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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.  
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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.6  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.6,7,8,9,10   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. 11, 12 These “microwave effects” were originally 

attributed to unknown interactions with the microwave field such as possible selective bond 

cleaving.11,12  It has since been clearly shown that microwave frequency-photons do not possess 

the energy necessary to cleave even the weakest of chemical bonds.11, 12 The most commonly 
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accepted explanation of microwave advantages over traditional heating methods is that of 

“selective heating” (including the idea of selective heating influencing rapid nucleation).11,13,14,15 

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 ε'; and the combined losses (dipole, 

ionic, and Maxwell–Wagner) of a material are known as the loss factor, represented by ε". 

Combined, these two values form the complex permittivity of a material—a value that is both 

frequency and temperature dependent.3 
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휀∗ = 휀ʹ − 𝑖휀ʺ       [1.1] 

The real component εʹ is the scattering term, describing the ability of the material to store an 

electric charge.  The imaginary term (εʺ) 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 εʺ and 

scattered by the material with the largest εʹ 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  

tan 𝛿 =
ʺ

ʹ
      [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.16 

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. 16  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 δ of 

the constituent parts. Selective heating is defined as the disproportionate heating of a molecule or 
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Figure 1.1: Illustration of photons being absorbed by the higher tan δ yellow molecules over 

the lower tan δ 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 δ.   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 δ 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).11, 17  In 

the case of magnetic heating, µʹ is the real permeability of the material.  The sources of loss (µʺ) 

in the magnet are domain walls and magnetic resonance.16   

𝜇∗ = 𝜇′ − 𝑖𝜇"      [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 

       휀(𝐷) = 1 + ( bulk−1

1+(Δ𝐸 𝐸g⁄
)
2)        [1.4] 

Where εbulk is the dielectric function of the bulk material, ΔE is the change in energy gap due to 

quantum confinement, and Eg is the bulk energy gap.18 

The change in energy gap is calculated by modeling the nanoparticle as a particle in a 

box, using the reduced mass of the exciton (mr) as seen in Eqn 1.5 (The Brus equation).19 

   Δ𝐸 = 𝐸g +
ℎ2

8𝑟2
𝑚r                                                      [1.5]    
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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 (χe) 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: 20, 21 

휀 ∗  = 1 +
𝑚𝑘F(2𝑟)

2

20𝜋2𝑎B
+  

139 

1200 𝜋2𝑎B
(2 + 𝑖

𝜔𝑚𝑘F(2𝑟)
3

6ℏ
)    [1.6] 

Where m is the effective electron mass, kF is the magnitude of the Fermi wave vector, aB 

is the Bohr radius, and ħ 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  will go up proportionally to the diameter of the nanoparticle, and only the loss 

(ε") 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: 

𝜇 ∗ =  1 +
(4𝜋𝑀s)

2

2𝐾−(
𝜔

2𝜋𝛾
)
2
+𝑖𝛼(4𝜋𝑀s)(

𝜔

2𝜋𝛾
)
     [1.7] 

Where γ is the gyromagnetic ratio, α is the dampening factor, K is the crystalline 

anisotropy and Ms is the saturation magnetization.22 

Both K and Ms are size and shape dependent, with the size dependency of K as23 

𝐾 = 𝐾v +
6

2𝑟
𝐾s      [1.8] 

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

The size dependency of Ms is
24  
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𝑀s nano ≈ 𝑀s bulk (1 −
𝑑

𝑟
(1 +

𝑆vib

3𝑅
))     [1.9] 

where Ms bulk is the bulk magnetic saturation moment, d is the atomic diameter, Svib 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: 

 휀′ = 휀∞ + (휀s − 휀∞)
𝑒−𝑧

𝑒𝑧+𝑒−𝑧
    [1.10] 

And 

 

휀" = (휀s − 휀∞)
1

𝑒𝑧+𝑒−𝑧
             [1.11] 

Where εs is the static dielectric function, ε∞ is the dielectric function at infinite frequency (in 

general, the index of refraction squared is a good approximation), z is ln (ωτ), ω is the frequency 

in radians, and τ is the relaxation time.  εs, ε∞, and τ are all temperature dependent variables. 16 

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 εs.
25  It then follows that εs - ε∞ is inversely proportional to temperature (ε∞ has 

negligible a change with T for most liquids) 

휀s − 휀∞  ∝  
1

𝑇
      [1.12] 

And  

𝜏 ∝  
𝜈(𝑇)

𝑇
∝ 𝑒

1
𝑇⁄       [1.13] 
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assuming an Arrhenius model for the temperature dependent viscosity – ν(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 

휀′𝑇 ≅ 휀′0 (1 + (
1

Δ𝑇
)

𝑒−
1
Δ𝑇⁄

𝑒
1
Δ𝑇⁄ +𝑒−

1
Δ𝑇⁄
)     [1.14] 

And  

휀"𝑇 ≅ 휀"0 (1 + (
1

Δ𝑇
)

1

𝑒
1
Δ𝑇⁄ +𝑒−

1
ΔT⁄
)     [1.15] 

Where ε'0 and ε"0 are the real and imaginary dielectric function at a known temperature and ΔT is 

the change in temperature from that known temperature (i.e. if ε'0 is known at 20 °C, then the 

calculation for ε'T at 30 °C uses a ΔT 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,26 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  

휀s − 휀∞  ∝  𝑒
−1

𝑇⁄       [1.16] 

and 

𝜏 ∝  𝐴(𝑇)𝑒
1
𝑇⁄ ∝ 𝑒

1
𝑇⁄      [1.17] 

Where A(T) is an internal excitation factor that varies slowly with temperature.  Again, ε∞ has a 

negligible change with T.  It follows that for solids 

휀′𝑇 ≅ 휀′0 (1 +
𝑒−
2
Δ𝑇⁄

𝑒
1
Δ𝑇⁄ +𝑒−

1
Δ𝑇⁄
)     [1.18] 

And 
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 휀"𝑇 ≅ 휀"0 (1 +
𝑒−
1
ΔT⁄

𝑒
1
Δ𝑇⁄ +𝑒−

1
ΔT⁄
)    [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. 

𝑀s𝑇 = 𝑀s0 (1 − 𝐴𝑇
3
2⁄ )     [1.20] 

Is the famous Bloch’s 3/2’s law where Ms0 is the magnetic saturation at 0 K, and A is a material 

dependent constant.  The vibrational entropy is also temperature dependent27, based on: 

𝑆vib𝑇 = 𝑆vib + 𝐶𝑝ln (
𝑇

293K
)     [1.21] 

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

saturation28: 

𝐻𝑇 = 𝐻 (1 −
𝑇

𝑇B
)
3
2⁄

      [1.22] 

Where TB is the blocking temperature. Obviously, above the blocking temperature, equation 1.22 

falls apart, and one should set μ* = 1+ 0i.   

Dielectric, ionic and Maxwell–Wagner heating are broadband, i.e., the absorption of 

photons occurs over a wide range of frequencies.16  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.29, 30 This can be theoretically derived using Kittel’s 

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

                                                                   2𝜋𝑓 = 𝛾
4|𝐾|

3𝜇0𝑀s
           [1.23] 

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

the much higher surface anisotropy. 
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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 irradiated16.   

𝑀 𝐶𝑝
∆𝑇

𝑡
=
1

2
𝜔휀0휀ʺeff ∫ (�⃗� 

∗ ∙ �⃗� )
𝑉

𝑑𝑉      [1.24] 

Where M is the mass, Cp is the specific heat capacity, ΔT is the change in temperature, t is time, 

ω is frequency, ε0 is the permittivity of free space, εʺeff is the lossy permittivity of the material, V 

is volume,  𝐸⃗⃗  ⃗∗  is the complex conjugate of the electric field, and �⃗�  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, Dp, is defined as the thickness required to reduce 

the power to 1/e (or by 63%) of its original value.  For nonconducting, nonmagnetic materials, 

Dp can be calculated using16: 

𝐷p =
𝜆0

2𝜋(2𝜖′)1/2
 [(1 + tan 𝛿)1/2 − 1]

−1/2
            [1.25] 

 The skin depth, s, is analogous to Dp but for amplitude rather than power, and is 

generally used only in reference to metals. As expected, it takes five Dp or s
 to shield against 

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

𝛿s = (
2

𝜔𝜇0𝜎
)
1
2⁄

   [1.26] 

where µ0 is the permeability of free space16.  
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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).  

 𝑃abs ∝ 𝑒
−𝑥 𝐷𝑝⁄                                 [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  field16. 

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.31,32  Recent work by de la Hoz has indicated that, in addition to tan 

δ, the activation energy is an important factor in determining whether a reaction will have a 

noticeable improvement when performed in a microwave reactor.13  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.33,34  

𝐴
yields
→   𝐵 
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𝐴 + 𝐵
yields
→   2𝐵 

Where each of these two steps has its own reaction rate. A to B nucleation with rate k1 

and A+B autocatalysis with rate k2 in the Arrhenius equation.   

𝑘 = 𝐴𝑒
−𝐸a

𝑘b𝑇
⁄

     [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 1.1.35  

Measurements of the dielectric function of oleylamine (tan δ= 0.03 at 2.45 GHz, STP) and Ni 

(acac)2  (tan δ =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 δ 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 εʹ, εʺ, µʹ, and µʺ 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 oleylamine. 
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position is related to the real permittivity of the material, while a broadening of the resonance 

peak is an indication of the lossyness of the material.36  A resonant cavity or, as it is sometimes 

called, a cavity resonator, is a short waveguide whose ends are capped with plates. This allows 

an electromagnetic wave of the proper frequency given the dimensions of the resonator to 

resonate inside of the cavity, hence the name. The reason an electromagnetic wave can resonate 

inside a hollow conductor is related to the behavior of an LC circuit.37 

Resonant cavities are often used in research, but they do have real world applications, i.e. 

radar. The research use of resonant cavities focuses on understanding the electromagnetic 

properties of materials, especially with radiation in microwave frequencies.  As we have a 

standing wave inside the cavity, any material inserted in the cavity (solid, liquid, or gas) will 

affect the wave with respect to the material’s complex dielectric function properties. A resonant 

cavity has a very large quality factor and is therefore very sensitive to even the smallest 

perturbations of the electromagnetic radiation inside itself.  

Slater’s perturbation theory, simply put, says that any dielectric material inserted into a 

resonant cavity will shift the resonant frequency of the cavity in a manner proportional to the 

volume and the dielectric function of the material.  Resonant cavities designed for microwave 

frequencies work best for this application because they are small enough to be managed on a 

desktop, but large enough that the dielectric samples can be manipulated.  By measuring the 

frequency shift for various known volumes of a sample, one can find the dielectric function of 

the sample for the original resonant frequency.  If one does this for multiple frequencies, one can 

determine a trend in the complex dielectric function.36 

Any material inserted into the cavity will perturb the electromagnetic field. Two small 

holes are cut in the top plate of the cavity, one in the center and one on the edge.  As can be seen 
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from Figure 1.3, a material sample inserted in the center hole will perturb the electric field, and a 

sample inserted on the hole on the edge will perturb the magnetic field.  How the material affects 

the frequency of the resonance tells us if the material is a conductor or a dielectric.  The holes 

drilled in the top plate affect the electric and magnetic field patterns slightly, but only near the  

boundary surfaces. Fortunately, for accurate measurements, one simply avoids going too near 

any of the surfaces, because the oscillating electric and magnetic fields are difficult to describe 

near the interface.38 

This effect was first noted by J.C. Slater during his tenure at MIT and Bell Laboratories in the 

early to mid 1940s.  Slater’s perturbation theory is straightforward, but far from simple.  Slater 

noted that the complex dielectric function can be measured by measuring the Q factor of the 

empty cavity and the change in the resonant frequency of the cavity when the sample has been 

inserted.36 

For a cylindrical rod inserted parallel to the electric field, Slater found that 

 

Figure 1.2: A block diagram of a resonant cavity set up.  The sample is inserted into the 

center of the resonant cavity and the perturbation of the EM field is measured. 
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∆𝑓

𝑓
− 𝑖∆

"

′
= −

∫ ( ′−1− ”)𝐸2𝑑𝑣𝑣

2∫ 𝐸2𝑉 𝑑𝑉
       [1.29] 

Where Δf is the resonant frequency shift caused by the perturbation of the cylindrical rod volume 

v, ε’ and ε” are the real and imaginary parts of the complex dielectric function respectively, V is 

the cavity volume, and E is the electric field in the cavity. It is assumed that the change in the 

electric field itself is negligible compared to the electric field in the unloaded cavity (i.e, this 

must be a sample with a low ε’ and ε”).  Also note that v must be much smaller than V (one tenth 

or less).  The higher the quality factor, the more accurate the measurement of the dielectric 

function. 36, 39 

 

  

Figure 1.3: Separation of the electric and magnetic fields in a cylindrical resonant cavity 

set in TE010 mode. 
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 Figure 1.4: Quarter-wave sections looped in parallel, increasing until a cylindrical resonant 

cavity is produced 
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This perturbation is caused by the fact that a resonant cavity acts like the inductor and 

capacitor combination of an LC circuit. We will now go into more detail on how this is so. First, 

consider a typical LC circuit, such as you would see in any electronics class (Figure 1.4). 

It is known that for an LC circuit to handle higher frequencies, one can add a half-turn loop in 

parallel with the inductor–capacitor combination. This does not affect the resonant frequency of 

the circuit, as the parallel inductance increases the frequency and the parallel capacitance 

decreases the frequency; therefore the resonant frequency remains stable.  By adding more and 

more loops, one can increase the circuit’s ability to handle higher frequencies. Eventually, 

enough loops are added, and a cylindrical resonant cavity is formed. By adding a waveguide to 

act as the wire and supplying the microwaves from a source such as a VNA, one has a 

“microwave circuit.”40   

The quality factor is calculated using the resonant frequency of the cavity and the full 

width at half-power of the shifted frequency; the narrower the shifted frequency, the higher the Q 

value.  A silver coated resonant cavity can have a Q value in the 1000’s, where a simple LC 

circuit will only have a Q value in the 10’s.38 

         𝑄 =  
′

"
=

1

tan𝛿
                                             [1.30] 

where the ratio of the energy stored to the energy lost can be found by t half maxima width of the 

frequency shift.38 

1.4.2 Transmission Line Methods 

1.4.2.1 Nicolson – Ross – Weir 

  The main methods that will be used for the experiments described in this dissertation—

given the versatility of being able to use liquids, fine powders, or solids along with broad 

frequency range capabilities and high loss samples—are transmission lines.     
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      Transmission line methods involve placing the material to be investigated inside a 

portion of an enclosed transmission line to measure both the ɛ* and μ*.  The line is usually a 

section of rectangular waveguide or coaxial airline, and is attached to a VNA, which produces 

one mW of microwave radiation over a broad frequency range.  ɛ* and μ* can then be computed 

from the attenuation and phase measurements of the reflected signal and transmitted signal 

(known as the S-parameters, S11, S21, S22, and S12) via a data reduction method determined from 

experimental parameters.41  Figure 1.5 shows a simple block diagram of this.  Transmission line 

methods, which are standard in the literature, will be used to measure and evaluate the 

electromagnetic absorption of the composite samples.42,43  The Nicolson–Ross–Weir (NRW) 

algorithm, which uses the Fresnel–Airy formulas to separate the magnetic losses from the 

electric losses, can be used for known materials known to be ferromagnetic.44  The attenuation 

and phase measurements of the signal reflected (S11) by and transmitted  (S21)  through the 

sample. These parameters are then used to yield an equation that decouples ε* from µ*.  These 

equations are elegant, but have discontinuities for low-loss samples at integer multiples of ½ λ.  

A workaround is to measure a sample less than ½ the shortest wavelength of the system, but this 

is not always practical, and very small samples have high uncertainties in these measurements.   

Another workaround is to measure multiple samples of different lengths and combine the results, 

but this requires one to have multiple samples available, which is not always possible for 

materials that are rare or hard to produce.    

1.4.2.2 NIST “Eps from Transmission” and Baker-Jarvis 

For non-magnetic materials (μ* = 1+ 0i), the Baker–Jarvis algorithm is generally used.  

The Baker–Jarvis algorithm is a modification of the NRW algorithm, and requires an initial 

estimate at the lowest frequency being investigated, as it uses Newton–Raphson numerical 
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iteration to reach an answer within researcher stated tolerances.  The NRW algorithm is used to 

find this initial estimate.41   This method does not suffer from the dicontinuities of the NRW 

method, and is useful for both high- and low-loss materials.  So even though one must start with 

using the NRW algorithm, it is more efficient to use Baker–Jarvis than to do multiple samples as 

may be necessary with the NRW method.  Baker–Jarvis also only requires S11 or S21, but is more 

robust if both are used. Of course, in today’s modern VNAs, measuring both is not an issue.    

 

1.5 Microwave Generation 

1.5.1 Magnetrons 

The most common source of microwave generation, in both the lab and the home, is the 

cavity magnetron. The magnetron is a self-oscillating, high-powered vacuum tube requiring no 

external elements other than a power supply. A well-defined threshold anode voltage must be 

applied before oscillation will build up; this voltage is a function of the dimensions of the 

 

Figure 1.5: A block diagram of a transmission line set up, showing radiation reflected, 

transmitted, and absorbed by the sample. 
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resonant cavity and the applied magnetic field. Electrons pass by the openings to these cavities 

and cause radio waves to oscillate within, similar to the way a guitar resonates sound from its 

sound box via the oscillation of its strings. The frequency of the microwaves produced, the 

resonant frequency, is determined by the cavities' physical dimensions. Unlike other vacuum 

tubes such as a klystron or a traveling-wave tube (TWT or TWTA), the magnetron cannot 

function as an amplifier to increase the intensity of an applied microwave signal; the magnetron 

serves solely as an oscillator, generating a microwave signal from direct current electricity 

supplied to the vacuum tube.45 

The most common magnetron in use today is the cavity magnetron.  In a cavity 

magnetron, the oscillation is created by the physical shaping of the anode, rather than external 

circuits or fields. The modern magnetron is a fairly efficient device; in a microwave oven, for 

instance, a 1.1-kW input will generally create about 700 W of microwave power, an efficiency of 

around 65%. The magnetron remains in widespread use in roles that require high power, but 

where precise control over frequency and phase is unimportant.45 

Physically, a magnetron consists of a large cylinder of metal with a hole drilled through 

the center of the circular face. A wire acting as the cathode is run down the center of this hole, 

and the metal block itself forms the anode. Around this hole, known as the interaction space, are 

a number of similar holes drilled parallel to the interaction space, which is only a very short 

distance away. A small slot is cut between the interaction space and each of these additional 

holes, which comprise the resonators. The parallel sides of the slots act as a capacitor and the 

anode block acts as an inductor. Thus, each cavity forms its own resonant circuit, the frequency 

of which is determined by the energy of the electrons and the physical dimensions of the cavity.3 
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In a magnetron, the magnetic field is set to a value well below critical, so the electrons 

follow arcing paths towards the anode. When the electrons strike the anode, they cause it to 

become negatively charged in that region. As this process is random, some areas will become 

more or less charged than the areas around them. The anode is constructed of a highly 

conductive material, almost always copper, so these differences in voltage cause currents to 

appear to equilibrate the areas. Since the current has to flow around the outside of the cavity, this 

process takes time. During that time additional electrons will avoid the hot spots and be 

deposited further along the anode, as the additional current flowing around it arrives. This causes 

an oscillating current to form as the current tries to equalize one spot, then another. The 

oscillating currents flowing around the cavities, and their effect on the electron flow within the 

tube, causes large amounts of microwave frequency energy to be generated in the cavities. The 

cavities are open on one end, so the entire mechanism forms a single microwave oscillator.3 

As the oscillation takes some time to develop, and is inherently random at the start, 

subsequent startups will have different output parameters. Phase is almost never preserved, 

which makes the magnetron difficult to use in phased-array systems. Frequency also drifts from 

pulse to pulse, a more difficult problem for a wider array of radar systems. The sizes of the 

cavities determine the resonant frequency, and the frequency of the emitted microwaves. 

However, the frequency is not precisely controllable; the operating frequency varies with 

changes in load impedance, with changes in the supply current, and with the temperature of the 

tube. This is not a problem in uses such as heating, or in some forms of radar where the receiver 

can be synchronized with an imprecise magnetron frequency. Where precise frequencies are 

needed, other devices such as a traveling wave tube are used.45 
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1.5.2 Traveling Wave Tube Amplifiers (TWTA) 

A traveling wave tube (TWT) is a specialized vacuum tube that is used in electronics to 

amplify radio frequency (RF) signals in the microwave range. The TWT belongs to a category of 

"linear beam" tubes, such as the klystron, in which the radio wave is amplified by absorbing 

power from a beam of electrons as it passes down the tube.40 

A major advantage of the TWT over magnetrons is its ability to amplify a wide range of 

frequencies. The bandwidth of the helix TWT can be as high as two octaves, while the cavity 

versions have bandwidths of 10 to 20% around the center frequency.  Operating frequencies 

range from 300 MHz to 50 GHz. The power gain of the tube is on the order of 40 to 70 dB, and 

output power ranges from a few watts to megawatts.40 

A TWT is constructed of an elongated vacuum tube with an electron gun (a heated 

cathode that emits electrons) at one end. A voltage applied across the cathode and the anode 

accelerates the electrons towards the far end of the tube, and an external magnetic field around 

the tube focuses the electrons into a beam. At the other end of the tube the electrons strike a 

collector, which returns them to the circuit. Coiled around the inside of the tube, just outside the 

beam path, is a helix of wire, typically made of oxygen-free copper. The RF signal to be 

amplified is fed into the helix at a point near the emitter end of the tube. The signal is normally 

fed into the helix via a waveguide or electromagnetic coil placed at one end, forming a 

directional coupler.46 

By controlling the accelerating voltage, one can set the speed of the electrons flowing 

down the tube to a speed matching that of the RF signal running down the helix. The signal in 

the wire induces a magnetic field in the center of the helix, where the electrons are flowing. 

Depending on the phase of the signal, the electrons will be either sped up or slowed down as they 
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pass the windings. This causes the electron beam to "bunch up," known technically as velocity 

modulation. The resulting pattern of electron density in the beam is an analog of the original RF 

signal.46  

Because the beam is passing the helix as it travels, and because that signal varies, it 

causes induction in the helix, amplifying the original signal. By the time it reaches the end of the 

tube, this process has had time to deposit considerable energy back into the helix. A second 

directional coupler, positioned near the collector, receives an amplified version of the input 

signal from the far end of the RF circuit. Attenuators placed along the RF circuit prevent the 

reflected wave from traveling back to the cathode.46  

A TWT integrated with a regulated power supply and protection circuits is referred to as 

a traveling-wave-tube amplifier (TWTA).  Broadband TWTAs generally use a helix TWT, and 

achieve less than 2.5 kW output power. TWTAs using a coupled cavity TWT can achieve up to 

15 kW output power, but at the expense of bandwidth.46  

1.6 Analytical Instrumentation 

1.6.1 XRD   

Crystals are regular arrays of atoms, and these atoms scatter X-ray-frequency 

electromagnetic radiation, primarily through the atoms' electron cloud. This phenomenon is 

known as elastic scattering, and the electron is known as the scatterer. A regular array of 

scatterers produces a regular array of spherical waves. Although these waves cancel one another 

out in most directions through destructive interference, they add constructively in a few specific 

directions, determined by Bragg's law:47 

𝑛𝜆 = 2𝑑 sin 𝜃     [1.31] 
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Here d is the spacing between diffracting planes, θ is the incident angle, n is any integer, and λ is 

the wavelength of the beam. These specific directions appear as spots on the diffraction pattern 

called reflections. Thus, X-ray diffraction results from an electromagnetic wave (the X-ray) 

impinging on a regular array of scatterers (the repeating arrangement of atoms within the 

crystal).  X-rays are used to produce the diffraction pattern because their wavelength λ is 

typically the same order of magnitude (1–100 Å) as the spacing d between planes in the crystal. 

To produce significant diffraction, the spacing between the scatterers and the wavelength of the 

impinging wave should be similar in size.48  

1.6.2 SEM 

A scanning electron microscope (SEM) is a type of microscope that produces images of a 

sample by scanning it with a focused beam of electrons. The electrons interact with atoms in the 

sample, producing various signals that contain information about the sample's internal structure 

and chemical composition. The electron beam is generally scanned in a raster scan pattern, and 

the beam's position is combined with the detected signal to produce an image.  In the most 

common or standard detection mode, i.e. secondary electron imaging or SEI, the secondary 

electrons are emitted from very close to the specimen surface. Consequently, SEM can produce 

very high-resolution images of a sample surface, revealing details less than 1 nm in size. 

Specimens can be observed in high vacuum, in low vacuum, in wet conditions (in environmental 

SEM), and at a wide range of cryogenic or elevated temperatures.48 

The most common SEM mode is detection of secondary electrons emitted by atoms 

excited by the electron beam. The number of secondary electrons that can be detected depends, 

among other things, on specimen topography. By scanning the sample and collecting the 

secondary electrons that are emitted, an image displaying the topography of the surface is 
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created. Due to the very narrow electron beam, SEM micrographs have a large depth of field 

yielding a characteristic three-dimensional appearance useful for understanding the surface 

structure of a sample.48  

1.6.3 UV–Vis–NIR 

Ultraviolet–visible–near–infrared spectrophotometry (UV-Vis-NIR or UV/Vis/NIR) 

refers to absorption spectroscopy or reflectance spectroscopy in the ultraviolet–visible spectral 

region. This means it uses light in the visible and adjacent (near-UV and near-infrared [NIR]) 

ranges. The absorption or reflectance in the visible range determines the perceived color of the 

chemicals involved. In this region of the electromagnetic spectrum, atoms and molecules 

undergo electronic transitions. UV/Vis spectroscopy is routinely used in analytical chemistry for 

the quantitative determination of different analytes such as transition metal ions, highly 

conjugated organic compounds, and biological macromolecules.48 Spectroscopic analysis is 

commonly carried out in solutions but solids and gases may also be studied. 

Solutions of transition metal ions can be colored (i.e., absorb visible light) because d 

electrons within the metal atoms can be excited from one electronic state to another. The color of 

metal ion solutions is strongly affected by the presence of other species, such as certain anions or 

ligands. For instance, the color of a dilute solution of copper sulfate is a very light blue; adding 

ammonia intensifies the color and changes the wavelength of maximum absorption (λmax). 

Solvent polarity and pH can affect the absorption spectrum of a compound or particle.48,49  

The Beer–Lambert law states that the absorbance of a solution is directly proportional to 

the concentration of the absorbing species in the solution and the path length. Thus, for a fixed 

path length, UV/Vis spectroscopy can be used to determine the concentration of the absorber in a 

solution. It is necessary to know how quickly the absorbance changes with concentration. This 
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can be taken from references (tables of molar extinction coefficients), or more accurately, 

determined from a calibration curve. 

𝐴 =  log10 (
𝐼0

𝐼
) = 𝜖𝑐𝐿     [1.32] 

where A is the measured absorbance (in Absorbance Units (AU)), I0 is the intensity of the 

incident light at a given wavelength, is the transmitted intensity, L the path length through the 

sample, and c the concentration of the absorbing species. For each species and wavelength, 𝜖 is a 

constant known as the molar absorptivity or extinction coefficient. This constant is a fundamental 

molecular property in a given solvent at a particular temperature and pressure, and has units of 

1/(M*cm).49 The Beer–Lambert Law is useful for characterizing many compounds but does not 

hold as a universal relationship for the concentration and absorption of all substances. A second-

order polynomial relationship between absorption and concentration is sometimes encountered 

for very large, complex molecules such as organic dyes (Xylenol Orange or Neutral Red, for 

example).50 

UV/Vis spectroscopy can be applied to determine the kinetics or rate constant of a 

chemical reaction. The reaction, occurring in solution, must present color or brightness shifts 

from reactants to products for UV/Vis to be used for this application. The rate constant of a 

particular reaction can be determined by measuring the UV/Vis absorbance spectrum at specific 

time intervals.  From these measurements, the concentration of the two species can be calculated. 

An equilibrium constant can also be calculated with UV/Vis spectroscopy. After determining 

optimal wavelengths for all species involved in equilibria, a reaction can be run to equilibrium, 

and the concentration of species determined from spectroscopy at various known wavelengths.49  

For nanoparticles, which have an extinction coefficient that increases proportional to r2, the size 

dependent extinction coefficient can be found using Mie scattering.51 
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𝜎ext =
9𝑉𝜖m

3
2⁄

𝑐
∗

𝜔𝜖2

[𝜖1+2𝜖2]2+(𝜖2)2
     [1.33] 

where V is the volume of the nanoparticle, εm is the dielectric function of the medium, assumed to 

be invariant with frequency, c is the speed of light, ω is the frequency being absorbed, and ε1 and 

ε2 are the frequency-dependent real and imaginary parts of the dielectric function of the 

nanoparticle respectively. The extinction cross-section  can then be used to find the size- dependent 

absorption of the particles in an  equation analogous Beer’s Law52 

𝐴 =  𝜎ext𝑏𝑁      [1.34] 

Where b is the path length of the cell, and N is the number of nanoparticles per unit volume.   
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CHAPTER 2 

SPECIFIC EFFECTS IN MICROWAVE CHEMISTRY EXPLORED 

THROUGH REACTOR VESSEL DESIGN, THEORY, AND 

SPECTROSCOPY 

 

These data were previously published in “Specific Effects in Chemistry Explored through 

Reactor Vessel Design, Theory, and Spectroscopy.”  Physical Chemistry Chemical Physics. 

2015, 17, pp 27317–27327. DOI: 10.1039/C5CP03961D 

 

2.1 Introduction 

Much of the excitement of microwave chemistry revolves around the concept that 

uniform, rapid heating (volumetric heating) is achieved within the reaction vessel when it is 

irradiated, thus leading to highly efficient product formation by overcoming kinetic and 

thermodynamic barriers through the addition of external energy.  The high efficiency of 

microwave heating has led to the use of microwave reactors to improve the carbon footprint in 

chemistry or, in effect, the greenness of preparing desired molecules — a grand challenge in 

synthetic chemistry. The energy efficiency of conversion of microwave photons to heat has been 

theorized to lower energy consumption by 72%. 7,8,9,10 In response, a rapid growth of publications 

utilizing microwave chemistry has appeared in the literature; including in nanoscience following 

our report on microwave initiated nucleation of reactants leading to uniform nanocrystal growth 

with extremely shortened reaction times.6,15,53 Why such drastic microwave enhancement is 

observed in the reaction rate is intensely debated and, in the case of nanomaterials, the role of 

microwave photon absorption by the precursors has been suggested.54,55,56,57,58 In microwave-

enhanced nanomaterial reactions, the question of controlled growth likely reflects selective 
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dielectric function absorption driving nucleation by conversion to thermal energy via Debye 

procesess,59,60 as opposed to nonthermal effects.61,62 

To date, microwave synthesis studies have clearly demonstrated that microwave energy is 

too low to break a chemical bond and, spectroscopically, only excites molecular rotations.17 

Enhanced heating can occur due to selective interactions of microwaves with a susceptor (any 

highly microwave absorbing material added to the reaction system to enhance heating rates – 

such as ionic liquids, silicon carbide, or carbon inserts – but that is not a catalyst nor is consumed 

in the reaction), solvent, polar molecule, magnetic molecule, or the influence of reduced thermal 

gradients and wall effects.63,11,12,13,64 The involvement of microwave absorption and its influence 

on microwave heating result in an inability to directly compare results on identical reactions 

conducted by different research groups, due to small changes in the reaction system. 14,65,60, 66 For 

instance, the use of vastly different reaction conditions (pressure, temperature, time), strongly 

absorbing microwave solvents, different microwave cavity designs, different microwave 

energies, and/or reactor vessels made of different materials (quartz, glass, SiC) have complicated 

the discussion of microwave enhancement of rates of reaction. Stiegman attempted to clarify the 

question by reaction design,67,68,69 while de la Hoz approached the question by modeling 

microwave interaction.13,14 Leadbeater measured the ability of molecules to thermalize in a 

solvent bath following microwave photon absorption, concluding microwave absorption leads to 

rapid thermal diffusion rather than directly enhancing a reaction path.70 Kappe approached the 

discussion by attempting to eliminate reactant microwave absorption by reaction vessel design 

using a SiC reaction vessel, and concluded that microwave heating and rapid thermal heating 

produce the same results in organic reactions.2, 71 To fully understand the impact of microwave 

electromagnetic radiation (EMR) on the rates of the reaction, the EMR interaction with the 
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vessel, the microwave cavity, and microwave absorption (imaginary dielectric function 

contribution) versus reflectivity (real dielectric function contribution) must be considered as a 

total system. 

In this chapter, we explore the interaction of the microwave field with the reaction system 

by theoretical modeling and application of dielectric function spectroscopy in order to design a 

reactor vessel that eliminates microwave penetration into the reactants. The design of the 

microwave vessel coupled to the experimental results will help research to better elucidate 

microwave absorption from non-thermal microwave interactions across the synthetic field. The 

results demonstrate significant microwave penetration through the walls of commercial SiC 

composite microwave vessels can be eliminated by noble metal plating of the SiC reactor vessel 

interior. Modeling of the electric field, measuring the complex permittivity, and correlating 

heating rates of microwave absorbing molecules were accomplished and confirmed by dielectric 

function spectroscopy and reactant heating experiments. The theoretical and experimental data 

support the microwave engineering predictions that the interaction of the microwave with the 

total reaction system is proportional to the ratio of the imaginary to real dielectric function values 

for the components within the reaction system. The experimental evidence for microwave 

transparency of standard microwave reactor vessels compared to the SiC-noble metal vessel 

designed in the chapter is shown by comparing the resonant frequency shift for solvents and 

small molecule microwave susceptors in a non-microwave absorbing solvent. As anticipated 

from earlier findings,8 the addition of a microwave absorbing molecule (Tri-octylphosphine 

telluride, TOP-Te) into a non-microwave absorbing solvent (toluene) results in a linear increase 

in heating rate at fixed microwave power as the concentration of the microwave absorbing 

molecule is increased. The microwave absorption by TOP-Te is confirmed by the measurements 
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of the dielectric function spectroscopy shift with increasing concentration. The increased reaction 

temperature should not be confused with microwave selective bond activation, as the absorption 

of microwave radiation leads to thermal heating of the surrounding solvent bath by phonon 

coupling.72,73 Researchers have often missed this nuance, which has lead led to questionable 

conclusions with respect to the contribution of the microwave field to the reaction,11,14 leading to 

conclusions that while partially correct, do not properly describe the reaction system.  

In today’s highly populated, resource-limited world, the development of low-cost energy 

efficient synthetic methods is imperative. The results of the study provide an improved platform 

for microwave syntheses, and clearly demonstrate system design is critical to reaction analysis. 

The elimination of EMR leakage by vessel design that attenuate 100% of the impingent 

microwave radiation will allow researchers to better interrogate the complex reaction landscape 

in microwave chemistry. The understanding of microwave heating phenomena and its impact is 

not limited to chemical reactions, as it is also important in describing electromagnetic 

interference (EMI) screening, telecommunications, and the interaction of radar scattering by a 

surface. Whether the goal is to prepare phosphors for new solid state lighting control, organic 

material deposition for fabric coatings, new catalysts, or to develop novel EMI shielding 

technologies for the aerospace and telecommunications communities, advances in the field can 

only be achieved if the microwave interactions can be properly understood under the reaction 

conditions, and extrapolated to new ones. 

 

 

 



33 

2.2 Experimental 

 

2.2.1 Materials.  

Ethylene glycol (Sigma–Aldrich), ethanol (Fisher), acetonitrile (Fisher), and toluene 

(Fisher) were used without further purification. Concentrated nitric acid (70%) (Sigma–Aldrich), 

concentrated hydrochloric acid (37%) (Sigma–Aldrich), hydrogen peroxide (30%) (Sigma–

Aldrich), potassium hydroxide (Sigma–Aldrich), silver nitrate (VWR), dextrose (Sigma–Aldrich) 

(3-Aminopropyl)-triethoxysilane (Sigma–Aldrich) and ammonium hydroxide (Sigma–Aldrich) 

were used without further purification.  

2.2.2 Microwave Cross-section 

The TOP-Te microwave cross section (tan δ = ε"/ε') values were measured at 2.45 GHz 

using a coaxial transmission line and MuEpsl software from Damaskos on a vector network 

analyzer (Anritsu Lightning 37347E). The value for the real (ε') and imaginary (ε") values for the 

samples were calculated using the Nicholson–Ross–Weir algorithm. 41 Solvent microwave cross 

sections were taken from literature. 

2.2.3 Microwave Field Perturbation 

The perturbation of the microwave field by the reaction system, which includes the 

reactor vessel, the solvent, and solute, were analyzed by the frequency shift of the S11 standing 

wave reflection generated using the VNA coupled to a TE103 resonant cavity tuned to resonate at 

2.45025 GHz. The frequency shift and broadening of the S11 reflection correlate to the magnitude 

of ε' and ε", respectively.  
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2.2.4 Microwave Heating  

Microwave heating was measured for 30 s in an Anton Paar - Monowave 300 operating 

in a single mode (TE10x) self-tuning cavity at 300 W (constant power) for standard solvents 

(toluene, acetonitrile, ethanol, and ethylene glycol) with known tan δ and specific heat capacities  

(Cp). The microwave heating experiments were carried out on 3 mL of solvent in 10 mL reaction 

vessels composed of silicon carbide (SiC), borosilicate (BS), a silicon carbide with an inner 

silver coating (Ag/SiC), and an inner gold coating (Au/SiC).The metal coatings are 7 microns Ag 

and 10 microns Au respectively. The coating of the SiC vessel and borosilicate is described in 

the following paragraph. The vessels were sealed under ambient conditions, heated for 30 s at 

300 W of continuous power with stirring (600 RPM), and the temperature simultaneously 

recorded externally via an infrared sensor and internally using a ruby thermometer. The 

experiments were carried out under continuous power to eliminate any issues associated with 

power oscillations due to differences in absorber strength. The maximum observed temperature 

(pressure) for SiC is 130 °C (10 bar) and BS 200 °C (10 bar).  

2.2.5 Internal Metal Coating of Microwave Reaction Vials  

The inside of the reaction vessel was metal plated by Tollens’ reagent74 for silver or 

electroplated for gold (Component Surfaces, Inc.). Metal coating of the SiC vessel required a 

more aggressive pre-treatment of the vessel, to ensure a uniform coating of the metal film. The 

SiC vial was cleaned with concentrated nitric acid (30 min), treated with a solution of H2O2, 

HCl, and D.I. water (1:1:5 v:v:v) for 10 min at 80 °C, and washed with DI water between each 

step. The cleaned SiC vial was dried under a stream of nitrogen, followed by oxygen plasma 

etching (100% O2 atm., 30 W; Herrick Plasma Cleaner PDC-001) for 1 minute. For a silver 

coating, the SiC vial was activated by exposure to a solution of (3-aminopropyltriethoxysilane 
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(ATPES) and toluene (volumetric ratio - 1:49) for 24 h, rinsed with toluene, and dried following 

literature protocol. 75 Approximately ten layers of Ag were deposited by ten sequential plating 

reactions carried out by addition of Tollens’ reagent in the presence of 5 mM dextrose for 10 

min. The Ag/SiC vessels were rinsed three times with D.I. water and finally with methanol. 

Fresh Tollens’ reagent was prepared by mixing 12 mM KOH, 3 mM AgNO3, and excess 

concentrated NH3. For gold coating the SiC was gold plated commercially by Component 

Surfaces, Inc.  

2.2.6 Modeling Electric Field  

COMSOL Multiphysics based on finite-element methods simulated the microwave 

electric field and its absorption by various materials. To reduce the complexity of the system 

without losing the general applicability of the simulation, a 2-D waveguide was modeled. The 

dimensions of 114.41 mm in length and 72.136 mm in height was chosen to match a WR-284 

waveguide. The simulated waveguide was composed of a top and a bottom aluminum wall (Fig 

Table 2.1. Microwave and thermal constants for the reaction system.  

MATERIAL ε’ ε” tan δ 

Dp @ 

2.45 

GHz 

(mm) 

Density 

(g/mL) 

Heat 

Capacity 

(J/mL K) 

Thermal 

conductivit

y (W/cm 

K) 

Thermal 

Diffusivity 

(cm2/s) 

SiC 9.572 1.562 0.1642 38.6* --- --- --- --- 

Borosilicate 4.823 0.0263 0.00543 1637.8* --- --- --- --- 

TOP-Te 2.63† 0.23† 0.088* 136.2* ~0.8314 --- --- --- 

Toluene 2.45 0.0965 0.0405 313.4* 0.86694 1.4664 0.001514 0.00103* 

Acetonitrile 37.55 2.3255 0.0625 52.9* 0.7864 1.7564 0.001884 0.00107* 

Ethanol 24.35 22.8665 0.9415 4.8* 0.7894 1.9184 0.001714 0.00089* 

Ethylene 

Glycol 
37.05 49.9505 1.3505 2.7* 1.11324 2.6814 0.002564 0.00095* 

*Calculated, †measured 
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2.1). Additionally, the left wall (red line) was assigned as the activation port where the 2.45 GHz 

TE10 mode waveguide was excited; and the right wall (blue line) was designated as a 

transmitting port, avoiding reflection and interference of the microwave with itself. The physics-

controlled mesh (5th wavelength) and extremely fine element size were chosen in mesh setting. 

 

2.3 Results and Discussion 

2.3.1 Microwave Interactions with the Reaction System  

Designing a reactor vessel for a microwave synthetic reaction and understanding the 

observed impact of the vessel design on the rate of reaction requires a proper description of the 

impingent EMR microwave field on the reaction system components. In microwave chemistry, 

the absorbed microwave photon is converted into thermal energy by damping to the environment 

through molecular friction, ionic conduction, Ohmic (electron polarization), Maxwell–Wagner 

(charge oscillation) and magnetic processes.16 For a typical microwave chemical reaction, the 

molecular friction and ionic conduction are the primary terms leading to heat generation 

following microwave absorption. While microwave irradiation can lead to molecular polarization 

without heat, the heating of a microwave synthetic reaction is due to the microwave photon 

absorption and scattering behavior of the molecules in the reaction mixture. The interaction of 

the impingent microwave field on any material is described in terms of the materials complex 

dielectric function (ε* = ε'- iε"). In effect, the microwave is absorbed or scattered by the material 

with the largest ε" or ε' term in the system, and can be thought of as analogous to a Beer-Lambert 

law problem in absorption spectroscopy. The real component ε' is the scattering term, describing 

the ability of the material to store an electric field. The imaginary term (ε") describes the 

absorption of the impingent photon, which is converted to heat through molecular motion and 
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solvent thermalization, which can be described as analogous to a non-radiative processes 

 

 

Figure 2.1: Diagram of COMSOL setup; all dimensions are in millimeters.  The red rectangle on the left 

side represents the MW source.  The dotted line is a centerline for simulation purposes.  
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Figure 2.2: COMSOL Simulations of TE01 Cavity, excited at 2.45 GHz. A and B are of a BS 

tube placed in the cavity, C and D are of a SiC tube placed in the cavity, and E and F are of a 

gold plated SiC tube placed in the cavity. Images show the electric field loss vs. distance. 

 

A B

C D

E F
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thermalization to the solvent following electronic excitation in molecules. The imaginary term 

will have a microwave cross section described in terms of the decrease of EMR amplitude to a 

value of 1/e over a defined material thickness, which is the penetration depth (Dp). The 

individual heat transfer for the components following microwave photon absorption is dependent 

on the ability of a material to store electrical charge, as described by ε' (scattering), and the 

electromagnetic losses or loss factor, represented by ε" (absorption). Each constituent of the 

reaction system will have unique ε' and ε" values, which is often reported in terms of the ratio of 

the dielectric function components,  

tan 𝛿 =  
"

′
                                       [2.1] 

Where the penetration depth (Dp) is dependent on tan δ, ε', and λo, the frequency of the impingent 

EMR field    

            𝐷p =
𝜆0

2𝜋(2𝜖′)
1
2

 [(1 + tan 𝛿)
1

2 − 1]
−
1

2
        [2.2] 

The ability of the system to interact with the microwave field is specific and will scale as 

the ratio of tan δ. In Table 2.1, the tan δ and Dp values for selected solvents and molecular 

precursors used in nanoparticle synthesis is listed, along with the tan δ values for SiC and 

borosilicate, two common reaction vessels. The tan δ of the vessel, solvent and molecular 

reactants must considered individually, as the heating will reflect not only the microwave 

absorption and scattering, but also thermal conductivity and convection of the reaction system to 

adequately describe the thermal energy conversion process leading to product formation.16 

 

 

A B 
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Figure 2.3: COMSOL Simulations of TE01 Cavity, excited at 2.45 GHz. A and B are of a BS 

tube placed in the cavity with acetonitrile and ethanol respectively, C and D are of a SiC tube 

placed in the cavity acetonitrile and ethanol respectively, and E and F are of a gold plated SiC 

tube placed in the cavity acetonitrile and ethanol respectively. Images show the electric field 

loss vs. distance. 
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The conversion of microwave absorption (ε') to molecular heating is described in terms of 

the Debye relaxation arising from molecular motion. Since, according to quantum mechanics, 

molecules can only absorb the whole photon,76 there is a greater statistical probability that a 

higher tan δ molecule will absorb a given photon, as demonstrated in earlier microwave 

engineering literature.77 Therefore, during a microwave reaction, selective heating in the reaction 

system occurs due to disproportionate heating of one molecule over another consistent with the 

magnitude of tan δ and the volume fraction of the molecules in the microwave field. In the 

absence of a strong microwave interaction with either the vessel or the solvent, the molecular 

precursors will interact with the microwave photon if they have a large tan δ.  

As evidenced in Table 2.1, the magnitude of contribution will be dependent on wall 

thickness of the vessel, and in the case of a standard microwave reactor vessel (3 mm wall 

thickness), the microwave can interact with the solvent and reactants in the system, as well as the 

reactor vessel. From the tan δ values in Table 2.1, it is predicted that synthetic reactions carried 

out in borosilicate (BS) with ethylene glycol (EG) as the solvent predominately heat by 

microwave absorption and scattering by the EG. Likewise, reactions carried out in toluene in BS 

will be dominantly heated by the reactants dissolved in toluene, since BS has a low tan δ and a 

large Dp. When the reaction vessel is swapped for SiC, the magnitude of tan δ and Dp should 

lead to a competition between the vessel and the reactants for microwave heating. To accurately 

predict the magnitude of interaction and thus the effect of the complex dielectric function to 

heating in the microwave, an electrodynamics simulation of the total reaction system must be 

carried out.  

An electrodynamic simulation to model microwave field penetration into a reaction 

vessel when operated under an alternating microwave field of 2.45 GHz within the cavity of a 
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TE01 waveguide for a series of solvent and reaction vessel configurations is shown in Figure 2.2 

for toluene and EG.  The ED simulations for acetonitrile and ethanol are reported in Figure 2.3. 

A graph of the electromagnetic power loss density (EM loss), which is related to the microwave 

loss (tan δ), for all solvents is plotted in Figure 2.4.  For simplicity, the modeling assumes a 2D  

boundary condition operating under a single pass configuration to calculate the microwave 

photon absorption by the total reaction system in the cavity width of the microwave reactor used 

in this study.  In order to simulate the reaction vessel, the 3 mm BS, SiC or Au/SiC walls with a 

12 mm inner diameter is modeled as two 3 mm straight walls placed in the middle of the 

waveguide and separated by the 12 mm solvent volume.  The Au/SiC simulation incorporates a 

10-micron thick layer on the inner walls.   The ED simulation confirms the prediction from Table 

2.1 that the BS walls have negligible microwave loss, while the walls of the Au/SiC vessel have 

the largest EM loss. For the unaltered SiC vessel the situation is more complex.  For a SiC vessel 

containing toluene, SiC wall absorption is the major contributor to EM loss (Figure 2.2c), but in 

the case of a SiC vessel containing EG, the solvent is the predominant EM loss component 

(Figure2.2d). The contrast between those two can be easily seen in the line-scan plot (Figure 

2.4). The observation in the ED simulation is understandable by considering the differences 

imaginary permittivity ε" for each component, such that the highest value leads to the largest 

microwave loss component to the ED simulated spectra.  

The incorporation of the 10 micron noble metal film at the internal wall surface of the 

reaction vessel eliminates the contribution of microwave penetration into the reaction volume, 

thus the EM loss can only be observed in the left wall but not in the solvent and right wall. The 

simulation illustrates that although the tan δ for SiC is large, the large Dp value leads to a 

condition where the 3 mm wall thickness is inadequate to shield the contents from the impingent 
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Figure 2.4:  Graph of EM Power loss through A) BS, B) SiC and C) Au/SiC microwave 

vessels with four different solvents in each.  

A

B

C
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microwave photons. The result is that microwave leakage into the inner volume of a SiC vessel 

is ~52% of the original microwave photon flux. By contrast, the BS allows ~62% of the 

impingent microwave field to pass. Incorporation of the noble metal layer on the inside of the 

SiC vessel reduces the EMR penetration to < 1%.  

The electrodynamics simulation predictions can be verified by measuring the microwave 

interaction for the various solvent, molecular precursor, and vessel configurations using a vector 

network analyzer (VNA) in a resonant cavity. In Figure 2.5, the resonance shift in the VNA 

cavity for the BS, SiC, and Au/SiC reaction vessels containing different tan δ solvents is shown. 

The resonance shift in Ag/BS and Ag/SiC are available in Figure 2.6.  The VNA measurement 

represents a qualitative treatment of Slater’s perturbation theory to analyze the microwave 

interaction with the system. The shift in peak resonance frequency reflects the weighted average 

ε' contribution, while changes in full width at half maximum (FWHM) correspond to ε".36 The 

measured frequency shift of the S11 mode measured in a TE103 resonant cavity tuned to the 

resonate frequency of 2.45025 GHz VNA and the FWHM for air, ethanol (EtOH), ethylene 

 glycol (EG), acetonitrile (MeCN), and toluene in each reaction vessel (BS, SiC, and Au/ SiC) is 

tabulated in Table 2.2.  

As predicted from the ED simulations, the frequency shift and FWHM are more 

significant in the BS vessel than for identical conditions in the SiC, and there is no observable 

shift for the Au/SiC reactor vessel due to metal scattering of the microwave photons. The solvent 

VNA results demonstrate microwave leakage is occurring for the SiC vessel, which is 

inconsistent with previous reported claims.71,78 Evidence of the leakage is quantifiable by 

inspection of the resonance shift for BS vs. SiC where it is observed that the resonant frequency 

is observed to shift as the solvent polarity increases. If the microwave field was absorbed only at 
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Figure 2.5: Solvent dependent resonance peaks measured in the VNA single mode cavity, 

A) borosilicate (BS), B) silicon carbide (SiC), and C) gold plated silicon carbide (Au/SiC).   
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Figure 2.6: Resonance shifts for A) Aug plated SiC and B) Ag plated BS. 
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the SiC walls, no resonance shift would be observed. The microwave field penetration into the 

interior of the SiC vessel is easily confirmed by measuring the concentration dependent shift in 

frequency for a highly polarizable solute in a non-polar solvent. In Figure 2.7, the concentration  

dependent frequency shift of TOP-Te in toluene is shown in BS, SiC, and Au/SiC. The 

experimental data yields a definitive resonance shift with increasing concentration of TOP-Te for 

BS and SiC, but no shift in the Au/SiC vessel.   The observed shift is consistent with theoretical 

treatment of EM fields in the microwave engineering literature, and confirms the microwave 

photons penetrate a standard microwave SiC and BS vessel. The VNA frequency shift results 

support the electrodynamics simulations that microwave penetration even through SiC is an 

important consideration when describing a microwave enhanced molecular reaction.  

2.3.2 Microwave Vessel Transparency Effects on Reaction Heating Rates 

The potential impact on a chemical reaction in the microwave for a given vessel 

configuration is most easily understood by measuring the microwave heating rate from room 

temperature to 100 oC for the non-polar and polar solvents in the BS, SiC, and Au/SiC plated 

reactor vessel under identical conditions. To ensure the heating rate is comparable across 

systems, the experiment is carried out by employing a 30-s pulse at 300 W and comparing the 

internal temperature measured by a ruby thermometer to the external temperature reported by the 

IR thermometer. The pressure of the reaction vessel was maintained at ~8–10 bar for all solvents, 

and an upper temperature limit of 200 °C is used to minimize the effect of changes in tan δ with 

temperature, since, tan δ decreases as temperature increases in liquids.16,76  

In Figure 2.8, the heating curves obtained from the ruby (internal) are plotted for each 

solvent in BS, SiC, and Au/SiC. The heating curve measured by the IR thermometers (external) 

is available in Figures 2.9. The measured thermal lag (ΔTt) and the heating rates (dT/dt) are 
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Figure 2.7: Concentration dependent shift in Resonance peaks for ToP-Te dissolved in 

toluene in A) BS, B) SiC, and C) Au/SiC. 
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presented in Table 2.2. In BS the thermal lag (3 s) is the same across all solvents and the rate of 

heating scales with the solvent microwave cross section (tan δ) and is impacted to a lesser degree 

by thermal diffusivity (Figure 2.9a). For Au/SiC (Figure 2.9d), the ΔTt and dT/dt are solvent 

dependent, scaling with the solvent thermal diffusivity and not tan δ. The behavior for Au/SiC is 

consistent with predictions for a microwave opaque reaction vessel design. The SiC vessel 

(Figure 2.9b) is intermediate between the two extremes with the tan δ influence of the SiC 

clearly notable. The similarity between SiC and BS support the microwave penetration in to the 

solvent is occurring and the microwave interaction with reactants can thus not be ignored.  

While it is clear that the microwave absorption into the solvent raises the reaction temperature,  

thus increasing reaction rate, it is unclear whether a molecular reactant at concentrations used for 

the nucleation of a nanocrystal under microwave field in an non-absorbing can play a significant 

role. To test the potential for microwave driven nucleation arising from the interaction of the 

microwave photon with the molecular reactant, the heating behavior and VNA results for TOP-

Te are analyzed. TOP-Te has been reported to be an effective microwave absorber for initiating 

CdTe nanocrystal nucleation in the microwave reactor. 15,31 The rate of heating for the TOP-Te 

solution will be influenced by the tan δ and thermal diffusivity of solvent and vessel. If a vessel 

absorbs the predominance of energy than the reaction temperature is expected to lag between 

internal and external temperatures, and more importantly will be independent of the appropriate 

solvent tan δ, and vice-a-versa. The dT/dt plots for TOP-Te (0 mM to 4.12 mM) in toluene for 

BS, SiC, and Au/SiC are shown in Figure 2.10. The heating curves are shown in Figures 2.11  

The effect of microwave absorption into TOP-X when dissolved in a non-microwave 

absorbing solvent can be understood within the context of the Debye theory that predicts that a 
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Table 2.2: Frequency shifts and full width at half max measurements for the reaction vessel 

and solvent configurations. 

 
 BS Toluene in BS Acetonitrile in BS Ethanol in BS Ethylene Glycol in BS 

Frequency Shift 

(GHz)from 2.45025 

GHz 

-0.0007 -0.001 0.006 0.0015 0.002 

FWHM (GHz) .00875 0.00875 0.00125 0.00575 0.00225 

 

 SiC Toluene in SiC Acetonitrile in SiC Ethanol in SiC Ethylene Glycol in SiC 

Frequency Shift 

(GHz)from 2.45025 

GHz 

0.01625 0.01625 0.00125 0.001375 0.00125 

FWHM (GHz) 0.002 0.002 0.0015 0.003 0.0015 

 

 Au/SiC 
Toluene in 

Au/SiC 

Acetonitrile in 

Au/SiC 
Ethanol in Au/SiC 

Ethylene Glycol in 

Au/SiC 

Frequency Shift 

(GHz)from 2.45025 

GHz 

0.0346 0.0346 0.0346 0.0346 0.0346 

FWHM (GHz) 0.027 0.027 0.027 0.027 0.027 

 

 BS 
0 mM TOP-Te in 

BS 

0.41 mM TOP-Te in 

BS 

2.06 mM TOP-Te in 

BS 
4.12 mM TOP-Te in BS 

Frequency Shift 

(GHz)from 2.45025 

GHz 

-0.023 -0.03 -0.03 -0.032 -0.325 

FWHM (GHz) 0.0044 0.0076 0.0076 0.008 0.0085 

 

 SiC 
0 mM TOP-Te in 

SiC 

0.41 mM TOP-Te in 

SiC 

2.06 mM TOP-Te in 

SiC 
4.12 mM TOP-Te in SiC 

Frequency Shift 

(GHz)from 2.45025 

GHz 

-0.077 -0.077 -0.078 -0.0786 -0.0794 

FWHM (GHz) 0.007 0.007 0.007 0.007 0.008 

 

 Au/SiC 
0 mM TOP-Te in 

Au/SiC 

0.41 mM TOP-Te in 

Au/SiC 

2.06 mM TOP-Te in 

Au/SiC 

4.12 mM TOP-Te in 

Au/SiC 

Frequency Shift 

(GHz)from 2.45025 

GHz 

0.0346 0.0346 0.0346 0.0346 0.0346 

FWHM (GHz) 0.027 0.027 0.027 0.027 0.027 
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polar solute in a nonpolar (relatively speaking) solvent will have a linear dependence of tan δ 

based on the molar ratios of the solute to solvent as shown in Eqn. 2.3 

 

tan 𝛿 (𝜔) = 𝐶0
( ′+2)

′𝑘𝑏𝑇
𝝁2

𝜔𝜏mean

1+(𝜔𝜏mean)2
       [2.3] 

Where C0 is a constant dependent on the molar ratios, ε' is the real dielectric function of the 

solvent, and μ and τmean are the dipole moment and the relaxation time respectively of the solute. 

Eqn. 2.3 correlates the microwave absorption cross section with tan δ and thus solvent heating 

rate  

𝑃abs = 𝑀𝐶𝑝 
(𝑇−𝑇o)

𝑡
= 0.556𝑥10−10𝜈휀′ ∗ tan 𝛿 ∗ 𝐸rms

2 𝑉                                         [2.4] 

where Cp of a solution is a weighted average of the solvent and the solute, and at parts per 

thousand of TOP-Te in toluene can be assumed to be unchanged, thus the temperature is 

proportional to the change in tan δ for the system, such that 

𝑃abs ∝
(𝑇−𝑇o)

𝑡
∝ tan 𝛿 ∝ 𝐶0     [2.5] 

The Pabs is proportional to the measured frequency shift in the VNA and the heating rate response 

is analogous to the Beer–Lambert law in optical absorption studies, as the microwave energy 

absorption is cumulative to the total reaction system.  

 The TOP-Te heating rates exhibit a linear concentration dependence for heating with a 

slope of 0.6 in BS and 0.2 in SiC, consistent with Eqn.2.5. The noble-metal-coated SiC is 

invariant with concentration reflecting the reduced photon flux penetrating through the SiC due 

to the stronger absorption by the SiC vessel. The observation of reactant heating in SiC and BS 

when a microwave transparent solvent is used are further confirmed by comparing the rate of 

heating for TOP-Te in toluene to the concentration dependent heating curve for TOP-Te in 
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Figure 2.8: Internal heating curves of four different solvents in A) BS, B) SiC, C) Au plated 

SiC tubes. 

 

A

C
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Figure 2.9: IR (external thermometer) heating curves for  four different solvents in A) BS 

vessel, B) SiC vessel, C) Ag plated SiC vessel and D) Au plated SiC vessel. 
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ethylene glycol (Figure 2.11d) where the rate is invariant with concentration due to the ethylene 

glycol contributing > 99% of the microwave absorption.  

 A recent manuscript by de la Hoz confirms the concept that materials that absorb 

microwave radiation in a non-polar solvent can enhance reaction rates by transferring energy to 

the reaction solvent.13,14 In fact, the confusion by many researchers with regards to microwave 

specific effects likely reflect the difference in solvent usage dominating the reaction conditions 

leading to the unfortunate controversy with respect to microwave absorption. 

 

 

 

Figure 2.10: Concentration dependent heating rates for TOP-Te in toluene in BS, SiC and 

Au /SiC reaction vessels. 
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Figure 2.11: Heating curves for four molarities of TOP-Te in toluene in A) BS, B) Au/SiC, 

C) SiC.  D) is the heating curves for four molarities of TOP-Te in ethylene glycol. 
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2.3.3 Designing a Better Microwave Reaction Vessel 

When considering the design of a reaction vessel, in order to ensure the microwave 

energy is absorbed in the wall of the vessel in order to act as a thermal susceptor in a microwave 

synthetic experiment, it is imperative to interrogate the power absorbed by the vessel. The 

absorbed power can be translated to the effect on microwave reaction rates since microwave 

chemistry is a simple thermodynamics problem, where the rate of the reaction scales with  

reaction temperature above some critical activation energy producing products. In a microwave 

the heating rate will depend on the ability to absorb the microwave energy, which is easily 

understood by considering the fact that the probability of absorption scales as the penetration 

depth of the microwave energy (Dp), and the thickness of the material being irradiated (x).  

 𝑃𝑎𝑏𝑠 ∝ 𝑒
−𝑥 𝐷𝑝⁄                                    [2.6] 

The results of the study show definitively that SiC is merely an effective molecular 

susceptor but is not an effective microwave screener, as the VNA results exhibit a frequency 

shift that is correlated the tan  of the internal solvent. For instances requiring EMI shielding or 

in the discussion of microwave driven chemical reactivity, metal plating is imperative. To 

achieve the same effect in SiC, the wall thickness would have to be a minimum of five 

penetration depths (193.0 mm for SiC) to shield the contents from 99% of the impingent 

microwave radiation. The data demonstrates to completely screen the impingent microwave 

field, the SiC vessel must by noble metal plated. It is important to note though that for most 

reactions, the use of SiC vessels represents an important breakthrough pioneered by Anton Parr 

particularly in cases where microwave absorptivity into the solvent is poor.  
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2.4 Conclusion 

Microwave chemistry suffers from the failure to treat the microwave field as an 

impinging EMR field by many researchers. The number of publications that confuse microwave 

absorption with microwave bond cleavage or modifications to reaction pathways that ignore 

thermodynamics is common place in the field. As discussed widely in the literature and still 

appearing in the current literature, many studies have indicated enhanced reaction rates in 

chemical reactions are due to the poorly defined term “microwave specific effects” when in 

reality the enhancement reflects the solvent absorptivity and thus rate of heating rather than the 

conversion of microwave absorption into heat. In microwave synthetic chemistry, the possibility 

of microwave specific effects have led to attempts to separate the interaction of the reaction 

mixture from the reaction vessel in an attempt to verify that microwave heating leads to 

accelerated reaction rates following microwave photon absorption. Use of a SiC vessel to remove 

the potential for solvent or reactant microwave absorption was an important suggestion to be able 

to understand reaction rates in the microwave, but the lack of a detailed measurement of the 

amount of microwave leakage in SiC vessels that are 3 mm in wall thickness have generated 

significant confusion by researchers. The observed transparency observed in the VNA 

experiment for SiC may impact conclusions with respect to microwave activated processes in 

microwave chemistry and suggests the results for reaction mechanisms may need to be 

considered more fully to compare microwave heating to conventional heating.   

Dielectric function spectroscopy coupled to theoretical modeling using electrodynamic 

theories allows the microwave penetration to be properly analyzed providing a strong foundation 

for understanding the effects of microwave irradiation on synthetic chemistry. The experimental 

data confirms that in order to eliminate microwave penetration into the reaction system a thin 
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metal layer must be incorporated. The observed frequency shift in BS and SiC suggests 

microwave leakage effects in a microwave reaction cannot be ignored when describing reaction 

mechanisms for microwave chemistry. The observation that parts per thousand concentrations of 

a strong microwave absorbing reactant such as TOP-Te in a non-absorbing solvent can influence 

the heating rate has important implications for microwave controlled nanocrystal growth from 

molecular precursors dissolved in non-microwave absorbing solvents. The results of the study 

are consistent with earlier report where it was observed that preferential microwave absorption 

into TOP-X (X= S, Se, or Te) initiates nucleation of the nanocrystal via rapid heating, which 

leads to controlled growth of the CdX binary semiconductor quantum dot during microwave 

synthesis. For reactions such as nanocrystal synthesis, where the solvent or molecular precursor 

exhibit poor microwave cross-section, a microwave susceptor whether molecular or the reaction 

vessel is required to generate the energy to drive the reaction. While microwave susceptors, 

highly absorbing vessels, or highly absorbing solvents enhance energy absorption, the thermal 

transfer is dependent on the solvents’ thermal diffusivity. The ability to distinguish between 

direct microwave interactions with molecules in solution, direct solvent heating, or efficient 

convective radiative transfer from a reaction vessel in a microwave is important.  
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CHAPTER 3 

MICROWAVE ENHANCEMENT OF AUTOCATALYTIC GROWTH OF 

NANOMETALS 

 
This data was previously published in “Enhancement of Autocatalytic Growth of Nanometals.” 

ACS Nano 2017, 11 (10), pp 9957–9967 DOI: 10.1021/acsnano.7b04040 

 

3.1 Introduction 

 

The early days of nanoscience were focused on developing efficient synthetic methods, 

including hot injection, microwave, microfluidic, and use of single source precursors.79 Since 

then the nanoscience field has matured with a growing focus on understanding the growth 

mechanisms for nanocrystals and how the reaction can be controlled via heating and precursor 

addition.80,81,82,83,84,56  Of the recently developed synthetic tools for reproducible preparation of 

nanomaterials, microwave  heating techniques3-15have been purported to enhance nucleation 

and growth rates and produce improved material quality in II–VI,83,84 III–V,56,85 IV86 

semiconductors, and metals.87,88,89,13 While there is no doubt of the claims, the rationale for 

enhancement has not been satisfactorily explained.  

In nanometal growth in a microwave, the reported enhanced reactions are poorly 

understood but clearly must reflect the absorption of the microwave energy to produce heat, 

which is measurable by dielectric function spectroscopy.  There is no possibility that a single 

microwave photon at 2.45 GHz can initiate a reaction; however, the absorption of the 2.45 GHz 

photon can produce heat via frictional processes.63  In addition, the formation of nanometal under 

identical reaction conditions must follow the well-defined thermodynamic and kinetic models for 
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nanoparticle growth from a monomer.  The growth behavior of Ni and Au nanoparticles grown 

under mildly reducing conditions in a convective reaction has been fully developed and ascribed 

to an autocatalytic mechanism.90,91,92 The autocatalytic mechanism for metal growth, occurs 

under conditions where a M0 monomer is formed far below saturation conditions due to a slow 

kinetic conversion of the metal coordination complex (precursor) to an active monomer step. 

This leads to a condition where the separation of nucleation and growth occur due to the rate of 

growth being faster than the rate of nucleation. Turkevich, et al.92 originally observed this 

behavior in AuNPs, which led to Finke, et al. proposing an autocatalytic mechanism occurring 

through a series of steps.80 More recently the autocatalytic theory was expanded to account for 

multiple steps in the reaction to explain the narrow size dispersity of materials.93,94,33  The Finke–

Watzky (F-W) mechanism for NP growth assumes activation of the precursor is kinetically slow 

while growth at a nuclear facet is energetically more favorable than formation of new nuclei. The 

autocatalytic mechanism is unlike the LaMer classical nucleation theory where super saturation 

is required to initiate burst nucleation and diffusion limited growth.  

Since the earliest report of autocatalytic growth by Turkevich and defined by Finke-

Watzky, the autocatalytic mechanism has been validated for several transition metals,95,96,97 

including Ni,90 and has even been expanded to describe several natural phenomena, including 

plaque formation in Alzheimer’s disease.96 Measuring the growth kinetics of a nanometal under 

microwave reaction conditions and correlating the behavior with the predictive autocatalytic 

models can allow the microwave enhancement to be understood and correlated to observation in 

convective reactions.  

To interrogate the growth mechanism for metal NPs in mildly reducing solvents in a 

microwave reactor and the influence of the microwave field, the growth of NiNPs, and as a 
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comparison to literature reported autocatalytic growth for AuNPs,93,97  is analyzed. While AuNPs 

are well studied in the field due to plasmonic properties, Ni NPs was chosen as a classical soft 

magnetic material that mechanistically has been studied in solvothermal reactions90,98 and is an 

important material for applications in electromagnetic shielding and catalytic applications.89 By 

correlating the microwave power absorbed and the temperature of the reaction it is demonstrated 

that the microwave-facilitated growth of metal NP follows the F-W autocatalytic model.80 The 

data support a model wherein microwave-induced growth enhancement is due to efficient energy 

coupling to the reactants, and sustained growth is due to microwave absorption into the metal NP 

as it grows, resulting in uniform nucleation, accelerated NP growth, and thus narrower size 

dispersities. The results of this study are consistent with recent work by de la Hoz,13,14 which 

showed that, for a chemical reaction in the microwave, both the activation energy and microwave 

absorption are important factors in determining that a reaction performed in a microwave reactor 

will or will not improve noticeably when compared to a conventional lyothermal reaction. A 

theoretical framework comparing size and temperature response of metal NPs grown in a 2.45-

GHz microwave field can provide a context to understand the growth of nanometals in a 

microwave cavity.   

As part of the study, scaling law behavior for metal NP microwave absorption is 

developed to elucidate the temperature- and size- dependent permittivity, permeability, and role 

of potential oxides at the surface on the NiNP during nucleation and growth. The permittivity 

and permeability data of the isolated Ni nanocrystals support the rapid formation of a native 

oxide layer (3 monolayers, ~1.2 nm) on the surface following isolation of the Ni from the 

reaction and not during the reaction.  The presence of a stable oxide that rapidly forms after 

isolation may answer a common question why NiNPs embedded in polymers to enhance EMI 
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shielding exhibit reduced shielding until the percolation threshold is exceeded.  The observation 

can be explained by the oxide contributions, as the experimental size-dependent dielectric 

function data suggest that the presence of as little as a monolayer of oxide results in loss of the 

dielectric function benefits of NiNP inclusion for EMI shielding.89,99  

Although NiNP and AuNP are the only metal NPs fully explored in this manuscript the 

insights can be extended to materials grown in a microwave reactor when the precursor 

activation step is kinetically slow. By carrying out nanometal growth reactions in mildly 

reducing conditions, control of growth behavior can be achieved through power and 

concentration even at conditions below supersaturation. The understanding of the microwave 

growth behavior for a nanometal as merely a thermodynamic and kinetic problem allows the 

extension of microwave methods to a much wider range of materials without invoking non-

thermodynamic effects. 

 

3.2 Experimental 

 

3.2.1 Materials   

The NiNP standards,  and 15-, 25-, and 40-nm fcc-NiNPs were prepared and 

characterized previously (Figure 3.1),1 and the 94- and 111-nm NiNPs were synthesized as 

described below. Nickel acetylacetonate (Ni(acac)2), 70% oleylamine (OAm), and 90% oleic 

acid (OA) were purchased from Sigma–Aldrich.  Paraffin wax and solvents were used without 

further purification. 
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Figure 3.1: TEM of A) 15 nm Ni, B) 25 nm Ni, and C) 40 nm Ni nanoparticles.1 
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3.2.2 Synthesis of Ni standards (94 and 111 nm) 

Spherical fcc-NiNPs 94 and 111 nm in diameter were synthetically prepared using 

microwave-assisted decomposition of Ni(acac)2 in a 5:1 OAm-to-OA mole ratio medium. The 

synthetic preparation of the spherical, 94- (111-) nm fcc-Ni was carried out by mixing 3 mmol (6 

mmol) of Ni(acac)2, 50 mmol of OAm and 10 mmol of OA in a round-bottom flask and 

degassing under vacuum at 110 °C. Nine mL of the clear, deep blue solution was transferred 

under ambient conditions into a G30 (30-mL) Anton Paar microwave vessel and capped. No stir 

bar or inert atmosphere was used in the reaction vessel. The vessel was placed into the Anton 

Paar Monowave 300-microwave system and the reaction temperature was ramped to 280 °C at 

300-W power, held at 280 °C for 8 min, and cooled by forced air to 55 °C. NPs were isolated 

from the reaction mixture by magnetic separation from the solution, sonication in 10 mL toluene 

to re-suspend the Ni, and a second magnetic separation.  The resultant solid was dispersed in 10 

mL methanol with sonication and magnetically separated. The washing procedure was repeated 

two more times, then the NPs were dried at room temperature under vacuum.    

3.2.3 Synthesis of AuNP 

The AuNP were formed by creating a 0.01 M solution of chloroauric acid in 36.8 mL of 

oleylamine. This solution was heated to 60 C and degassed under vacuum. For each reaction, 4 

mL of the precursor solution was added to a microwave vial with a stir bar. The vials were then 

placed into a CEM microwave using a frequency of 2.45 GHz at constant power of 150 W to 

reach varying temperatures ranging between 120 and 150 °C. When the microwave reached 

temperature, the temperature was held for 1 second, then immediately air cooled to 55 °C. 
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3.2.4 Characterization 

The 94- and 111-nm NiNPs (Figure 3.2) and the AuNPs were fully characterized by 

pXRD and TEM.  The 94- and 111-nm NiNPs can be indexed to the fcc structure (card PDF#01-

08-7128) measured on a Rigaku DMAX 300 Ultima III Powder X-ray diffractometer (using Cu 

Kα λ = 1.5418 Å radiation). The AuNPs can be indexed to the fcc structure (card PDF#98-000-

0056) measured on a Rigaku DMAX 300 Ultima III Powder X-ray diffractometer (using Cu Kα λ 

= 1.5418 Å radiation). The size, size dispersity and morphology were measured by transmission 

electron microscopy (TEM) with a JEM-ARM200cF electron microscope at 200-kV accelerating 

voltage.  Diluted NP samples were drop-cast from dispersion in toluene onto 300-mesh copper 

grids and left to dry under reduced pressure overnight. Histograms generated from image capture 

of >300 nanocrystals in ImageJ was used to generate the size distribution curves. Solution 

absorption spectra were obtained using a Varian Cary 50 UV–visible spectrophotometer in a 1-

cm quartz cuvette. 

3.2.5 Complex Dielectric Function Measurements  

Complex dielectric function measurements at 2.45 GHz (298 K) were performed on 

isolated NiNPs (15, 25, 40, 94 and 111 nm) using a vector network analyzer (Anritsu Lightning 

E model 37347E) impedance matched to a coaxial cavity manufactured by Damaskos, Inc. 

(M07T). The measurements were performed on isolated Ni@NiO NPs (15 nm, 25 nm, 40 nm, 94 

nm, and 111 nm) blended in a 5% v/v ratio with paraffin wax, and molded into a toroidal shape 

that fit into the coaxial cavity made by Damaskos, Inc. The Nicholson–Ross–Weir algorithm in 

the Damaskos software was used to calculate the complex permittivity and permeability of the 

composites at 2.45 GHz.  
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Figure 3.2: TEM of A) 96 nm Ni and B) 111 nm Ni nanoparticles. Histograms generated 

from image capture of >300 nanocrystals in ImageJ was used to generate the size 

distribution curves. 

 

A

B
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To calculate the permittivity and permeability, effective medium theory (EMT) is employed for 

this calculation.   The Maxwell Garnett theorem is ideal for a metallic inclusion in an 

insulator,100,101 and is thus the EMT is used for this calculation as well.    

3.2.6 Growth Kinetics 

The formation rate of NiNPs was monitored under microwave irradiation at 2.45 GHz at 

1500 W, 1600 W, and 1700 W using single-wavelength absorption spectroscopy at 488 nm (Ar+ 

ion laser). The change in absorption intensity at 488 nm was monitored on a Si diode (ThorLabs 

DET10A) connected to an oscilloscope (LeCroy WaveRunner 6051) with data points recorded 

every 2.5 s for 450 s. The measurements were performed on a 0.01 M solution of Ni(acac)2 in 

OAm. Microwave measurements were performed in a resonant cavity (TE013) coupled to a 

Gerling microwave source with 10 mL of reaction solution contained in a square (1.4 cm x 1.4 

cm) quartz reactor vessel. Figure 3.3 shows the setup. Temperature and power were monitored 

actively during the reaction. The in situ measurement was validated by UV–visible 

measurements from 400 to 1000 nm at defined time intervals (120 s, 240 s, and final reaction 

time dependent on power used).  

The AuNP reaction dynamics were measured at 2.45 GHz at 150 W in a single mode 

cavity (CEM).  The change in plasmon absorption at 530 nm was monitored by UV-Vis 

absorption at static time points (0, 81, 101, 110, 126, 139, and 141 s) using separate microwave 

reaction vessels.  To measure the absorption changes, a 0.1 mL aliquot was diluted in toluene. 

For sizing, TEM images were measured on the AuNPs isolated form he reaction mixture using 

about 5 mL of toluene and 1 mL of methanol. This process was repeated four times with 

sonication occurring after each toluene addition. 
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3.3 Results and Discussion 

3.3.1 Size- and Temperature-Dependent Microwave Absorption  

During the growth of a metal NP from a molecular precursor the impingent microwave 

energy is converted into heat through molecular motion driven by dipolar polarization of the 

solvent and precursors to initiate critical nuclei formation. As the precursor is consumed and the 

metal NP grows, the dipolar cross-section of the system will evolve.  For a metal, microwave 

coupling also includes ohmic losses, charge separation, and Maxwell–Wagner heating at the 

solution– metal interface, which enhances the microwave heating. The contribution from the 

individual components will evolve with the size-dependent metallic properties of the growing 

metal NP. Additionally, solvent and vessel contributions, which vary with temperature and 

dielectric function properties, must also be considered.  

The complex dielectric function is related to the absorption cross-section or the point at 

which the amplitude of the impinging microwave field decreases by 1/e. The rate of decrease is 

proportional to the complex permittivity of a material, ε* = ε' + iε" and is frequency and 

temperature dependent.  The complex dielectric function includes a term for the ability of a 

material to store electrical charge—known as the permittivity and represented by ε'—and a term 

for the combined electronic losses (dipole, ionic, and Maxwell–Wagner) of a material, known as 

the loss factor, represented by ε".16 For simplicity, microwave chemists often use the term tan δ 

= ε"/ε' because the absorbed power (Pabs) ∝ tan δ.  The rate of growth of the metal NP from the 

precursor will depend on Pabs into the system (microwave cavity, vessel, solvents, and 

precursors). Pabs is related to the complex dielectric function and the heat capacity, such that 

𝑃abs = 𝑀 𝐶𝑝
∆𝑇

𝑡
=
1

2
𝜔휀0휀ʺeff ∫ (�⃗� 

∗ ∙ �⃗� )
𝑉

𝑑𝑉 +
1

2
𝜔𝜇0𝜇ʺeff ∫ (�⃗� 

∗ ∙ �⃗� )                  
𝑉

  [3.1] 

           



69 

 
 

Figure 3.3: Experimental set-up for laser-based absorption measurements during growth of 

fcc-Ni from NI(acac)2 in oleylamine under continuous MW irradiation (Gerling). 
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M is the mass, Cp is the specific heat capacity, ΔT is the change in temperature, t is time, ω is 

frequency, ε0 is the permittivity of free space, ε"eff is the lossy permittivity of the material, µ0 is 

the permeability of free space, µ"eff is the lossy permeability of the material, V is volume,  𝐸⃗⃗  ⃗∗  is 

the complex conjugate of the electric field, �⃗�  is the electric field,  𝐵⃗⃗  ⃗∗  is the complex conjugate 

of the magnetic field, and �⃗�  is the magnetic field.  

The magnitude of coupling of the impinging microwave photon on a reaction mixture 

will strongly depend on the electric dipoles of the reaction constituents. Applying the Beer–

Lambert assumption in absorption spectroscopy leads to the simple conclusion that the 

microwave energy is absorbed by the material with the largest ε" and scattered by the material 

with the largest ε' term in the system.16 

Pabs for the solvent decreases with increasing reaction temperature, while Pabs for the 

precursor and NiNP will be time dependent as the precursor is consumed and the NiNP grows. 

As the microwave cross section of the precursor is orders of magnitude lower than for the NiNP, 

the largest change in microwave absorption will reflect the size-dependent evolution of the 

NiNP’s complex dielectric. To account for the change in microwave absorption a scaling law can 

be derived by considering the work of Gor’kov and Eliashberg40,41 and of Marquardt and 

Nimtz,42,43 on the size-dependent dynamic electric susceptibility (xe) of metallic NPs in a 

microwave field. The early studies demonstrated that the value of ε* can be described within a 

quasi-DC quantum model when the size difference between the photons and the NPs is 6–8 

orders of magnitude.  The complex dielectric function can be written as the Gorkov–Eliashberg 

equation 

휀 ∗  = 1 +
𝑚∗𝑘F(2𝑟)

2

20π2𝑎B
+  

139 

1200 π2𝑎B
(2 + 𝑖

𝜔𝑚∗𝑘F(2𝑟)
3

6ℏ
)               [3.2] 
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Figure 3.4.  A) Theoretical Pabs vs. temperature plot for oleylamine (OAm), Ni(acac)2, 

HAuCl4, 4-nm, and 6-nm NiNP and AuNP based on experimental room temperature dielectric 

functionmeasurements on neat materials.  B) Plot of Pabs vs. size and reaction temperature for 

Ni nanoparticles based on the size- and temperature-dependent change in permittivity (Eqns 

3.2 and 3.3).  C) Plot of Pabs vs size and reaction temperature for Au nanoparticles based on 

the size- and temperature-dependent change in permittivity (Eqns 3.2 and 3.3). In (B) and (C) 

the solid line is a guide to eye for the reaction trajectory. 
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where m* is the effective electron mass, aB is the Bohr radius, r is the radius of the NP, ω is the 

frequency of EM radiation, kF is the magnitude of the Fermi wave vector, and ħ is the reduced 

Plank’s constant. The temperature dependency of the dielectric functionconstant can thus be 

written by coupling the Debye equation16,25,102 to the Gorkov–Eliashberg equation, such that ε*-

(T) is expressible as 

휀∗(𝑇) ≅ 휀′0 (1 +
𝑒−
2
Δ𝑇⁄

𝑒
1
Δ𝑇⁄ +𝑒−

1
Δ𝑇⁄
) + 𝑖휀"0 (1 +

𝑒−
1
Δ𝑇⁄

𝑒
1
Δ𝑇⁄ +𝑒−

1
Δ𝑇⁄
)     [3.3] 

A detailed derivation of Eqn 3.3 is provided in Chapter 1.  The model predicts that as the metal 

NP’s size and reaction temperature increase, the power absorbed also increases, creating a 

positive feedback loop of continuously increasing power absorption.  

Using Eqns 3.1–3.3, the evolving dielectric functionenvironment that leads to microwave 

heating can be evaluated in terms of the size and temperature. In Figure 3.4A, the theoretical Pabs 

is compared as a function of temperature for single molecules of oleylamine (OAm), Ni(acac)2, 

HAuCl4 and single 4- and 6-nm Ni and AuNPs. The 8 nm AuNP and monomers are also plotted 

in Figure 3.4A for comparison. Using Eqn 3.1, the theoretical Pabs is calculated from dielectric 

functionmeasurements at 2.45 GHz at room temperature on neat material using a vector network 

analyzer (VNA). Tan δ for OAm is 0.040, for Ni(acac)2 is 0.006, for HAuCl4 is .031, (though 

this number is complicated by the highly hygroscopic nature of HAuCl4) and the predicted 

values for 4- and 6-nm Ni  and Au are derived using Eqn 3.2.  From the tan δ values, the order of 

Pabs will be Ni > OAm >Ni(acac)2 for the neat materials. The same behavior is observed for the 

AuNPs. This leads to the conclusion that in the formation of NiNPs, during the reaction, the 

contribution of Ni(acac)2 to microwave absorption is nominal, as at this concentration of 

Ni(acac)2 (0.15 mmol) to OAm (45 mmol), the microwave power absorbed by Ni(acac)2 will be 

four orders of magnitude lower than by OAm. 
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Figure 3.5: Time dependent change in optical absorption of 0.01M Ni(acac)2 irradiated in 

OAm at 2.45 GHz. A) absorption spectrum at t = 0 s, 120 s, 240 s, and 300 s for 1700-W 

irradiation, and B) a plot of A488 vs time at 1500, 1600, and 1700 W, with a sigmoidal fit and 

C) a plot of time and temperature at 1500, 1600, and 1700 W. Figures 3.5A-3.5C have an 

n=3, though error bars are left out for clarity of the figure.  Time dependent change in optical 

absorption of 0.01 M HAuCl4 irradiated in OAm at 2.45 GHz, D) absorption spectrum at t = 

0 s, 81 s, 101 s, 110 s, 126 s, 139 s, and 141 s, n=3 E) a plot of A530 vs time at 150 W, with a 

sigmoidal fit, n=1 and F) a plot of time and temperature for AuNP synthesis, n=1. 
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The same trend by analogy will be observed for AuNP growth within the microwave field. 

As shown in Eqn 3.1–3.3, the cross section for microwave absorption for the metal NP 

evolves in time as the NP grows and the precursor is depleted. Therefore, as a reaction 

progresses to completion, microwave absorption is expected to evolve from simple dipolar 

polarization-driven motion of precursor and solvent molecules to contributions arising from NP 

absorption and scattering, depending on the material’s dielectric.  

The predicted heating-vs.-NiNP size correlation is graphed in Figure 3.4B, while the 

curve for AuNP is plotted in Figure 3.4C. The solid line represents the predicted reaction 

trajectory assuming normal diffusion controlled growth in both graphs. Inspection of Figure 3.4B 

confirms that at the temperature of the reaction (280 °C), absorption by the 20-nm NiNP is an 

order of magnitude larger than by the 3-nm NiNP. For the 8-nm AuNP, the heating curve is 

steeper than for Ni reflecting the increased " contribution to heating as Au increases in size 

(larger " or Au vs. Ni). In addition, the AuNP reaction is held at 150 °C and is not allowed reach 

 

Figure 3.5 continued 
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the boiling point of the solvent. Based on the theoretical heat plots in Figures 3.4B and C, the 

increased dielectric functionabsorption leading to higher reaction temperatures as the metal NP 

grows may explain the microwave enhanced rates and control observed in microwave-based 

reactions.  

3.3.2 Evidence of Finke–Watzky Growth 

The growth of AuNPs under mild reducing conditions was originally described within the 

autocatalytic mechanism by Turkevich, and theoretically described by Finke and reported by 

others.93 The autocatalytic mechanism was extended to explain Ni growth under mildly reducing 

conditions in organic solvents by Tilley, et al.90 In both cases the autocatalytic growth occurs for 

reactions performed below supersaturation conditions, wherein burst nucleation cannot occur due 

to the slow continuous formation of reactive M0 monomers from M(II) ionic precursors.103,104, 105  

The autocatalytic mechanistic behavior for the growth of metal nanoparticles thus reflects the  

kinetic barrier for formation of M0 monomers effectively suppressing nuclei formation.105,34  The 

autocatalytic growth mechanism is described effectively as a two-step mechanism with 

nucleation in step 1, M0
monomoer  Mcrit with a rate of k1 (Mcrit is the critical nuclei), followed by 

the addition of additional monomer to generate a larger nuclei, where nM0
monomoer + Mcrit   M*  

with a rate of k2.  The growth to the final NP size occurs by repeating step 2 so that M* 

represents a continuously evolving larger nuclei. In effect, the final M NP size is achieved by 

continuous growth from the evolving nuclei once the monomer is depleted, such that nM0
monomoer 

+ M*  M NP. It is worth noting that the autocatalytic mechanism equations are often 

misinterpreted as formation of two-nuclei due to the nomenclature being erroneously interpreted 

as new nuclei rather than increasing nuclei size.17,105,94, 106 



76 

In the autocatalytic mechanism the rate of nucleation (k1) therefore is slow relative to the 

rate of growth (k2) due to the surface energy. Since k1 << k2, growth from the initially formed 

nuclei is energetically favored over formation of new nuclei The kinetic slow step is the amine 

reduction of the metal complex to produce M0 monomers prior to nucleation of a critical sized 

cluster.14,105  

In the nomenclature of the autocatalytic mechanism the ratio of growth to nucleation 

rates, i.e. k2[MSA] /k1, is defined as the RFW-value, where MSA is the number of surface atoms on 

the growing nuclei. High RFW values indicate a high level of kinetic control, and at high R-values 

the reaction produces smaller nanoparticles with a tighter size dispersity, and vice-versa for a 

low RFW-value.  A correlation between k1 and k2 can easily be derived from the rate expression 

expressed at constant temperature with respect to the growing M* (M is Au or Ni)107 

The rate of formation of d[M NP]/dt can thus be expressed as Eqn 3.4 

𝑑

𝑑𝑡
[M NP] = −𝑘1[M salt]+𝑘2[M salt][M ∗]                     [3.4] 

while the depletion of monomer (M0
monomer/dt) can be expressed as 

−
𝑑

𝑑𝑡
[M0] = 𝑘1[M salt]+𝑘2[M salt][M ∗]         [3.5] 

 In the reaction, it is assumed that the M* concentration is invariant in time (d[M*]/dt ~0), and 

will be equal to the concentration of critical nuclei formed at the nucleation. [M*] during the 

reaction can be evaluated, 

 [M∗]𝑡 =
[M salt]0+[Mcrit]0

1+
[M salt]0
[M crit]0

𝑒−([Msalt]0+[Mcrit]0)𝑘𝑡
                     [3.6] 

Where [M salt] is the concentration of the precursor (Ni(acac)2 or HAuCl4), and [Mcrit]0 is the 

critical concentration of nuclei to trigger NP growth.  Solving Eqn 3.6 produces a sigmoidal 

growth curve at large R-values.  
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By coupling the predictions of Eqns 3.4 and 3.6 to the microwave cross section for a 

growing metal NP (Figure 3.4), a large value of RFW should arise leading to a narrow dispersity. 

From the dielectric function arguments, the growth rate will increase as the NP volume increases 

(V∝r3) and herefore as Pabs, which is proportional to the microwave power and microwave cross 

section, while the nucleation rate will remain constant at constant temperature or follow an 

Arrhenius behavior as the reaction temperature increases. It is worth noting that the influence of 

microwave absorption of energy on the kinetic rates would theoretically continue to enhance the 

reaction behavior until either all the precursor in the initial solution is consumed or until a steady 

state is reached at which heat being emitted by the NPs back into the solution is equivalent to the 

heat being generated by the NP’s power absorption.  

To test this hypothesis, the growth mechanism for Ni and Au in a microwave cavity is 

evaluated using absorption spectroscopy to follow the increase in the localized surface plasmon 

intensity for Ni and Au during microwave irradiation.  The Ni absorption was followed in real 

time, while the AuNP results were analyzed at selected time-points.  The NiNP reaction is 

carried out at 1500, 1600, and 1700 W (2.45 GHz) in a single pass cavity. The Au reactions were 

carried out at 150 W in a single mode cavity.  

Inspection of the absorption properties of Ni(acac)2 and NiNPs in solution reveals that 

Ni(acac)2 does not absorb at 488 nm, while for the NiNP a strong extinction feature attributable 

to the localized surface plasmon is observed at 488 nm (Figure 3.5A). The non-overlapping 

absorption simplifies monitoring of Ni growth, allowing the rate of growth of Ni* (d[Ni]/dt) to 

be directly monitored by plotting the change in the Ni absorption at 488 nm as a function of time, 

as absorption intensity will scale linearly with [Ni] following from the Beer–Lambert law.  
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Figure 3.6:  TEM of Ni NPs formed at A) 1700 W, B) 1600 W and C) 1500 W with 

distribution curves of >300 NPs.  D) Shows a plot of the average NP diameter formed at each 

power, with error bars of the FWHM showing that the higher the power, the smaller the NP 

size and the tighter the distribution  
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In Figure 3.5A, growth of Ni was monitored by measuring the absorption spectrum with a UV–

visible spectrometer at defined time points (0, 120 s, 240 s, and t∞, where t∞ is the time point at 

which all precursor has converted into NiNPs). Each line is the average of 3 runs in the UV-Vis. 

In Figure 3.5B growth was monitored at 488 nm (A488) during continuous irradiation with 

absorption data collected every 2.5 s from 0 to t∞.  Each line is the average of three runs in the 

Gerling, smoothed with boxcar averaging (window of 3). The value of t∞ varies from 300 to 450 

s depending on the power applied. As can be seen in Figure 3.5C, the thermal ramp stabilizes 

beyond ~120 s. The temperature at each time point at a given power only varied 2-4 °C. 

 In an effort to baseline the studies to a well-known autocatalytic reaction, the same 

approach was applied to monitor AuNP growth in a microwave cavity.  In Figure 3.5D, the 

localized surface plasmon for a gold nanoparticle was followed in order to monitor the growth 

rate of 8 nm AuNP carried out at a maximum temperature of 150 °C at 150 W. The reaction was 

monitored at fixed time points (0 s, 81 s, 101 s, 110 s, 126 s, 139 s, 141 s) during the growth and 

the change in the absorption value plotted in Figure 3.5E. The reaction asymptotes after 120 s at 

a temperature of 140 °C. Unlike the Ni reaction, a single power was carried out (150 W) and the 

maximum temperature was set at 150 °C thus in Figure 3.5F only the linear region for heating 

oleylamine is plotted. 

To evaluate the correlation of the absorption changes for Ni and AuNPs with d[M*]/dt, it 

should be remembered the extinction coefficient (ϵ) will follow a simple size-dependent scaling 

function (ϵ ∝ r3) if the NPs remain spherical. The assumption of near sphericity is confirmed by 

the TEM data, wherein Ni spheres of ~25 nm (Figure 3.6) and Au spheres of 12 nm (Figure 3.7) 
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are formed from thermal decomposition at 2.45 GHz. The size-dependent scaling for the 

absorption behavior for can thus be estimated by considering the Drude model, which predicts 

that the dielectric function dispersion will scale with the number of metal atoms.  For Au, the 

localized surface plasmon can be effectively followed to monitor the number of AuNPs in 

solution108, 109; however, for Ni which does not exhibit a well-defined plasmon modes, the Ni 

absorption manifold will show only intensity and not spectral changes.  

By using the size-dependent extinction value for Ni, the experimental UV–visible data 

(Figures 3.5A, 3.8, 3.9) can be fit to the autocatalytic expression (Eqn 3.4), yielding a k1 value of 

2.43×10-5 ± 2.66×10-5 s-1 and a k2 value of 1.20x10-2 ± 0.006 M·s-1. The reported k1 = 1.5 × 10-5 s-1 

 

Figure 3.7:  TEM of Au NPs formed at 150 W with distribution curves of >300 NPs.   
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and k2 = 1.1 x 10-2 M·s-1for Ni grown in the presence of trioctylphosphine at 0.06M Ni(acac)2 in 

OAm.90 The value of k1 is slightly enhanced while k2 is unchanged, albeit the reaction  

conditions are different. The experimental UV Vis data for the AuNP (Figure 3.5E) fit to Eqn 3.4  

yields values for k1 = 1.21×10-5 ±1.53×10-6 s-1  and k2 =0.102 ×10-2 ± 1.53×10-4 M·s-1. While no 

values were reported for AuNPs for k1and k2, extraction of the values form Liu’s results yield  

rates of k1 ~ 1 x 10-8 s-1  and k2 ~ 1 x 10-4 M·s-1.110  The enhancement in k1 is notable but requires 

further investigation to conclusively correlate the rate to the microwave effects. 

As expected for an autocatalytic reaction, k1 (10-5 s-1) << k2 (10-2 M·s-1) for the observed 

metal NP growth. The agreement in the measured and reported kinetic rates for metal NP growth 

Figure 3.8: UV-vis spectra of 1600 W MW reaction at three time points 

 

 

 

0

1

2

3

4

5

6

400 500 600 700 800 900 1000

A
b

so
rb

an
c 

(a
.u

.)

Wavelength (nm)

1600 W

300 s

240 s

120 s



82 

in a convective reaction and in a microwave, supports the conclusion that reactions follow the 

same thermodynamic paths and the observed microwave effects arises from  the efficiency of 

coupling microwave energy to the reaction components to reach reaction temperature, rather than 

invoking special microwave processes, as suggested in earlier literature.11   

3.3.3 RFW Values  

A notable effect in the microwave is the power dependence of the size dispersion of the 

Ni (Figure 3.6). The power-dependent Ni sizes at the completion of the reaction are 27.5 ± 9.12 

nm at 1500 W, 26.7 ± 5.84 nm at 1600 W, and 21.4 ± 2.33 nm at 1700 W. The TEM 

distributions observed for the power dependent Ni reactions do not show the typical tailing  to 

Figure 3.9: UV-vis spectra of 1500 W MW reaction at three time points 
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smaller sizes observed in Ostwald ripening and exhibit a size distribution much narrower than 

observed for isolated NiNPs grown via hot-injection synthetic methods.79,56,1,111  

The power dependent enhancement in dispersity for NPs grown in a microwave is readily 

explained within the F-W autocatalytic mechanism without invoking microwave special effects. 

In a microwave, higher power will not affect the rates but rather the number of nuclei produced 

at the initiation of the reaction. In addition, within a microwave cavity nucleation will be uniform 

since heating is volumetric and does not possess thermal gradients typical of convections 

reactions.11,112 Thus, the larger RFW values will lead to better-controlled growth and tighter size 

distributions.  

The assumption that the power dependent narrowing of size dispersity is related to 

microwave absorption can be demonstrated by calculating the power-dependent RFW value. 

Finky-Watzke assumed the value of RFW can be approximated from the number of nanoparticles 

in solution at the end of the reaction since the number of nuclei are invariant during the reaction 

Figure 3.10: TEM of Ni NP at 1500 W after 2 min.  The nanoparticles are 3.2 nm in 

diameter. 
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allowing RFW ~ k2[MNP]/k1.
80  A more rigorous calculation would require the number of surface 

atoms (MSA) to be explicitly known as the NP grows, which is experimentally intractable. 

 Using the formalism of F-W, for the growth of metal NPs, it is assumed the number of nuclei at 

the start of the reaction (M*) are equal to the number of nanoparticles at the completion of the 

reaction (MNP).80 The nuclei concentration can therefore be calculated from the solution 

absorption spectrum using the size dependent Mie scattering absorption cross-section of a single 

nanoparticle.37,51,52 The calculation of the number of nuclei follows from the methods employed 

in CdSe QDs and AuNPs. Using Mie scattering to find the size dependent extinction cross-

section51  

 

𝜎ext =
9𝑉𝜖m

3
2⁄

c
∗

𝜔𝜖2

[𝜖1+2𝜖2]2+(𝜖2)2
    [3.7] 

Where V is the volume of the nanoparticle, εm is the dielectric function of the medium, assumed to 

be invariant with frequency, c is the speed of light, ω is the frequency being absorbed, and εi and 

ε2 are the frequency dependent real and imaginary parts of the dielectric function of the 

nanoparticle respectively. 

We use the extinction cross-section to find the absorption in an  equation analogous Beer’s 

Law52 

 

𝐴 =  𝜎ext𝑏𝑁      [3.8] 

Where b is the path length of the cell, and N is the number of nanoparticles per unit volume.   

It is worth noting the F-W reactions are carried out below saturation (LaMer limit) making the 

estimation of nuclei easier.  For the NiNP power dependent study, the calculation yields 

concentrations of 3.42×10-5 M (1500 W); 4.58×10-5 M (1600 W); and 1.47×10-5 M (1700 W). 
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The validity of the assumption from F-W that the number of nuclei in the reaction are 

equivalent to the final NP concentration can be tested by analyzing the number of nuclei at the 

initiation of the reaction. TEM images of NiNPs 2 min into the reaction (1500 W) are 3 nm in 

size (Figure 3.10) and as shown in Figure 3.6 reach 27.6 nm. Using the Mie scattering extinction 

value for a 3 nm Ni, yields a value of 3.2 x 10-5 M for the number of NPs in solution. The value 

is within experimental agreement with the number of NPs at the completion of the reaction.  

Such agreement supports the F-W assumption, as this would not be expected in a classical 

LaMer model where small NPs dissolve to form larger NPs. 106 

From the calculated k1, k2, and number of NPs, the power- dependent RFW values for the 

Ni reactions are 1.02×1019 (1500 W), 1.36×1019 (1600 W), and 2.04×1019 (1700 W). Similarly, 

the gold nanoparticles grown at 150 W have a concentration of 1.36×10-4 M, and yield an RFW 

value of 6.93×1018. The narrowing of size dispersity observed for the NiNPs with increasing 

power correlates with the change in NP concentration, and thus the RFW values.  In effect, 

increased power increases the number of nuclei in the reaction due to the more efficient 

absorption of energy within a microwave cavity where volumetric heating occurs. 

3.3.4 Role of Magnetic Moment (Permeability) and Surface Oxides on Microwave Heating  

From the above results it is clear the growth of Ni and Au in a microwave follow the 

expected autocatalytic growth behavior. The improvement of metal NP formation in the 

microwave, as reflected by the dispersity with increasing power, reflects the more efficient 

conversion of microwave energy leading to more uniform nuclei formation with a power 

dependent RFW value and not changes to the reaction mechanism. For completeness of 

understanding the special effects that might arise for microwave grown materials, the size 
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dependence of permeability and the presence of a surface oxide forming a core@shell motif 

should be considered theoretically.   

In analogy to the effect of size dependent permittivity on microwave reactions (Eqns 3.1-

3.3), the size dependent complex permeability (µ*) can be calculated, although in this study the 

contribution will be small in the temperature-dependent growth as the magnetic field strength is 

1/377 the electric field strength,113 and the reaction temperatures are well above the blocking 

temperature for the NiNPs (15 nm super paramagnet limit) in this study.114,115  

The frequency- and size-dependent permeability can be described by the Landau–Lifshitz–

Gilbert expression.116,117  

  
 

Figure 3.11: Plot of Pavs vs reaction temperature for 20 nm Ni and Ni@NiO nanoparticles 

based on the size- and temperature- dependent change in permittivity (Eqns 3.2-3.5). Note 

that the absorption by Ni is an order of magnitude greater than that of Ni@NiO.   
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𝜇 ∗ =  1 +
(4𝜋𝑀s)

2

2𝐾−(
𝜔

2𝜋𝛾
)
2
+𝑖𝛼(4𝜋𝑀s)(

𝜔

2𝜋𝛾
)
         [3.9] 

where γ is the gyromagnetic ratio, α 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 written as23 

𝐾 = 𝐾v +
6

𝑥
𝐾s                           [3.10] 

in which Kv is the crystalline anisotropy, Ks is the surface anisotropy and x is the diameter of the 

NP. The size dependency of Ms is
24  

𝑀s(nano) ≈  𝑀s(bulk) (1 −
2𝑑

𝑥
(1 +

𝑆vib

3𝑅
))      [3.11] 

where Ms(bulk) is the bulk magnetic saturation moment, d is average distance between atomic 

centers, x is the diameter of the NP, Svib is the vibrational melting entropy, and R is the ideal gas 

constant.  

The presence of an oxide forming a core@shell structure will have impact the 

permeability and the permittivity.  In the case of a core@shell NP the change to the permeability 

effects is proportional to the value of Ms(nano).  When the shell is antiferromagnetic (AFM), as is 

the case of NiO, the saturation moment for the core can be redefined as a core@shell moment 

(M's(nano)) 

𝑀′s(nano) =
2𝐾

4𝜋𝐻ex
+

𝐽

𝑥𝑐𝐻ex
                   [3.12] 

where Hex is the exchange bias coercivity, J is the exchange bias constant, K is the core 

anisotropy, and xc is the diameter of the core. The effect on the microwave reaction for Ni and 

Au is insignificant reflecting the reaction temperature, NP size, and magnetic moment of the 

metal cores. 
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The effect on permittivity will be more significant though, as an oxide has a much lower 

dielectric function value, and thus a lower Pabs. The effect of a surface oxide is easily seen by 

considering the size-dependent permittivity for Ni by derivation of the size-dependent complex 

dielectric function(ε*) in Eqn. 3.2.  The effective ε* value for a Ni@NiO core@shell NP can be 

calculated using the Maxwell Garnett effective medium theory, which determines the effective 

polarizability (αk), and the Claussius–Mossoti equation, which relates αk to ε*eff, such that  

휀 ∗eff= 1 +
𝛼𝑘

1−
𝛼𝑘

3⁄
                           [3.13] 

and  

𝛼𝑘 = 3
( ∗s−1)( ∗c+2 ∗s)+𝑔(2 ∗s+1)( ∗c− ∗s)

( ∗s+2)( ∗c+2 ∗s)+2𝑔( ∗s−1)( ∗c− ∗s)
               [3.14] 

where ε*s is the dielectric function of the shell, ε*c is the dielectric function of the core and g is 

the radius of the core squared divided by the radius of the NP squared.  

From Eqns 3.13–3.14, the impact of a native 1.2 nm oxide on a 20-nm NiNP vs a pure 

NiNP results in an order of magnitude higher Pabs for Ni vs. Ni@NiO (Figure 3.11). Based on the 

theoretical predictions, the presence of NiO formed during the reaction would effectively slow 

the heating rate. The effect of oxides on AuNPs is assumed to be minor due to surface 

passivation, and thus while the equations can be applied to AuNP, it is not considered further in 

this manuscript to conserve space. 

 The size dependent behavior for isolated NiNPs embedded in wax can be used to test the 

predictions in Eqns 3.9–3.14 (Figure 3.12A–B).  As one can see, the wax and NiO layers flatten 

the difference between sizes, but there is a slight rise with size in the dielectric functionand, from 

15 to 25 nm, in the permeability.  Figure 3.12C–F also shows data with respect to the theoretical 

permittivity and permeability of NiNPs from 15 to 111 nm with and without an oxide layer 

without the wax matrix, showing the NiO layer suppresses the permeability and permittivity. For 
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Figure 3.12:  A and B) Complex permittivity and permeability of Ni@NiO nanoparticles 

embedded in wax theoretical compared to measured.  n=3.  C-F) Theoretical complex 

permittivity and permeability of Ni vs Ni@NiO nanoparticles showing the NiO layer 

suppresses the dielectric functionand the permeability. 
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Figure 3.13: High resolution TEM of the 97 and 111 nm Ni NP showing a 1.2 nm oxide 

layer.  The diffraction lines on the edges of the nanoparticles (indicated by red arrows) 

match to the [110] crystal plane of NiO. 

 



91 

the dielectric function both the real and the imaginary components rise sharply with size, 

whereas for the permeability, the real and imaginary components reach a maximum just above 

the single domain size (~20 nm).  The NiNPs, as analyzed in the VNA, show that the oxidation  

layer makes a pronounced difference to the final measured results—once the oxide layer is 

accounted for, theory and experiment match.   

For a microwave reaction, the measurements allow speculation of the impact on a 

reaction for NiNP growth if an oxide layer is present during the growth step. From TEM images 

(Figure 3.13), the thickness of the oxide is 1.2 nm, consistent with the reported values.  The 1.2 

nm oxide layer would lead to a large suppression in ε* and µ* accompanied by an order of 

magnitude suppression of Pabs. While it would be exciting to measure the microwave dielectric 

function spectrum of the NiNPs during growth, the experiment is impractical as in situ 

microwave absorption experiments are difficult due to the difference of 5–6 orders of magnitude 

between the power needed to induce a microwave-assisted chemical reaction (kW) and the 

power needed to measure small dielectric function perturbations (microwave) caused by a 

sample in a field.  

3.4 Conclusions 

Microwave chemistry has come a long way since the mid twentieth century.   Given its 

potential for green chemistry applications and rapid prototyping of novel materials, a deeper 

understanding of the exact nature of the evolution of a chemical reaction is desirable.   By 

combining theoretical work with static and dynamic measurements of metal NP synthesis, the 

enhanced dispersity and growth behavior of metal NPs in a microwave cavity can be understood 

purely from mechanistic arguments and thermodynamics. 
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  The theoretical work shows that metal NPs will grow until all precursor is consumed, and 

their final size will then be dependent on the initial concentration of the solution, and the 

nucleation process. Classical nucleation theory says that the nucleation step is instantaneous, 

then growth occurs on the nuclei to form NPs. This agrees with the data from the laser absorption 

and UV–vis experiments, which show the conversion of the precursor into NPs at rates that 

correspond with the increase in power, lower powers having slower formation times.  The laser 

absorption data also confirm that NPs made in a microwave-assisted reaction follow Finke–

Watzky theory, with a sigmoidal dependence of the growth of NPs from solution.  The UV–

visible data allow us to extract k1 and k2 values from the reactions, giving us more insight into 

the kinetics of the reaction. 

The observation that the enhanced reaction rate for a metal grown in a microwave cavity 

arises from increased microwave interactions with the growing NP may actually provide the 

thermodynamic basis for the observed improvement in metal NP formation within a microwave 

reported in Au and Fe/Pt,87,54 and supports the findings of  Liu et.al.118 for growth of silver NPs in 

a microwave cavity. Thus the dielectric function arguments leading to microwave enhanced 

reaction rates can be tied to the autocatalytic process by measuring the rate of reaction as a 

function of power. 
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CHAPTER 4 

DEPENDENCE OF NANOCRYSTAL GROWTH ON MICROWAVE 

FREQUENCY AND POWER 

 

 

4.1 Introduction 

 

There is no doubt that microwave chemistry is a powerful synthetic methodology being 

employed in organic, peptide, materials, and catalytic chemistry.  The observation of accelerated 

reactions with lower energy demands has led to the argument that microwave chemistry can be a 

sustainable industrial process.  The influence of the microwave on the reaction is still widely 

debated in various communities. While it has been clearly shown that  frequency photons do not 

possess the energy necessary to cleave even the weakest of chemical bonds,11,12 several researchers 

have observed that when a reaction is performed via  heating, rather than through convective heat 

transfer, reaction rates proceed faster than the measured temperature would suggest via the 

Arrhenius equation.63  Researchers have rationalized that the accelerated rates arise from  the 

microwave creating a more favorable alignment between molecules leading to an increased 

dielectric function constant (chaperone effect);62,119 or potentially due to raising the vibrational 

energy of the polar molecules thought absorption of the impingent microwave electric field, which 

Richert referred to as configurational temperature.72,64,61  Kappe has shown that  field density 

affects formation of Grignard reagents, irrespective of temperature.120 In II-VI and III-V quantum 

dots, the effect of microwave power was noted to impact growth rates.32,59 Vazquez found that 

higher microwave powers (for the same time) in the synthesis of ZnS nanoparticles resulted in 

more complete conversion of the precursors, likely resulting from the more rapid decomposition 

of TTA.121 In the growth of Ni and Au nanoparticles, the observed rate enhancement was directly 
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related to the change in absorption cross section as the nanoparticles increases in size, allowing 

the microwave effect to be understood in terms of the impact on kinetics. Hunt, et. al. demonstrated 

that the Boudouard reaction has a lower enthalpic energy equilibrium point under  heating than 

under thermal heating, reflecting formation of electron-hole pairs at the surface of the carbon 

caused by interactions with the  radiation.67  

To understand a microwave reaction, one must consider the effect on thermodynamics 

and kinetics and how it is correlated to the amount of energy absorbed (Pabs).  The energy 

absorbed will produce the latent heat to drive the reaction since Pabs  T/dt. In a typical 

microwave reaction, Pabs depends on the applied power at a given frequency for a defined 

thickness of material.  In analogy to absorption spectroscopy in the visible spectrum, it is 

convenient to define a penetration depth (Dp) for a reaction system, which is defined in terms of 

the weighted average of the complex dielectrics for the reaction components. For general 

reactions, the temperature dependent solvent dielectric function defines the Pabs,
 17, 112,16 although 

in an nanometal reaction the weighted average will evolve as a function of the temperature 

dielectric function for the solvent and the size dependent dielectric function of the growing 

nanometal. Since the dielectric function is frequency dependent, the microwave frequency may 

also play a role. In gas phase synthesis the role of microwave frequency was observed,122 but the 

role of frequency on nanocrystal nucleation and growth in solution has been largely ignored by 

the microwave chemistry field. The effect on nanocrystal size using different microwave 

frequencies was investigated by Abe, et al, and no frequency dependence was observed for gold 

nanoparticles (AuNP) when formed in ethylene glycol (a high microwave absorbing solvent).123 

Intriguingly, though, Abe observed that if oleylamine (a low microwave absorbing solvent) was 

used no AuNPs were formed at 2.45 GHz (for 60 W power), but were formed at 5.8 GHz.123 In 
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CdSe, Massa, et al observed that size and surface morphology were frequency dependent, with 

12 GHz producing the largest nanoparticles, and frequencies above and below that producing 

smaller particles.124 in BaTiO2, Suib, et al saw that higher frequencies lead to tighter distributions 

and more spherical particles.125 In the following manuscript, the influence of both power and 

frequency on a microwave reaction are explored for the growth of Ni nanoparticles from Ni salts 

using a mild reducing agent.  The growth of the Ni nanoparticles follows an autocatalytic growth 

mechanism allowing the effect of microwave power and frequency on the kinetics of the reaction 

to be systematically evaluated. The growth kinetics were followed at three different frequencies 

(18 GHz, 15.5 GHz, and 2.45 GHz) and three powers chosen to keep the heating rate (T/dt) 

constant for each reaction.  The experimental results clearly show the kinetics for nucleation and 

growth are enhanced by increasing microwave field strength.  The enhanced reaction rate is due 

to the increased configurational energy of the system consistent with thermodynamic 

expectations.  The observation that both frequency and power define the electric field is expected 

based upon a simple electromagnetic field absorption argument, and does not require 

modification of activation energies or pre-exponential factors.  The resultant study lays the 

foundation for further work to allow the translation of traditional round bottom convective 

reactions to microwave enhanced reactions.  Microwave enhanced reactions can allow efficient 

scale up of synthetic reactions without the complexity of thermal transport in batch reactors.  
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4.2 Experimental 

4.2.1 Materials  

Nickel acetylacetonate (Ni(acac)2), 70% oleylamine (OAm), and 90% oleic acid (OA) 

were purchased from Sigma–Aldrich.  Paraffin wax and solvents were used without further 

purification. 

4.2.2 Synthesis of Ni NP  

A 7.5 GHz to 18 GHz multimode cavity (16 cm cube) of aluminum with mode stirrer was 

attached to a IFI Traveling Wave Tube Amplifier 188-500, capable of producing 7.5 to 18 GHz 

microwave radiation, with a WRD 750 waveguide was used for the 15.5 and 18 GHz synthesis.  

The TWTA was driven by an Anritsu MG3692C signal generator.  The top of the multimode 

cavity was modified to hold CEM 10-mL tubes and CEM fiber optic thermometer.  Additionally, 

a single mode resonant cavity (TE015) coupled to a Gerling microwave source was used for the 

2.45 GHz synthesis 

Spherical fcc-NiNPs were synthetically prepared using microwave-assisted 

decomposition of Ni(acac)2 in 0.01 M solution of Ni(acac)2 in OAm. The synthetic preparation of 

the fcc-Ni was carried out by mixing 5.0 mmol of Ni(acac)2 and 500 mL of OAm in a round-

bottom flask and degassing under vacuum at 90 °C. Five mL of the clear blue solution was 

transferred under ambient conditions into a 10-mL borosilicate CEM microwave vessel and 

capped. No stir bar or inert atmosphere was used in the reaction vessel.  The solution was 

irradiated until 240 °C, 260 °C, 280 °C and until reaction completion in either the TWTA 

multimode or the Gerling single mode cavity.  Temperature and power were monitored actively 

during the reaction. 
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4.2.3 Characterization  

The NiNPs were fully characterized by pXRD and TEM.  The NiNPs can be indexed to 

the fcc structure (card ICSD#98-002-72027) measured on a PanAnalytical Empyeran DY870 

Powder X-ray diffractometer (using Cu Kα λ = 1.5418 Å radiation).  The size, size dispersity and 

morphology were measured by transmission electron microscopy (TEM) with a JEM-

ARM200cF electron microscope at 200-kV accelerating voltage.  Diluted NP samples were 

drop-cast from dispersion in toluene onto 300-mesh copper grids and left to dry under reduced 

pressure overnight. Histograms generated from image capture of >300 nanocrystals in ImageJ 

was used to generate the size distribution curves. Solution absorption spectra used for the growth 

kinetics were obtained using a Varian Cary 50 UV–visible spectrophotometer in a 1-cm quartz 

cuvette from 400 to 1000 nm. 

 

4.3 Results and Discussion 

4.3.1 Effect of Microwave Frequency and Power 

Microwave heating can be classically described in terms of as an alternating EM field 

passes through a material, any polarizable molecules or particles can couple with the EM field. 

Preliminary studies suggest microwave frequency and power play a role on nucleation, size, and 

structural phase.74-76 The observation is easily understood when considering that in microwave 

chemistry, the microwave energy is defined by the power and the frequency of the source.  The 

absorption of the microwave field will be dependent on the complex dielectric function ε*(=ε'-

iε") which is often expressed in terms of the dielectric function loss function tan =ε"/ε'. The Pabs 

will scale with the concentration of molecules in solution that have significant dielectric function 

loss, and in a dilute reaction can be envisioned as analogous to the absorption of EMR radiation 
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Figure 4.1: A) Illustration of when reaction goes from microwave absorption dominated by 

oleylamine to nickel nanoparticles. B) Temperature vs. time for reaction at different 

frequencies, and C) Power absorbed for reaction at different frequencies.  B and C both 

assume a steadily growing nanoparticle. 

4 nm

Oleylamine dominates heating

Nickel dominates heating
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and will follow Beer–Lambert law behavior.  It is important to note that the energy of the photon 

is not sufficient to break bonds or excite electrons, but rather generates heat by friction as the 

dipole reorients with the oscillating field. Since each material will have a unique electromagnetic 

absorption and scattering cross section, a solution or mixture can experience selective heating 

impacting the rate of heating for a reaction and therefore the overall kinetics.  

In the autocatalytic growth of Ni by the mild reduction of Ni(acac)2 with oleylamine 

(Figure 4.1A), the microwave field is primarily absorbed into the oleylamine early in the reaction 

and as the reaction progresses, the absorption will become a weighted average of the oleylamine 

and the size dependent Ni dielectric function value.  The increasing absorption of the microwave 

field by the growing Ni nanometal will give rise to a situation where an elevated configurational 

energy can arise. Under this condition, one expects an acceleration of the growth rate for the Ni 

once the Ni nuclei has formed. The ramp rate (T/dt) for the reaction can be calculated by 

equating the absorbed microwave power (Pabs) to the calorimetric equation 

𝑃abs = 𝑀 
𝑑𝐶𝑝

𝑑𝑡
 
∆𝑇

𝑑𝑡
= (

1

2
𝜔휀0

𝑑 ʺeff

𝑑𝑡
∫ (�⃗� ∗ ∙ �⃗� )
𝑉

𝑑𝑉)     [4.1] 

where M is the mass, Cp is the specific heat capacity, ΔT is the change in temperature, t is time, 

ω is frequency, ε0 is the permittivity of free space, ε” eff 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.  ε"eff is a 

frequency dependent term.  For a metal the dielectric function dispersion generally increases 

with increasing microwave frequency, and therefore an increase in heating rate is anticipated at 

higher microwave frequencies.  In the case of autocatalytic Ni nanocrystal growth, Eqn 4.1–4.2 

can be used to predict the reaction temperature  and absorbed energy as a function of frequency  
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Table 4.1: The dielectric function loss for the reaction precursors at the three microwave 

frequencies used in the experiments. The * denotes calculated values.  

 

 2.45 GHz 15.5 GHz 18 GHz 

Oleylamine128 0.102±.011 0.207±.008 0.238±0.014 

Ni(acac)2
128 0.001±.004 0.012±0.010 0.011±0.009 

Ni (4 nm)128 0.010* 0.063* 0.073* 

Ni (6 nm)128 0.034* 0.212* 0.247* 

 

with respect to the changing size dependent dielectric function of the Ni NP growing with time, 

and the evolving heat capacity of the system.16,20,21   

휀 ∗  = 1 +
𝑚∗𝑘F(2𝑟)

2

20π2𝑎B
+  

139 

1200 π2𝑎B
(2 + 𝑖

𝜔𝑚∗𝑘F(2𝑟)
3

6ℏ
)   [4.2] 

 Figure 4.1 assumes a constant electric field (E0) throughout the reaction. The dip in the 

temperature plot (Figure 4.1B) arises from the change in heat capacity for oleylamine with 

increasing temperature prior to growth of the Ni nanocrystals to a size regime where microwave  

absorption begins to play a substantive role.  The dielectric function loss values for the reaction 

components used in Eqn 4.1 are extracted experimentally using a vector network analyzer 

(VNA) and are listed in Table 4.1. From the " values, the order of Pabs will be Ni > OAm 

>Ni(acac)2 for the neat materials. Using the values in Table 4.1, a theoretical plot of Pabs (Figure 

4.1C) can be generated to predict the effective evolution of microwave absorption with growing 

Ni size and decreasing Cp for the solvent. Inspection of Figure 4.1B and C leads to the 

observation that, during the reaction, oleylamine will dominate the heating profile initially until 
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the Ni nanoparticle grow to sizes > 4nm.  At this point the microwave absorption will steadily 

shift from oleylamine to Ni nanocrystal as the weighted average of oleylamine absorption and 

absorption by the Ni, which scales with size and concertation.  

The initial step in the autocatalytic reaction (formation of Ni0 precursors and initial nuclei 

formation governed by k1) will follow classical Arrhenius law behavior (k = AeEa/RT).126,127 The 

second step (k2) is defined by the growing nucleus and also will be governed by Arrhenius 

law.126,127 In both cases the rates will follow exponential behavior.  In the autocatalytic 

mechanism the ratio of k2[Ni0]/k1 is defined as the R-factor and dictates the size distribution. By 

assuming the reaction Arrhenius law behavior, it can therefore be anticipated that a significant  

acceleration of reaction rate will occur due to more efficient heating. In effect, carrying out the 

microwave growth of a material that follows autocatalytic growth at higher frequency should 

lead to faster reaction times, smaller nanocrystals, and tighter size dispersions based upon the 

autocatalytic growth RFW value, which was previously reported to follow the empirical law for 

size y = -0.0026(x) + 26.4 (x = power applied, y = size) and for distribution y = -0.034(x) + 60.1 

(x = power applied, y = dispersion).128 

 

4.3.2 Frequency Dependent Growth of Ni  

The frequency dependent effects on reaction rate and nanoparticle properties were tested 

for growth of Ni nanocrystal under mild reducing conditions.  The Ni reactions are performed 

using 5 mL of 0.01 M Ni(acac)2 in oleylamine solution in a microwave cavity operating at 

constant power to ensure constant heating rates T/dt of 9 min, 4 min and 2.5 min) at 2.45 GHz 

(140 W, 148 W, and 160 W), 15.5 GHz (138 W, 174 W, and 232 W), and 18 GHz (91 W, 123 

W, 151 W). The size and size dispersity of the Ni nanocrystals extracted from TEM 
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measurements for each reaction condition is shown in Figure 4.2 and summarized in Table 4.2. 

Powder X-ray diffraction of the samples is detailed in Figure 4.2 and confirm the isolation of fcc-

Ni in all reactions. The rate of formation of the Ni by consumption of Ni(acac)2 is monitored 

using UV-Vis absorption spectroscopy at fixed time points to follow the increase in Ni dielectric 

function absorption, which is broad and featureless, and the loss of the Ni(acac)2 absorptions at 

610 nm and a rising absorption above 420 nm (Figure 4.4).  As shown in Figure 4.1, the 

theoretical change in absorption of the microwave field from 2.45 GHz to 18 GHz should 

increase by two orders of magnitude leading to more rapid heating. Consistent with this, a plot of 

the frequency dependence vs size in Figure 4.5A, reveals  that for each frequency the size 

decreased and the size dispersion narrowed as the power increased.  However, there is no 

 

Figure 4.2:  pXRD of fcc-nickel nanoparticles 
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Figure 4.3: TEMs of the nanoparticles formed in the MW at 18, 15.5, 2.45 GHz, and control 

experiments.  Histograms are based on >300 particles.   
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Figure 4.3 continued 
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Figure 4.4: UV-Vis spectra for all experiments A) 18 GHz 2.5 min, B) 18 GHz 4 min 

C) 18 GHz 9 min; D) 15.5 GHz 2. 5 min, E) 15.5 GHz 4 min, F) 15.5 GHz 9 min; G) 

2.45 GHz 2.5 min, H) 2.45 GHz 4 min, I) 2.45 GHz 9 min; J) Control 9 min, K) 

Control 4 min, L) Control 2.5 min.  N = 2 for all. 
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Figure 4.4 continued. 
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immediately apparent correlation between size and frequency, suggesting the complexity 

requires analysis of the frequency dependent effects on the kinetic steps of the autocatalytic 

mechanism. 

Evaluation of the frequency dependence on the reaction mechanism rate for Ni formation 

(d[NP]/dt)  can be accomplished by plotting the change in absorption intensity at 488 nm, where 

no Ni(acac)2 absorption exists and as shown previously corresponds to absorption by only the Ni 

nanocrystal, and extracting the values for k1 (nucleation) and k2 (nuclei growth) from the kinetics 

plot.128,90 The change in absorption vs. time for the Ni growth can be fit using the Finke-Watzky 

(F-W) autocatalytic mechanism,80,128  which states that for transition metals in a weak reducing 

environment, there is a slow nucleation step whose rate (k1) is dependent on the slow reduction 

of Ni0 monomers form the Ni salt, followed by a rapid, self-catalyzed nanoparticle growth step 

characterized by k2. Unlike an Ostwald mechanism, in the autocatalytic mechanism the metal 

monomer M0 concentration is below saturation, the number nuclei formed at the start of the 

reaction is invariant over the reaction time, and k1 <<< k2, allowing the rate of Ni formation 

(d[NP]/dt) to be expressed as  

𝑑

𝑑𝑡
[NP] = −𝑘1[M salt]+𝑘2[M salt][M ∗]         [4.3] 

The autocatalytic mechanism has been fully described for formation of Ag,129,130 Au,126,110,92,97 

Ru,127 and Ni90 in convective reactions and demonstrated to describe growth of Ag,118 Ni,128 and 

Au128 in a microwave reactor.  

In Figure 4.6, the change in absorption at 488 nm shows the classical autocatalytic 

mechanism sigmodal growth curve behavior. To calculate k1 and k2 from the absorption data, the 

value for [M*] must be assumed to be equivalent to the number of nanoparticles in the reaction 

at t∞. The number of nanoparticles is extracted from the absorption data at 488 nm using the Ni 
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extinction values for the isolated TEM sizes at the completion of the reaction and the numbers 

are listed in Table 4.2, along with the values for k1 and k2.
128,51,52,108 The frequency dependence 

on the values of k1 and k2 are shown in Figure 4.5 B and 4.5 C, and exhibit no immediate 

correlation.   

To develop a model that allows the frequency dependent behavior to be understood the 

configurational energy of the reaction, which is related to the power absorbed (Pabs) by the 

Table 2.2:  The frequencies, powers, E0, nanoparticle size and absorbed power for each of the 

nine MW experiments.  E0 is based on the power measured in the cavity, not the set power of 

the instrument.  For the TWTA these are the same, but for the Gerling, due to the water dump, 

the measured power is ~10% of the set power.  9 min, 4 min and 2.5 min are time from room 

temperature to 280 °C, and directly correspond to the powers listed in the second column. 

 

Frequency 

(GHz) 

 

Time 

(min) 

Dissipated 

MW Power 

(W) 

E0 (V/m)  NP Diameter 

(nm) 

k1 (s-1) k2 (M∙s-1) 

 18.00 9 91  6.23×104 21.2±9.6 1.141×10-4± 1.05x10-4 0.0058± 0.00488 

18.00  4 123  7.24×104 20.2±5.7 2.12×10-4± 1.37×10-4 0.0112±0.00374 

18.00 2.5 151  8.02×104 16.3±5.1 3.17×10-4± 1.79×10-4 0.0176±0.00403 

15.50  9 138  7.96×104 18.8±5.6 4.62×10-4± 4.72×10-5 0.0058± 5.2010-4 

15.50  4 174  8.94×104 17.9±4.7 3.61×10-4± 2.05×10-4 0.0181±0.00249 

15.50  2.5 232  1.03×105 15.6±6.4 4.1×10-4± 1.98×10-4 0.0189±0.00142 

2.45  9 140 1.64×105 35.1±11.6 3.85×10-4±2.07×10-4 0.02±0.0022 

2.45  4 148 1.68×105 30.7±15.5 1.52×10-5± 2.06×10-4 0.0008± 0.00213 

2.45  2.5 160 1.74×105 29.2±10.6 1.176×10-4 ± 1.08×10-4 0.0059± 0.00493 

Control 9 N/A N/A 26.8±7.15 4.5×10-5 ± 1.01×10-4 0.0025±0.008 

Control 4 N/A N/A 19.3±9.34 6.7×10-5 ± 2.89x10-4 0.0061±0.028 

Control  2.5 N/A N/A 17.48±7.09 2.4×10-4 ± 6.34×10-5 0.0238±0.006 
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reactants must be considered. This will be a function of both power applied and frequency, as 

shown using the theoretical treatment of EM heating of molecules of proposed by Richert, et 

al.72,73 The configurational energy is anticipated to be proportional to the power absorbed divided 

by the heat capacity of the molecule, and the difference between it and the bath temperature may 

explain the observed  enhanced reactions.  The configurational energy approach of Richert 

assumes the increase in energy can be modeled as a temperature difference, such that  

 ∆𝑇 =  𝑇configurational − 𝑇bath = 
0𝐸0
2∆

2∆𝑐𝑣
(
𝜔2𝜏2

1+𝜔2𝜏2
) =

𝜏𝑃abs

∆𝑐𝑝

                                        [4.4] 

 

Tbath is the measured solution temperature, E0 is the strength of the electric field in the cavity 

(dependent on power and frequency of the microwave, as well as the dimensions of the cavity), 

Δε is the dielectric function strength (the static dielectric function constant minus the dielectric 

function constant at very high frequencies), Δcv is the slow mode part of the volumetric specific 

heat (approximated as ½ the volumetric specific heat for liquids, ), Δcp is the slow mode part of 

the specific heat (approximated as ½ the volumetric specific heat),  ω is the frequency in radians, 

and τ is the relaxation time of the molecule.  Eo is determined from the power, frequency and 

volume of the cavity (if cubic or rectangular multimodal with mode stirrer) using 

𝐸0 = 𝐸rms = (4
(𝑃 𝑉⁄ ) 𝑄

𝜔 0
)
1
2⁄

       [4.5] 

Where P is the power dissipated in the system, V is the volume of the cavity, and Q is the quality 

factor of the cavity, which can be estimated by 2V/σS, where σ is the skin depth of the cavity at 

frequency ω, and S is the surface area of the inside of the cavity.  For a single mode cavity 

(TE10n), where the power is not uniformly distributed, E0 = √2·Erms.   The configurational 

temperature (energy) will be small is empirical understood as the energy arising when a molecule 

L 
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Figure 4.5:  Plots of nanoparticle size vs A) dT/dt of reaction, B) k1 of reaction and C) 

k2 of reaction.  N=2 for all.   
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(nanocrystal) absorbs a microwave photon increasing its mobility in solution above diffusional 

rates for the molecule (nanocrystal) at the temperature of the ensemble solution. 

To calculate ΔT, the relaxation time (τ) of the molecule can be calculated from the Debye 

equation,  

     휀∗ = 휀∞ +
∞− s

1+𝑖𝜔𝜏
                            [4.6] 

Using a linear Cole-Cole plot of ε' vs ε"/ω, where ε' and ε" are taken from VNA 

measurements (Table 4.1). The relaxation time (τ) is the slope of the Cole plot.25  

Experimentally, T is unmeasurable as the value at typical microwave powers is 

nano-kelvin.  However, the value of T is directly related to Pabs * , where  is the relaxation 

time in picoseconds.  Therefore, a plot of the Pabs vs. the nanocrystal size isolated in the 

microwave reactions is meaningful (Figure 4.7A).  While it is commonly accepted that 

microwave effects will be undetectable at ΔT’s lower than a few Kelvin, a clear trend is 

noticeable here. The plot can be fit to an exponential function across all frequency ranges 

providing a scaling law for microwave absorption.  The scaling law behavior can be 

rationalized as a result of the change in dielectric function constant for a metal with size, that 

scales as the diameter cubed,110,51,108 where for sizes below 50 nm the absorptivity term (”) 

dominates the dielectric function contribution.  The surprising correlation is reasonable, and 

more importantly might explain the observed dependence on microwave power applied and 

frequency observed in the Ni reactions. If there were no microwave influence, we would 

expect to see only three sizes of NP, one for each of the T/dt’s.  This assumption is clearly 

demonstrated by inspection of Figure 4.7B, where control experiments were performed under 

identical conditions to the microwave studies under convective heating. For comparison, 

control experiments were done with CEM tubes in an aluminum block.  The block was heated  
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Figure 4.6:  Plot of 488 nm absorbance for all reactions showing the classic sigmoidal curve 

of Finke–Watzky kinetics. 
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Figure 4.7:  A) Plot of Ni NP size vs absorbed power calculated using Eqn. 4.  B) Plot of 

control Ni NP made in Al block vs dT/dt. C) Plot of k1 vs Pabs by the reaction at the beginning 

of the reaction and D) k2 vs. Pabs by the reaction when the NP are 4 nm in diameter. 
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so that the tubes inserted into holes in the block would reach 280 °C in 2.5, 4, and 9 minutes, 

to achieve the same ΔT/dt’s as the microwave experiments.   

In Figure 4.7B the dt vs NP size is plotted for the control experiments at three ramp 

rates.  These ramp rates are identical to the ramp rates employed in the microwave reactor.  As 

expected a linear correlation occurs for the isolated materials from the convective reaction. 

The observation of scaling law behavior attributable to microwave absorption, which is 

both frequency and power applied dependent, suggest that the impact on the values of k1 and k2  

in the autoctalytic reaction mechanism can be directly analyzed under the various experimental 

conditions.  Previous studies on microwave autocatalytic reactions have suggested microwave 

absorption is predominately in k2.
118 In Figure 4.7C and 4.7D, a plot of k1 and k2 vs Pabs for the 

various reactions show a clear exponential dependence.  Since both reaction rates are expected to 

follow the Arrhenius equation, we can extract the Ea and Arrhenius pre-factor (A) for both the 

nucleation event and autocatalytic growth.  The Arrhenius law fits yield values for k1 of Ea
(1)/R = 

0.869 kJ∙W/mol with an A(1) of 16.1 x 10-4 s-1, while for k2 an Ea
(2)/R of 0.162 kJ∙W/mol and an 

A(2) of 115.2 x 10-4 s-1 is measured. The ability to fit the microwave reactions to Arrhenius law 

conform the reactions follow classical thermodynamic behavior, allowing the microwave effects 

to be understood in terms of microwave absorption by the reactants, or in other words the 

microwave flux as defined by applied power / frequency.  Since the Pabs is dependent on reaction 

concentrations of precursors, a generalized strategy for reaction design would be to optimize 

concentration and applied power at a given frequency to achieve the desired particle size and size 

dispersity. 
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4.4 Conclusions 

Evidence of microwave enhanced reactions, especially evidence of so-called 

“nonthermal” effects, is difficult to find but often reported in the literature.  The increased 

application of physics to the microwave effect question is demonstrating that the so-called 

microwave specific effects can be fully understood in terms of the role that microwave cross-

section plays on reaction mechanisms. In nanocrystals, it is clear that microwaves do not break 

bonds, do not change thermodynamic or kinetics; however, microwave enhancement can be 

observed.    In this paper, the effect of the microwave applied power and frequency at constant 

T/dt is explored for Ni growth under autocatalytic conditions.  The results show a scaling law 

behavior with size due to the increasing microwave cross section of the growing nanocrystal.  

The increased Pabs that occurs is understood in terms of local energy changes as defined by 

Richert.  The study shows definitively that the reaction rate for nanocrystal growth is a problem 

of electromagnetic radiation absorption and thus will be dependent on the applied power, 

frequency, relaxation time, and concentration of the reactants.  It is believed this strategy can be 

applied to organic reactions to explain rate acceleration, although the magnitude of the change in 

Pabs may mask the kinetic effects.  It is hoped that continued exploration of microwave 

enhancement using physical chemistry will allow reactions to be translated efficiently from a 

convective format to a microwave format with minimal guesswork.  This would lead to 

substantial energy savings6,7 due to the higher efficiency of a microwave to volumetrically heat 

when compare to convective reactors. 
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