heat transfer theory. For example, Ag particles coated by

oleic acid in chloroform showed an enhancement of TC of about 17% at room temperature. ®’

Thermal conductivity determination for colloidal solutions:

Severa methods can be adopted to obtain the thermal conductivity of colloidal solutions; the
most common and widely used are the steady state technique (SST), procedures that utilize a
transient plane source (TPS) and the trangent hot wire (THW) methodology. Transent methods
are favored over dteady state procedures for liqud samples since the former can determine
thermal conductivities in a short period of time, avoiding problems associated with thermel
convection. In contrast, the steady state method involves a long- lasting step needed to establish

atemperature gradient necessary to obtain thermal conductivity data.
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In this work, a transent plane source (TPS) was used for fast and accurate measurements of the
thermal conductivity of colloids. The hot disk TPS 500 thermal analyzer can be employed to
measure thermal conductivities, within the range of 0.03 — 100 W/nK, as wel as thermdl
diffusivity and specific heat capacity of meterias rapidly and with accuracy of better than 5 %.
For determinations of solutions a sensor is simply immersed into the liquid sample. This sensor
is a flat device conssting of continuous double spiral of electrically conducting Nickel (Ni)
metal that can also serve as a redstance thermometer able to measure transent temperatures
achieved at different heating times. To ensure electrical insulation and mechanical stability of the
sensor  this device is coated with thin layer of Kapton polyimde. Thermal conductivities are
obtained by passing a constant electrical current through the spiral element of the sensor. As a
result, the sensor temperature increases and the generated heat dissipates through both sides of
the flat sensor at a rate depending on the transport properties of the surrounding meaterial. The
thermal conductivity of the surrounding meterial can then be calculated from the temperature

versus time response of the sensor.
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Chapter I

Synthesis of Concentrated Spherical Ag Colloida Particles in Liquid Polyethylene

Glycol

Introduction:

Fluids typically possess lower thermal conductivities as compared to those of solids, which limits
their thermal performance. Cooling induced by fluids is crucial for improved performances and
compactness of sophisticated equipment.' Metallic solids possess much higher thermal
conductivities than those of conventional heat transfer fluids. Hence, liquids containing
suspended metal particles are anticipated to exhbit enhanced thermal conductivities in
comparison with conventional fluids, particularly at higher concentrations of dispersed particles.
The dispersion of small solid metal or metal oxide particles in liquid media may be useful for
improving thermal transport and thereby, can help to solve cooling problems in industry.>™*
However, the thermodynamic instabilty of dispersions of solid particles in fluids usually
hampers their long term stability needed for practical applications. This problem arises when the
dispersed particles colide with each other and fuse to form aggregated particles; which
eventually precipitate out of solution due to the gravitational force. However, kinetically
controlled long term stability of the particles can be achieved via selection of a stabilizers that
can decrease the frequency of collisions between particles.

In the last few decades, considerable research has been carried out to investigate thermo-physical
properties of nanofluid systems. Dispersion of nanoparticles in fluid systems has been reported to

enhance the thermal conductivity of the liquids beyond expectation values derived using the
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theoretical framework of Maxwell.>™'® These dispersions, called nanofluids, were claimed to
reach enhancements in thermal conductivity that do not depend exclusively on the particle
volume fraction.®!*1%!® The origin of the reported enhancements remains unclear since particle
size, shape, inter-particle distance, solid-liquid interfacial thermal resistance and viscosity of the
solution were are anticipated to exert a significant effect on the overall thermal conductivity.'®

Most of the properties and applications of dispersed metal or metal oxides colloidal particles are
governed by their size, stability and concentration in solution. The low content of particles and
their restricted stability in the liquid phase are Lmitations that restrict possible utilization of
colloids in wvarious fields of applications such as photocatalysis, heat transfer and
nanolubrication.”>** Synthesis of Ag particles in non-aqueous media is common but their long-
term stabilization at high concentration is challenging.”® *’ Colloidal Ag particles are commonly
produced via reduction of Ag ions using a suitable reducing agent such as sodium borohyride,
ascorbic acid etc.’’ "

Many researchers have been trying to develop hydrocarbon-based nanofluid systems because of
their aleged impressive thermal properties.®>2’ However, hydrocarbons are flammable and
therefore risky to use for high temperature applications. Another disadvantage of hydrocarbons is
to find a suitable method to synthesize nanoparticles in these media because of the solubility
problems of the available precursors. Achieving long term particle stability against precipitation
is also difficut in hydrocarbons since efficient stabilizers that dissolve in such solvents are
scarse.  These drawbacks were the main reason for choosing PEG to serve as solvents and phase
change materials (PCM) for nanoflud applications. Potential uses of PEG macronolecues as

PCM has been investigated frequently in the last two decades particularly for thermal energy

storage.33° As shown in Tables 1 and 2 of the Introduction section, the polymers exhibit thermal
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properties relevant to PCM applications that are only dightly inferior to those of commonly used
hydrocarbons.  In addition, blending of PEG macromolecules with different molar masses
enables to widen consderably the range of accessble temperatures in which melting and
freezing takes place.

The maximum nanoparticle loading achieved i aqueous systems was 0.1 M with a
polydispersity of 53%.” No procedure for the synthesis of highly concentrated Ag colloids in
PEG have been reported. An earlier study demonstrated that PEG of high molar mass was useful
as a particle stabilizer and, at the same time, served as reductant of Ag' ions forming Ag

crystalites in water.*’

The stabilization of metal nanoparticles is often achieved by various
ligands and polymers, specially natural or synthetic polymers with a certan affinity toward
metals. The most frequently used stabilizer for metal nanoparticles in polar solvents is poly(vinyl
pyrollidone), PVP.>*** In this work, a procedure wil be presented enabled the successful
synthesis of highly concentrated and stable Ag particles in poly(ethylene glycol) with an average
molar mass of 600 g/mol, or PEG 600, which is a liquid at room temperature. Metal
concentrations of up to 10% by weight (1 M) in PEG 600 were accomplished via reduction of
Ag(D) ions. PEG acted as both solvent and reducing agent whereas poly(vinyl pyrollidone) served
as particle stabilizer. The crystallites consisted of fcc silver and exhibited a nearly spherical
shape with an average diameter of 5.6 nm but crystallite aggregates with a mean diameter of 0.33
micron were also present in concentrated colloids. Only modest TC enhancements were

determined at high particle concentrations but the Ag colloids exhibited excellent lubrication

properties.
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Experimental

AgNOs3 and (NH4),HPO4 were purchased from Fisher Scientific, - Carbowax PEG 600 (M.W. of
600 g/mol) was received from Electron Microscopy Sciences, poly(vinyl pyrollidone) with a
molar mass of 10% g/mole was obtained from Polysciences and methyl acetate was from Alfa
Aesar.

Absorption spectra were obtained using Shimadzu spectrophotometers models UV-2450 and
UV-2501 PC. Drirect magng of colloidal particles n PEG was performed by means of a
Cytoviva optical instrumentation. Images were captured with an an Olympus BX53 microscope
equipped with a CytoViva 150 Darkfield condenser, a Solarc 24 light source together with
CitoViva and Hyperspectral software; data analysis employed the Image J program. Liquid
samples were placed between two specially cleaned Nexterion glass B microslides that were
positioned in the microscope. This high resolution optical microscope possesses improved
alignment and focus of dark-field illummation which enhances the signal-to-noise ratio and
enables imaging of nanoscale materials. Transmission electron microscopy (TEM) measurements
were carried out on dried colloidal samples using a ZEISS EMI10 instrument operating at 80
kV. Samples were prepared by first precipitating the PVP coated particles using acetone. The
coagulated particles were rinsed repeatedly with water and acetone to remove excess PEG 600,
and then redispersed in methanol to a final concentration of 0.05 mM (dilution factor = 4000). A
small droplet of the methanolic Ag solution was placed onto a carbon coated TEM grid and dried
under vacuum. Samples were also prepared via first polymerization of the colloid in the presence
of a resin called LR White, followed by slicing the resulting solid sample with a microtoming

knife.
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For XRD measurements particles were collected by precipitation with methyl acetate without
removal of the PVP coating. Treatment of PVP coated particles with methyl acetate induces a
decrease in the solubility of PVP, thereby precipitating the polymer out of the solution along
with the particles. Redispersion of PVP coated particles can be achieved again in water or any
other suitable solvents such as methanol, acetonitrile etc. The precipitated particles were
collected and washed thoroughly several times with methyl acetate and dried before XRD
measurements. Thermal conductivity (TC) tests were carried out usmg a TPS 500 hot disk
thermal analyzer. Ethylene Glycol (EG) was used as a reference since this liquid possesses
similar values of TC and viscosity as PEG. For TC measurements a sample of 6 mL was
mtroduced into a glass pan during each measurement and with the aid of an Al stage the sample
was placed into a temperature-controlled bath, folowed by immersing perpendicularly a hot
disk thermal probe . A HH11B thermocouple (Omega) with a k-type probe was used to record
the measuring temperature. Viscosity determinations carried out by placing 20 mL of sample mnto

the spindle holder of a Brookfield (DV-II+pro) viscometer.

Results and Discussion

A typical colloid synthesis nvolved first preparation of 18.5 mL of a 0.97 M solution of PVP (in
terms of monomer concentration), which was accomplished via dissolving the polymer n PEG
600 at 40 °C for 20 min in an oil bath. Then the temperature of the PVP/PEG solution was raised
to 110 °C followed by rapid addition of 2 mL of 3.13 M AgNOs; dissolved in a mixture of
ethylene glycol and water (1:1 volume ratio). The resulting solution, consisting of 0.2 M Ag and
0.9 M PVP in 20 mL, turned immediately dark red and total reduction of the silver ions was

completed within 4 min. Silver colloids of a concentration of 1 M were also prepared following a
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similar procedure except that the solutions contamed 1.25 M PVP and that silver nitrate was
dissolved in 4 mL of a ethylene glycol/water mixture with a 1:1 volume ratio.

Shown in Figure 2.1 are UV-Vis spectra recorded during the formation of silver particles
via reduction of Ag" ions in PEG 600 solutions containing PVP as a particle stabilizer. The
spectra were acquired using solutions prepared by withdrawing samples from the hot reaction

mixture and quenching them quickly in a water/ice mixture, followed by a 200 fold dilution with
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Figure 2.1: Spectral evolution with time during formation of Ag particles at 110 °C in a solution
with 0.2 M AgNO; determined in a 1 cm quartz cell. Spectra were recorded after quenching
samples withdrawn at different times and dilution by a factor of 200 with PEG 600.Inset shows

the evolution of the optical density at417 nm with time.
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a solution of 0.9 M PVP in PEG 600. As illustrated in Figure 2.1 the optical signal was initially
centered a a wavelength of maximum absorbance (Amax) Of about 417 nm. However, the
absorbance shifted to shorter wavelength and gained in strength as the reduction proceeded,
resulting in a signa with Amax = 402 nm at the reaction end. Further evidence of the optical
changes during the reaction is provided in the inset of Figure 2.1 depicting a non-linear evolution
of the optical density recorded at 417 nm. Optical signals with Amax in the range of 420-400 nm
are frequently observed during the reduction of Ag" ions, which have been is attributed to the
surface plasmon resonance due to collective oscillations of surface electrons.  Blue shifts of Amax
together with a narrowing of the plasmon are aso frequently detected,® which are similar to the
spectral changes illustrated in Figure 2.1.

An unusual feature concerns the extinction coeflicient (¢) of the colloids determmned at
Amax = 402 nm after the particle formation process was completed. The value of the extinction
coefficient varied significanltty for solutions with different initial [Ag’]. For instance, colloids
prepared fiom 102 M Ag' solutions resulted in € = 10792 M™' cm! after dilution within the range
of 5 x 10° < [Ag] <5 x 10* M. On the other hand, colloids made from 0.2 M Ag" solutions
yielded an € value of 652 M™' cmi! when diluted to 5 x 10 < [Ag] <2 x 10° M. These findings
suggested that at high concentrations the Ag particles experienced a change that altered their
surfaces given that the plasmon signal is related to a collective oscillation of surface electrons.
The origin of such changes will be discussed later in conjunction when the results of optical
MmiCroscopy.
The completion of the reduction was tested by precipitating the particles from the solution at
reaction times of 2, 3 and 4 min with the aid of methyl acetate. Particle precipitation resulted in

clear solutions, which were then treated with an aqueous NaCl solution. Formation of a white
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AgCl powder was noticed for samples collected after 2 and 3 minutes of heating. No such
precipitation was observed from the samples retrieved after 4 min of heating, confirming the
completion of the Ag™ reduction process. The formation and growth of Ag nanoparticles are
processes sensitive to the reaction temperature. If fact, after a very short period of reaction time
nucleation and growth of silver particles may occur simultaneously. Determinations of the
kinetics of particle formation using optical methods were not possible due to the & variations
mentioned before. In view of the high metal concentrations used during the colloid preparations,
gravimetric determinations of the Ag mass generated allowed collection of kinetic data. For this
purpose, samples were withdrawn from the hot reaction mixture at various time intervals and
then cooled down by solidification with liquid nitrogen to stop further reaction. After melting the
solids at room temperature, particle precipitation was accomplished via mixing with an aqueous
(NH4):HPO4 solution followed by washing several times with water and acetone. Such method
enabled selective particle precipitation without PVP, which remained disssolved in the water-
PEG mixture. The samples were dried n a vacuum chamber and the mass of metallic silver was
determmed gravimetrically.

Reduction of Ag" was anticipated to occur according to reaction 1,

e + Ag" - Ag(s) (1)

If Ag formation is described by a first-order rate law then:

d[Agl/dt = -d[AgJ/dt =k [Ag'] )
Since [Ag'] =[AgToe™  and [Ag] =[Ag] - [Ag'] then
In{l- ([Ag)[Ag lo)} =-kt 3)
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According to this analysis a plot of n{l- ([Ag)/[AgTo)} versus time was expected to yield a
straight line with no intercept. As illustrated in Figure 2.2 a straight line was obtained from such
a plot but the data followed the equation; y = -8 x10™ x - 0.25, > = 0.99. Equation (3) predicts
no intercept in contrast to results shown in the Figure, which can be traced to a systematic
problem of the experimental procedure. The times utilized in the plot corresponds to the t values
at which the samples were withdrawn from the hot solutions. However, about 20 s passed before
the samples were completely frozen, meaning that some additional Ag’ reduction took place
during that period of time. Unfortunately the contribution of this additional reduction step is
difficult to estimate given that the solution temperature remamned undetermined. Nevertheless,
the kinetic results are consistent with a first-order reaction that proceeded with a rate constant of

8 x107 1/s.
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Figure 2.2; First-order plot of the formation of colloidal Ag. Particles produced at different time
mterval were precipitated using (NH4),HPO4 and the metal mass determined gravimetrically.

The data followed the straight line equation: y = -8 x10 x - 0.25, r* = 0.99.
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XRD experiments were carried out to determine the nature of the solid obtained via precipitation
of colloids utilizing methyl acetate as a coagulation agent. Cleaning of the precipitated solid was
accomplished by rinsing them several times with H;O and acetone. The presence of the (111),
(200), (220) and (311) reflections from the fcc Ag crystal lattice in the XRD pattern depicted in
Figure 2.3 confirmed that the precipitated material consisted of metallic silver crystallites. Small
particles usually exhibit boad diffraction signals but only sharp diffraction peaks were detected,
suggesting that crystallite agglomeration occurred during the precipitation process yielding large
particles. Although no efforts were made to isolate the particles from PVP the diffractometer
trace shown m Figure 1.3 was free from any other signals probably because of the amorphous

nature of the polymer.
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Figure 2.3: XRD pattern from a powder sample obtained via precipitation of a 0.2 M Ag colloid.
The signals correspond to refelections from the Ag fcc crystal lattice structure listed on JCPDF

card #4-783.

Since the number of Ag aggregates prevails over individual small particles at high concentration

(Figure 2.4), the presence of aggregates were anticipated to be the reason for small extinction
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value of AgPEG colloids at higher concentration. The aggregated particles may bind with PVP
more efficiently and lower the intensity of Plasmon band of Ag particles.

Confirmation that the colloids consisted of small Ag particles was obtained from TEM analysis
of samples prepared as described in the Experimental section. TEM images of the samples show
that nearly spherical crystallites in the size range of 3-9 nm were present, see Figure 2.4. A
histogram of size distribution was obtained by measuring the diameters of about 200 crystallites,
yielding an average particle size of 5.6 nm. No significant deviations from the results of Figure
1.4 were obtained from TEM images of samples prepared by slicing the solid materials made via
polymerization of the resin in the presence of dilute colloids. Furthermore, analogous particle
diameters and size distributions were obtained when colloids prepared from either 200 or 10 mM

Ag' solutions.

Figure 2.4: Transmission electron micrograph of Ag particles precipitated using acetone
depicting a nearly spherical crystallite shape. The size bar equals 100 nm; inset shows the

corresponding size histogram.
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Analysis of the colloids was also attempted using CytoViva optical microscopy since this
technique enables imagng liquid samples directly without the Ilaborius sample preparation
procedures needed for TEM measurements. Although the detection limit of this technique is
about = 10-20 nm for noble metals as described by manufacturer, colored spots resulting from

light scattering due to metallic aggregates can be imaged.

Figure 2.5: Dark field cytoviva optical image of a colloid prepared using 10 mM Ag" solution,

magnification 60X, the scale baris 30 pm.

Figure 2.5 shows direct optical image obtained by placing a droplet of 10 mM freshly prepared

colloid in a ultraclean microscopic slide. A typical optical image reveals several dots of different
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colors. In dark field images the aggregates appeared as roughly spherical spots exhibiting blue,
red, yellow and green colors. The appearance of different colors was due to light scattering from
objects of different size. The blue colors was due to the objects of small size and larger objects
shows green or red colors. Determnation of the spot diameters was restricted to the smaller blue
objects present in dark field images. The reason for such limitation is that larger colored spots
showed a significant amount of glare that mpeded precise determination of their diameters.
Figures 2.6 (c¢) and (d) are size histograms for the smaller objects found in Figures 2.6 (a) and
(b); an average size of 360 nm was determined for both colloids.

Hence, while the CytoViva technique is unable to produce images such as the one depicted in
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Figure 2.6: Bright field CytoViva images of (a) a colloid prepared using a 1 mM Ag' solution,
magnification = 100X, the scale bar corresponds to 30 pm; (b) a colloid made froma 0.2 M Ag"
solution, magnification = 40X, scale bar = 30 um. Corresponding size histograms derived by

analyzing about 200 aggregates: (c) derived from image (a), and (d) obtained from image (b).

figure 2.4, detection of particle aggregates seemed feasible. Shown in Figures 2.6 (a) and (b) are
images obtained from two different colloids made via reduction of Ag™ in solutions containing
mitially 1 and 200 mM AgNOs;. To facilitate visualization of the aggregates the images are
presented mn the bright field mode, which revealed the presence of objects with diameters in the
hundreds of nm that were stable for more than eight months.

An obvious and significant difference of the CitoViva images shown in Figure 2.6 is that the
number of objects noticed for the 1 mM colloid was considerably larger as compared to the case
of the 200 mM sol. In fact, most of the aggregates detected in images captured from dilute sols
appeared as smaller blue spots whereas concentrated colloids contained objects exhibiting
mainly other colors. Such difference can be explained under the assumption that much higher
concentrations of the smaller aggregates (with a blue color) were produced during preparation of
concentrated colloids. Further aggregation of such small objects ensued, resulting n a
preferential formation of larger aggregates. Experiments were, therefore, conducted in which
concentrated colloids were diluted by a factor of 100 with a solution of PVP in PEG 600. Images
very similar to that shown in Figure 2.6 (a) resulted from such experiments, supporting the idea
that aggregation of the smaller Ag aggregates took place mamnly in concentrated solutions.

The results from the dilution experiments also implied that the larger aggregates transformed

(de-aggregated) into smaller objects upon dilution; Figure 2.7 is a scheme representing such a
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process. The de-aggregation process is quite unusual given that aggregation of small metal

crystallites is frequently irreversible, yielding large particles that precipitate out of solution.

Dilution

S 4.

l Dilution

Figure 2.7: Scheme depicting the proposed fragmentation of large particle aggregates to form

smaller aggregates as well as individual particles upon dilution.

Further confirmation that large aggregates were present in concentrated Ag colloids was
provided by centrifugation experiments carried out between 1.5 to 3 x 10* rpm. Only large
particle aggregates were anticipated to separate from solution and a small amount of metal was
indeed precipitated at 3 x 10* rpm but only for concentrated colloids. As mentioned before, such

Ag colloids exhibited an extinction coeflicient of the plasmon with Amax = 402 nm about 17 times

smaller than the ¢ value of dilute sols. This difference persisted even after dilution of the
concentrated sols to concentrations also accessible from the dilute colloids. An explanation for
these results involves occurrence of chemical mterface damping (CID), which has been
documented extensively in the case of nm-sized Ag crystallites.*! CID originates when the
plasmon absorption is disrupted by adsorption of, for instance, oxidizers on the surface of the
metal particles. Preparation of concentrated Ag colloids mvolved reduction of large amounts of

Ag', resulting in high concentrations of oxidized reductant. Adsorption of the oxidized material
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on the Ag surface would be favored under such conditions. Hence, the smaller ¢ value of
concentrated colloids may result because of a CID effect derived from the experimental

conditions required to generate concentrated colloids.

Both PEG and PVP have been used in water as reducing agents for the transformation of Ag”
jons into metal crystallites.”>"* Ag" can be reduced by polyethylene glycol directly at high
temperature, but the reaction was significantly slower than in PEG 600 solutions also containing
PVP. In fact, Ag" ions were reduced efficiently by PVP at room temperature whereas the
equivalent reaction induced by PEG was very slow even at 40 °C. PVP contains a strong polar
function (pyrollidone) and both the oxygen and nitrogen atoms of such group possess strong
affinity toward metal ions and are available for coordination.** Hence, both PEG and PVP
molecules may have acted as reducing agents that transformed Ag' into metal crystallites in the

polymeric solvent.
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Figure 2.8: Spectra of the 1.0 M Ag colloids (dilution factor = 10%)in PEG 600 at different time

interval showing the particles stability in polymer solvent in presence of PVP.
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The concentration of Ag particles can be increased up to 1.0 M (9.6 % by weight) in the
PEG/PVP system. Such highly concentrated Ag colloids were still stable after 12 months
(Figure 2.8). TEM analysis of the colloidal particles confirmed that the size distribution of the
particles remained unchanged mn such highly concentrated colloids although the were made with

the same amount of stabilizer (PVP) as employed for the more dilute.

Upon heating 110 °C of 0.2 M AgPEG colloids for longer time, the yellowish red colloids
changed in color to pink and further heating yielded green sols (Figure 2.9). TEM images
obtained from the pink and green sols are presented in Figure 2.10. Analysis of the image shown
in Figure 2.10(a) indicates that the heating process induced the particles within aggregates
present in the originl AgPEG colloids to fuse with each other, yielding the larger particles with
irregular shapes noticed in the pink sols. Further heating of the pink colloids induced further

particle growth, leading to the formetion of semi-spherical or non-spherical Ag particles, Figure
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Figure 2.9: Evolution spectra offormation of pink Ag colloid (50 min at 110 °C) and green Ag
colloid (70 min at 110 °C); Initial Conc. of AgNO3 was 0.2M, Dilution Factor=200).

2.10(b). The color changes of Ag colloids due to the size and shape transformations has been
reported previously.**4°

Figure 2.10:TEM images of pink (a) Ag colloids and (b) green Ag colloids formed at 110° C by

heating 0.2 M AgPEG colloids for (a) 50 minutes and (b) 70 minutes.

Thermal conductivity (TC) tests were carried out by using the TPS 500 thermal analyzer. At each
concentration and temperature, several measurements were carried out and the average values of
thermal conductivity were taken to calculate overal TC enhancement. The data presented in
Figure 2.11(a) indicates that the enhancement of TC depends linearly up to 0.2 M Ag. The
subsequent decrease in TC at higher concentrations is attributed to the large increase in viscosty
of the AgPEG colloida system. The maximum TC enhancement obtained with the 0.2 M
AQPEG system was 12.34 % at 25°C (Figure 2.11 (8). Presented in Figure 2.11 (b) is the
temperature dependence of the TC enhancement for 0.2 M and 1.0 M AgPEG colloids. For 0.2
M AgPEG colloids, the enhancement increases linearly with temperature and the maximum

value was found to be 18.4% at 55 °C. Such values agree, within a factor of 2, with predictions
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based on the classical formulations from Maxwell for dispersed metal particles.® With 1.0 M
AQPEG colloids, the thermal conductivity is surprisingy very low and the TC value increases
initially with temperature and then decreases. This unexpected decrease in thermal conductivity
is may be due to the viscosity increase of 1.0 M Ag/PEG system or the interfacial thermal

resistance offered by the solid Ag particles and liquid PEG medium.
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Figure 2.11: a) Variation of the percent increase m TC with Ag concentration at 25 C. b)

Temperature dependence of the percent increase in TC for 0.2 M and 1.0 MAgPEG colloids.

Figure 2.12 is a plot of viscosity against the concentration of Ag colloids. To determine the effect
of PVP on the overall viscosity several PVP/PEG solutions were also used for viscosity
measurements. Such blank experiments served elucidate if the viscosity increase was induced by
the metal particles or by PVP. The results from Figure 2.12 clearly indicate that PVP induced a
has negligble effect on the overall viscosity increase of the colloidal solution. A nonlinear
relationship between shear viscosity and particle concentration exists, and the viscosity increases
dramatically at very high concentrations of Ag particles. The dramatic increase of viscosity with

particles concentraton may be the reason for very low thermal conductivity at higher

concentration of Ag particles in PEG600 solutions.
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Figure 2.12: Viscosity increase with concentration of Ag (blue) and PVP (Green) at 25 C.

Although the thermal conductivity enhancement by Ag colloids in PEG was found to be small,
these sols were found to exhibit excellent tribological characteristics. PEG itself is considered as
a good Iubricant because of its low volatility and non-toxicity; incorporation of Ag particles
induced a substartial decrease of both friction and wear coefficient (~ 35%). A thorough
investigation on the promising lubrication properties of the colloids have been presented in a

recent publication.*’

Conclusions:

Ag Colloids containing large particle concentrations can be prepared using solutions of PVP in
PEG600. The stabilization of highly concentrated colloidal particles was achieved mainly due to
the stabilizing ability of Polyvinyl Pyrolidone whereas PEG600 served as the solvent. At very

high concentrations aggregates of particles coexist at equilibrum with individual small
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crystallites. The large amounts of crystalltes and particle aggregates present in the colloids
excerted a small increase in the overall thermal conductivity of nanofluids, which are within the
exhancement anticipated according to Maxwell formulations.. However, at very high
concentrations (> 0.2 M), the thermal conductivity of these nanofluid systems was found to
decreased perhaps due to the combined effects of increase in viscosity and interfacial thermal
resistance between solid-liquid nterfaces. At high concentrations, the number of particles is
large and therefore, mterfacial thermal resistance will also increase accordingly. However, Ag

PEG colloids exhibit excellent lubrication properties even at low concentration of particles.
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Chapter Il

Sable Colloidal CuO Nanorods in Alkanes and Their Transformation to Spherical Metallic
Copper

Introduction

The ability to disspate heat quickly has become an important technical challenge with the
current fast progress in technological development. Faster cooling is essentia for both solid state
devices and industrial reactors in order to achieve better efficiency.! Ore of the most important
limiting factors to achieve faster cooling in various industries is the poor thermal properties such
as thermal storage and conductivity of conventional heat transfer fluds. For example, the
thermal conductivity of paraffin wax is very low, amounting to only 0.21-0.24 W/mK .2

Materials with high enthalpy of fusion can absorb tremendous amount of heat during melting and
then releases stored energy when they solidify. Such energy storage media are called phase
change meterials (PCM),®> which possess impressive thermel properties in the solid state
including high thermal conductivity and thermal diffusivity. Numerous different PCM are
available for thermal energy storage including organic meterials (such as paraffin and fatty
acids/esters) and inorganic compounds including hydrates.®* However, application of PCM in
numerous fields has been constraint because of their poor thermal conductivity in the fluid form.
Since solid materials possess extremely high thermal conductivities as compared to convertional
fluds, liquids containing suspended small solid particles were expected to show higher thermal
conductivity than in the absence of the dispersed material.>® Such dispersions are called
nanostructure  enhanced phase change meterials (NePCM)’. The nanoparticles additives are
expected to enhance thermal conductivity of the PCM not only when present as solids but aso

during phase change and in the flud region.
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Introduction of small particles into fluids can be achieved by various physical®® and chemical® **
approaches. An exanple of a physical method is ultrasound vibration, often used to maintain
homogeneity of the dispersions but this procedure requires repetitive use of an external power
source. Moreover, such particle dispersons are both thermodynamically and kinetically unstable
due to particle-particle clustering or aggregation and eventually precipitation out of solution due
to gravity. Colloidal small particles dispersed in liquid media are expected to be a reasonable
alternative to overcome this issue.® Small colloidal particles of metal or meta oxide are also
thermodynamically unstable in fluids but they can be stabilized kinetically for a certain period of
time by means of a third entity which interacts with solid-liquid interfaces. To be most effective,
Kinetic stabilization of colloidal particles requires extremely low concentrations of the dispersed
material. At high concentrations particle aggregation is prominent due to increased effective
interparticle collisions that lead to aggregation.

Utilization of highly concentrated colloids were neglected because of the difficulty of
stabilization of particles at high concertration and thought to be unfeasble. Clary et al, ?
showed that a very high concentration of suspended spherical CuO particles in akanes (that
function as PCM) can be achieved provided that the particles are highly pure and well coated by
organic ligands.*> They found that particles of high concentration (5 wt%) can be stabilized for
more than a year. Despite the promising properties of the resulting colloids, these NePCM
showed little enhancement of thermal conductivity (~7%).

Furthermore, the morphology of small colloidal particles was assumed to aso exert an effect on
overall thermal conductivity enhancement of NePCM. To date, CuO particles of different sizes
and shapes, such as spheres'?, rods'1*, wires'®, sheets'® and hollow structure,!” were produced in

laboratories using a wide variety of chemical and physica methods. Experiments with unstable

53



suspensions seemed to indicate that nanorods, nanorhombics or nanowires showed exceedingly
better TC enhancement as compared to spherical particles'®. There is no singe model able to
explain the wide spectrum of thermal conductivity data for solid-liquid systems. Nevertheless,
nanorods, or any other (one-dimensional) 1D nanostructures, were expected to yield higner TC
enhancements in fluids as compared to spheres because 1D nanostructures would provide a
directional force field for effective thermal conduction.

Synthesis of colloidal nanorods of long term stability is extremely difficult to achieve and has
only been observed for rods with minute lengths and at very low concentrations'®. Herein, we
provide a combined physical and chemical approach to produce colloidal CuO nanorods that
remained stable in solution for up to 2 months. A useful starting point for the synthesis of CuO
nanorods was the work of Li and Chang, which produced mixtures of spherical and rod-shaped
crystallites.®. Modification of the procedure was necessary to obtain clean and stable rods with
of ~ 100% vyield. Synthesis of sodium oleate (SOA) coated rodlike CuO particles involves three
steps: (1) preparation of bare CuO particles, (2) synthesis of an anionic surfactant via a two-
phase reaction of oleic acid (OA) and NaOH, followed by particle stabilization usng the SOA
sufactant as dtibilizer in basic solution, and (3) post-processing together with purification for
subsequernt re-dispersion of well-coated CuO rods (CuO/SOA) in akane-based solvents. Octane
and tetradecane (TD) were selected as disperson media for CuO rods, because they are short-
chain analogues of paraffins used for PCM applications. Another simple approach enployed of
oleoyl sarcosine (OS) as a dabilizer yielding coated CuO (CuO/OS) in tetradecane, but this
method produced irregular rodlike particles with high aspect ratio. Attempts were aso made to
achieve stable metallic Cu nanorods via in situ reduction of CuO/SOA rods prepared in TD by

means of the an organometallic reagent sodium bis(2-methoxyethoxy) aluminumhydride, known
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as Red-Al that is soluble in akanes. Although the reduction tales place this reaction induced a
shape change of the oxide nanorods forming spherical metal particles.

The resuiting colloids were characterized usng UV-Visble spectra measurements, which also
served to test the long term stability of rods. Further characterizations of the CuO rods employed
transmisson electron microscopic (TEM) and X-ray diffraction (XRD) methods. Thermal
conductivity (TC) enhancements induced by the rods were found to be better as compared to the
changes noticed with spherical particles but till poor in terms of the increases needed for high

temperature applications.

M aterials and methods:

Copper (1) nitrate hemi-pentahydrate (> 98%) was purchased from Acros Organics, OS was
from TCl America, oleic acid was from Fisher Scientific, tetradecane was from Alfa Aesar,
sodium hydroxide micropills (> 98.5 %) and anhydrous octane (> 99%) were obtained from
Sigma Aldrich.

Absorbance spectra were recorded on a Shimadzu UV- 2450 spectrophotometer using 1 cm
quartz cells. TEM measurements were carried out using dried colloidal sanples on a ZEISS
EM10 instrument operating at 80 kV. XRD determinations were performed on a Rigaku Ultima
diffractometer without removal of the strongly bound oleate ligands. Thermal conductivity tests
were carried out by means of a TPS 500 hot disk thermal analyzer. Atomic absorption analysis of

the particles was carried out by using aVarian AA240 atomic absorption spectrometer.

(a) Preparation of bare CuO particles:

The synthesis of bare CuO particles proceeded according the following reaction:
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CUNO3), (aq) + 2 NaOH (aq) — CuO{ + 2 NaNOs (ag) + H20 () (3.1)

An Erlenmeyer flask containing 100 mL of DI water was submerged in a hot oil bath at 90°C
followed by addition of 10 g of Cu(NO3),-2.5H,0. The solution was heated for ~10 min urtil the
temperature returned to ~90 °C (the dissociation of the cupric salt is endothermic), followed by
addition of 3.61 g NaOH to yield a Cu (I1) : NaOH nwole ratio of 2.1:1. The resuiting mixture was
allowed to react at that temperature for 45 min.  After removing the flask from the oil bath the
solution was cooled to room temperature prior to filtering with a Hirsch funnel equipped with #4
Whatman filter paper (diameter = 15 cm). The filtrate was rinsed three times with 50 mL
diquots of DI water then dried at room temperature under air. After drying, the product was

ground to afine powder with amortar and pestle prior to storage.

(b) Preparation of Sodium Oleate (SOA) and CuO/SOA
Sodium oleate was prepared by a simple two-phase equimolar reaction of oleic acid and sodium

hydroxide. (OA is abbreviated as R—COOH):

R—COOH + NaOH — R—COO'Na’ + H,0O (3.2
100 mL of DI water were placed in a 125 mL Erlenmeyer flask and 0.298 g of NaOH (74.5 mM)
were then dissolved. The flask was brought to ~90 °C in the oil bath whereupon 2.0 g of OA

(70.8 mM) were added directly. OA does not dissolve in water but forms water soluble sodium

oleate by reacting with NaOH; this reaction required 30 minutes to reach completion at 90 °C.
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This was followed by addition of 1.0 g of finely ground black CuO powder to the above basic
sufactant solution. A chocolate-brown color immediately appeared but after continued tirring,
smal, brown particles were observed (~2-3 min).  Surfactant-coated CuO particles were
generated after heating at 90 °C for 40 min; the resulting mixture was then cooled down to room

temperature. The coated particles were found to be stable in basic solution indefinitely.

(c) Purification & re-dispersion in Alkane:

A subsequent step consisted of adding 300 mL of methanol into 100 mL of the solution that
contained the surfactant-coated CuO particles. Addition of methanol helps to reduce solvent
polarity and induced the surfactant-coated CuO particles to form flakes, which precipitated out of
the solution upon vigorous stirring. The precipitate was separated and washed several times first
with ethanol and then with water to remove excess ions. Addition of 50 mL of chloroform
enabled re-disperson of the coated particles. The chloroform-based solution was then taken into
a separatory funnel and 200 mL of water were added, followed by shaking the resuiting mixture
to remove possible remmant ions adhered to the particles. Conplete separation of the agueous
and chloroform phases was achieved by leaving the biphasic solution in the funnel for an hour.
The chloroform-based solution of coated particles was then separated and dried a room
temperature under air. Dispersion of cleaned, coated CuO particles can be easly achieved by
dissolving acertain amount of powder in aknown amount of alkane via sonication for 5 minutes.
Presented in Figure 3.1 is a diagram of the complete synthetic and purification process that

yielded CuO/SOA rods.
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Figure 3.1: Synthetic and purification protocol for CuO/SOA rods and dispersion in alkanes.

The concentration (as mass %) of Cu present in colloids containing CuO/SOA rods was
determined using atomic absorption (AA) spectroscopy. In order to perform the compositional
analysis 4 standard samples of CuCl, were used to prepare a cdlibration curve. As shown in
Figure 3.2, an excellent linearity of the absorbance versus Cu?* concentration was obtained upon
dissolving CuCl, in HCI within the range of 1 to 11 ppm of metal ion. To assay the amount of
metal ions present in the colloid an aliquot was precipitated by acetone and washed. In a
subsequent step a known amount of CuO/SOA powder was dissolved in 0.1 M HCI to yield 7.31
ppm of CW?*. This procedure assumed that the mess of CuO/SOA corresponded nainly to CuO,
meaning that the amount of SOA present in the sample was consdered negligible as compared
with the quartity of oxide present. Included in the data of Figure 3.2 is the result obtained during
the assay of a CuO/SOA colloid, corresponding to 6.31 ppm (red symbol) of Cu?*. Thus, the

difference between the theoretical value (7.31), which neglected the contribution of the

58



B Standard Cu (ll) solution

1- J cuo/soa dissolved in Hel

Absorbance
o
(e)]
|

O L
0 2 4 6 8 10 12
Conc. of Cu ions (ppm)

Figure 3.2: AA calibration curve and determination of the Cu?*content in the CuO/SOA colloid.

surfactant, and the experimental finding corresponded to the mass of bound oleate ligands.

Synthesis of OS coated CuO rods:

Bare CuO particles were synthesized using a method similar to the one mentioned above. A 30.0
mL of a 0.25 M OS solution in tetradecane was kept in an oil bath at 180 °C for 30 min. To
obtain a 0.1 M CuO calloid, 0.239 g of clean, dried and meshed CuO powder were introduced in
the OS solution and left at 180 °C for 40 min, then the flask was cooled to room temperature.
Similarly, colloids with 0.5 M and 1.0 M CuO were prepared keeping a constant concentration

ratio of OSto CuO equa to 2.5.
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Results and discussion:

The synthesized CuO rods were first characterized by UV-Visble spectrophotometry. The rods
were found to absorb at two distinct wavelengths unlike spherical particles. Spheres absorb only
a 285 nm reported before’> which was characteristic absorption band for CuO particles
regardless of sze and shape. However, an additional exciton band was observed in the
absorption spectrum of the newly synthesized rod-shaped particles at 350 nm.  This optical

signal is easlly recognized in Figure 3.4, which depicts a comparison of the optical spectra

Figure 3.3: Visua color change during reduction of brownish CuO rods (left) into dark red

metallic Cu (right).

measured for spherical (blue curve) and rod-shaped CuO crydtallites, red curve. These results
clearly indicate that the particles formed by means of the new synthetic process exhibit a shape
other than spherical. The nominal composition of coated CuO/SOA colloids, calculated to be
84.11% by mass of CuO and 15.89% of oleate, was corfirmed experimentally using AA analysis
(Figure 3.2).

The crystallinty of the CuO meterial was tested by means of powder XRD after floculation of

the colloidal particles from TD. Acetone was employed asthe precipitating agent but this
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Figure 3.4: Comparison between absorbance spectra of 2.75 x 10° M CuO/SOA rods and
CUO/SOA spherest?in Octane depicting a new exciton band at 350 nm characteristic for only

rodlikeCuO particles.

chemical had no effect on the SOA coating present on the CuO surface. The presence of such
suface coating decreased the signal to noise ratio and made the XRD measurements difficult.
Presented in Figure 3.4 is a typical diffractometer trace recorded using the /20 geometry with 26
ranging from 3° to 80°. The diffraction pattern demonstrates the crystallinity of the oxide rods
since the reflections correspond to the monoclinic structure of CuO listed in the JCPDS card No.

41-0254.
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Figure 3.4: XRD pattern of CuO particles coated with oleate groups. The signals match well the

reflections of monoclinic CuO (JCPDS card 48-1548).

Tests to determine the stability of CuO-SOA rods against precipitation were performed via
disperson of the particles in octane. UV-Visble spectra analysis was employed to determine
stability of the particles. Initially, the crystallites were dispersed in alkanes after purification

from remanent ions bound to the particle surfaces. Dispersion tests were carried out by adding a
known amourt of SOA coated CuO into a desred akane and sonication for 10 min. After this
disperson step loosely coated particles precipitated within a time period but approximately 50%
particles remained in the solution for along time, see Figures 3.6 (@) and (b).

Well-coated rods were then separated from loosely coated or uncoated particles and spectral
analyses was carried out to ascertain the stability of these particles. According to the optical
gpectrum presented in Figure 3.4, CuO rods exhibit two absorption mexima at 285 and 350 nm

If both of these signals are due to the anisotropic CuO rods, then their precipitation was
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Figure 3.5: photograph of (a) dispersed CuO/SOA rods in octane after sonication, and (b) after
separation of precipitated materia leaving only rods with strongly bound SOA. (c) Stability tests
based on changes in optical densty at 285 nm and 350 nm as a function of time for a colloid
containing 0.5 wt% of CuO in octane. Inset is showing the initial precipitation of rods after

dispersion.

anticipated to induce a decrease of the optical density at both wavelengths. As depicted in Figure

3.5(c) such a decrease in optical density at both 285 and 350 nm was observed. The spectral data
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also shows that the optical density remains constant over a long period of time following the
initial  particle precipitation. Obviously colloids exhibiting unchanged optical properties are those
stable against precipitation.

Transmission electron microscopic analysis was performed for both CuO/SOA and CuO/OS. A
very dilute suspension of CuO rods was prepared by mixing a colloid with a large amourt of
hexane. Then a sall droplet was placed gently on a TEM grid followed by drying overnight
under air. The dried grid was then analyzed placed with the TEM instrument; a typical image is
preserted in Figure 3.6(a). Clearly the generated particles exhibited preferentially a rod-like
shape but dignificant variations in length and diameter were noticed. A number of TEM images
were analyzed from different sections of the grid and more than 99% of the particles were
present as somewhat irregular rods. These resuits are quite different from the particles obtained
by most procedures that yielded rods. The reason is that procedures to produce stable colloids

result in at most 50% of the particles exhibiting arod shape. Depicted in Figure 3.6(b) is a3D
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Figure 3.6: (&) TEM image of a CuO-SOA colloid and (b) the corresponding 3D histogram. The

scale bar corresponds to 100 nm.



histogram of particles length and diameter. The most frequent length and diameter were found to
be 35 nm and 7 nm respectively. The reason that the rod-like shape became prevalert is il
unclear but it was assumed that the mechanical force employed to grind and mesh the initial bare
CuO particles before coating induced preferential grain boundary growth in terms of size and
shape.

CuO particles were also coated with OS to ascertain if the nature of the stabilizer had an effect
on the shape of the particles. The resulting 0.1 M CuO/OS colloid was diluted with hexane to 1 x
10* M CuO and a smll droplet was placed and dried on a TEM grid. Images of such colloid are
presented in Figures 3.7(a) and (b). CuO/OS colloids also consst of rods but their shape is
ggnificant more irreguar than the crysallites generated using SOA as a dabilizer. The
distribution of lengths was found to be broad and ranges mostly between 20-140 nm whereas the
width was narrower ranging between 2 and 14 nm.

Thermal conductivity determinations on CuO/SOA and CuO/OS colloids of rods were performed
using aKD2 probe. Illustrated in Figure 3.8 is the percent enhancement of thermal conductivity
a room temperature determined for colloids in tetradecane as a function CuO concentration. The
TC value of tetradecane were experimentally determined to be 0.137 W/mK, which agrees well
with previous reported data.?® In both cases TC increases continuously asthe CuO concertration
Is augmented. Although a very high concentration of stable oxide meterial was achieved for
CuO/SOA calloids, the resulting maximum TC enhancement was very modest amounting to only
9.5 %. The CuO/OS caolloids on the other hand, exhibited a higher enhancement of TC at room
temperature with a maximum of 25 % at 0.25 M CuO. The improved TC performance exhibited
by the CuO/OS colloids was assumed to derive from the fact that the length of the rods in these

systens is larger than that of the particles present in CuO/SOA sols.
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Figure 3.8: Thermal conductivity enhancement by CuO/SOA and CuO/OS rods at various

concentrations. All the measurements were performed at 22 ©C.

Reduction of CuO/SOA rods into metallic Cu:

Red-Al was used to reduce CuO in akane since this reductant can be easly dissolved in organic
non-polar solvents. Due to the senstivity of Red-Al towards oxygen the reduction of CuO rods
was performed in a sealed flask under a continuous flow of Argon. The purpose of the reduction
was to determine if the original rod-like shape woud be retained during ow transformetion of
CuO into metalic Cu.

CuO/SOA and CuO/OS colloids containing 0.1 M copper were reduced by stoichiometric
amounts of Red-Al a 150 °C for 90 minutes. During the reaction a visual color change from
light brown to dark red color indicates the transformetion of CuO to metallic Cu. Since both

Red-Al and the desired product, metallic Cu, are oxygen sengitive the reaction was carried out
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Figure 3.9: (a) Evolution spectra of formation of 0.1 M Cu colloid diluted to 1 x 10* M from a
colloidal rod-like CuO/SOA solution showing the characteristic absorption mexima of the
plasmon band corresponding to metallic Cu at 580 nm, (b) TEM micrograph shows uniform and
spherical metallic copper formed by disrupting original rodlike shape of CuO and (c) a histogram

made from TEM micrograph showing particles size distribution.

in a glove-bag under an Ar atmosphere.
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As illustrated in Figure 3.3 the synthesized metallic copper was visualy recognized from the
color change from dark brown to dark red that took place during the reaction. Presented in Figure
3.9(a) are two optical spectra obtained during the reduction (60 min) and at the end of the
reaction (90 min). Both spectra exhibit absorbance maxima at 580 nm corresponding to the well
known plasmon of metalic Cu??? The resuting metadlic Cu colloid has remeined stable in
tetradecane for more than 12 months after preparation when air was excluded. A TEM image of
the Cu crystallites and the corresponding size histogram are presented in Figure 3.9(b) and (c),
respectively. The resuits indicate that the particles are fairly spherical exhibiting a somewhat
narrow size digtribution with an average diameter of 9.8 nm. These observations mean that the
original rod-like CuO particles break apart during reduction, generating new seeds of metallic Cu

leading to a spherical shape.

Conclusions:

CuO rods were produced and stabilized in alkane-based fluds analogous to paraffins PCM. The
rod-like CuO particles were stabilized using either SOA or OS ligands. Although OS coated rods
were found to be irregular in size and shape, they exhibited a more pronounced TC enhancement
as compared to CuO/SOA rods. The oxide rods were subjected to in situ reduction in order to
achieve metallic copper without hampering the shape. Instead of retaining the original shape, the
rods were reduced and produced new seeds that formed spherical crystallites. The spherica
metallic copper particles were found to be stable in absence of air for more than a year. This
reduction method congtitutes a novel procedure for the synthesis of highly concentrated Cu

colloids in akanes, which were not accessible utilizing conventional approaches.
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Chapter 1V

Formation of Ag Nanoclusters in Alkanes

I ntroduction:

Metal nanoclusters composed of ten to hundred atoms have received much attention due to their
novel size-dependent properties. Metal nanoparticles can be categorized into two distinct groups:
plasmonic nanoparticles and molecular-like nanoparticles. Metal nanoparticles with dimensions
exhibit continuous electronic band structures and are now known as plasmonic nanoparticles.
The reason for this is that larger particles of several metals (for instance Ag, Au and Cu) exhibit
strong optical trangitions, called plasmons, in the visble induced by collective oscillations of
surface electrons.! Metal particles with dimensions of < 2 nm (2-100 atoms) possess a nolecular-
like discrete electronic structure presumebly due to some quantum confinement. These
molecular-like smell objects are simply known as metal nanoclusters.? Therefore, nanoclusters
are consdered as a class of materials with some properties that are somewhat different from
those of atoms and aso of larger nanoparticles. Considerable research interest exists in the field
of noble metal clusters because of their novel physical and chemical properties. For instance,
objects comprisng of ony a few atoms are able to display strong electronic transtions and
fluorescence.®> Unlike fluorescent quantum dots such as CdSe, light-emitting metal nanoclusters
were expected to be less toxic and posses better stablility in solution.

A wide variety of applications were proposed for Ag clusters, including the detection of ions
such as Hg?*, Cu** and NO3.*® Ag clusters have also been used for the detection of thiols,”
ochratoxin A2 melamine® as well as protein, mMRNA.X%*! Furthermore, Ag clusters have been
claimed to be useful for many other biological applications such as bio-imaging.*#* tracing drug

delivery,* enhanced antimicrobial activities,®® and as a probe for DNA-drug interaction.®
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Ag nanoclusters were previously prepared by radiolytic reduction of Ag ions in presence of
polyphosphate or polyacrylate as stabilizers.”?° Clusters formed this way do not exhibit the
characteristic plasmon band of metallic Ag, but display discrete electronic transitions that depend
on the number of Ag atoms present in the cluster.’’” Solvated electrons together with primary and
secondary radicals produced from the solvent or dabilizerss are the main reactive species
responsible for the utrafast nucleation and growth process of isolated Ag atoms that eventually
gererate the clusters® Chemical reduction processes were aso uilized to obtan smal Ag
nanoclusters.1®?! Materials with poor affinity toward Ag are not siitable as stabilizers during the
Ag" reduction with strong reducing agents. The reason is that fast Ag" reduction ensues under
such conditions and chemicals interacting only weakly with the formed Ag atoms are unable to
prevent them from aggregating al to way into large particles.

Fluorescent Ag clusters free of nanoparticles were synthesized by reduction of Ag™ ions with
NaBH, in the presence of DNA.?* Highly fluorescent and photo-stable Ag clusters were also
obtained in the presence if single stranded DNA.?2?® A photochemical approach employed
photoreduction of Ag" ions to obtain Ag nanoclusters was developed by Dickson et al on AgO
films?*  Andlogous procedures were subsequently demonstrated using a wide variety of
photosensitizers, for instance, water-soluble Ag clusters exhibiting high emission intensty were
obtained in presence of dendrimers.®® Other examples of photochemical pathways to produce
clusters involved polymer microgels, poly(styrene suifonate) capsules,  polyglycerol-b-
polyacrylic acid copolymers, polyelectrolytes and organic fluorophore thioflavin.?®22

Although significant progress has been achieved for the preparation of water-soluble Ag
nanoclusters, there is a scarcity of knowledge about their formation in organic media. Such

knowledge may be helpfu to understand the role that solvent molecules play in the cluster
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photoluminescence, a property not observed for the larger nanoparticles. In fact, no methods for
the generation of stable Ag clusters in non-polar solvents have been reported thus far. This is not
surprising given that Ag clusters are thermodynamically much less stable than nanoparticles,
athough the latter tend to grow spontaneously toward bulk metal. Kinetic stabilization enables
preparation of colloidal particles that can persst in solution for long times. No such stabilization
of neutra metal clusters in liquids has been possible because their tendency to grow is highly
favored. Only charged silver clusters consisting of Ag™ ions bonded to Ag atoms have been
isolated in polar media due to their strong binding to anionic ligands.

Interestingly, a recent investigation on the photoreduction of Ag(l) neodecanoate senstized by
benzophenone (BP) in octane containing oleoyl sarcosne (OS) as a particle stabilizer yielded
metal crystallites together with a species exhibiting a absorptions with a maximum wavelength
(Amax) Of 325 nm and also a broad signal centered at about 510 nm.?° The data seemed to suggest
that an Ag cluster was responsible for such optical sgna and that such species remained
adsorbed on the surface of silver particles. However, the products were not aways stable and
seemed to be affected by the presence of adventitious H,O and ar in the hydrocarbon.
Surprisingly, unusual optical signals centered at 460 and 510 nm were noticed during the initial
stages of the thermal particle formation in mireral oil containing 1.1 x 102 M Ag(l) lactate and 2
x 102 M 0S.* These signdls were erroneously assigned to higher muitipole optical transitions
orignating from very large Ag particles. However, as the reaction proceeded both signals
merged and blue-shifted to about 420 nm, which is essentially the Amax Of the Ag plasmon from
small particles discussed in Chapter 2. Thus, the explanation proposed originally required large
Ag particles to shrink somehow during the course of a reaction that generated smaller meta

crystalites as final products, a process thet is unlikely from the thermodynamic viewpoint.
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Broad optical signals red-shifted from the plasmon signal have been noticed frequently during
the early stages of the formation process leading to Ag crystallites,?® and correspond to optical
transitions from particles not large enough to possess a plasmon! However, the initial
absorptions observed by Bonnemann et a were different as they showed maxima, suggesting thet
these dignals may have originated from clusters. Because of such possbility, efforts were made
to generate smilar species via thermal and photochemical reactions of Ag(l) neodecanoate in
alkanes containing OS.

Presented here is a simple photochemical procedure for the formation of Ag clusters in pentane,
octane, dodecane and tetradecane using 350 and 420 nm photons. The sengitizer was presumably
a complex of Ag(l) with OS, and smuitaneously generated Ag particles seemed to have aided
stabilization of the clusters. Interestingly, the clusters were stable in the presence of air for
several days and some of them exhibited a strong fluorescence signal during the early stages of

their formation.

Experimental Section

Ag neodecanote was purchased from Strem, OS was obtained from TCI, dodecane was from
Alfa Aesar whereas, pentane, octane and tetradecane were supplied by Sigma Aldrich.
[lluminations were carried out inside a Rayonet circular photochemical reactor equipped with 16
lamps producing either 350 or 420 nm photons. The temperature inside the illuminated Rayonet
was 29 °C; Aberchrome 540 was used to determine the light intensty (Io) in the forward
direction for 350 nm photons, and in the reverse direction for 420 nm light.3! Optical spectra

were collected on a Shimadzu UV-Vis PC2501 spectrophotometer. Transmission electron
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microscopy (TEM) measurements were carried enploying a Zeiss EM 10CR instrument
operating at 60 kV.

Experiments were performed in pentane, octane, dodecane and tetradecane, the same results
were obtained with air or after degassing the solutions with N». In a typical cluster synthesis, a
solution with 1.0 mM of Ag(l) neodecanoate was prepared in a certain alkene via dissolution of
the metal complex by means of sonication or heat (50 °C) in the case of high molecular weight
solverts.  This solution was mixed, using equal volumes, with another prepared in the same
solvent containing 1.0 mM of OS. The resulting mixture was then heated or placed in a 3.0 mL

quartz cuvette and irradiated inside the Rayonet under continuous tirring.

Results and Discussions:
Considering the unusual optical signals detected in the earlier study on the thermal reduction of
1.1 x 102 M Ag(l) lactate in mireral oil, analogous experiments were conducted in dodecane

solutions. For that purpose, a solution containing 0.1 M Ag(l) neodecanoate and 0.125 M OS
was heated at 160 °C under stirring. A red solution was obtained after 1 min of heating, at which
point an aliquot was separated cooled quickly and diluted to [Ag] = 33 uM. The spectrum of this
solution is represented by the blue curve of Figure 4.1 and exhibited two broad signals centered
at about 540 and 420 nm, respectively. Such signals were somewhat similar to those detected in
the earlier study using mineral oil.*° Further darkening of the concentrated Ag(l) neodecanoate
occurred upon cortinuous heating up to 11 min, at which point a dark brown coloration resulted.
Cooling and dilution of the reaction mixture to [Ag] = 67 uM yielded a yellow solution with an

absorption spectrum represented in Figure 4.1 by the green curve. The spectrum exhibits only
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one strong absorption with Amax = 414 nm corresponding to the surface plasmon signd

characteristic of spherical Ag crystallites with dimensions in the range of 2-10 nm?!
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Figure 4.1: Spectra collected from dodecane solution with 0.1 M Ag(l) neodecanoate and 0.125
M OS. Initial spectrum (blue line) was obtained after heating the solution for 1 min at 160 °C
followed by dilution to [Ag] = 33 uM. Red line: spectrum obtained from the solution heated after
1 mn and then aged under laboratory light for 24 h without dilution. The green spectrum

resulted after heating the solution for 11 min and then diluted to [Ag] = 67 uM.

No additional optical changes resulted upon further heating, indicating that the thermal reaction
ended in about 11 min. Mixing of the resulting concentrated Ag colloid with 2-propanol or
acetone conpletely precipitated the photogenerated metal and gravimetric analysis of the product

corfirmed the completeness of the thermal reduction. Additional changes were experienced by
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the aliquot retrieved after 1 min of heating. Exposure of such concentrated sanmple to ambient
laboratory light for 24 h yielded a red solution; depicted by the blue line in Figure 4.1 is the
corresponding spectrum. Two broad signals centered at about 320 and 375 nm were observed in
addition to a very strong signal with Amax = 475 nm. In contrast, no spectral changes occurred
when the dilute solution exhibiting the spectrum represented by the blue line was exposed to
ambient light. Further experiments showed that spectra changes could aso be induced via
exposure of an unheated solution with 0.1 M Ag(l) neodecanoate and 0.125 M OS to ambient
light but not upon aging in the dark. Comparison of the red spectrum with that of colloida Ag
(green curve) showed that species other than spherical Ag crystalites dominated the optical
properties of the heated solution exposed subsequently to light.

Consdering that the unusual optical signals were noticed prior to detection of the plasmon from
siver particles, a logical possbility involved non-metallic Ag clusters as possible chromophores.
This, in turn, implied that Ag clusters were accessible either by heating or exposing concentrated
solutions of Ag(l) neodecanoate and OS to ambient light. The possibility of preparing somewhat
stable Ag clusters in alkanes was intriguing as such species were not arnticipated to survive in
nonpolar media. Systemetic tests performed to assess if such an approach was feasible showed
that thermal transformations suffered from reproducibility issues and were not further used. On
the other hand, direct photolysis of solutions containing Ag(l) neodecanoate and OS provided a
smple and reproducible route for cluster formation. Additionally, the new photolytic method no
longer required rigorous drying of solventsreagents and exclusion ar was, in contrast to the
previously used and more conplex procedure where BP served as a sensitizer. 2

Intial experiments showed that formation of species with optical signals different from the

plasmon resuited when either 420 or 350 nm photons were employed. These tests also showed
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that the same photoinduced optical changes were achieved for solutions with and without a short
heating step prior to illumination. Hence, all subsequent experiments were performed with
solutions not heated before exposing them to light. Another important observation was thet
efficient photochemical transformations occurred only for solutions containing both  Ag(l)
neodecanoate and OS. lllumination of solutions without OS resulted in dow photoreductions of
the siver complex. Obvioudly, interactions between the Ag(l) conplex and OS resuited in a
Species able to act as a senstizer that initiated the photoreactions. Unfortunately the spectrum of
the sensitizer was very similar to that of the Ag(l) complex given that no spectral changes were
noticeable in the presence and absence of OS.

Presented in Figure 4.2 are spectra recorded during photolysis with 420 nm photons of a solution

Wavelength (nm)

Figure 4.2: Spectral evolution during exposure to 420 nm photons of a solution with 0.5 mM Ag

neodecanote and 0.5 MM OSin dodecane, lo = 4.1 x 10° M/s.
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with 0.5 mM Ag(l) neodecanote and 0.5 mM OS in dodecane. Lower concentrations were
employed since the highly concentrated system utilized to obtain the data of Figure 4.1 was
plagued by reproducibility problems. The unirradiated solution exhibited a weak and broad
absorption in the wavelength range of 350 and 420 nm. Photolysis for 15 s yielded a weak signal

centered at about 320 nm, a shoulder at 375 nm and a prominent absorption with Amax = 457 nm.

T T T
300 400 500 600 700 800
Wavelength (nm)

Figure 4.3. Evolution of optical spectra during photolysis of a solution containing 0.5 MM Ag

neodecanote and 0.5 mM OS in dodecane to 350 nm photons with 1o =5 x 10 M/s.

This spectrum is strongly reminiscent of the one shown in Figure 4.1 that resuited from exposure
to ambient light of a concentrated solution heated briefly. Further illumination strengthened all
three signals but new absorptions with maxima at about 520 and 650 nm emerged. Longer
exposures increased the strength of the signals at 375 nm, 457 nm and 520 nm whereas the other

absorption bands were no longer detectable. As illustrated in Figure 4.3, analogous changes were
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obtained upon photolysis using 350 nm, and the photoreactions proceeded with similar rates
because the photons fluxes at both wavelengths were close to each other. The only significant
difference is that a higher intensity of the 520 nm signal was achieved with 420 nm photons than
usng 350 nm light. Identical resuits were obtained in other akanes including pentane, octane,
and tetradecane.

A comparison of the optical data shown in Figures 4.1 through 4.3 shows that the Ag plasmon
was less intense when contrasted with the strength of the signals with maexima at 457 and 520
nm  Obvioudy, the latter absorptions originate from species different from Ag crystallites,
which most probably consist of small Ag clusters. Indeed, an absorption with a maximum at
around 320 nm was assigned to a transition taking place in singe Ag atoms.3233 Interestingly,
two absorption bands at around 385 and 442 nm are believed to originate from the dimeric silver
cluster (Agy) prepared in Argon metrices.®® In a different study an absorption with Amax = 450 nm
was assigned to dimeric Ag clusters.®* Claims have also been made that trimeric Ag species
absorb near 500 nm*® Similar observation of clusters showing three absorption bands were
reported before in aqueous medium usng PMMA tenplate to stabilize the clusters although the
posiion of the absorption mexima differs from 5-20 NMm* These assignments are usefu as
sarting points to rationalize the photogenerated optical signals. Fir instance, the shoulder with
Amax = 320 nm noticed at intermediate times in Figures 4.2 and 4.3 could originated from Ag
atoms stabilized temporarily. On the other hand, both bands at 375 and 457 nm seemed to evolve

synchronously during photolysis, suggesting that they originate from the same species, namely.
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Figure 4.4: (a) Plot of optical density at 457 nm during photolysis with 420 nm photons of an
air-saturated  dodecane solution with 0.5 mM Ag neodecanote and 0.5 MM OS; Ip = 4.7 x 10
M/s. Shown in the inset is the dependence of induction period on the photon flux. (b) Linear

dependence of initial formetion rate of clusters (determined at 457 nm) on light intensity.

an Ag cluster. Another reasonable possiility is that the absorption centered at around 520 nm

IS probably due to the presence of atrimeric Ag cluster, Ags.
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The kinetics of the Agy cluster formation was monitored spectrophotometrically both in the
absence and presence of air. Plotted in Figure 4.4(a) is the growth in intensity of the 457 nm
dgna as a function of time. The only difference between experiments performed with and
without air is that the presence of O, retarded the onset of cluster formetion resulting in a short
induction period. This is noticeable in Figure 4.4(a) since only a smal increase in the optical
density (O.D.) at 457 nm was observed during the first 8 s of the reaction, followed by a much
faster cluster formation at longer times after most to the O, was consumed. As shown in the inset
of Figure 4.4(a) the length of the induction period was inversely proportional to the light
mtensity. This means that a reductant (\RH) was generated photochemically, which reacted with
Ag(l) but was also scavenged by O». However, the latter reaction yielded a products unable to
reduce Ag(l), thereby retarding the cluster formation. Illuminations with higher light intensties
generated larger [*RH], consuming O faster and decreasing the length of the induction period.

Initial rates of reaction (in terms of A(O.D.)/s since the cluster extinction coefficient remained
unknown) were evaluated from the steep increase in absorbance after the induction period.
Figure 4.4(b) demonstrates that the initial rate of cluster formation was a linear function of light
intensity, which is consstent with the idea that Ag(I) was reduced via a reaction with *RH
formed photochemically. The results of Figure 4.4(a) indicate that formetion of the Ag, cluster
became increasingly less efficient at times longer than 30 s. Inspection of Figure 4.2 reveals that
the signal centered at 520 nm started to emerge in that time range, suggesting that Ag, was

subsequently transformed into the Ags cluster.
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Figure 4.5: Intial formation rate of the signal at 475 nm as a function of [OS] for air-saturated

solutions containing 0.5 MM Ag neodecanote exposed to 420 nm light, 1o = 4.1 x 10 M/s.

[llumination of solutions without OS resulted in vey dow reductions of the silver complex,
meaning that the sarcosine molecule participated in the photoreaction. The data of Figure 4.5
support such interpretation given that the initidl rate of Agy formation increased linearly with
[OS], implying that the photoreaction was first-order with respect to sarcosine concentration.
Only broad and weak absorptions are present in the spectra of Figures 4.2 and 4.3 collected prior
to illumination and the spectra hardly changed when OS was excluded from the solutions. Taken
together these observations indicate that interactions between the Ag(l) conmplex and OS were
not particuarly strong but, nevertheless, resuited in a species able to intiate photochemical
transformations.

Another important observation was that the Ags cluster was were considerable less stable than
Ag. After the optical changes induced by 90 s of exposure to 420 nm light presented in Figure

4.2 the spectrum of the solution solution with 0.5 MM Ag neodecanote and 0.5 MM OSiin
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dodecane cortinued to evolve in the dark. The subsequent post-irradiation evolution of the
spectrum is depicted in Figure 4.6(a). After 25 min of terminating the photolysis a dight increase
in O.D. at 375, 475 and 520 was detected suggesting that a dow cluster formeation step continued
in the dark. At longer times the signal with Amax = 520 nm decreased in intensity and completely
vanished after 410 min. During that period of time the signals centered at 375 and 475 nm first
decreased dlightly but then increased in intensity. However, both signas turned significantly
stronger after 23 h of dark reaction. Presented in Figure 4.6(b) is the evolution of the absorbance
at 375, 475 and 520 nm as a function of time for the first 120 min of the dark reaction. The initial
decay at 375 and 475 nm can be easly understood under the assumption that Ags also absorbed
dgnificantly at these two wavelengths. As Ags decayed thermally in the dark, the intensty of all
the optical decreased. Interestingly after about 50 min the intensities of the absorptions of Ag,
intensified dightly whereas the signal of Ags continued to weaken. These transformetions
suggested that Ags was dignificantly less stable than Agp, and that the trimer eventually
cornverted, at least in part, into the dimer within a day. Since the conversion of Ags than Ag, was
not affected by air, a snmple oxidation of the trimer via reaction with O, was not a reasonable
pathway. Disproportionation of Ags was expected to proceed through a second-order reaction,
which was inconsisternt with the kinetic data shown in Figure 4.6(b). According to these resuits
the trimer followed a zero-order rate law, which seemed to suggest a disproportionation taking
place on a surface, perhaps that of ametal particle.

To test the possbility that the clusters were generated smuitaneoudy with Ag crystallites, during
the photochemical reaction, a solution irradiated for 90 s showing the optical spectra displayed in

Figure 4.2 was used to prepare a TEM specimen. Presented in Figure 4.7 is atypical TEM
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Figure 4.7: TEM image of Ag nanoparticles formed during cluster formeation, the size bar

corresponds to 100 nm

image showing the presence of numerous nearly spherica Ag crydallites. A size histogram
constructed by sizing about 300 crystallites revealed that the dimensions ranged between 1-20
nm with an average diameter (doy) of 6 nm. An analogous experiment with the colloid showing
the spectrum displayed in Figure 4.1 yielded a size range of 1-18 nm with doy = 7 nm. Efforts to
isolate the clusters via precipitation of the colloidal particles resuted in a complete
disappearance of the optica signals corresponding to the clusters. Similar observations were
made during the photochemica generation of Ag colloids in octane, and suggested that

formation of the clusters occurred on the surface of exisitng Ag particles. 2

Titration experiments of Ag clusters and particles:
Ag clusters were expected to be more reactive as compared to large nanoparticles, meaning that

they would be oxidized more easly than silver crystallites. A set of weak oxidizing agents were
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consdered for oxidation of cluster without affecting the coexisting metallic particles. The basic
idea was that weak oxidizing agent will first oxidizes the clusters first and then the Ag particles
due to ther different reactivities. The goa of such experiments was to determine the
concentration of clusters generated by the photochemical reaction. Long chain carboxylic acids
are conddered to be very weak oxidizers particularly in non-polar solvents. Initial attempts to
oxidize the clusters formed via a 90 s illumination of a solution with 0.5 mM Ag neodecanoate
and 0.5 mM OS, exhbiting the spectrum shown in Figure 4.2, with octanoic acid were
unsuccessfu. These observations were not surprising because octanoic acid is an extremely weak
oxidizer that remains undissociate in non-polar solvents. However, drastic optical changes were
noticed upon titration with 1, of a cluster solution prepared via photolysis of 2.5 mL of dodecane
containing 0.25 mMM Ag neodecanote and 0.25 mM OS, illuminated with 350 nm for 180 s. The
corresponding spectral dterations are shown in Figure 4.8; |, was selected as a oxidizer given
that this chemical is soluble in alkanes. The optica signals were partialy bleached during
addition of 1,; such process was completed after addition of 422.4 nmol of oxidizing equivalernts.
The spectrum recorded after the titration was over fits well with that reported for Agl particles
exhibiting a meximum at 420 nm>® An interesting resut was that oxidized not only the clusters
but also the Ag crystallites and the number of oxidizing equivalents needed (422.4 nnol) implies
that 1.7 x 10* M of the Ag(l) ions were reduced during the photochemical step. Using the
absorption of the starting material at 350 nm together with the light intensity and exposure time a
guantum yield of 0.09 is calculated for the overall photoreduction of Ag(l). This number is only

alower limt since according to resuits from the I, titration experiments, only one third of initial
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Figure 4.8: Spectra recorded during titration with a 3.52 mM 1, solution of 2.5 mL of a dodecane
solution containing 0.25 mM Ag neodecanote and 0.25 mM OS, photolyzed for 180 s with 350

nm photons, 1o =5 x 10° M/s,

Ag neodecanoate was reduced after 90 s irradiation. In fact, the reduction process became
extremely dow after 90 s illumination probably because a large number of photons was absorbed
by the metallic particles, which yielded no photochemical transformation .

Further titration experiments were conducted using ferrocenium hexafluorophosphate since this
chemical is a weak oxidizing agent. The basic idea was to attempt exclusive oxidation of the
clusters without attacking the metal particles. Titration of Ag clusters were performed under

nitrogen due to the sensitivity of the ferrocene and ferrocenium complexes towards oxygen and
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Figure 4.9: Spectra acquired during titration under N> with a 1.5 mM solution of ferrocenium
hexafluorophosphate of a solution containing 2.5 mL of 0.25 mM Ag neodecanote and 0.25 mM

OS, photolyzed for 180 s with 350 nm photons, 1o =5 x 10 M/s.

leaving behind a broad absorption centered at about 450 nm.  The broadening of the optical
signal of the colloid is probably because the iron (I1) products induced some aggregetion of the
Ag crystallites. The amount of oxidizer required to bleach the signals of the clusters indicated
that 1.1 x 10* M of the Ag(l) ions were reduced forming clusters. Combination of the results
shown in Figures 4.8 and 4.9 implies that 2/3 of the Ag(l) ions reduced were present as clusters
and that only 1/3 was represented by Ag particles. An interesting conclusion was that the clusters
completely dominated the optical properties of the solutions. This is not unexpected if the
clusters were present on the surface of the particles, where they effectively dampened the

plasmon of the metal particles according to the CID meachnism.*
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Fluorescence of Ag clusters:

Numerous studies on the synthesis of Ag clusters in water have reported that they exhibit
luminescent  properties.”>?® Therefore, experiments were conducted to test if the Ag clusters
photogenerated in akanes were also luminescent. In these experiments the flurescence of Ag(l)
and of neodecanote were tested separately followed by determinations in which both components
were present as well as of illuminated solutions. Shown in Figure 4.10(a) are emission spectra
obtained via excitation of the solutions with 475 nm photons. As shown in Figures 4.2 or 4.3 the
A cluster exhibits a strong absorption band centered at that wavelength. Emission spectra were
also acquired from solutions containing of 0.25 mM Ag(l) neodecanote and 0.25 mM OS, and
aso after different irradiation periods (0 s, 15 s and 90 ). As illustrated in Figure 4.10, only
weak signals were detected when solutions containing only Ag(l) neodecanote or OS. Analogous
results were obtained after with an unirradiated solution containing both Ag(l) neodecanote or
OS. Howver, a strong fluorescence signal centered at 560 nm was recorded after 15 s of
irradiation. The same signal resulted using either 375 or 457 nm as the excitation wavelengths,
which correspond to the maxima noticed in the absorption spectrum of Agy. The results shown in
Figure 4.10(b) indicate that illuminations for longer times diminished the intensity of the
fluorescence, yielding an emisson spectrum that coincided with that determined for silver(l)
neodecanoate. According to Figure 4.2, short irradiation times generated mostly Agy clusters
exhibiting the strong absorption bands centered at 375 and 457 nm, which are the species
responsible for the emisson with a maximum at 560 nm. Longer illumination times generated
additional A particles together with clusters on their surfaces. However, higher concentrations of
products resulting either from the OS oxidation or that of the solvent also accumulated. Hence,

the observed decrease in the emission intensity at linger photolysis times is probably a results of
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Decay of the luminescence from Ag clusters at longer illumination times due to the formation of

nanoparticles which inhibits fluorescence of clusters (bottom).
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guenching by the oxidation products. Interestingly, the data shown in Figure 4.10(b) indicated
that the emisson of clusters formed during short irradiation periods remained fairly constant

even under exposure to air for severa h.

Conclusions:

This present study showed that report Ag clusters can be easlly produced using a simple
photochemical approach. We aso report that the concentration of Ag clusters can be determined
via a sraightforward titration procedure based on their selective oxidation.  Separation of
clusters from nanoparticles with precise number of atoms has not yet been explored. The
predominant clusters seem to consst of dimers and trimers located on to the surface of large
metal particles.

Fluorescent Ag clusters have dready shown a wide variety of potential applications including
chemical sensing, bio-detection and bio-imaging. Preparation of analogous cluster systems in

organic solvents may result new potential applications.
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Chapter V

Efficient photochemical route for introducing unsaturation in hydrocarbonrs.

Oxidation of alkanes to alkenes is an area of significant interest given that olefins are precursors
to a wide range of important chemicals. This transformation is a particular case of alkane
functionalization reactions (also known as C-H activations), which traditionally have required
elevated temperatures and catalysts to proceed.’

[llumination of air-free octane, cyclohexane and pentane solutions containing benzophenone
(BP) and Cu(ll) neo-decanoate with 350 nm photons results in the formation of the
corresponding olefins. Reduction of the Cu(Il) complex to a Cu(I) product by photogenerated
free radicals occurs with quantum yields > 1.5; olefins are formed with efficiencies that are one
half of those for the Cu(Il) photoreduction. The Cu(Il) complex acts as an electron acceptor,
oxidizing the BP and solvent radicals and preventing undesirable radical reactions. Oxidation of
Cu(I) product by O, enables complete recovery of Cu(Il) neo-decanoate, allowing this complex
to act as a catalyst for the alkane Oxidation. Undesirable side reactions of products and catalyst
deactivation can take place under such conditions but utilization of metal complexes as catalysts
have led to decreases in the alkene formation temperatures.”®  Photochemical oxidation of
hydrocarbons catalyzed by metal complexes is another strategy that has lowered the reaction
temperature by using electromagnetic radiation as the source of energy.’ However, these
processes generally require high energy photons and exhibit low quantum efficiencies even when
operating above room temperature. Reported here is a photochemical process that enables
efficient conversion of liquid alkanes to alkenes at ambient temperature using 350 nm photons

according to the general equation:
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CnHans2+hv— CpHan + 26 + 2H" 1)

In this transformation benzophenone (BP) serves as a sensitizer and Cu (II) neo-decanoate (from
Strem, Cul,, with L = C;oH;902") acts as an electron acceptor. Photolysis of solutions
containing BP and Cul, in octane, cyclohexane or pentane induces reduction of the Cu(Il) ions
to a Cu(l) neo-decanoate complex (Cul) with high quantum yields and simultaneous oxidation
of solvent molecules to form olefins. Subsequent oxidation of CuL by O, regenerates Cul,,
which can function as a redox catalyst over numerous reduction-oxidation cycles. These
findings are significant as they demonstrate that the photochemical transformation of alkanes
toalkenes can occur at ambient temperature via an efficient free-radical process initiated by BP.
The present research was stimulated by a previous study on the photochemical synthess of
nanometer-sized Cu crystallites in alkanes.*Photolysis of air-free solutions cortaining BP and a
Cu(ll) oleate complex yielded first a Cu(l) product with quantum yields (Q.Y.) > 1, followed by
a dow photoreduction of the latter into Cu particles. Interestingly, O, induced conplete
reoxidation of the metallic particles to the initial Cu(ll) complex. The first photoreduction step
was sgnificantly more efficient when octane served as a solvent instead of toluene.  Although
such findings suggested that solvent nolecules served as reducing agents, the employed
photochemical system was not well suited to test such hypothesis.  For instance, the presence of
olefinic groups in the oleate ligands complicated identification of alkenes as possble reaction
products.  Other issues were that the Cu(ll) complexes inhibited the photoreactions via
quenching excited states of BP, and that rigorous exclusion of water was needed to achieve
reproducible results.

CuL, seemed a viable electron acceptor since the neodecanoate ligands are free of olefin groups.

Also, reproducible data were obtained with this complex in the alkane solvents (Alfa, Aldrich)
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not purified from water following the experimental procedures described previously.®> Shown in
Figure la is the optical spectrum of CulL, recorded in octane exhibiting a signd with a
wavelength of meximum absorbance of 686 nm (¢ = 245 Mt cmi?), which is located in the range
typical for Cu(ll) transitions of carboxylate complexes.® Similar spectra resuted in pentane and
cyclohexane; the monomeric nature of Cul, in the solutions was confirmed by the absence of the
350 nm band characteristic of dimeric Cu(ll) carboxylates.>® Illumination of air-free alkane
solutions containing BP (Aldrich) and CuL, induced a color change from green to colorless. As
depicted in Figure 4.1 (@) for a CgHig solution, this color change originated from the decay of the

CuL, signal centered at 686 nm without formation of any signal in the visible range.
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Figure 5.1: (a) Spectral changes during photolysis of an air-free octane solution with 2 mM BP,
1.2 mM Culp, and Ip = 6 x 10°M(hv)/s, cycle 6. (b) Spectral evolution during the regeneration of

CuL, in the presence of Ox.

The photoreaction product was diamagnetic (induced no interferences during NMR  experiments)
and was aso indefinitely stable in the absence of O,. Complete regeneration of CuL, occurred in

the presence of air; a faster reformation process took place upon exposure of the solutions to pure
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O,. Figure 4.1 (b) shows the spectral evolution resuiting from introduction of oxygen into a
CuL, solution in CgHjg previoudly photolyzed for 30 s. Conplete reformation of CuL, occurred
in about 450 s. Water is the main product of the CuL oxidation since only 3.8% of the consumed
O, was detected as H,O, via iodometry.” Resuts very similar to those shown in Figure 4.1 were
obtained previously with the Cu(ll) oleate complex.’Reduction of Cu(ll) ions in solution usually
proceeds via two consecutive steps involving Cu(l) species as intermediates.® In water the
cuprous ions exist as hydroxide/oxide colloids with an absorption band at around 460 nm
disproportionation or further reduction of the Cu(l) species yields Cu crystallites exhibiting a
plasmon signal between 560-580 nm.° On the other hand, complexation of Cu(l) with ligands
unable to induce charge-transfer transitions yields colorless complexes.® Furthermore, cuprous
compounds are generally senstive to air and disproportionation of Cu(l) is not a viable process
in non-agueous solvents.!® Based on this knowledge, a logical conclusion is thet the species
formed during the BP-initiated photoreaction of CuL, corresponds to the Cu(l) compound CuL.

Plotted in figure 4.2 is the optical density at 686 nm as a function of irradiation time, showing
that the reduction of CulL, follows an apparent zero-order rate law. Evauation the quantum yield
of CuL, reduction used the reaction rate, r, obtained from the dope of the sraight line shown in
Figure 4.2 according to the equation Q.Y. = r/(flp) where f = fraction of photons absorbed by BP
and lp = light intensity. The photoreaction is highly efficient since a yield of 1.8 is obtained from

r=4x10°M/sand f = 0.37.
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Figure 5.2: Time-evolution of the optical density of CuL, at 686 nm during photolysis of an air-
free CgHig solution with 2 mM BP, 1.2 mM CuL,, and Iy = 6 x 10 M(hv)/s, first cycle. Inset:
dependence of the quantum yield of Culphotoreduction on the number of reduction-oxidation
cycles.

The ability of reforming CuL, via exposure of CuL solutions to O, enabled to test the
reversibility of the Cu(ll) photoreduction. Presented in the inset of Figure 2 is the dependence of
Q.Y. for the photoreduction on the number of reduction-oxidation cycles performed on a CgHig
solution of CuL,. Only a dight decrease in Q.Y. from 1.8 to 1.6 occurred, indicating that CuL »
coud act as a catayst for the photooxidation of alkanes. In fact, the data displayed in Figure 4.1
was obtained during the sixth reduction-oxidation cycle and the kinetics of both steps was
practically identical to that of the first cyclee The Cul,photoreduction efficiency remained
unchanged when pentane or cyclohexane served as solvents instead of octane. No change in
Q.Y. was noticed in experiments conducted with CgHig solutions containing twice as much BP
and CuL,. This finding verified that CulL» is not a quencher of the photogenerated excited states

of BP. The quantum yields of photoreduction were not corrected for the fraction of photons
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absorbed by CuL, and by CuL given that their concentrations changed during the course of the
reaction. However, an experiment with 2 x 10° M BP and 6 x 10* M CuL, resuited ina Q.Y. =
2. This means that the results presented in the inset of Figure 4.2 represent lower limits of the

quantum yields of photoreduction.
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Figure 5.3: *H NMR spectrum of an octane solution containing 4mM BP and 2 mM Cul, after

4 reduction-oxidation cycles. Resonance shifts are relative to the pyridine signal at 8.74 ppm.

The highly efficient photoreduction of CulL, required an effective reducing agent and solvent
nolecues seemed logica candidates gven their high concentrations in the solutions.
Participation of solvent molecules in the photoreaction was confirmed by means of *H and 3C
NMR andyses (Bruker Avance 400). Characteristic signas of akenes were detected in
photolyzed samples of al the three solvents. A thorough product analysis was carried out on an
octane solution containing 4 x 10° M BP and 2 x 10° M CuL,. The solution was subjected to

four reduction-oxidation cycles (to accumulate reaction products), followed by extraction of
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CuL, with water. *C NMR measurements indicated thet all possible octene isomers were
present in the reaction mixture.  Quartfication of the olefin yield employed H NMR
determinations after addition of pyridine (py) a a concentration two times higher than the
expected [alkene] of 4 mM. Figure 4.3 shows the resulting spectrum where chemical shifts are
reported relative to the pyridine signal a 8.74 ppm. (Toluene signals are present because this is
the solvent of the commercial CuL, samples). Integration of the pyridine and octane signals
resulted in a ratio of [py]/[CsHis] = 2/1. Hence, the quantum yield of olefin formation amounted
to ¥z of the Q.Y. of CuL» reduction, implying that each reduction-oxidation cycle resuited in the
same ratio of Cu(ll) reduced vs. olefin formed. Furthermore, these results demondtrate that
CsHis can be oxidized to CgHis with high quantum yields and that CuL, is a very efficient
catalyst for this process.

The photochemical oxidation of the akane solvents can be rationalized in terms of the well-
known photochemical processes of BP that resuit in formation of a triplet (n, =*) excited state
(BP*) with Q.Y. = 1.''This excited state can abstract a H-atom from numerous compounds,
including alkanes. Such reaction generates a a.-hydroxy radical of BP (BPHe) together with a
radical of the H-atom donor. In view of the high quantum yields of CulL, reduction, formetion
both alkane radicals (*CnHzn+1) and BPHe must occur with efficiencies close to 100% during

photolysis of BP in the hydrocarbons. The following mechanism is consistent with the available

data,
BP + hv —°BP* 2
3BP* + CyHansz — BPHe + *CpHonsa (3)
CuLot+ *CpHans1— CuL + LH + CyHan 4)
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CuL, + BPHe — CuL +LH + BP (5)

Low reaction efficiencies were reported for the photolyss of BP in akanes which were
attributed to combination of BPHe and *CpHon+1 with reformation of the starting meterials.'?
Scavenging of both radicals by CuL; is the reason for the efficient formeation of olefins. In water
EICU*/CU'] = 0.168 V whereas the estimated oxidation potential of BPHs amounts to 1.31
V1314 gtep 5 is exergonic in H,O and probably as well in the linear alkanes if the potentials are
not dragtically different in the hydrocarbons. While the oxidation potentials of the relevant
*CnH2n+1 radicals are (to the best of our knowledge) unavailable, rate constants for the reduction
of Cu(ll) conplexes by n-butyl radicas are in the range of 3-17 x 10° M s? in
acetonitrilefacetic acid mixtures’®  Hence, a rate constant of similar megnitude can be
anticipated for step 4.

The distribution of olefins formed during the photoreaction in octane was determined using
GC/MS analyss (Waters GCT Premier, El detector and ZB-5MS colum) of their brominated
derivatives.'®Octene isomers were formed in a ratio of 1:2.1:1.9:1.4 for 1-octene2-octene:3-
octene4d-octene.  Both cis and trans isomers of 2-octene were detected but their relative
abundance was not determined. Oxidation of octane by O, using supported vanadium oxide
catalysts at T > 450 °C produced a smilar distribution of octene isomers but dehydrogenation is
in competition with formation of arometic compounds.*’The rather low selectivity toward olefin
formation in the CuL, system is a consequence of the indiscriminate attack by *BP* on all the C-
H bonds present, which resembles the reactivity pattern of H-atom abstraction exhibited by Fe

ators.*®
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Conclusions:

In summary, the BP-sensitized oxidation of hydrocarbons catalyzed by Cu(ll) neo-decanoate is a
smple free-radical procedure for introducing unsaturations in alkanes. This process takes place
with high efficiencies at room temperature. The Cu(ll) complex plays a key role as an electron
acceptor able to scavenge the photogenerated solvent radicals, thus preventing undesirable
radical-radical and radical-olefin reactions. The ability to achieve complete reoxidation by O, of
the photogeneratedCu(l) product enables CuL, to function as a catalyst over numerous catalytic

cycles without appreciable loss of activity.
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Chapter VI

Synthesis of concentrated Ag particles in eicosane for NePCM application.

I ntroduction:

Efficient cooling of machineries such as electronic devices, car engines, power plants, industrial
equpment and batteries is extremely important for ensuring that they operate efficiently. In
general, cooling processes involve a medium that can extract thermal energy from the system
and transfer the heat to the surroundings. Air or liquids such as water and ethylene glycol are
commonly used to dissipate thermal energy from a hot medium. However, therr low thermal
conductivities (as compared to that of metals or ceramics) redtricts their efficiencies as coolants
and new systems are needed to boost heat transfer.!?

Long chain hydrocarbons such as eicosane and tetracosane possess impressive thermophysical
properties such as high enthalpy of fuson and chemica <ability over a wide range of
temperatures for both solid and liquid phases. Thermal energy storage (by the so-called latent
heat method) relies on absorption of heat at a constant temperature during phase change. Due to
the high heat of fusion, low melting temperature and good stability long chain hydrocarbons are
very desirable for many applications as PCM. The low thermal conductivity of hydrocarbons
limits their use as heat sinks and therefore attempts to enhance the heat transfer coefficient has
been amgjor focus for many researchers over the last decade.

Thermal conductivity enhancement of PCM can be achieved by incorporation of solid and
conductive particles to those media. Suspensions of particles were clamed to possess excellent
thermal properties.®>* However, the published results turned out to be irreproducible since they

were based on experiments with unstable time-dependent suspensions which have no practical
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value in terms of applications. Colloidal solutions are stable dispersions of particles and should

enable determination of time-independent thermal properties.

In this study, the objectives were the preparation of the NePCM of uitra-stable colloidal solution
of metallic silver nanoparticles (1-10 wt %) in eicosane (CaoHaz). In addition, determination of
the thermal properties from the resulting fluid-particle systems such as thermal conductivity,
latent heat and melting point using the transent plane source technique and differential scanning
calorimetry was of interest. Finally, the dependence of thermal conductivity of the NePCM on
the loading of Ag nanoparticles, the samples temperature and the specific method of freezing

were al investigated.

Preparation of the Silver-Based NePCM Sampl es:

The procedure in the present study was a one-step straightforward synthesis that takes about 1
hour. Eicosane (CxoH42) with a melting point of 36.4 °C was selected as the base PCM and
samples with a purity of 99% were purchased from Sigma Aldrich; silver neodecanoate
(C10H1902) was purchased from Strem Chemicals and served as precursor of the silver particles.
Oleoyl Sarcosine (OS) was obtained from TCI America and used as a particle stabilizer.
Different concentrations of Ag particles (1-10 wt %) were stabilized via keeping a constant mass
ratio of Ag to OS of AgOS = 1:1.25. The procedure involves addition of silver neo-decanoate to
a solution containing OS in eicosane preheated to 160 °C in an oil bath under vigorous stirring.
The solvent eicosane can act as a reducing agent forming metallic Ag at high temperatures.
Indeed, simple addition of Ag neodecanoate to hot eicosane without OS produced unstable

particles that aggregated to form large greyish Ag clumps. In this case, the concertration ratio of
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Ag to OS was 1.25 for al samples. The constant concentration ratio helped to maintain similar
particles size digtributions for all Ag samples. In order to check the long-term stability of the
prepared liquid samples, specimen of different mass fractions (1, 5 and 10 wt%) were placed
insde a vacuum oven at 50 °C for 1 week. No precipitation was visually observed for all the
three Agleicosane sanples. The long term sability of Ag particles in liquid state was aso
corfirmed by preparing particles in liquid hydrocarbons using a similar procedure and noticing

that the resuiting colloids remeained stable after one year.®

Results and Discussion:

Colloidal silver particles were characterized by transmission electron microscopy. A 0.1 M of
liquid Ag eicosane colloid was diluted using hexane to 5 x 10 M. Shown in Figure 6.1 is a
typical TEM image obtained from such a sample. The particles were found to be nearly spherical
in shape and an average particle diameter of 5.5 nm was obtained from a size histogram that
resulted after analyzing about 300 particles. Presented in Figure 6.2 are room temperature images
of solid PCM samples that resulted from preparation of Ag colloids in eicosane as described
previously. A solid eicosane PCM containing 1 wt % of Ag exhibits a black color whereas a
sample with 10 wt % Ag appears dark blue. An analogous procedure was used previously to
obtain 1 wt % Ag in dodecane and the particles were found to be stable in the hydrocarbon even

after one year. Ag colloids prepared in eicosane were kept at 40 °C (liquid eicosane) in an
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Figure 6.1: TEM image of a sample made via diluting a 0.1 M Ag colloid in eicosane to a metal
concentration of 5 x 10 M using hexane followed by drying under air. The size bar corresponds

to 100 nm.

Figure 6.2: Image of solid eicosane (left) and of solid eicosane PCM containing Ag

nanoparticles at room temperature (center and right).
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oven for 2 weeks and no precipitation was observed. This observations implied that the colloids
were similarly stable in eicosane as those prepared in dodecane.

The melting point and heat of fusion of the colloids were the same as those of pure eicosane and
were not affected by the different amounts of Ag present in the hydrocarbon. However, since the
ratio of Ag and OS were kept constant for all different samples, the melting point and heat of
fusion values were affected by the amount of OS present in the systems. Variations of the melting
pomnts for all compositions were important parameters that were needed during thermal
conductivity measurements to define temperature ranges away from the melting point of a
particular sample. The reported heats of fuson and meting points of Ag/eicosane PCM
corresponded to the average value caculated from data of three runs. lllustrated in Figure 6.3

and 5.4 are resuits obtained during the third heating cycle with aheating rate of 5 °C/min.

0.5 [/ —
-1 4
= -1.5 4
E‘ ) Latent Heat: = Pure Eicosane
z 7 Pure: 241)/g 1 wi% Ag/Ei
2,5 1 wtd%: 229 )/g wid% Ag/Eicosane
E 2 wt%: 208 /g — 2 wt% Ag/Eicosane
Tz 3 - .
3 3.5wtk%: 192)/g 3.5 wt% Ag/Eicosane
3.5
_4 -
_4.5 1 1 1 1 1
10 15 20 25 30 35 40 45 50 55 60

Temperature (°C)

Figure 6.3: DSC curves showing melting of pure eicosane and Ag/eicosane sanples of 1, 2 and
3.5 wt% prepared following the room temperature solidification approach aong with their

respective heat of fusion values; DSC ramping rate = 5 °C/min.
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Figure 6.4: DSC curves showing melting of 5, 6.5, 8 and 10 wt% Ag/eicosane samples prepared
following the room temperature solidification method along with their respective heat of fusion

values, ramping rate = 5 °C/min.

Increasing the % Ag also increased the concentration of OS since the Ag : OS remained constant
for al samples. Since OS is a solute dissolved in the PCM the presence of increasing amounts of
sarcosine decreased both the melting temperatures and the heats of fusion since both quartities
are colligative properties that are affected by the solute concentrations. An unexpected resuit was
that increasing the particle loading dightly decreased the melting point of the NePCM, although

the particles are not considered to behave asclassical solutes.
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