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ABSTRACT

Microwave chemistry has long been a subject of interest in both the organic and inorganic
synthesis communities. Microwave heating has the potential to become a powerful force for
green synthesis in industry as it uses much less power to accomplish the same goals as traditional
convective thermal reactions, but a lack of understanding of how to translate traditional
convective reactions into microwave reactions is hampering this progress. In this dissertation an
overview of microwave physics and mathematics is given first. Then the role of microwave
source and choice of microwave reaction vessel, along with precursor and solvent choice in the
design of a microwave chemical reaction is explored. Next, synthesis of nickel and gold
nanoparticles — chosen because of their ubiquitous presence in the literature — in a microwave
is explored, and the kinetics examined. Additionally, the role of size dependent properties of the
nanoparticles, as well as the role of the oxide layer on the nanoparticle, are explored in
relationship to how the reaction heats in a standard laboratory microwave. Lastly, the role of
power and frequency of the microwave radiation in the synthesis of nickel nanoparticles is
examined, and relationships between the kinetics of the synthesis and the applied power and

frequency of the microwave are extracted.

Xi



CHAPTER 1

INTRODUCTION

1.1 General Introduction

In the mid 1940s Percy Spencer, a radar engineer at Raytheon, noticed the candy bar in
his pocket had melted while he was working on an active radar set. Spencer then tried heating
popcorn kernels and eggs in metal kettles beneath a magnetron. Raytheon patented the
microwave oven in 1945, and by the 1960s affordable microwave ovens were available for home
use. Chemists the world over were wondering just how microwave heating could improve their
labs and science.

In today’s highly populated, resource-limited world, the development of low-cost, energy
efficient methods for synthesis of functional materials is an imperative. Microwave heating has
been explored as a method of manufacturing materials and chemicals.® Given the need for
localized, directed heating of materials, research into materials that heat efficiently under
microwave irradiation is an area of rapid growth. The energy efficiency of conversion of
microwave photons into heat has been theorized to lower energy consumption by 72%, as
compared to traditional thermal reactions.®”891% Early researchers noticed huge advantages,
such as superheating of solvents, selective heating of dipolar or magnetic molecules, and the
reduction of thermal gradients and wall effects. 1 12 These “microwave effects” were originally
attributed to unknown interactions with the microwave field such as possible selective bond
cleaving.!*'2 It has since been clearly shown that microwave frequency-photons do not possess

the energy necessary to cleave even the weakest of chemical bonds.* 12 The most commonly



accepted explanation of microwave advantages over traditional heating methods is that of
“selective heating” (including the idea of selective heating influencing rapid nucleation).'131415
The absorption and reflection of microwave energy by molecules is applicable to
designing microwave reactions and reaction vessels. Microwave reactors are increasingly
common in chemistry laboratories across the world, allowing for rapid synthesis and prototyping
of new procedures and materials. Generally, though, researchers use them in a black-box type
manner, i.e. precursors in — product out, without ever considering that knowing more about how
electromagnetic radiation interacts with molecules may help them optimize or even revolutionize
their synthetic procedures. The focus of this dissertation is improving the understanding of how
to design microwave reaction systems, from reaction vessel to choice of solvent and precursors
to choice of microwave frequency. To this end, first an overview of microwave physical heating
theory, measurement techniques, and microwave generation will be given. Then, the methods of
characterization of the materials will be discussed, with emphasis on structural and optical

techniques.

1.2 Microwave Interaction Theory

1.2.1 Basic Interactions and Frequency Dependency

To understand the interaction of a microwave photon with a material, the interaction
must be described in terms of electromagnetic radiation. The ability of a material to store
electrical charge is known as the permittivity, represented by &'; and the combined losses (dipole,
ionic, and Maxwell-Wagner) of a material are known as the loss factor, represented by &".
Combined, these two values form the complex permittivity of a material—a value that is both

frequency and temperature dependent.®



e =& —ig" [1.1]
The real component &’ is the scattering term, describing the ability of the material to store an
electric charge. The imaginary term (&”) describes the absorption of the impingent field, which is
converted into heat in analogy to a classical absorption experiment in the visible frequency
range. The absorption cross section is defined classically as the drop of EMR amplitude to a
value of 1/e. In effect, the microwave is absorbed by the material with the largest £” and
scattered by the material with the largest €’ term in the system, and can be thought of as being
similar to a Beer—Lambert law problem in absorption spectroscopy. Thus the ability of the

system to interact with the microwave field is selective and will scale as the ratio

&"

tand = = [1.2]

Microwave heating can be classically described as follows: as an alternating EM field
passes through a material, any polarizable molecules or particles can couple with the EM field.
As the EM field shifts, the molecules experience lag time in realigning and the resulting
molecular friction generates heat. Polarizable molecules can be either dipolar or ionic.*°
Additionally, if the material is a conductor or semiconductor, it can experience ohmic heating
and charge separation. If the material is heterogeneous, heating can occur due the Maxwell—
Wagner effect as well. This is caused by the buildup of charge at the interface between a
conducting and a nonconducting material. ! There are other losses—such as atomic and
electronic—that are important at frequencies higher than are typically considered “microwave”
(300 MHz to 300 GHz), and as such, are not significant players in the area we wish to explore.

Each material has unique electromagnetic absorption and scattering cross sections, and a

solution or mixture can experience selective heating, in the case of a large difference in tan ¢ of

the constituent parts. Selective heating is defined as the disproportionate heating of a molecule or



Figure 1.1: Illustration of photons being absorbed by the higher tan ¢ yellow molecules over
the lower tan ¢ blue solvent, then releasing that energy as heat.
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inclusion over another due to the molecule (or inclusion) having a greater tan 6. As molecules
can only absorb the whole photon, not a part of a photon, there is a greater statistical probability
that a molecule of higher tan ¢ will absorb a given photon. This can, theoretically, lead to
localized areas of much higher temperature than the experimentally obtained bulk temperature.
This effect is evidenced by increased reaction rates obtained at bulk temperatures lower than
those required for similar reaction rates obtained using conventional heating (Figure 1.1).1%17 In
the case of magnetic heating, |’ is the real permeability of the material. The sources of loss (L")
in the magnet are domain walls and magnetic resonance.®
pr=p' =i [1.3]

1.2.2 Size Dependency

As nanoparticles grow, their dielectric function and magnetic properties change rapidly,
until the nanoparticle is big enough to be considered “bulk.” This size depends on the material
properties of the nanoparticle, such as Bohr radius, the amount of defects in the crystal structure,
and the saturation magnetization, to name a few. To calculate the size dependency of the
dielectric function for a semiconductor, we can use the energy gap change due to quantum

confinement using Eqn 1.4
g(D) =1 + | St [1.4]

Where enuik is the dielectric function of the bulk material, AE is the change in energy gap due to
quantum confinement, and Eg is the bulk energy gap.'®
The change in energy gap is calculated by modeling the nanoparticle as a particle in a

box, using the reduced mass of the exciton (m,) as seen in Eqn 1.5 (The Brus equation).®
hZ
AE = Eg + @mr [15]
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In the Brus equation, h is Plank’s constant, and r is the radius of the nanoparticle.

Work done by Gor’kov and Eliashberg, and followed by Marquardt and Nimtz on the
size-dependent dynamic electric susceptibility (ye) of metallic nanoparticles in a microwave field
shows that a quasi-DC quantum model can be used (the size difference between the photons and
the nanoparticles is 6-8 orders of magnitude, and microwave frequencies are much lower than

the plasmon frequency). The resulting size dependent dielectric function equation becomes: 2% 2

2 3
ex =1+ mkg(27) 139 (2 + iwmkF(Zr) ) [16]

20m2ag 1200 m2ag 6h
Where m is the effective electron mass, kr is the magnitude of the Fermi wave vector, as
is the Bohr radius, and 7 is the reduced Plank’s constant. As the nanoparticle grows, it goes
from a semi-conductor to more increasingly metallic characteristics. Note that this equation
predicts that tan owill go up proportionally to the diameter of the nanoparticle, and only the loss
(&™) will have a frequency dependence.
Work on size-dependent magnetic properties is more recent, and more complicated. The

frequency-dependent magnetic permeability equations developed by Landau, Lifshitz and Gilbert

are:
ux= 1+ (ZMMS)Z [1.7]
2K—(%) +ia(4nMS)(%)
Where y is the gyromagnetic ratio, o is the dampening factor, K is the crystalline
anisotropy and Ms is the saturation magnetization.??
Both K and Ms are size and shape dependent, with the size dependency of K as?®
K =K, + K, [1.8]

where Ky is the crystalline anisotropy, and Ks is the surface anisotropy.

The size dependency of Ms is?*



M nano = Mspuik (1 - %(1 + 53‘%)) [1.9]
where Ms buik 1S the bulk magnetic saturation moment, d is the atomic diameter, Sy is the
vibrational melting entropy, and R is the ideal gas constant.

1.2.3 Temperature Dependency

The Debye equation for dielectrics gives equations for the real and imaginary part of the

complex dielectric function at a known frequency:

g = e+ (& — €x) [1.10]

efte %

And

1
efte %

e = (& — &) [1.11]
Where &5 is the static dielectric function, e is the dielectric function at infinite frequency (in
general, the index of refraction squared is a good approximation), z is In (w7), w is the frequency
in radians, and 7 is the relaxation time. s, &, and z are all temperature dependent variables. ¢
For a polar liquid or a disordered polar solid (i.e., the temperature is above the critical
order—disorder transition) an applied electric field aligns the molecules, reducing entropy, and

thus reducing .2° It then follows that &; - & is inversely proportional to temperature (. has

negligible a change with T for most liquids)
£ — £ X = [1.12]
And

T« Q o« e/t [1.13]



assuming an Arrhenius model for the temperature dependent viscosity — v(T) — of a fluid.
Plugging 1.12 and 1.13 into 1.10 and 1.11, then taking into account that one generally measures

a room temperature dielectric function as a starting point; it then follows that for a polar liquid

e =g, (1 +(3) ﬁ) [1.14]

AT el/AT+e_1/AT

And

£ = " (1 + (ﬁ) ;) [1.15]

e'/aT e~ "/t
Where &'pand &"o are the real and imaginary dielectric function at a known temperature and AT is
the change in temperature from that known temperature (i.e. if €'o is known at 20 °C, then the
calculation for ¢'rat 30 °C uses a AT of 10).

For an ordered polar solid (below the critical temperature), an applied electric field
reduces order and thus increases entropy and dielectric function loss. Pure metals have critical
temperatures equal to the melting point,?® while alloys have critical temperatures below the
melting point. The reaction temperatures in this manuscript are well below the melting point of
nano Ni. In the case of a solid, the “relaxation time” is dependent on the probability of the atom
being found in an equilibrium state and

£ — £ X € /T [1.16]
and

T A(T)e'/r « '/t [1.17]
Where A(T) is an internal excitation factor that varies slowly with temperature. Again, ¢~ has a

negllglble change with T. It follows that for solids
o~ g (1 | e_Z/AT ) 118
0 el/AT+e_1/AT [ ’ ]

And



1
n ~ n e_ /AT
ST:80(1+m> [1.19]
All the above equations assume that the change in volume due to thermal expansion is negligible.

Magnetism is also temperature dependent, but whereas the dielectric function losses of

solids increase with temperature, the permeability decreases.
My = My, (1 - AT3/2) [1.20]

Is the famous Bloch’s 3/2’s law where My is the magnetic saturation at 0 K, and A is a material

dependent constant. The vibrational entropy is also temperature dependent?’, based on:

T
Suibr = Suib + Cpln (5=) [1.21]

Additionally, the temperature dependent coercivity has a 3/2 law similar to that of the magnetic

saturation?®:

Hy=H(1- T1)3/ ? [1.22]

B

Where Tg is the blocking temperature. Obviously, above the blocking temperature, equation 1.22
falls apart, and one should set u* = 1+ 0Oi.

Dielectric, ionic and Maxwell-Wagner heating are broadband, i.e., the absorption of
photons occurs over a wide range of frequencies.'® Magnetic heating, on the other hand,
generally has one frequency at which maximum absorption occurs, though absorption at other
frequencies still occurs. At the nano-scale, this peak frequency is dependent on the material as
well as the shape and size of the particle.?® *° This can be theoretically derived using Kittel’s

equation, where K is the anisotropic constant, and y is the gyromagnetic ratio.

2nf =y KL [1.23]

3uoMs
The anisotropic constant of nanoparticles is much higher than that of bulk metals, due to

the much higher surface anisotropy.



1.3 Bringing It All Together: Microwave Power Absorption and Heating
1.3.1 Bulk Heating
As the microwave radiation is absorbed, it is converted into heat. By equating the
absorbed power to the calorimetric equation, one can calculate the temperature rise of the

material being irradiated®.

AT 1 n —)* ol
M Cp— = S wepe" et J(E*-E)av [1.24]
Where M is the mass, Cy is the specific heat capacity, AT is the change in temperature, t is time,

o s frequency, &o is the permittivity of free space, ¢”eft is the lossy permittivity of the material, V

is volume, E* is the complex conjugate of the electric field, and E is the electric field. In
addition, Eqn 1.24 can be modified to include absorption and heating of magnetic materials, by
taking into account the complex magnetic permeability of a material, Eqn 1.3.

As the microwave radiation penetrates into a material, its absorption can be described by
a decaying exponential. The penetration depth, Dy, is defined as the thickness required to reduce
the power to 1/e (or by 63%) of its original value. For nonconducting, nonmagnetic materials,
D, can be calculated using?®:

AO _1/2

_ 1/2 _
Dp = iy [(1+ tand) 1]

[1.25]

The skin depth, &, is analogous to Dy but for amplitude rather than power, and is
generally used only in reference to metals. As expected, it takes five Dy or & to shield against

>99% of a microwave field. & can be calculated by:

5= (= )1/ i [1.26]

wiogo

where o is the permeability of free space?®.
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In a microwave reaction, the heating rate will depend on the ability of the solution to
absorb the microwave energy. This can be described as the probability of absorption which
scales with the penetration depth of the microwave energy (Dp), and the thickness of the material

being irradiated (x).

P e /Pp [1.27]
It can be seen, then, that it takes five times the penetration depth (or skin depth) to shield against
>99% of a microwave field*.
1.3.2 Microwave Reactions for Nanoparticle Synthesis

Typical nanoparticle synthesis begins with organometallic compounds or metallic salts,
that are either reduced or thermally decomposed. Rapid, even nucleation is important for
uniform nanoparticles, and microwave synthesis provides this. Additionally, quick growth of the
nanoparticles is important to avoid Ostwald ripening, which would disrupt the uniformity of the
nanoparticles.

In a microwave reaction, the high—energy flux input can potentially drive a reaction over
its Kinetic energy barrier to proceed to completion. In particular, less—reactive precursors can be
used in a microwave reaction compared to a similar thermal reaction, since the microwave
energy can drive the reaction.?'*? Recent work by de la Hoz has indicated that, in addition to tan
0, the activation energy is an important factor in determining whether a reaction will have a
noticeable improvement when performed in a microwave reactor.®® Such effects are particularly
important in forming nanometals within a microwave cavity.

Transition metal nanoparticles are known to grow in a two-part synthesis, starting with

nucleation and moving to autocatalytic growth.3334

yields
A—>B
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yields
A+B—2B

Where each of these two steps has its own reaction rate. A to B nucleation with rate k;

and A+B autocatalysis with rate ko in the Arrhenius equation.

k=ae kot [1.28]
The synthesis of nickel nanoparticles involves the thermal decomposition of an
organometallic compound. In the proposed research, Ni (acac)2 will be the organometallic
compound. In this reaction, oleylamine acts as a reducing agent, as shown in Scheme 1.1.%
Measurements of the dielectric function of oleylamine (tan 6= 0.03 at 2.45 GHz, STP) and Ni
(acac). (tan 0 =0.006 at 2.45 GHz, STP ) indicate that for this reaction the solvent will, initially,
absorb more radiation than the Ni precursors. Eventually, though, the growing Ni nanoparticles
will have a much higher tan ¢ than the solvent, and will become the primary source of heating.
1.4 Measuring Microwave Interactions via Dielectric Function Spectroscopy
1.4.1 Cavity Perturbation
As one can see, being able to measure &', ¢, W, and p” is fundamental to understanding
how a chemical system will respond to microwave radiation. The perturbative method will be
used qualitatively in this thesis. A full description of how to use it quantitatively is given, but the
limitations of the technique demand its use qualitatively, given the experimental parameters.
Figure 1.2 shows a simple block diagram of this approach. A standing wave is set up inside a
piece of shorted waveguide, designed to resonate at a single frequency, which is measured
empirically by a vector network analyzer (VNA). In the waveguide, a standing wave can have
areas of pure electric field, and other areas of pure magnetic field. By inserting a material under
investigation into an area of pure electric field, one can observe on the VNA how the resonance

frequency of the cavity shifts in response to the permittivity of the material. A shift of the peak
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Scheme 1.1: Proposed pathway for reduction of nickel by oleylamin