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(ABSTRACT) 

This dissertation reflects the results of probably the very first attempt to cure 

sol gel ceramers using microwaves. These materials were first prepared in 

1985, but were found to take almost two to six days to cure, when stored under 

ambient conditions. Microwaves have been found to provide a method for 

circumventing this problem under certain conditions. It was discovered that 

the more highly phase separated ceramer systems can be cured in twenty 

minutes when subjected to heating in a microwave field. Curing in a 

conventional oven, has on the other hand been found to hinder the extent of 

reaction because the slow initial rate of heating (which allows for evaporation 

of some of the compatibilizing solvent media) is believed to leave the reactants 

in a somewhat diffusion limited state. 

Dielectric investigations on the ceramer films show the existance of Maxwell 

Wagner Sillars intefacial polarization which results from charge migration in 

the ceramer system and also show the possibility of PTMO chain expansion



at higher metal alkoxide contents in these ceramers when cast onto a 

substrate onto which the film adheres. Finally, structural investigations into the 

ceramers using SAXS, gives an idea of the fractal dimensions of the scattering 

phases. These investigations have also proved quite conclusively that there 

exists a contribution to scattering from the porosity present in the inorganic 

phase at metal alkoxide contents as low as 40 wt%.
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A BRIEF HISTORY OF CERAMER MATERIALS AND 

THE RATIONALE FOR PURSUING THIS RESEARCH 

This work reflects a beginning on the applications of microwaves to the curing 

of sol-gel derived hybrid materials called ceramers (1). These hybrid materials 

were first synthesized in 1985 using tetraethylorthosilicate (TEOS) and silanol 

terminated polydimethylsiloxane (PDMS) by conventional thermal curing (1). 

The reaction between the TEOS and the bifunctional PDMS was acid catalyzed. 

The acid catalyzed TEOS develops into a more linear inorganic species as has 

been reported by Schaefer et al (2). These ceramer films were typically 5 to 

20 mils in thickness and were optically transparent. The films were found to 

be flexible in general, except when high weight fractions of TEOS was initally 

used in which case brittleness was noted. The effect of acid level, water level 
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and oligomer molecular weight on the structure property relationships of these 

ceramer films were also studied (1). From studies such as these, it was found 

that these ceramers had a low elastic modulus and a low tensile strength. 

These were attributed to network defects such as dangling chain ends as well 

as the generally poorer mechanical properties of PDMS. 

In order to facilitate the development of better mechanical properties in these 

hybrid materials, recourse was taken to the use of 

isocyanatopropyltriethoxysilane endcapped polytetramethyleneoxide (PTMO) 

instead of the bifunctional PDMS (1). The presence of trifunctional reactive 

groups at each end of the PTMO chains helped acheive a higher extent of 

incorporation of the oligomer into the ceramer network. The films obtained 

from the reaction between endcapped PTMO and TEOS were also transparent, 

which indicated the lack of any macrophase separation. These reactions were 

conducted at room temperature and they took from two to six days to obtain 

films which could be handled and tested. The oligomer molecular weight was 

also varied from 650 g/mole to 2900 g/mole and the mechanical properties 

were found to be dependent upon oligomer molecular weight as well as the the 

composition ratio of the alkoxide to the PTMO. 

Wang subsequently formulated several equivalent ceramer systems in which 

the metal alkoxide was varied from TEOS to titanium isopropoxide Ti(OPr) and 

to zirconium isopropoxide Zr(OPr), while the oligomeric component was 

maintained as endcapped PTMO of M, = 2000 g/mole. The Ti(OPr)/PTMO and 
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Zr(OPr)/PTMO ceramers were characterized and studied by Brennan (3). It 

was found that both titanium isopropoxide and zirconium tetraisopropoxide, 

which are more reactive than TEOS, produced better mechanical properties. 

The general morphological features for these titania and zirconia systems 

were found to be the same as their TEOS based counterparts (3). These 

reactions like those of the TEOS/PTMO ceramers were also conducted at room 

temperature. One of the limitations of this approach ji. e. curing at room 

temperature, was the extensive period of time taken for the attainment of a 

sufficiently high extent of cure so that the sample can be handled and tested. 

While the time interval between the casting of the sample and subsequent 

testing of the ceramer film was found to vary depending upon the reactivity of 

the metal alkoxide, it generally exceeded a period of two days. In order to 

bring about a quicker turnaround time in the production of ceramer films it was 

decided to attempt curing at higher temperatures using different approaches. 

This then became the primary focus of the work documented in this 

dissertation. 

In order to acheive the objective of a quicker sample production time two 

routes were chosen for elevating the temperature of the reactants. One method 

consisted of utilizing a conventional convection oven while the other method 

consisted of heating the sample using electromagnetic waves in the microwave 

frequency range - the latter method being the principle focus of this 

dissertation. 
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Microwaves heat materials by means of direct energy transfer to the dipolar 

molecules in a material. The heating is therefore dependent upon the strength 

of permanent or induced dipoles present in the reacting mixture. Many 

reactions conducted in microwave fields have been enhanced significantly 

purely as a result of the nature of energy transfer (4). Microwave radiation has 

further been successfully used to heat materials for several purposes such as 

the drying of paper and pulp, curing of epoxies, styrene butadiene rubber etc. 

Attempts to conduct curing reactions in a microwave field have in general 

been successful as will be seen in chapter 1 and in a number of cases 

significantly different morphologies have been observed between microwave 

cured and oven cured materials. In several cases, lower power and reduced 

curing times were sufficient to attain the desired objectives in material 

processing with microwaves. Furthermore lower processing temperatures 

were sometimes found to produce successfully cured materials when 

microwave radiation was used to heat the reactants. Microwave radiation, 

however, had not been used to cure metal alkoxide based sol gel materials 

prior to this investigation. Keeping in mind some of the successful results 

reported with microwave curing and taking into consideration the extensive 

period of time required for curing TEOS/PTMO ceramers at room temperature 

it was decided to attempt the use of microwave radiation as a potential 

accelerator in the curing process. 
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INTRODUCTION 

Chapter 1 consists of a literature review that deals extensively with the 

fundamentals behind microwave equipment and microwave principles used in 

this thesis. A small but nonetheless significant amount of literature exists on 

the heating of materials and reactions using microwave radiation and an 

attempt has been made to summarize these. The latter portion of this review 

is devoted to explaining certain aspects of metal alkoxide based sol gel 

reactions, which the author will make use of in describing some results in the 

later chapters of this thesis. Chapter 2 is a detailed description of experimental 

equipment and apparatus used for experimentation. 

The four chapters, viz. 3 - 6, deal with comparisons of the structure-property 

relationships between microwaved and oven cured materials. In chapter 3, 

acid catalyzed reactions between TEOS and isocyanatopropyltriethoxysilane 

endcapped PTMO are conducted in a cosolvent system of N, N 

dimethylformamide (DMF) and isopropanol (IPA). The ratio of DMF to IPA was 

1:1. TEOS constituted 60 wt% of the initial reaction mixture with respect to 

endcapped PTMO of M, = 2000 g/mole. The water is added in a stoichiometric 

amount equivalent of 100wt%. Results obtained from mechanical testing show 

significantly better mechanical properties for the microwave cured system as 
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against those seen in the oven cured materials. Several reasons for the better 

properties of the microwave cured sample are proposed. 

Chapter 4 deals with the same reactants utilized in the same proportion as in 

chapter 3 - the only difference being the use of tetrahydrofuran (THF) in 

conjunction with IPA as the cosolvent system. These materials show no 

significant difference in either structure or properties between samples 

subjected to microwave curing as compared with those cured in a 

conventional convection oven. However they show a significant difference in 

structure as well as properties from those documented in chapter 3 despite the 

fact that the reactants (except for the solvent) are essentially the same. Further 

there is a significant enhancement of properties brought about by microwave 

curing versus oven curing in the materials detailed in chapter 3. 

To investigate the reasons for these differences a study of the governing factor 

i.e. effect of solvent, constituted the basis for chapter 5. Most of the research 

documented in this chapter has been performed on the_ reactants 

(TEOS/PTMO) in the solution state. The solvent composition was varied from 

pure IPA to IPA/DMF ratios of 1:3, 1:1, 3:1 to pure DMF. From this work, it is 

shown how different solvent ratios affect properties depending upon the 

method of processing. The results clearly show the effect that the nature of the 

solvent has upon the final structure and properties of the resulting ceramer 

films. 
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In chapter 6 the type of metal alkoxide is the principle variable; TEOS is first 

replaced with Ti(OPr) and then with Zr(OPr). Both of these latter metal 

alkoxides are known to be faster reacting than TEOS and hence it was decided 

to find out whether microwave processing can significantly alter the structure 

property behavior of these ceramers. In the case of the Zr(OPr)/PTMO systems 

no water was used except for that available from the acid catalyst. The results 

obtained from this research prove that water is a necessary element for 

enhancing the reaction rates utilizing microwave processing. 

Chapter 7 represents a change from the preceding four chapters, in that it 

does not deal with microwaves. Instead deals with the dielectric properties of 

the (TEOS/PTMO, Ti(OPr)/PTMO and Zr(OPr)/PTMO) ceramer films in the solid 

state. These investigations show interesting properties based upon the 

microstructures of the ceramer. Maxwell Wagner Sillars interactions 

predominate in the highly phase separated materials (TEOS/PTMO reacted in 

DMF/IPA, Ti(OPr)/PTMO and Zr(OPr)/PTMO ceramers) above 0°C, but do not 

manifest themselves in the more mixed systems (TEOS/PTMO reacted in 

THF/IPA). 

Chapter 8 deals with xray scattering experiments performed during the course 

of gelation in the TEOS/PTMO ceramers reacted in THF/IPA and DMF/IPA as 

well as the TiOPr/PTMO ceramers. Attempts were made to study the fractal 

dimensions of the scattering particles during the course of film formation 

(using SAXS). 
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Chapter 9 suggests future work to be considered on ceramer systems as well 

as recommendations for furthur verification of some of the proposed results 

and speculations in this dissertation. 
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CHAPTER 1 

LITERATURE REVIEW 

1-1 HISTORY AND BACKGROUND 

Electromagnetic waves are generated whenever dipoles are made to oscillate 

by the application of an alternating electric field. It was J. C. Maxwell who first 

postulated that all light waves were electromagnetic in nature i. e. the electric 

vector and the magnetic vector are in phase with one another but the electric 

flux lines are 90° apart in space as shown in Fig 1.1. Either wave, however, 
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propagates in a direction at right angles to the flux lines. In other words the 

electric and magnetic fields are transverse to the direction of propagation. 

Such a wave is of the TEM (transverse electric, transverse magnetic) type, 

which occurs only in free space and on a conventional transmission line (not 

in a wave guide) (1). This is shown in Fig 1.2. Maxwell also calculated that all 

forms of light irrespective of the frequency travelled at a speed of 3 x 10° m/s 

in vaccuum. This makes it relatively easy to compute the frequency of light. 

Since velocity = distance/time, the velocity of an electromagnetic wave in free 

space is represented by 

c= AL fA (1) 
t 

where c is the velocity of light, 2 is the wavelength, t is the time and f is the 

frequency. 

Microwave radiation may be defined as one region of the electromagnetic 

spectrum. The frequency range of microwaves is still open to debate.The 

microwave frequency band is claimed by some to begin at 890MHz, which is 

where the ultra-high-frequency(UHF) TV band finishes. Others contend that it 

begins at 300MHz at the beginning of the UHF band. It is generally accepted 

amongst the scientific community that microwaves extend from 1 GHz (1 GHz 

= 10°Hz) to 1 Terahertz (1 THz = 10‘*Hz) This provides for a rather large 

range of wavelengths from 0.03 centimeter at the higher end of the microwave 

frequency spectrum to 30 centimeter at the lower end of the spectrum. Since 
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Figure 1.2. Schematic showing electrical and magnetic fields in free space (TEM wave) (1) 
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microwaves occupy the frequency spectrum from 1 GHz to 1THz equation (1) 

can be conveniently modified to : 

_ 30 

where 1 = wavelength(cm), f = frequency (GHz) 

Since as stated above the microwave band encompasses a large range of 

frequencies, the microwave band has been further divided into four regions 

as shown in the Fig 1.3. This classification made specifically by the Industrial 

Scientific Medical Council serves the purpose of having users not interrupt 

one another’s transmissions. For example the S band is used by radar surface 

detection systems, while the X band, which employs a frequency of 10GHZ, is 

used by navigational radar. Standard home kitchen microwave ovens use a 

frequency of 2.45 GHz, which is also in the S band. Microwaves are used for 

various communication purposes such as satellite transmissions and radar 

because of their wide bandwidth’s, straight line propagation and high antenna 

directivity (1, 2, 3). They have also been used for as a heating source for 

drying paper, wood pulp and more recently for conducting reactions and 

orientational drawing. It is on this latter aspect of heating, that this introduction 

will be drawn to, since the effect and the consequences arising out of it will 

eventually be the subject of most of the work presented in this thesis. 
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Letter Frequency range 

  

designation (GHz) 

L 1.12-1.7 

S 2.6—3.95 

C 3.95-5.85 
> 8.2-12.4 

K 18.0—26.5 

  

4 The X band is not connected in 

any way with x-rays. 

Figure 1.3. Table indicates the classification made by the Industrial Scientific Medical Council (1). 
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1-2 WAVEGUIDE THEORY AND MATHEMATICS 

1-2-1 RECTANGULAR WAVEGUIDES 

Since microwaves are of a much higher frequency than conventional electric 

current the method of transmission has to be varied in order to prevent severe 

dielectric losses. These losses are very high for conventional insulating 

materials such procelain, Bakelite, Lucite etc. and hence special insulating 

materials such polyethylene and polytetrafluoroethylene which have dielectric 

constants below three are typically used. Coaxial cables are often used to 

transmit microwave energy (1,2). However at high power levels even coaxial 

cables cannot be used for extensive lengths because of some copper losses 

and dielectric losses. In order to transmit microwaves over large distances, 

large hollow rectangular, circular or elliptical sections are used. These 

sections are typically made of metals and are called waveguides. Waveguides 

have one distinct disadvantage over other methods of transmission; they are 

inordinately bulky and take up a large amount of space. The size of a 

waveguide is dependent upon the frequency of the electromagnetic waves 

being transmitted. In order for an electromagnetic wave to be transmitted 

successfully down a rectangular waveguide, the wide dimension ‘a’ must 

exceed one half wavelength, corresponding to the frequency of the wave. If 
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A, (in meters) is the cutoff wavelength for a given wide dimension ’a’(in meters) 

as shown in the Fig 1.4, then 

Ac 
a= (8) 

and the cutoff frequency f in Hz 

Cc Cc = 4 
f Ac 2a (4) 

The narrow dimension ’b’ is an important factor in determining the power 

handling capacity of the waveguide. A low value of ’b’ may cause the voltage 

established between the walls to exceed the breakdown potential for the air 

dielectric and hence arcing may result (1,3). 

Energy is transferred down the waveguide in the form of alternating electric (E) 

and magnetic (H) fields. Separate field patterns exist for the E field and the H 

field and these obey boundary conditions put forth by Maxwell two of these 

being: 

a)AIll electrical flux lines must be perpendicular to the walls of the guide. 

b)AIl magnetic flux lines at a wall must run parallel to the surface. 

The above established conditions indicate that any electrical flux line at a wall 

surface would create a surface current in the wall and the line would be 

eliminated. Similarly a magnetic field having a component perpendicular to the 

surface would give rise to an eddy current and be eliminated. The 
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Figure 1.4, 
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Section shows a rectangular waveguide formed by joining quarter waveguide stubs 

(1). 
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�e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �w�a�v�e� �d�o�e�s� �n�o�t� �h�a�v�e� �t�h�e� �s�a�m�e� �w�a�v�e�l�e�n�g�t�h� �i�n� �a� �w�a�v�e�g�u�i�d�e� �a�s� 

�i�n� �a� �v�a�c�c�u�u�m� �o�r� �f�r�e�e� �s�p�a�c�e�.� �T�h�e� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �e�n�e�r�g�y� �p�r�o�g�r�e�s�s�e�s� �d�o�w�n� �t�h�e� 

�w�a�v�e�g�u�i�d�e� �b�y� �a� �s�e�r�i�e�s� �o�f� �r�e�f�l�e�c�t�i�o�n�s� �o�f� �t�h�e� �i�n�t�e�r�n�a�l� �s�u�r�f�a�c�e� �o�f� �t�h�e� �n�a�r�r�o�w� 

�d�i�m�e�n�s�i�o�n� �a�s� �s�h�o�w�n� �i�n� �F�i�g� �1�.�5�.� �T�h�e� �w�a�v�e�l�e�n�g�t�h� �i�n� �a� �r�e�c�t�a�n�g�u�l�a�r� �w�a�v�e�g�u�i�d�e� �i�s� 

�t�h�e�r�e�f�o�r�e� �g�i�v�e�n� �b�y� 

�A� �a�E� �6�)� 
�( ��A�y� �2�a� 

�A�g� 

�w�h�e�r�e� �J�,� �i�s� �t�h�e� �w�a�v�e�l�e�n�g�t�h� �i�n� �t�h�e� �w�a�v�e�g�u�i�d�e�.� �I�n� �t�e�r�m�s� �o�f� �t�h�e� �c�u�t�o�f�f� �f�r�e�q�u�e�n�c�y� 

�f�,�,� �E�q�.� �5� �b�e�c�o�m�e�s� 

�A� 
�\�g�=� �a�a� 

�r�1 ��(�4�)�]�|� 
�(�6�)� 

�W�a�v�e�g�u�i�d�e�s� �a�r�e� �n�o�r�m�a�l�l�y� �d�e�s�i�g�n�e�d� �s�o� �t�h�a�t� �a� �s�i�n�g�l�e� �f�i�e�l�d� �p�a�t�t�e�r�n� �o�r� �m�o�d�e� �i�s� 

�d�o�m�i�n�a�n�t�.� �T�h�e� �m�o�d�e� �m�a�y� �b�e� �d�e�f�i�n�e�d� �a�s� �b�e�i�n�g� �e�i�t�h�e�r� �t�r�a�n�s�v�e�r�s�e� �e�l�e�c�t�r�i�c� �(�T�E�)� 

�o�r� �t�r�a�n�s�v�e�r�s�e� �m�a�g�n�e�t�i�c� �(�T�M�)�.� �I�n� �t�h�e� �T�E� �m�o�d�e� �a�l�l� �e�l�e�c�t�r�i�c� �f�l�u�x� �l�i�n�e�s� �a�r�e� �a�t� �r�i�g�h�t� 

�a�n�g�l�e�s� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �p�r�o�p�a�g�a�t�i�o�n�,� �s�o� �t�h�a�t� �t�h�e�r�e� �a�r�e� �n�o� �l�i�n�e�s� �w�h�i�c�h� �a�r�e� 

�p�a�r�a�l�l�e�l� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�r�a�v�e�l�.� �A� �d�o�m�i�n�a�n�t� �T�E�1�o� �i�s� �s�h�o�w�n� �i�n� �F�i�g� �1�.�6�.� �T�h�e� 

�s�u�b�s�c�r�i�p�t�s� �a�r�e� �u�s�e�d� �t�o� �i�n�d�i�c�a�t�e� �t�h�e� �f�i�e�l�d� �p�a�t�t�e�r�n�s� �a�n�d� �a�r�e� �u�s�u�a�l�l�y� �d�e�s�i�g�n�a�t�e�d� 

�a�s� �m�,�n� �a�n�d� �p�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �a� �r�e�c�t�a�n�g�u�l�a�r� �w�a�v�e�g�u�i�d�e� �t�h�e� �f�i�r�s�t� �s�u�b�s�c�r�i�p�t� �m� �i�s� 

�t�h�e� �n�u�m�b�e�r� �o�f� �h�a�l�f� �w�a�v�e� �p�a�t�t�e�r�n�s� �i�n� �t�h�e� �w�i�d�e�  ��a �� �d�i�m�e�n�s�i�o�n� �w�h�i�l�e� �t�h�e� �s�e�c�o�n�d� 

�s�u�b�s�c�r�i�p�t� �n� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�u�m�b�e�r� �o�f� �h�a�l�f� �w�a�v�e� �p�a�t�t�e�r�n�s� �i�n� �t�h�e� �n�a�r�r�o�w�  ��b �� 

�d�i�m�e�n�s�i�o�n�.� �S�u�b�s�c�r�i�p�t� �p� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�u�m�b�e�r� �o�f� �h�a�l�f� �w�a�v�e�l�e�n�g�t�h�s� �i�n� �t�h�e� 
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�d�i�r�e�c�t�i�o�n� �o�f� �p�r�o�p�a�g�a�t�i�o�n�.� �F�o�r� �a� �d�o�m�i�n�a�n�t� �T�M� �m�o�d�e� �t�h�e� �H� �l�i�n�e�s� �a�r�e� �e�n�t�i�r�e�l�y� 

�t�r�a�n�s�v�e�r�s�e�.� �T�h�e� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �w�a�v�e�g�u�i�d�e� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�o�m�i�n�a�n�t� �m�o�d�e� 

�i�.�e�.� �o�t�h�e�r� �m�o�d�e�s� �w�o�u�l�d� �r�e�q�u�i�r�e� �a� �d�i�f�f�e�r�e�n�t� �s�i�z�e� �w�a�v�e�g�u�i�d�e�.� �T�h�e�o�r�e�t�i�c�a�l�l�y� �a� 

�g�i�v�e�n� �r�e�s�o�n�a�t�o�r� �h�a�s� �a�n� �i�n�f�i�n�i�t�e� �n�u�m�b�e�r� �o�f� �r�e�s�o�n�a�n�t� �m�o�d�e�s�,� �a�n�d� �e�a�c�h� �m�o�d�e� 

�c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �d�e�f�i�n�i�t�e� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y� �(�3�)�.� �W�h�e�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �a�n� 

�i�m�p�r�e�s�s�e�d� �s�i�g�n�a�l� �i�s� �e�q�u�a�l� �t�o� �a� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y�,� �a� �m�a�x�i�m�u�m� �a�m�p�l�i�t�u�d�e� �o�f� 

�t�h�e� �s�t�a�n�d�i�n�g� �w�a�v�e� �o�c�c�u�r�s�,� �a�n�d� �t�h�e� �p�e�a�k� �e�n�e�r�g�i�e�s� �s�t�o�r�e�d� �i�n� �t�h�e� �e�l�e�c�t�r�i�c� �a�n�d� 

�m�a�g�n�e�t�i�c� �f�i�e�l�d�s� �a�r�e� �e�q�u�a�l�.� �T�h�e� �m�o�d�e� �h�a�v�i�n�g� �t�h�e� �l�o�w�e�s�t� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y� �i�s� 

�c�a�l�l�e�d� �t�h�e� �d�o�m�i�n�a�n�t� �f�r�e�q�u�e�n�c�y�.�H�e�n�c�e� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �i�f� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �w�a�v�e� �i�s� �r�a�i�s�e�d� �a�b�o�v�e� �t�h�e� �c�r�i�t�i�c�a�l� �v�a�l�u�e� �f�o�r� �t�h�e� �w�a�v�e�g�u�i�d�e� 

�d�i�m�e�n�s�i�o�n�s�,� �t�h�e�n�,� �t�h�e� �e�n�e�r�g�y� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �w�a�v�e�g�u�i�d�e� �c�a�n� �b�e� �s�p�l�i�t� 

�b�e�t�w�e�e�n� �s�e�v�e�r�a�l� �p�o�s�s�i�b�l�e� �m�o�d�e�s�.� �T�h�i�s� �p�o�s�e�s� �c�e�r�t�a�i�n� �p�r�o�b�l�e�m�s� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� 

�a�t�t�e�m�p�t�i�n�g� �t�o� �d�i�s�s�i�p�a�t�e� �e�n�e�r�g�y� �i�n� �a� �c�e�r�t�a�i�n� �m�a�n�n�e�r� �f�r�o�m� �a� �f�i�e�l�d� �o�r� �w�h�e�n� �i�t� �i�s� 

�r�e�q�u�i�r�e�d� �t�o� �j�o�i�n� �t�w�o� �s�e�c�t�i�o�n�s� �o�f� �a� �w�a�v�e�g�u�i�d�e�.� �I�n� �t�h�e� �a�b�o�v�e� �m�e�n�t�i�o�n�e�d� �c�a�s�e�s� 

�o�n�l�y� �t�h�e� �d�o�m�i�n�a�n�t� �m�o�d�e� �w�i�l�l� �r�e�s�p�o�n�d� �l�e�a�v�i�n�g� �t�h�e� �o�t�h�e�r� �m�o�d�e�s� �u�n�h�i�n�d�e�r�e�d�.� 

�E�n�e�r�g�y� �i�s� �t�y�p�i�c�a�l�l�y� �c�o�u�p�l�e�d� �i�n�t�o� �a� �w�a�v�e�g�u�i�d�e� �b�y� �m�e�a�n�s� �o�f� �a�n� �E� �p�r�o�b�e�,� �H� �l�o�o�p� 

�o�r� �s�l�o�t� �(�1�,�4�)�.� �S�o�m�e� �o�f� �t�h�e�s�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g� �1�.�7�.� �T�H�e� �E� �p�r�o�b�e� �r�e�p�r�e�s�e�n�t�s� 

�C�a�p�a�c�i�t�i�v�e� �c�o�u�p�l�i�n�g� �a�n�d� �i�s� �s�i�m�i�l�a�r� �t�o� �a�n� �a�n�t�e�n�n�a� �s�o� �t�h�a�t� �w�h�e�n� �e�x�c�i�t�e�d� �b�y� �a�n� 

�E�M� �s�i�g�n�a�l� �i�n� �t�h�e� �r�a�d�i�o� �o�r� �m�i�c�r�o�w�a�v�e� �f�r�e�q�u�e�n�c�y� �r�a�n�g�e�,� �a�l�t�e�r�n�a�t�i�n�g� �E� �a�n�d� �H� 

�f�i�e�l�d�s� �a�r�e� �e�s�t�a�b�l�i�s�h�e�d�.� �A�n� �E� �p�r�o�b�e� �i�s� �n�o�r�m�a�l�l�y� �p�l�a�c�e�d� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� 

�w�a�v�e�g�u�i�d�e ��s�  ��a �� �d�i�m�e�n�s�i�o�n� �a�n�d� �o�n�e� �q�u�a�r�t�e�r� �o�f� �a� �w�a�v�e�l�e�n�g�t�h� �f�r�o�m� �t�h�e� �f�r�o�m� �t�h�e� 

�s�e�a�l�e�d� �e�n�d� �o�f� �t�h�e� �w�a�v�e�g�u�i�d�e�.� �T�h�i�s� �p�o�s�i�t�i�o�n� �c�o�n�t�a�i�n�s� �a� �m�a�x�i�m�u�m� �d�e�n�s�i�t�y� �o�f� �E� 

�l�i�n�e�s�,� �s�o� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �m�a�x�i�m�u�m� �c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �t�h�e� �p�r�o�b�e� �a�n�d� �t�h�e� �g�u�i�d�e�.� 
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�T�h�e� �d�e�g�r�e�e� �o�f� �c�o�u�p�l�i�n�g� �c�a�n� �b�e� �v�a�r�i�e�d� �b�y� �a�d�j�u�s�t�i�n�g� �t�h�e� �d�e�p�t�h� �o�f� �p�e�n�e�t�r�a�t�i�o�n� �o�f� 

�t�h�e� �p�r�o�b�e� �i�n� �t�h�e� �w�a�v�e�g�u�i�d�e� �(�2�)�.� 

�T�h�e� �H� �l�o�o�p� �i�s� �u�s�u�a�l�l�y� �p�l�a�c�e�d� �a�t� �a� �p�o�s�i�t�i�o�n� �o�f� �m�a�x�i�m�u�m� �H� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� �T�h�e� 

�H� �l�o�o�p� �i�s� �n�o�r�m�a�l�l�y� �p�a�r�t� �o�f� �a� �c�o�a�x�i�a�l� �c�a�b�l�e�,� �t�h�e� �o�u�t�e�r� �p�a�r�t� �o�f� �w�h�i�c�h� �i�s� �c�o�n�n�e�c�t�e�d� 

�t�o� �t�h�e� �w�a�l�l� �o�f� �t�h�e� �w�a�v�e�g�u�i�d�e�.� �T�h�e� �i�n�n�e�r� �p�a�r�t� �i�s� �t�h�e�n� �f�o�r�m�e�d� �i�n�t�o� �t�h�e� �l�o�o�p� �i�n� �t�h�e� 

�g�u�i�d�e� �a�n�d� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �i�n�t�e�r�n�a�l� �w�a�l�l�.� �T�h�e� �d�e�g�r�e�e� �o�f� �c�o�u�p�l�i�n�g� �i�s� �v�a�r�i�e�d� 

�b�y� �a�d�j�u�s�t�i�n�g� �t�h�e� �l�o�o�p ��s� �p�l�a�n�e� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �H� �l�i�n�e�s�.� �I�t� �s�h�o�u�l�d� 

�a�l�s�o� �b�e� �e�m�p�h�a�s�i�z�e�d� �t�h�a�t� �t�h�e�s�e� �m�e�t�h�o�d�s� �a�r�e� �a�l�s�o� �u�s�e�d� �t�o� �f�a�c�i�l�i�t�a�t�e� �t�h�e� �r�e�m�o�v�a�l� 

�o�f� �e�n�e�r�g�y� �f�r�o�m� �a� �w�a�v�e�g�u�i�d�e�.� 

�S�l�o�t�s� �c�a�n� �b�e� �c�u�t� �i�n� �a� �w�a�v�e�g�u�i�d�e� �t�o� �i�n�t�r�o�d�u�c�e� �a�s� �w�e�l�l� �a�s� �r�e�m�o�v�e� �e�n�e�r�g�y� �f�r�o�m� 

�a� �w�a�v�e�g�u�i�d�e�.� �F�i�g�u�r�e� �1�.�8� �s�h�o�w�s� �s�l�o�t�s� �c�u�t� �i�n� �t�h�e� �w�a�l�l� �t�o� �i�n�t�r�o�d�u�c�e� �e�n�e�r�g�y�.� 

�R�a�d�i�a�t�i�n�g� �s�l�o�t�s� �t�y�p�i�c�a�l�l�y� �p�r�o�d�u�c�e� �a� �m�a�x�i�m�u�m� �d�i�s�t�o�r�t�i�o�n� �o�f� �t�h�e� �w�a�l�l� �c�u�r�r�e�n�t�s�.� 

�H�o�w�e�v�e�r�,� �n�o�n� �r�a�d�i�a�t�i�n�g� �s�l�o�t�s� �p�r�o�d�u�c�e� �v�e�r�y� �l�i�t�t�l�e� �d�i�s�t�o�r�t�i�o�n� �i�n� �t�h�e� �w�a�l�l� �c�u�r�r�e�n�t�s� 

�a�n�d� �h�e�n�c�e� �c�a�n� �b�e� �u�s�e�d� �t�o� �i�n�s�e�r�t� �p�r�o�b�e�s� �f�o�r� �m�e�a�s�u�r�i�n�g� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �o�r� 

�t�e�m�p�e�r�a�t�u�r�e� �i�n� �a� �d�i�e�l�e�c�t�r�i�c� �b�e�i�n�g� �h�e�a�t�e�d� �i�n� �a� �c�a�v�i�t�y�.� 

�R�e�c�t�a�n�g�u�l�a�r� �w�a�v�e�g�u�i�d�e�s� �c�a�n� �b�e� �c�o�n�v�e�r�t�e�d� �i�n�t�o� �r�e�s�o�n�a�t�o�r�s� �o�r� �c�a�v�i�t�i�e�s� �b�y� �s�h�o�r�t� 

�c�i�r�c�u�i�t�i�n�g� �b�o�t�h� �e�n�d�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g� �1�.�9�.� �S�h�o�r�t� �c�i�r�c�u�i�t�i�n�g� �i�s� �u�s�u�a�l�l�y� �a�c�h�e�i�v�e�d� 

�b�y� �i�n�s�e�r�t�i�n�g� �a� �s�l�i�d�i�n�g� �s�h�o�r�t� �a�t� �t�h�e� �o�p�p�o�s�i�t�e� �e�n�d� �o�f� �t�h�e� �c�a�v�i�t�y�.� �T�h�e� �s�l�i�d�i�n�g� �s�h�o�r�t� 

�i�s� �t�h�e�n� �a�d�j�u�s�t�e�d� �t�o� �a�c�h�e�i�v�e� �a� �r�e�s�o�n�a�n�t� �c�a�v�i�t�y�.� �E�l�e�c�t�r�i�c� �a�n�d� �m�a�g�n�e�t�i�c� �e�n�e�r�g�y� �i�s� 

�s�t�o�r�e�d� �w�i�t�h�i�n� �t�h�e� �c�a�v�i�t�y�,� �a�n�d� �p�o�w�e�r� �c�a�n� �b�e� �d�i�s�s�i�p�a�t�e�d� �i�n� �t�h�e� �m�e�t�a�l�l�i�c� �w�a�l�l�s� �o�f� 

�C�H�A�P�T�E�R� �1� �2�2



� � 
�C�O�A�M�A�L� �C�A�B�L�E� 

�\�o�o�e� 

� � � � 

� � 

� � � � � � � � � � � � � � � � � � � � � � � � � � 

� � 

� � � � 

� � 
� � 

�_ �� �m�e�e� �e�e� �L�I�N�E�S� 

�S�i�h� �7�7�5� �T�y� �7�!� �s�r�t� 

�w�e�e� �m�a�n�a�n�a� �/� 

� � � � �N� 
�n�

e� 

�w�e� �m�e� �e�e� �o�e� 
� � 

� � 

�p�e�a�t� �B�e�t� 
�\� �e�e� �o�w� �@� �o�w� 

�~�~� �=�n� �a�n� �o�w� �a� � � 

�f�a�m�a� �a� 
�W�a�v�e�G�u�p�e� 

�M�s� �d�e�  ¬�.�9� 

�4�}� 
�7� 

� � 

� � 
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�t�h�e� �c�a�v�i�t�y� �a�s� �w�e�l�l� �a�s� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �f�i�l�l�i�n�g� �t�h�e� �c�a�v�i�t�y�.� �T�h�e� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y� �c�a�n� 

�b�e� �c�a�l�c�u�l�a�t�e�d� �b�y� 

�0�5� �(�M�y� �(�2�y�e�(�2�y�y�"� �(�7�)� �f�.� �=� 
�(�u�e�)�'�?�?� 
� � 

�w�h�e�r�e�  ��a ��, ��b �� �a�n�d�  � ��d �� �a�r�e� �t�h�e� �w�i�d�e� �d�i�m�e�n�s�i�o�n�,� �n�a�r�r�o�w� �d�i�m�e�n�s�i�o�n� �a�n�d� �t�h�e� �l�e�n�g�t�h� 

�o�f� �t�h�e� �c�a�v�i�t�y� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�1�-�2�-�2� �C�I�R�C�U�L�A�R� �W�A�V�E�G�U�I�D�E�S� 

�A� �c�i�r�c�u�l�a�r� �w�a�v�e�g�u�i�d�e� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a� �c�o�a�x�i�a�l� �c�a�b�l�e� �w�i�t�h� �i�t�s� �c�e�n�t�e�r� 

�c�o�n�d�u�c�t�o�r� �r�e�m�o�v�e�d�.� �C�i�r�c�u�l�a�r� �w�a�v�e�g�u�i�d�e�s� �h�a�v�e� �i�n�h�e�r�e�n�t� �a�d�v�a�n�t�a�g�e�s� �o�v�e�r� �t�h�e�i�r� 

�r�e�c�t�a�n�g�u�l�a�r� �c�o�u�n�t�e�r�p�a�r�t�s� �i�n� �t�h�a�t� �t�h�e�y� �c�a�n� �e�a�s�i�l�y� �n�e�g�o�t�i�a�t�e� �t�w�i�s�t�s� �a�n�d� �r�o�t�a�t�i�o�n�s� 

�w�i�t�h�o�u�t� �u�n�d�e�r�g�o�i�n�g� �s�e�v�e�r�e� �d�i�s�c�o�n�t�i�n�u�i�t�y� �l�o�s�s�e�s� �(�1�,�4�)�.� �M�i�c�r�o�w�a�v�e�s� �a�r�e� 

�i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �c�i�r�c�u�l�a�r� �c�a�v�i�t�y� �i�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� �a�s� �a� �r�e�c�t�a�n�g�u�l�a�r� �c�a�v�i�t�y� 

�a�n�d� �t�h�e� �p�h�y�s�i�c�a�l� �d�i�m�e�n�s�i�o�n�s� �c�a�n� �b�e� �a�d�j�u�s�t�e�d� �b�y� �m�e�a�n�s� �o�f� �a� �s�l�i�d�i�n�g� �s�h�o�r�t� �t�o� 

�c�r�e�a�t�e� �a� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y�.� �T�h�e� �m�o�d�e�s� �i�n� �t�h�e� �c�a�v�i�t�y� �c�a�n� �a�g�a�i�n� �b�e� �c�l�a�s�s�i�f�i�e�d� 

�i�n�t�o� �T�E� �a�n�d� �T�M�.� �O�n� �t�h�e� �n�u�m�b�e�r�i�n�g� �s�y�s�t�e�m�,� �t�h�e� �f�i�r�s�t� �s�u�b�s�c�r�i�p�t� �i�n�d�i�c�a�t�e�s� �t�h�e� 

�n�u�m�b�e�r� �o�f� �f�u�l�l�-�w�a�v�e� �p�a�t�t�e�r�n�s� �t�h�a�t� �i�s� �e�n�c�o�u�n�t�e�r�e�d� �a�s� �o�n�e� �m�o�v�e�s� �a�r�o�u�n�d� �t�h�e� 

�c�i�r�c�u�m�f�e�r�e�n�c�e�,� �a�n�d� �t�h�e� �s�e�c�o�n�d� �s�u�b�s�c�r�i�p�t� �r�e�f�e�r�s� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �h�a�l�f�-�w�a�v�e� �E� 

�p�a�t�t�e�r�n�s� �a�c�r�o�s�s� �t�h�e� �d�i�a�m�e�t�e�r�.� �F�o�r� �a� �d�o�m�i�n�a�n�t� �T�E�.� �t�h�e�r�e� �i�s� �o�n�e� �f�u�l�l� �w�a�v�e� 
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�p�a�t�t�e�r�n� �a�c�r�o�s�s� �t�h�e� �c�i�r�c�u�m�f�e�r�e�n�c�e� �a�n�d� �o�n�e� �h�a�l�f�-�w�a�v�e� �p�a�t�t�e�r�n� �a�c�r�o�s�s� �t�h�e� 

�d�i�a�m�e�t�e�r� �a�s� �s�h�o�w�n� �i�n� �t�h�e� �F�i�g� �1�.�1�0�.� �I�n� �t�h�e� �c�i�r�c�u�l�a�r� �w�a�v�e�g�u�i�d�e� �t�h�e� �c�u�t�o�f�f� 

�w�a�v�e�l�e�n�g�t�h� �i�s� �1�.�7�1� �t�i�m�e�s� �t�h�e� �d�i�a�m�e�t�e�r� �o�f� �t�h�e� �c�a�v�i�t�y�.� �T�h�i�s� �m�a�k�e�s� �c�i�r�c�u�l�a�r� 

�w�a�v�e�g�u�i�d�e�s� �l�a�r�g�e�r� �t�h�a�n� �r�e�c�t�a�n�g�u�l�a�r� �w�a�v�e�g�u�i�d�e�s� �f�o�r� �a� �g�i�v�e�n� �w�a�v�e�l�e�n�g�t�h�,� �w�h�i�c�h� 

�i�s� �a�n� �i�n�h�e�r�e�n�t� �d�r�a�w�b�a�c�k�.� �A�n�o�t�h�e�r� �i�n�h�e�r�e�n�t� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �t�h�i�s� �g�e�o�m�e�t�r�y� �i�s� 

�t�h�a�t� �t�h�e� �p�l�a�n�e� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n� �t�e�n�d�s� �t�o� �c�h�a�n�g�e� �a�s� �w�e� �m�o�v�e� �d�o�w�n� �t�h�e� �w�a�v�e�g�u�i�d�e� 

�a�n�d� �h�e�n�c�e� �i�t� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �w�i�t�h�d�r�a�w� �e�n�e�r�g�y� �f�r�o�m� �t�h�e� �c�a�v�i�t�y� �s�i�n�c�e� �i�n� �o�r�d�e�r� �t�o� 

�d�o� �s�o� �t�h�e� �a�n�t�e�n�n�a� �h�a�s� �t�o� �b�e� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �p�l�a�n�e� �o�f� �p�o�l�a�r�i�z�a�t�i�o�n�.� 

�1�-�2�-�3� �G�E�N�E�R�A�L� �W�A�V�E�G�U�I�D�E� �A�N�D� �C�A�V�I�T�Y� �T�H�E�O�R�Y� 

�T�h�e� �q�u�a�l�i�t�y� �f�a�c�t�o�r� �Q�o� �o�f� �a�n� �c�a�v�i�t�y� �r�e�s�o�n�a�t�o�r� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�s�e�l�e�c�t�i�v�i�t�y� �o�f� �a� �r�e�s�o�n�a�n�t� �c�i�r�c�u�i�t� �a�n�d� �i�s� �d�e�f�i�n�e�d� �a�s� 

�(�E�s�)� 
�(�E�x�)� 

�w�h�e�r�e�  ¬�£�,� �i�s� �t�h�e� �e�n�e�r�g�y� �s�t�o�r�e�d� �p�e�r� �c�y�c�l�e� �a�n�d�  ¬�£�,� �i�s� �t�h�e� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�e�d� �p�e�r� 

� � �Q�o� �=� �2�7�0� �(�7�)� 

�c�y�c�l�e�.� 
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�O�n�e� �w�a�v�e�l�e�n�g�t�h� �E� �f�i�e�i�d� 
�c�h�a�n�g�e� �a�r�o�u�n�d� �t�h�e� 
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�c�i�r�c�u�m�f�e�r�e�n�c�e� �|� 
�L�o�n�d�e�n� �k�n�n�c�c�c�n�n�c�c�c�c�c�c�c�n�n�c�c�u�n�n�c�c�c� �n�d� 

 ��e�e� �o�e� �2� �}� �o�e� �a�e� �o�e� �e�e� �o�e�  ��m�a�j�e�e� �o�m�e� �e�n� �e�e� �e�e� �e�e� �o�e� �e�e�  � � ��  ��-� �=�f� 

�O�V� �0� �p�a�m� �e�e�e� �e�e� �e�e�n� �I�K� �e�e� 
�*� �(� �i�e� �R�o�y� �e�e� 

�e�R� �e�l� �e�e�l� �m�e� �m�a�g� �l�y� �o�t�o� 

�e�l�i� �d�i�y�a� �y�e� �x�y� �l�y� �y� �t�y�e� 
�~�*� �l�e�l�e�l� �o�l�e� �C�O� �T�O�T� �O�O�O� �e�l�a� �e�y�e�l�e�t� �C�o� �D�i�r�e�c�t�i�o�n� �o�f� 
�o�S� �L�i�p� �t�l�e� �r�t� �t�y� �t�L� �t�e� �p�r�o�p�a�g�a�t�i�o�n� 
�o�c�l�e�l�e�j�s�r�e�t�e�l�e�i�e� �x� �e�i�e�i�x� �y�x�y� �x� �i�n�i�x�  � ��_� 
�e�a�l� �|� �{� �°� �x� �i�!� �t� �t�y�5�%� �1�e�'�,� �l�e�i�t� �e�r�y� �E�b�i� �a�y� 

�a�d� �i� �i�e�;�e�,�e�t� �|� �N�e� �e�e� �o�e� �e�e� �e�e� �e�e�e� �o�w� �o�e� �w�e� �w�e� �e�n� �S� �i� �[�e�i�x� �|� �|� 

!"� �e�!� �|� �1� �|� �l�e� �x�!� �j� �t� �|� �]� �l�y� 

�"�  �� �~�-�'� �t�o�p�o� �e�t�e�t�e�  �� �=� �o�w� �o�w� �o�m�e� �a�p�n� �a�e� �a�e� �E�L� 

�/� �}� �\�x� �\� �o�n�e� �e�e�  �� �a�e� �a�e� �c�e�e� �e�e� �e�e�e� �o�e� �e�e�e� �e�e�e� �e�e� �e�e� �e�e� �e�e� �e�e�e� �B�i�x� �k� �~�= ��_� �«�a� 

�a�n�g� �~ �� �e�e� �e�e� �e�s� �e�e�e� �e�s� �e�e�e� �o�e�  � ��  �� �=� 

�L�i� �h�i�a� �h� �d�d�d� �d�a�d�b�i�d�s�i�d�d�a�h�i�h�a�d�d�d�j�d�d�d�h�t�t�d�f�d�d�l�s�h�g�h�e�h�h�b�d�i�f�h�h�u�l�d�h�d�b�d�d�b�a�i�a�d�t�e�r�a�r�i�h�e�p�d�e�d�a�d�s�a�h�h�d�s� 
� � 

�S�i�d�e� �v�i�e�w� � � � � �H�a�i�f�-�w�a�v�e�i�e�n�g�r�n� �c�h�a�n�g�e� 
�a�c�r�o�s�s� �t�h�e� �d�i�a�m�e�t�e�r� 

� � 
�H� �f�i�e�l�d� � � 

�E�n�d� �v�i�e�w� 

�F�i�g�u�r�e� �1�.�1�0�.� �D�o�m�i�n�a�n�t� �T�E�,�,� �m�o�d�e� �i�n� �a� �c�y�l�i�n�d�e�r�i�c�a�l� �c�a�v�i�t�y� �(�2�)�.� 
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�w�h�e�r�e� �w� �i�s� �t�h�e� �f�r�e�q�u�e�n�c�y�,� �U� �r�e�l�a�t�e�s� �t�o� �t�h�e� �t�o�t�a�l� �e�n�e�r�g�y� �s�t�o�r�e�d� �i�n� �t�h�e� �c�a�v�i�t�y� �P�,� 

�a�n�d�P�,� �a�r�e� �t�h�e� �p�o�w�e�r�s� �d�i�s�s�i�p�a�t�e�d� �i�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �a�n�d� �t�h�e� �c�a�v�i�t�y� �w�a�l�l�s� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �a�v�e�r�a�g�e� �p�o�w�e�r� �s�t�o�r�e�d� �i�n� �t�h�e� �c�a�v�i�t�y� �i�s� �g�i�v�e�n� �b�y� 

�P�a�y� �=� �W�E�o�t � �� �e�n�(�{�E� �x� �.�E�)�d�V� �(�9�)� �1� 
�2� 

�w�h�e�r�e� �¢�£� �a�n�d� �&�,� �a�r�e� �t�h�e� �p�e�r�m�i�t�t�i�v�i�t�y� �o�f� �v�a�c�u�u�m� �a�n�d� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r� 

�o�f� �t�h�e� �s�a�m�p�l�e� �i�n� �t�h�e� �c�a�v�i�t�y� �r�e�s�p�e�c�t�i�v�e�l�y�.� �C�o�m�b�i�n�i�n�g� �t�h�e� �a�b�o�v�e� �t�w�o� �e�q�u�a�t�i�o�n�s� 

�w�e� �h�a�v�e� �t�h�e� �q�u�a�l�i�t�y� �f�a�c�t�o�r� �Q�,� �f�o�r� �a� �l�o�a�d�e�d� �c�a�v�i�t�y� �a�s� 

�I�n� �a� �c�a�v�i�t�y� �t�h�e� �d�e�g�r�e�e� �o�f� �s�t�a�n�d�i�n�g� �w�a�v�e�s� �i�s� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� �v�o�l�t�a�g�e� �s�t�a�n�d�i�n�g� 

�w�a�v�e� �r�a�t�i�o� �(�V�W�S�R�)� �w�h�i�c�h� �i�s� �m�e�a�s�u�r�e�d� �b�y� �E�m�a�x�:�E�m�i�n�.� �E�m�a�x� �i�s� �t�h�e� �n�o�t�a�t�i�o�n� �f�o�r� �a�n� 

�i�n�-�p�h�a�s�e� �c�o�n�d�i�t�i�o�n� �a�n�d� �E�,�,�,� �i�s� �t�h�e� �n�o�t�a�t�i�o�n� �f�o�r� �a� �1�8�0�°� �o�u�t�-�o�f�-�p�h�a�s�e� �c�o�n�d�i�t�i�o�n�.� �I�f� 

�V�;� �a�n�d� �V�,� �a�r�e� �t�h�e� �i�n�c�i�d�e�n�t� �v�o�l�t�a�g�e� �a�n�d� �r�e�f�l�e�c�t�e�d� �v�o�l�t�a�g�e�s� �r�e�s�p�e�c�t�i�v�e�l�y� �t�h�e�n� 

�E�m�a�x� �=� �V�i�t� �V�,� �=� �V�i�(�1� �+� �P�)� �(�1�1�)� 

�E�m�i�n� �=� �V�;�  �� �V�;� �=� �V�,�(�1�  �� �P�)� �(�1�2�)� 

�T�h�e�r�e�f�o�r�e� 
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�(�1�+� �P�)� �V�W�S�R�,� �S� �=�  � � �� 
�~� � �(�1�-�P�)� �(�1�3�)� 

�w�h�e�r�e� �P� �i�s� �c�a�l�l�e�d� �t�h�e� �r�e�f�l�e�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�.� �I�f� �P� �=� �0� �(�m�a�t�c�h�e�d� �l�i�n�e�)�,� �t�h�e�n� �S� �=� 

�1�,� �w�h�i�l�e� �i�f� �P� �=� �1� �(�o�p�e�n� �o�r� �s�h�o�r�t� �c�i�r�c�u�i�t�e�d�-�l�i�n�e�)�,� �S� �=� �i�n�f�i�n�i�t�y�.� �T�h�u�s� �w�e� �s�e�e� �t�h�a�t� 

�t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �V�W�S�R� �c�a�n� �v�a�r�y� �f�r�o�m� �1� �t�o� �i�n�f�i�n�i�t�y�.� �O�n� �a� �m�a�t�c�h�e�d� �s�y�s�t�e�m� �a� �v�a�l�u�e� 

�l�e�s�s� �t�h�a�n� �1�.�2� �i�s� �n�o�r�m�a�l�l�y� �r�e�g�a�r�d�e�d� �a�s� �a�c�c�e�p�t�a�b�l�e� �(�3�)�.� 

�1�.�3� �C�A�V�I�T�Y� �P�E�R�T�U�R�B�A�T�I�O�N� 

�W�h�e�n� �a� �s�m�a�l�l� �s�a�m�p�l�e� �i�s� �i�n�s�e�r�t�e�d� �i�n�t�o� �a�n� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �f�i�e�l�d�,� �t�h�e� �c�a�v�i�t�y� �i�s� 

�s�a�i�d� �t�o� �b�e� �p�e�r�t�u�r�b�e�d� �s�l�i�g�h�t�l�y�.� �U�s�e� �h�a�s� �b�e�e�n� �m�a�d�e� �o�f� �t�h�i�s� �p�e�r�t�u�r�b�a�t�i�o�n� �t�o� 

�d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �s�a�m�p�l�e� �(�2�)�.� �T�h�i�s� �r�e�q�u�i�r�e�s� �m�e�a�s�u�r�i�n�g� 

�a� �s�h�i�f�t� �i�n� �t�h�e� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y� �f�r�o�m� �t�h�e� �o�r�i�g�i�n�a�l� �u�n�p�e�r�t�u�r�b�e�d� �v�a�l�u�e� �@�,� �t�o� �t�h�e� 

�n�e�w� �v�a�l�u�e� �o�f� �w� �a�n�d� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �o�f� �t�h�e� �Q�-�f�a�c�t�o�r� �v�a�l�u�e�s� �o�f� �t�h�e� �c�a�v�i�t�y� �o�f� �t�h�e� 

�s�a�m�p�l�e� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �t�h�e� �s�a�m�p�l�e� �(�1�)�.� �T�h�e� �d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �s�a�m�p�l�e� �m�u�s�t� 

�b�e� �s�m�a�l�l� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �c�a�v�i�t�y�.� �T�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �s�a�m�p�l�e� 

�g�e�o�m�e�t�r�i�e�s� �f�o�r� �w�h�i�c�h� �c�a�v�i�t�y� �p�e�r�t�u�r�b�a�t�i�o�n� �c�a�n� �b�e� �c�a�r�r�i�e�d� �o�u�t�.� �T�h�e� �m�o�s�t� 

�i�m�p�o�r�t�a�n�t� �f�e�a�t�u�r�e� �o�f� �c�a�v�i�t�y� �p�e�r�t�u�r�b�a�t�i�o�n� �i�s� �t�h�e� �p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� 

�s�a�m�p�l�e� �s�h�o�u�l�d� �b�e� �p�l�a�c�e�d� �s�o� �a�s� �t�o� �p�r�e�s�e�r�v�e� �s�y�m�m�e�t�r�y�.� �A� �_� �s�i�m�p�l�i�f�i�e�d� 

�r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �e�q�u�a�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �(�1�)� �a�n�d� �t�h�e�s�e� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� 

�h�e�r�e� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �l�u�c�i�d�i�t�y� �o�f� �t�h�i�s� �a�r�t�i�c�l�e�:� 
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�c�=� �1�-�a�(� �2�2� �(�1�4�)� 

�a�n�d� 

�E�e� �=� �A�(�= � �� �-�_�- ��-� �(�1�5�)�.� 
�0� 

�w�h�e�r�e� �A� �i�s� �a� �f�a�c�t�o�r� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �c�a�v�i�t�y� �d�i�m�e�n�s�i�o�n�s� �a�n�d� �s�a�m�p�l�e� 

�g�e�o�m�e�t�r�y�.� 

�1�-�4� �M�I�C�R�O�W�A�V�E�S� �A�S� �A� �H�E�A�T� �S�O�U�R�C�E� 

�1�-�4�-�1� �I�N�T�R�O�D�U�C�T�I�O�N� �A�N�D� �G�E�N�E�R�A�L� �T�H�E�O�R�Y� 

�M�i�c�r�o�w�a�v�e� �h�e�a�t�i�n�g� �a�s� �a�n� �i�n�d�u�s�t�r�i�a�l� �p�r�o�c�e�s�s� �i�s� �a� �t�e�c�h�n�i�q�u�e� �w�h�i�c�h� �w�a�s� 

�o�r�i�g�i�n�a�l�l�y� �c�o�n�c�e�i�v�e�d� �f�o�r�t�y� �y�e�a�r�s� �a�g�o�.� �T�h�e� �a�d�v�e�n�t� �o�f� �t�h�e� �m�a�g�n�e�t�r�o�n� �d�u�r�i�n�g� 

�W�o�r�l�d� �W�a�r� �I�I� �p�r�e�s�e�n�t�e�d� �s�c�i�e�n�t�i�s�t�s� �a�n�d� �e�n�g�i�n�e�e�r�s� �i�n� �i�n�d�u�s�t�r�y� �a�n�d� �u�n�i�v�e�r�s�i�t�i�e�s� 

�w�i�t�h� �a�n� �o�p�p�o�r�t�u�n�i�t�y� �t�o� �d�e�v�e�l�o�p� �a� �n�e�w� �w�a�y� �o�f� �h�e�a�t�i�n�g� �m�a�t�e�r�i�a�l�s� �f�o�r� �s�c�i�e�n�t�i�f�i�c� 

�u�s�e�s�.� �T�h�e� �t�a�s�k� �w�a�s� �q�u�i�t�e� �f�o�r�m�i�d�a�b�l�e� �t�h�o�u�g�h�,� �b�e�c�a�u�s�e� �o�f� �a� �l�a�c�k� �o�f� �f�u�n�c�t�i�o�n�a�l� 

�e�q�u�i�p�m�e�n�t� �a�n�d� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a�n�y� �r�e�l�i�a�b�l�e� �d�a�t�a� �o�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� 
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�m�a�t�e�r�i�a�l�s� �t�o� �d�e�n�o�t�e� �w�h�i�c�h� �w�e�r�e� �s�u�i�t�a�b�l�e� �c�a�n�d�i�d�a�t�e�s� �f�o�r� �m�i�c�r�o�w�a�v�e� �h�e�a�t�i�n�g�.� 

�M�o�s�t� �o�f� �t�h�e� �e�a�r�l�y� �w�o�r�k� �o�n� �t�h�e�s�e� �p�r�o�p�e�r�t�i�e�s� �w�a�s� �p�i�o�n�e�e�r�e�d� �b�y� �V�o�n� �H�i�p�p�e�l� �a�n�d� 

�c�o�-�w�o�r�k�e�r�s� �i�n� �t�h�e� �f�o�r�t�i�e�s� �a�n�d� �f�i�f�t�i�e�s� �(�4�)�.� �T�h�e�i�r� �p�i�o�n�e�e�r�i�n�g� �w�o�r�k� �h�a�s� �s�i�n�c�e� �b�e�e�n� 

�u�s�e�d� �e�x�t�e�n�s�i�v�e�l�y� �a�n�d� �s�t�i�l�l� �i�s� �t�h�e� �m�o�s�t� �e�x�h�a�u�s�t�i�v�e� �d�o�c�u�m�e�n�t�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �a�n�d� 

�i�n�o�r�g�a�n�i�c� �p�r�o�p�e�r�t�i�e�s� �i�n� �t�h�e� �r�a�d�i�o� �f�r�e�q�u�e�n�c�y� �a�n�d� �m�i�c�r�o�w�a�v�e� �r�e�g�i�o�n�.� �S�i�n�c�e� �t�h�e�n�,� 

�r�e�s�e�a�r�c�h� �i�n� �t�h�i�s� �a�r�e�a� �h�a�s� �b�e�e�n� �e�x�p�a�n�d�e�d� �b�y� �s�e�v�e�r�a�l� �p�e�o�p�l�e� �n�o�t�a�b�l�y� �C�o�e�h�l�o� �(�5�)�,� 

�F�r�o�h�l�i�c�h� �(�6�)�,� �J�o�h�n�k�,� �H�a�r�v�e�y� �a�n�d� �H�a�s�t�e�d� �(�8�,� �9�,� �1�0�)�.� 

�W�h�e�n� �a� �m�a�t�e�r�i�a�l� �i�s� �s�u�b�j�e�c�t�e�d� �t�o� �a� �d�i�r�e�c�t� �e�l�e�c�t�r�i�c� �c�u�r�r�e�n�t� �f�i�e�l�d� �t�h�e� �d�i�p�o�l�e�s� 

�p�r�e�s�e�n�t� �i�n� �t�h�e� �m�a�t�e�r�i�a�l� �t�e�n�d� �t�o� �a�l�i�g�n� �t�h�e�m�s�e�l�v�e�s� �w�i�t�h� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d�.� �E�v�e�n� 

�w�h�e�n� �a� �m�o�l�e�c�u�l�e� �d�o�e�s� �n�o�t� �p�o�s�s�e�s�s� �a� �p�e�r�m�a�n�e�n�t� �d�i�p�o�l�e� �i�t� �a�c�q�u�i�r�e�s� �o�n�e� �b�y� 

�i�n�d�u�c�t�i�o�n� �w�h�e�n� �p�l�a�c�e�d� �i�n� �a�n� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� 

�c�h�a�r�g�e�d� �p�a�r�t�i�c�l�e�s� �f�r�o�m� �t�h�e�i�r� �e�q�u�i�l�i�b�r�i�u�m� �p�o�s�i�t�i�o�n�s�.� �A�n� �i�n�d�u�c�e�d� �p�o�l�a�r�i�z�a�t�i�o�n� �c�a�n� 

�a�r�i�s�e� �m�a�i�n�l�y� �f�r�o�m� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �e�l�e�c�t�r�o�n�s� �a�r�o�u�n�d� �t�h�e� �n�u�c�l�e�i�i� �(�e�l�e�c�t�r�o�n�i�c� 

�p�o�l�a�r�i�s�a�t�i�o�n�)� �o�r� �d�u�e� �t�o� �t�h�e� �r�e�l�a�t�i�v�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �a�t�o�m�i�c� �n�u�c�l�e�i� �b�e�c�a�u�s�e� �o�f� 

�t�h�e� �u�n�e�q�u�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �c�h�a�r�g�e� �i�n� �m�o�l�e�c�u�l�e� �f�o�r�m�a�t�i�o�n� �(�a�t�o�m�i�c� �p�o�l�a�r�i�s�a�t�i�o�n�)� 

�(�1�,�1�1�)�.� �L�a�s�t�l�y�,� �a� �s�o�u�r�c�e� �o�f� �r�e�o�r�i�e�n�t�a�t�i�o�n� �p�o�l�a�r�i�s�a�t�i�o�n� �a�r�i�s�e�s� �f�r�o�m� �c�h�a�r�g�e� �b�u�i�l�d� 

�u�p� �i�n� �i�n�t�e�r�f�a�c�e�s� �b�e�t�w�e�e�n� �c�o�m�p�o�n�e�n�t�s� �i�n� �h�e�t�e�r�o�g�e�n�o�u�s� �s�y�s�t�e�m�s�,� �t�e�r�m�e�d� 

�M�a�x�w�e�l�l�-�W�a�g�n�e�r� �p�o�l�a�r�i�s�a�t�i�o�n� �-� �t�h�i�s� �b�e�h�a�v�i�o�r� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g� �1�.�1�1�.� �T�h�e� 

�m�o�l�e�c�u�l�e�s� �h�o�w�e�v�e�r� �c�a�n� �n�e�v�e�r� �f�u�l�l�y� �a�l�i�g�n� �t�h�e�m�s�e�l�v�e�s� �w�i�t�h� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� 

�a�p�p�l�i�e�d� �f�i�e�l�d� �b�e�c�a�u�s�e� �o�f� �t�h�e�r�m�a�l� �d�e�n�s�i�t�y� �f�l�u�c�t�u�a�t�i�o�n�s� �(�t�h�e�r�m�a�l� �a�g�i�t�a�t�i�o�n�)� �(�1�2�)�.� 

�I�f� �t�h�e�r�e�f�o�r�e� �a� �l�o�c�a�l� �f�i�e�l�d� �(�E�)� �i�s� �a�p�p�l�i�e�d� �t�o� �a�n� �i�n�d�i�v�i�d�u�a�l� �d�i�p�o�l�e� �a�s� �s�h�o�w�n� �i�n� �t�h�e� 

�F�i�g� �1�.�1�2� �t�h�e� �d�i�p�o�l�e� �m�o�m�e�n�t� �y�z� �i�s� �a� �s�i�m�p�l�e� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �f�i�e�l�d� �(�a�s�s�u�m�e�d� �l�i�n�e�a�r�)� 

�g�i�v�i�n�g�:� 
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�b�=� �G�E� �(�1�6�)� 

�w�h�e�r�e� �«�,� �i�s� �c�a�l�l�e�d� �t�h�e� �p�o�l�a�r�i�s�a�b�i�l�i�t�y� �o�f� �t�h�e� �m�e�d�i�u�m� �a�n�d� �m�a�y� �b�e� �s�u�m�m�e�d� �u�p� �a�s� 

�O�t� �=� �H�e� �+� �W�g� �+� �O�g� �+� �O�m�w� �(�1�7�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �r�e�f�e�r� �t�o� �e�l�e�c�t�r�o�n�i�c�,� �a�t�o�m�i�c�,� �d�i�p�o�l�a�r� �o�r� �r�e�o�r�i�e�n�t�a�t�i�o�n� �a�n�d� 

�i�n�t�e�r�f�a�c�i�a�l� �o�r� �M�a�x�w�e�l�l�-�W�a�g�n�e�r� �p�o�l�a�r�i�s�a�t�i�o�n�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�l�f� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �i�s� �a�n� �a�l�t�e�r�n�a�t�i�n�g� �f�i�e�l�d�,� �t�h�e�n� �t�h�e� �m�o�l�e�c�u�l�e�s� �w�i�l�l� �b�e�g�i�n� �t�o� 

�o�s�c�i�l�l�a�t�e� �a�s� �t�h�e� �f�i�e�l�d� �c�h�a�n�g�e�s� �d�i�r�e�c�t�i�o�n�.� �T�h�i�s� �t�e�n�d�e�n�c�y� �i�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �t�h�e� 

�F�i�g� �1�.�1�3�.� �T�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �t�o� �k�e�e�p� �i�n� �p�h�a�s�e� �w�i�t�h� �t�h�e� 

�a�p�p�l�i�e�d� �a�l�t�e�r�n�a�t�i�n�g� �f�i�e�l�d� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �a� �n�u�m�b�e�r� �o�f� �f�a�c�t�o�r�s� �s�u�c�h� �a�s� �t�h�e� 

�s�t�r�e�n�g�t�h� �o�f� �t�h�e� �d�i�p�o�l�e�,� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �i�m�p�r�e�s�s�e�d� �f�i�e�l�d�.� �T�h�e� 

�m�o�l�e�c�u�l�e ��s� �i�n�a�b�i�l�i�t�y� �t�o� �k�e�e�p� �i�n� �p�h�a�s�e� �w�i�t�h� �a� �g�i�v�e�n� �f�r�e�q�u�e�n�c�y� �r�e�s�u�l�t�s� �i�n� �a� 

�d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r� �w�h�i�c�h� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �r�i�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �w�i�l�l� �b�e� 

�s�e�e�n� �l�a�t�e�r�.� �T�h�i�s� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r� �« � �� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �«� 

�t�h�r�o�u�g�h� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�E�e�"� �=� �&�'� �-� �j�e �� �(�1�8�)� 
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�C�h�a�r�g�e� �r�e�a�i�s�i�r�i�b�u�t�i�o�n� 

�O�r�}� �O�7�1� 
�H�O�)� 

�H�O� �O�e� 

�i�h�©� 

�F�i�g�u�r�e� �1�.�1�1�.� �S�c�h�e�m�a�t�i�c� �s�h�o�w�s� �p�o�l�a�r�i�z�a�t�i�o�n� �d�u�e� �t�o� �t�h�e� �M�a�x�w�e�l�l� �W�a�g�n�e�r� �e�f�f�e�c�t� �(�2�)�.� 
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�S�o�y� �B�S� �F�s� 
�w�e� �e�e �� �o�~� �-� �(�A�r� �a�a� 

�a�  �� �~� �i�y�)�  �� �r�e� �(�o�o�.� 
�a�y� �a� �S�l�y� �e�e� �m�a� 

�m�a� �~� �S�e� �a�a� 
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�F�i�g�u�r�e� �1�.�1�2�.� �F�i�g�u�r�e� �s�h�o�w�s� �m�o�l�e�c�u�l�a�r� �r�e�o�r�i�e�n�t�a�t�i�o�n� �w�h�e�n� �s�u�b�j�e�c�t�e�d� �t�o� �a�n� �a�p�p�l�i�e�d� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� 

�f�i�e�l�d�.� 

�C�H�A�P�T�E�R� �1



�T�h�e� �a�c�t�u�a�l� �d�e�r�i�v�a�t�i�o�n� �o�f� �t�h�e� �a�b�o�v�e� �r�e�l�a�t�i�o�n�s�h�i�p� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �e�l�s�e�w�h�e�r�e� 

�(�2�,�1�2�)�.� �T�h�e� �l�o�s�s� �f�a�c�t�o�r� �¢ � �� �c�a�n� �b�e� �b�r�o�k�e�n� �d�o�w�n� �i�n�t�o� �i�t�s� �c�o�m�p�o�n�e�n�t�s� �a�s� �i�n� �t�h�e� 

�c�a�s�e� �o�f� �p�o�l�a�r�i�s�a�t�i�o�n� �a�b�o�v�e�.� �T�h�i�s� �c�a�n� �b�e� �s�h�o�w�n� �a�s� 

�e �� �e�n�(�c�o�)� �=�  ¬�/ �� �(�w�o�)� �+� �&�!�(�w�)� �+�  ¬� �(�e�w�)� �+�E �� �m�w�(�w�)� �+� �S� �w� �(�1�9�)� 

�w�h�e�r�e� �t�h�e� �s�u�b�s�c�r�i�p�t�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �a�n�d� �t�h�e� �l�a�s�t� �t�e�r�m� �i�n� �t�h�e� �e�x�p�r�e�s�s�i�o�n� 

�r�e�f�e�r�s� �t�o� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �d�u�e� �t�o� �c�o�n�d�u�c�t�i�o�n�.� �T�h�e� �l�o�s�s� �f�a�c�t�o�r�s� �s�h�o�w� �a� �f�r�e�q�u�e�n�c�y� 

�d�e�p�e�n�d�e�n�c�e� �w�h�i�c�h� �h�e�l�p�s� �s�i�m�p�l�i�f�y� �a�n�a�l�y�s�i�s� �b�e�c�a�u�s�e� �f�o�r� �a� �g�i�v�e�n� �f�r�e�q�u�e�n�c�y� �b�a�n�d� 

�t�h�e�r�e� �i�s� �a� �d�o�m�i�n�a�n�c�e� �o�f� �o�n�e� �o�r� �t�w�o� �l�o�s�s� �m�e�c�h�a�n�i�s�m�s� �o�v�e�r� �t�h�e� �o�t�h�e�r�s�.� �T�h�e� 

�f�r�e�q�u�e�n�c�y� �d�e�p�e�n�d�e�n�c�e� �o�f� �t�h�e� �l�o�s�s� �m�e�c�h�a�n�i�s�m�s� �h�a�s� �b�e�e�n� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� 

�b�y� �H�a�s�t�e�d� �(�1�0�)� �w�h�o� �h�a�s� �s�c�h�e�m�a�t�i�c�a�l�l�y� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �v�a�r�i�o�u�s� �c�o�n�t�r�i�b�u�t�i�n�g� 

�m�e�c�h�a�n�i�s�m�s� �t�o� �t�h�e� �l�o�s�s� �f�a�c�t�o�r� �o�f� �a� �m�o�i�s�t� �m�a�t�e�r�i�a�l�.� �S�i�n�c�e� �m�o�s�t� �i�n�d�u�s�t�r�i�a�l� 

�f�r�e�q�u�e�n�c�y� �h�e�a�t�i�n�g� �t�a�k�e�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �1�0 �� �t�o� �1�0�°� �H�z�,� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �t�h�a�t� �o�n�e� 

�s�h�o�u�l�d� �b�e� �m�o�s�t� �l�i�k�e�l�y� �c�o�n�c�e�r�n�e�d� �w�i�t�h� �a�r�e� �t�h�o�s�e� �o�f� �d�i�p�o�l�a�r� �r�e�o�r�i�e�n�t�a�t�i�o�n�,� 

�M�a�x�w�e�l�l�-�W�a�g�n�e�r�-�S�i�l�l�a�r�s� �(�1�3�,� �1�4�,� �1�5�)� �i�n�t�e�r�f�a�c�i�a�l� �p�o�l�a�r�i�s�a�t�i�o�n� �a�n�d� �d�.� �c�.� 

�c�o�n�d�u�c�t�i�v�i�t�y�.� �L�o�s�s� �m�e�c�h�a�n�i�s�m�s� �d�u�e� �t�o� �a�t�o�m�i�c� �a�n�d� �e�l�e�c�t�r�o�n�i�c� �p�o�l�a�r�i�s�a�t�i�o�n�s�,� 

�c�o�l�l�e�c�t�i�v�e�l�y� �t�e�r�m�e�d� �d�i�s�t�o�r�t�i�o�n� �p�o�l�a�r�i�s�a�t�i�o�n�s�,� �o�c�c�u�r� �a�t� �f�r�e�q�u�n�e�c�i�e�s� �i�n� �t�h�e� 

�i�n�f�r�a�-�r�e�d� �a�n�d� �v�i�s�i�b�l�e� �p�a�r�t� �o�f� �t�h�e� �s�p�e�c�t�r�u�m� �a�n�d� �a�s� �s�u�c�h� �p�l�a�y� �n�o� �p�a�r�t� �i�n� �t�h�e� �h�i�g�h� 

�f�r�e�q�u�e�n�c�y� �h�e�a�t�i�n�g�.� �T�h�i�s� �i�s� �s�h�o�w�n� �i�n� �t�h�e� �F�i�g� �1�.�1�4�.� �H�e�n�c�e� �t�h�e� �c�o�m�p�l�e�x� �d�i�e�l�e�c�t�r�i�c� 

�c�o�n�s�t�a�n�t� �c�a�n� �b�e� �n�o�w� �b�e� �m�o�d�i�f�i�e�d� �t�o�:� 

�e�X� �=� �b�!� �-� �j�e�!� �o�n� �(�2�0�)� 

�C�H�A�P�T�E�R� �1� �3�6



�w�h�e�r�e� �e�é � ��.�4� �i�n�c�l�u�d�e�s� �t�h�e� �f�a�c�t�o�r�s� �w�h�i�c�h� �a�r�e� �r�e�l�e�v�a�n�t� �t�o� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �h�e�a�t�i�n�g�.� 

�T�h�e� �r�a�t�i�o� �o�f� �t�h�e� �e�f�f�e�c�t�i�v�e� �l�o�s�s� �f�a�c�t�o�r� �t�o� �t�h�a�t� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �i�s� �c�a�l�l�e�d� 

�t�h�e� �e�f�f�e�c�t�i�v�e� �l�o�s�s� �t�a�n�g�e�n�t�,� �w�h�i�c�h� �i�n�c�l�u�d�e�s� �t�h�e� �e�f�f�e�c�t�s� �o�f� �d�.� �c�.� �c�o�n�d�u�c�t�i�v�i�t�y�,� �a�n�d� 

�i�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �t�o�t�a�l� �c�u�r�r�e�n�t� �d�e�n�s�i�t�y� �v�e�c�t�o�r� �a�n�d� �t�h�e� �v�e�r�t�i�c�a�l� �a�x�i�s� �i�n� �t�h�e� 

�F�i�g� �1�.�1�5� �s�h�o�w�n� �b�e�l�o�w�.� 

�T�h�e� �e�f�f�e�c�t�i�v�e� �l�o�s�s� �f�a�c�t�o�r� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �d�e�p�e�n�d�s� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� 

�m�a�t�e�r�i�a�l� �a�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r� �a�n�d� �i�t� �i�s� �t�h�e� �q�u�a�n�t�i�t�y� �u�p�o�n� �w�h�i�c�h� �t�h�e� �a�b�i�l�i�t�y� 

�o�f� �a� �m�a�t�e�r�i�a�l� �t�o� �h�e�a�t� �i�n� �a� �m�i�c�r�o�w�a�v�e� �f�i�e�l�d� �i�s� �d�e�p�e�n�d�e�n�t�.� �A� �m�a�t�e�r�i�a�l� �t�h�a�t� �i�s� 

�r�e�a�d�i�l�y� �p�o�l�a�r�i�s�a�b�l�e� �b�y� �a� �s�m�a�l�l� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �h�a�s� �a� �h�i�g�h� �l�o�s�s� �f�a�c�t�o�r� �a�n�d� �i�s� �e�a�s�y� 

�t�o� �h�e�a�t� �(�1�6�)�.� �T�h�e� �p�o�w�e�r� �a�b�s�o�r�b�e�d� �i�s� �d�i�r�e�c�t�l�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� 

�f�a�c�t�o�r� �a�n�d� �t�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�i�s� �i�s� �g�i�v�e�n� �b�e�l�o�w�:� 

�P�,� �=� �W�E�o�t �� �e�n�k�2�V� �(�2�1�)� 

�w�h�e�r�e� �P�,� �i�s� �t�h�e� �p�o�w�e�r� �a�b�s�o�r�b�e�d�,� �w� �i�s� �t�h�e� �f�r�e�q�u�e�n�c�y�,� �V� �i�s� �t�h�e� �v�o�l�u�m�e� �i�n� �m ��,� �E� 

�i�s� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�.� �I�f� �t�h�e� �p�o�l�a�r�i�s�i�n�g� �f�i�e�l�d� �a�l�t�e�r�n�a�t�e�s� �d�i�r�e�c�t�i�o�n� �a�t� �a� �h�i�g�h� 

�f�r�e�q�u�e�n�c�y�,� �c�o�n�s�i�d�e�r�a�b�l�e� �e�n�e�r�g�y� �i�s� �i�m�p�a�r�t�e�d� �t�o� �e�a�c�h� �m�o�l�e�c�u�l�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� 

�c�a�u�s�i�n�g� �t�h�e� �m�o�l�e�c�u�l�e� �t�o� �b�e� �a�g�i�t�a�t�e�d� �a�s� �t�h�e� �f�i�e�l�d� �a�l�t�e�r�n�a�t�e�s� �e�a�c�h� �c�y�c�l�e�.� �T�h�i�s� 

�a�g�i�t�a�t�i�o�n� �g�i�v�e�s� �r�i�s�e� �t�o� �f�r�i�c�t�i�o�n� �a�m�o�n�g�s�t� �t�h�e� �m�o�l�e�c�u�l�e�s� �w�h�i�c�h� �i�n� �t�u�r�n� �c�a�u�s�e�s� �t�h�e� 

�m�a�t�e�r�i�a�l� �t�o� �h�e�a�t�.� �S�i�n�c�e� �t�h�e� �f�i�e�l�d� �p�e�n�e�t�r�a�t�e�s� �t�h�e� �m�o�l�e�c�u�l�e�,� �h�e�a�t� �i�s� �g�e�n�e�r�a�t�e�d� 

�f�r�o�m� �w�i�t�h�i�n�.� �I�n� �a� �u�n�i�f�o�r�m� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �a� �h�o�m�o�g�e�n�o�u�s� �m�a�t�e�r�i�a�l� �w�i�l�l� �h�e�a�t� �v�e�r�y� 
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�P�h�a�s�o�r� �d�i�a�g�r�a�m� �b�e�t�w�e�e�n� �t�h�e� �e�x�t�e�r�n�a�l� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �v�e�c�t�o�r�,� �E�,� �a�n�d� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� 
�v�e�c�t�o�r� �P� �(�2�)�.� 
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�u�n�i�f�o�r�m�l�y� �a�c�r�o�s�s� �i�t�s� �c�r�o�s�s� �s�e�c�t�i�o�n� �s�i�n�c�e� �a�n� �e�q�u�a�l� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �i�s� �i�m�p�a�r�t�e�d� 

�t�o� �e�a�c�h� �m�o�l�e�c�u�l�e�.� �T�h�e� �r�a�t�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� 

�a�b�o�v�e� �e�q�u�a�t�i�o�n� �a�s� �f�o�l�l�o�w�s�:� 

�P�,� �=� �o�e� �(�T�=� �T�o�)� �(�2�2�)� �=� �M�,�C�,�  �� 

�w�h�e�r�e� �M�,� �i�s� �t�h�e� �m�a�s�s� �o�f� �m�a�t�e�r�i�a�l�,�C�,� �i�s� �t�h�e� �s�p�e�c�i�f�i�c� �h�e�a�t� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�,� �7� �a�n�d� 

�T� �a�r�e� �t�h�e� �f�i�n�a�l� �a�n�d� �i�n�i�t�i�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �r�e�s�p�c�e�t�i�v�e�l�y�.� 

�S�u�b�s�t�i�t�u�t�i�n�g� �E�q�.� �(�2�2�)� �i�n� �E�q�.� �(�2�1�)� �w�e� �g�e�t� 

�(�T�=� �T�e�)� �|� �5�5�6�x�1�0�7�"�?� �A� �(�2�3�)� 
�t� �p�C�,� 

�F�r�o�m� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �f�o�r� �a� �g�i�v�e�n� 

�f�r�e�q�u�e�n�c�y� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r� �a�n�d� �t�h�e� �s�q�u�a�r�e� �o�f� �t�h�e� 

�a�p�p�l�i�e�d� �e�l�e�c�t�r�i�c� �f�i�e�l�d�.� �T�h�i�s� �m�a�k�e�s� �t�h�e� �r�a�t�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e� �d�e�p�e�n�d�e�n�t� 

�u�p�o�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �i�t�s�e�l�f� �s�i�n�c�e� �t�h�e� �l�o�s�s� �f�a�c�t�o�r� �i�s� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �(�2�,� 

�1�1�,� �1�6�)�.� 
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�1�.�5� �D�E�P�E�N�D�E�N�C�E� �O�F� �H�E�A�T�I�N�G� �U�P�O�N� �T�H�E� �S�T�R�U�C�T�U�R�E� 

�O�F� �M�O�L�E�C�U�L�E�S� 

�M�i�c�r�o�w�a�v�e� �h�e�a�t�i�n�g� �o�f� �m�a�t�e�r�i�a�l�s� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �l�o�s�s�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 

�t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�u�s� �t�h�e� �m�i�c�r�o�w�a�v�e� �h�e�a�t�i�n�g� �o�f� �m�a�t�e�r�i�a�l�s� �i�s� �s�e�l�e�c�t�i�v�e�.� �T�h�i�s� �i�s� 

�d�i�f�f�e�r�e�n�t� �f�r�o�m� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�e�r�m�a�l� �h�e�a�t�i�n�g�,� �w�h�e�r�e� �m�a�t�e�r�i�a�l�s� �h�e�a�t� �b�y� 

�c�o�n�d�u�c�t�i�o�n� �a�n�d� �c�o�n�v�e�c�t�i�o�n� �i�r�r�e�s�p�e�c�t�i�v�e� �o�f� �t�h�e�i�r� �s�t�r�u�c�t�u�r�e�.� �I�n� �o�r�d�e�r� �f�o�r� �a� 

�m�a�t�e�r�i�a�l� �t�o� �h�e�a�t� �i�n� �a� �m�i�c�r�o�w�a�v�e� �f�i�e�l�d� �i�t� �m�u�s�t� �p�o�s�s�e�s�s� �p�e�r�m�a�n�e�n�t� �d�i�p�o�l�e�s� �o�r� 

�i�o�n�i�c� �o�r� �e�l�e�c�t�r�o�n�i�c� �m�o�b�i�l�i�t�y�.� �M�o�l�e�c�u�l�e�s�,� �w�h�i�c�h�,� �i�n� �g�e�n�e�r�a�l� �d�o� �n�o�t� �p�o�s�s�e�s�s� 

�c�h�a�r�g�e� �s�y�m�m�e�t�r�y� �h�a�v�e� �h�i�g�h� �d�i�p�o�l�e� �m�o�m�e�n�t�s� �(�1�7�)�.� �T�h�u�s� �f�o�r� �o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l�s� 

�i�n�c�l�u�d�i�n�g� �p�o�l�y�m�e�r�s�,� �t�h�e� �p�o�s�s�e�s�s�i�o�n� �o�f� �n�i�t�r�i�l�e� �g�r�o�u�p�s�,� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s�,� �a�m�i�n�e� 

�g�r�o�u�p�s�,� �e�p�o�x�i�d�e� �g�r�o�u�p�s� �p�r�o�v�i�d�e� �a�n� �o�p�p�o�r�t�u�n�i�t�y� �f�o�r� �a�b�s�o�r�p�t�i�o�n� �o�f� �m�i�c�r�o�w�a�v�e�s�,� 

�w�h�i�c�h� �c�o�n�s�e�q�u�e�n�t�l�y� �r�e�s�u�l�t� �i�n� �h�e�a�t�i�n�g�.� �T�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�u�c�h� �g�r�o�u�p�s� �i�n� �a� 

�m�i�x�t�u�r�e� �o�f� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s� �o�r� �i�n� �a� �p�o�l�y�m�e�r� �b�l�e�n�d� �w�i�l�l� �d�e�t�e�r�m�i�n�e� �t�h�e� �d�i�e�l�e�c�t�r�i�c� 

�l�o�s�s� �f�a�c�t�o�r� �a�n�d� �t�h�e� �r�a�t�e� �o�f� �h�e�a�t�i�n�g� �(�1�1�)�.� �A�.� �L�.� �M�c�C�l�e�l�l�a�n� �(�1�8�)� �i�n� �1�9�6�2� �c�o�l�l�e�c�t�e�d� 

�a�n�d� �p�u�b�l�i�s�h�e�d� �d�a�t�a� �o�n� �t�h�o�s�e� �d�i�p�o�l�e�s� �w�h�i�c�h� �h�a�d� �b�e�e�n� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �v�e�r�i�f�i�e�d�.� 

�T�h�e� �d�i�p�o�l�e� �m�o�m�e�n�t�s� �w�e�r�e� �e�x�p�r�e�s�s�e�d� �i�n� �u�n�i�t�s� �o�f� �D�e�b�y�e� �(�1� �D�e�b�y�e� �=� �1�0�-�'�*�e�s�u� 

�c�m�)� �a�n�d� �w�e�r�e� �u�s�u�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �i�n� �t�h�e� �g�a�s� �p�h�a�s�e� �o�r� �i�n� �a� �s�o�l�u�t�i�o�n� �o�f� �a� 

�n�o�n�-�p�o�l�a�r� �s�o�l�v�e�n�t�,� �w�h�e�r�e� �a�t� �i�n�f�i�n�i�t�e� �d�i�l�u�t�i�o�n� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �p�o�l�a�r� 

�m�o�l�e�c�u�l�e�s� �c�a�n� �b�e� �n�e�g�l�e�c�t�e�d�.� �U�r�e�a� �a�n�d� �s�u�l�f�o�n�e� �g�r�o�u�p�s� �h�a�v�e� �h�i�g�h�e�s�t� �d�i�p�o�l�e� 

�m�o�m�e�n�t�s� �w�i�t�h� �a� �D�e�b�y�e� �v�a�l�u�e� �o�f� �o�v�e�r� �4�.� �L�a�c�t�o�n�e�,� �a�m�i�d�e� �a�n�d� �n�i�t�r�i�l�e� �g�r�o�u�p�s� �a�r�e� 

�n�e�x�t� �w�i�t�h� �v�a�l�u�e�s� �b�e�t�w�e�e�n� �3� �a�n�d� �4� �D�e�b�y�e�s�.� �I�s�o�c�y�a�n�a�t�e� �a�n�d� �k�e�t�o�n�e� �g�r�o�u�p�s� �h�a�v�e� 
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�D�e�b�y�e� �v�a�l�u�e�s� �b�e�t�w�e�e�n� �2� �a�n�d� �3�.� �T�h�e� �e�t�h�e�r� �a�n�d� �c�a�r�b�o�n�a�t�e� �g�r�o�u�p�s� �h�a�v�e� �t�h�e� �l�o�w� 

�d�i�p�o�l�e� �m�o�m�e�n�t�s� �a�r�o�u�n�d� �1� �D�e�b�y�e�.� �T�h�e� �m�o�n�o�s�u�b�s�t�i�t�u�t�e�d� �g�r�o�u�p�s� �s�u�c�h� �a�s� �t�h�e� 

�h�y�d�r�o�x�y�,� �e�s�t�e�r� �e�t�c�.� �h�a�v�e� �D�e�b�y�e� �v�a�l�u�e�s� �b�e�t�w�e�e�n� �1� �a�n�d� �2�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� 

�t�h�a�t� �t�h�e�r�e� �a�r�e� �c�e�r�t�a�i�n� �g�r�o�u�p�s� �o�f� �m�o�l�e�c�u�l�e�s� �t�h�a�t� �a�r�e� �m�i�c�r�o�w�a�v�e� �t�r�a�n�s�p�a�r�e�n�t�.� 

�M�o�l�e�c�u�l�e�s� �h�a�v�i�n�g� �a� �c�e�n�t�e�r� �o�f� �c�h�a�r�g�e� �s�y�m�m�e�t�r�y� �s�u�c�h� �a�s� �a�r�g�o�n�,� �c�a�r�b�o�n� 

�t�e�t�r�a�f�l�u�o�r�i�d�e� �(�C�F�s�)�,� �m�e�t�h�a�n�e� �(�C�H�a�)�,� �c�a�r�b�o�n� �t�e�t�r�a�c�h�l�o�r�i�d�e� �(�C�C�l�«�)�,� �p�r�o�p�a�n�e� �(�C�s�H�s�)� 

�e�t�c�.� �a�r�e� �n�o�n�-�p�o�l�a�r� �a�n�d� �e�x�h�i�b�i�t� �z�e�r�o� �d�i�p�o�l�e� �m�o�m�e�n�t�s�.� �P�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s� �s�u�c�h� 

�a�s� �p�o�l�y�e�t�h�y�l�e�n�e�,� �p�o�l�y�p�r�o�p�y�l�e�n�e�,� �p�o�l�y�t�e�t�r�a�f�l�u�o�r�o�e�t�h�y�l�e�n�e� �e�t�c� �a�r�e� �m�i�c�r�o�w�a�v�e� 

�t�r�a�n�s�p�a�r�e�n�t� �a�n�d� �a�r�e� �c�o�m�m�o�n�l�y� �r�e�f�e�r�r�e�d� �t�o� �a�s�  ��m�i�c�r�o�w�a�v�e�a�b�l�e� �p�l�a�s�t�i�c�s ��.� 

�I�n� �t�h�e� �c�a�s�e� �o�f� �c�o�n�d�u�c�t�i�v�e� �m�a�t�e�r�i�a�l�s�,� �t�h�e� �n�e�t� �c�h�a�r�g�e� �d�u�e� �t�o� �e�l�e�c�t�r�o�n�s� �o�r� �i�o�n�s� 

�c�o�n�d�u�c�t�e�d� �i�n�s�i�d�e� �t�h�e� �m�a�t�e�r�i�a�l� �g�i�v�e�s� �r�i�s�e� �t�o� �a� �c�o�n�d�u�c�t�i�n�g� �c�u�r�r�e�n�t�.� �T�h�i�s� 

�c�o�n�d�u�c�t�i�o�n� �o�f� �c�h�a�r�g�e� �i�n� �a� �m�a�t�e�r�i�a�l� �g�i�v�e�s� �r�i�s�e� �t�o� �h�e�a�t�i�n�g�,� �a�n�d� �t�h�e� �a�b�i�l�i�t�y� �o�f� �a� 

�m�a�t�e�r�i�a�l� �t�o� �i�n�d�u�c�e� �c�h�a�r�g�e� �d�e�n�s�i�t�y� �i�s� �c�a�l�l�e�d� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �(�2�)�.� �H�e�n�c�e� 

�f�o�r� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�n� �e�p�o�x�i�e�s� �t�h�e�r�e� �i�s� �a� �h�i�g�h�e�r� �h�e�a�t�i�n�g� �f�r�o�m� �t�h�e� �i�n�t�e�r�i�o�r� �t�o�w�a�r�d�s� 

�t�h�e� �s�k�i�n� �b�e�c�a�u�s�e� �o�f� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �c�h�a�r�g�e�s� �t�h�r�o�u�g�h� �t�h�e� �f�i�b�r�e�s�.� �I�t� �s�h�o�u�l�d� 

�b�e� �n�o�t�e�d� �t�h�o�u�g�h� �t�h�a�t� �i�n� �a� �p�e�r�f�e�c�t� �c�o�n�d�u�c�t�o�r�,� �t�h�e�r�e� �i�s� �n�o� �h�e�a�t�i�n�g� �s�i�n�c�e� �t�h�e� 

�e�l�e�c�t�r�i�c� �f�i�e�l�d� �i�s� �r�e�f�l�e�c�t�e�d� �a�n�d� �t�h�e�r�e�f�o�r�e� �n�o� �c�o�n�d�u�c�t�i�o�n� �c�u�r�r�e�n�t�s� �a�r�e� �s�e�t� �u�p� �i�n� 

�t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�t� �a�n�y� �f�r�e�q�u�e�n�c�i�e�s� �(�1�3�)�.� �H�e�n�c�e� �n�o� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �e�n�e�r�g�y� �i�s� 

�d�i�s�s�i�p�a�t�e�d� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �p�e�r�f�e�c�t� �c�o�n�d�u�c�t�o�r� �i�s� �i�n�f�i�n�i�t�e�.� 
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�1�.�6� �M�A�C�R�O�S�C�O�P�I�C� �C�O�N�S�I�D�E�R�A�T�I�O�N�S� �F�O�R� �M�I�C�R�O�W�A�V�E� 

�H�E�A�T�I�N�G� 

�T�h�o�u�g�h� �t�h�e� �m�o�l�e�c�u�l�a�r� �s�t�r�u�c�t�u�r�e� �o�f� �m�o�l�e�c�u�l�e�s� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �t�h�e�i�r� 

�c�a�p�a�b�i�l�i�t�y� �t�o� �a�b�s�o�r�b� �m�i�c�r�o�w�a�v�e�s� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �n�o�t�e� �t�h�a�t� �t�h�e� �m�o�r�p�h�o�l�o�g�y� 

�a�n�d� �c�o�n�f�o�r�m�a�t�i�o�n� �o�f� �m�o�l�e�c�u�l�e�s� �i�n� �a�n�y� �g�i�v�e�n� �m�a�t�e�r�i�a�l� �a�l�s�o� �d�e�t�e�r�m�i�n�e� �t�h�e�i�r� 

�c�a�p�a�b�i�l�i�t�y� �t�o� �h�e�a�t� �u�p� �w�h�e�n� �p�l�a�c�e�d� �i�n� �a� �m�i�c�r�o�w�a�v�e� �f�i�e�l�d�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� 

�m�a�t�e�r�i�a�l� �a�n�d� �i�t�s� �n�a�t�u�r�e� �(�s�o�l�i�d� �g�l�a�s�s�,� �l�i�q�u�i�d� �a�n�d� �g�a�s�)� �a�l�s�o� �p�l�a�y�s� �a�n� �p�i�v�o�t�a�l� �r�o�l�e� 

�i�n� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �a�n�d� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �h�e�a�t�i�n�g� �c�a�p�a�b�i�l�i�t�y� �o�f� 

�t�h�e� �m�a�t�e�r�i�a�l�.� �I�n� �1�9�2�9� �D�e�b�y�e� �f�i�r�s�t� �t�h�e�o�r�i�s�e�d� �t�h�a�t� �a�t� �l�o�w� �f�r�e�q�u�e�n�c�i�e�s� �n�e�a�r� �d�.� �c�.�,� 

�t�h�e� �d�i�p�o�l�e�s� �h�a�v�e� �a�m�p�l�e� �t�i�m�e� �t�o� �f�o�l�l�o�w� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �o�f� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �a�n�d� �t�h�e� 

�d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �i�s� �a�t� �i�t�s� �m�a�x�i�m�u�m� �v�a�l�u�e�.� �W�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�r�e�q�u�e�n�c�y� �t�h�e� 

�d�i�p�o�l�e�s� �w�e�r�e� �u�n�a�b�l�e� �t�o� �k�e�e�p� �p�a�c�e� �w�i�t�h� �t�h�e� �a�l�t�e�r�n�a�t�i�n�g� �f�i�e�l�d� �a�n�d� �h�e�n�c�e� �a� �l�o�s�s� 

�f�a�c�t�o�r� �(�a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�)� �w�a�s� �n�o�w� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �m�o�l�e�c�u�l�e�s�.� �A�s� �t�h�e� 

�f�r�e�q�u�e�n�c�y� �i�s� �i�n�c�r�e�a�s�e�d� �f�u�r�t�h�e�r� �t�h�e� �d�i�p�o�l�a�r� �o�r� �r�e�o�r�i�e�n�t�a�t�i�o�n� �p�o�l�a�r�i�z�a�t�i�o�n� �c�a�n�n�o�t� 

�k�e�e�p� �p�a�c�e� �w�i�t�h� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �a�n�d� �h�e�n�c�e� �i�t�s� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �t�o�t�a�l� 

�p�o�l�a�r�i�z�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �T�h�i�s� �f�a�l�l� �i�n� �p�o�l�a�r�i�s�a�t�i�o�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�i�n�c�r�e�a�s�e�d� �t�h�e� �l�o�s�s� �f�a�c�t�o�r� �a�n�d� �e�n�e�r�g�y� �i�s� �n�o�w� �d�r�a�w�n� �f�r�o�m� �t�h�e� �s�y�s�t�e�m� �a�n�d� �i�s� 

�d�i�s�s�i�p�a�t�e�d� �a�s� �h�e�a�t�.� 

�D�e�b�y�e� �i�n�t�e�r�p�r�e�t�e�d� �t�h�i�s� �r�e�l�a�x�a�t�i�o�n� �a�s� �d�i�p�o�l�a�r� �r�o�t�a�t�i�o�n� �a�g�a�i�n�s�t� �f�r�i�c�t�i�o�n�a�l� �f�o�r�c�e�s� 

�i�n� �t�h�e� �m�e�d�i�u�m�.� �U�s�i�n�g� �S�t�o�k�e�s� �t�h�e�o�r�e�m�,� �h�e� �a�s�s�u�m�e�d� �a� �s�p�h�e�r�i�c�a�l� �d�i�p�o�l�e� �a�n�d� 

�u�s�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�h�e� �d�i�p�o�l�a�r� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�:� 
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�T� �(�2�4�)� � � 

�w�h�e�r�e� �n�,� �i�s� �t�h�e� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �m�e�d�i�u�m�,� �r�,� �i�s� �t�h�e� �r�a�d�i�u�s� �o�f� �t�h�e� �d�i�p�o�l�e� �a�n�d� �k�,� �i�s� 

�t�h�e� �B�o�l�t�z�m�a�n�n� �c�o�n�s�t�a�n�t�.� �T�h�i�s� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �t�u�r�n�e�d� �o�u�t� �t�o� �b�e� �f�a�i�r�l�y� �i�n�a�c�c�u�r�a�t�e�,� 

�e�s�p�e�c�i�a�l�l�y� �i�n� �s�o�l�i�d�s� �w�h�e�r�e� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �i�m�a�g�i�n�e� �a� �s�p�h�e�r�i�c�a�l� �d�i�p�o�l�e� 

�o�s�c�i�l�l�a�t�i�n�g� �i�n� �a� �m�e�d�i�u�m� �w�h�e�r�e� �v�i�s�c�o�s�i�t�y� �i�s� �t�h�e� �d�o�m�i�n�a�n�t� �m�e�c�h�a�n�i�s�m�.� �M�o�r�e�o�v�e�r� 

�i�n� �a� �s�o�l�i�d� �w�h�e�r�e� �m�o�l�e�c�u�l�e�s� �a�n�d� �a�t�o�m�s� �a�r�e� �b�o�n�d�e�d� �t�o�g�e�t�h�e�r� �t�h�e� �d�i�p�o�l�e� �i�s� 

�s�u�b�j�e�c�t� �t�o� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �d�i�p�o�l�e�s�.� �D�e�b�y�e� �r�e�c�o�g�n�i�s�e�d� �t�h�i�s� 

�s�h�o�r�t�c�o�m�i�n�g� �a�n�d� �l�a�t�e�r� �i�n�t�r�o�d�u�c�e�d� �t�h�e� �n�o�t�i�o�n� �o�f� �h�i�n�d�e�r�e�d� �m�o�t�i�o�n� �o�f� �m�o�l�e�c�u�l�e�s�,� 

�w�h�e�r�e�i�n� �h�e� �p�o�s�t�u�l�a�t�e�d� �t�h�a�t� �a�n� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �U� �w�a�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �t�h�e� �d�i�p�o�l�e� 

�t�o� �a�t�t�a�i�n� �a�n�o�t�h�e�r� �e�q�u�i�p�r�o�b�a�b�l�e� �p�o�s�i�t�i�o�n�.� �I�f� �U� �w�a�s� �l�e�s�s� �t�h�a�n� �k�,�T� �t�h�e�n� �t�h�e� �d�i�p�o�l�e� 

�w�o�u�l�d� �b�e� �f�r�e�e� �t�o� �r�o�t�a�t�e� �a�n�d� �r�e�o�r�i�e�n�t�a�t�e�.� �T�h�i�s� �i�s� �l�i�k�e�l�y� �i�n� �a� �s�y�s�t�e�m� �w�h�e�r�e� �t�h�e� 

�m�o�l�e�c�u�l�e�s� �a�r�e� �f�r�e�e� �t�o� �m�o�v�e� �a�r�o�u�n�d� �a�n�d� �p�o�s�s�e�s�s� �v�e�r�y� �l�i�t�t�l�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� 

�f�o�r�c�e�s� �o�f� �a�t�t�r�a�c�t�i�o�n� �w�h�i�c�h� �i�s� �t�h�e� �c�a�s�e� �i�n� �m�o�s�t� �g�a�s�e�s�.� �H�o�w�e�v�e�r�,� �v�o�n� �H�i�p�p�e�l� �(�4�)� 

�n�o�t�e�d� �t�h�a�t� �t�h�e�r�e� �a�r�e� �l�a�r�g�e� �d�e�v�i�a�t�i�o�n�s� �f�r�o�m� �t�h�i�s� �t�h�e�o�r�y� �w�h�e�n� �U� �>�>� �k�,� �a�n�d� 

�i�n�t�e�r�m�o�l�e�c�u�l�a�r� �f�o�r�c�e�s� �d�o�m�i�n�a�t�e�.� �T�h�i�s� �i�s� �s�o� �f�o�r� �m�o�s�t� �s�o�l�i�d�s� �(�i�n�c�l�u�d�i�n�g� �p�o�l�y�m�e�r�s�)� 

�a�n�d� �v�i�s�c�o�u�s� �l�i�q�u�i�d�s�.� �L�a�t�e�r� �O�n�s�a�g�e�r� �a�n�d� �K�i�r�k�w�o�o�d� �g�e�n�e�r�a�t�e�d� �n�e�w� �t�h�e�o�r�i�e�s� �t�h�a�t� 

�s�u�i�t�a�b�l�y� �d�e�s�c�r�i�b�e�d� �t�h�e� �d�i�p�o�l�a�r� �m�o�t�i�o�n�s� �o�f� �m�o�l�e�c�u�l�e�s� �i�n� �s�i�m�p�l�e� �l�i�q�u�i�d�s�.� 

�T�h�e� �O�n�s�a�g�e�r� �t�h�e�o�r�y� �t�o�o�k� �r�e�c�o�u�r�s�e� �t�o� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �a� �r�e�a�c�t�i�o�n� �f�i�e�l�d� �R� �i�n� 

�a� �m�a�t�e�r�i�a�l�,� �w�h�i�c�h� �t�h�e�r�e�f�o�r�e� �m�a�d�e� �t�h�e� �t�o�t�a�l� �f�o�r�c�e� �F� �a�c�t�i�n�g� �o�n� �a� �m�o�l�e�c�u�l�e� �i�n�a� 

�e�l�e�c�t�r�i�c� �f�i�e�l�d�,� �E�,� �e�q�u�a�l� �t�o� 
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�F�=�G�+�R� �(�2�5�)� 

�w�h�e�r�e� �G� �i�s� �t�h�e� �c�a�v�i�t�y� �f�i�e�l�d� �w�h�i�c�h� �i�s� �d�u�e� �t�o� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �d�i�p�o�l�e� �o�f� �t�h�e� 

�m�o�l�e�c�u�l�e� �w�i�t�h� �t�h�e� �a�p�p�l�i�e�d� �f�i�e�l�d� �E� �a�l�o�n�e�.� �T�h�e� �t�o�t�a�l� �m�o�m�e�n�t� �o�f� �t�h�e� �m�o�l�e�c�u�l�e� �i�n� 

�t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �f�i�e�l�d� �i�s� �g�i�v�e�n� �b�y� 

�m�=� �H�o�l� �+� �a�.�F� �(�2�6�)� 

�w�h�e�r�e� �p�o� �i�s� �t�h�e� �p�e�r�m�a�n�e�n�t� �d�i�p�o�l�e� �m�o�m�e�n�t� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�,�  ��u �� �i�s� �t�h�e� �u�n�i�t� �v�e�c�t�o�r� 

�i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �p�e�r�m�a�n�e�n�t� �d�i�p�o�l�e� �m�o�m�e�n�t� �a�n�d� �«�@�,� �i�s� �t�h�e� �d�e�f�o�r�m�a�t�i�o�n� 

�p�o�l�a�r�i�z�a�b�i�l�i�t�y� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�.� �T�h�e�s�e� �m�o�d�i�f�i�c�a�t�i�o�n�s� �f�r�o�m� �t�h�e� �D�e�b�y�e� �t�h�e�o�r�y� �g�i�v�e� 

�u�s� �t�h�e� �O�n�s�a�g�e�r� �r�e�l�a�t�i�o�n�s�h�i�p�:� 

�_� �3�k�T� �(�2�6�,� �+� �&�u�)� �3� �T�e�-�8�)� �2�7�)� 
 ��=� �a�a�n� �B�e�,� �|� �(�6�,� �+�2�)� 

�T�h�e� �O�n�s�a�g�e�r� �t�h�e�o�r�y� �h�a�s� �t�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �n�o�t� �t�a�k�i�n�g� �i�n�t�o� �a�c�c�o�u�n�t� �t�h�e� 

�o�r�i�e�n�t�a�t�i�o�n� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �m�o�l�e�c�u�l�e�s� �a�n�d� �t�h�u�s� �i�s� �a�p�p�l�i�c�a�b�l�e� �o�n�l�y� �t�o� 

�s�y�s�t�e�m�s� �o�f� �r�i�g�i�d� �n�o�n�-�a�s�s�o�c�i�a�t�i�n�g� �m�o�l�e�c�u�l�e�s� �a�n�d� �h�e�n�c�e� �c�a�n�n�o�t� �b�e� �a�p�p�l�i�e�d� �t�o� 

�c�o�n�d�e�n�s�e�d� �p�h�a�s�e�s� �e�s�p�e�c�i�a�l�l�y� �p�o�l�y�m�e�r� �m�o�l�e�c�u�l�e�s�.� 
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�K�i�r�k�w�o�o�d� �(�6�)� �i�n�t�r�o�d�u�c�e�d� �a� �f�a�c�t�o�r� �g� �i�n�t�o� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �d�e�r�i�v�e�d� �b�y� �O�n�s�a�g�e�r�.� 

�T�h�i�s� �f�a�c�t�o�r� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �e�m�p�e�r�i�c�a�l�l�y� �a�n�d� �h�e�n�c�e� �g�a�v�e� �r�i�s�e� �t�o� �t�h�e� �m�o�d�i�f�i�e�d� 

�r�e�l�a�t�i�o�n�s�h�i�p� 

�[�(�e�, �� �1�)�(�2�e�,� �+� �1�]� 
�9�e�,� 

�g�u�?� 
� � �J� �(�2�8�)� � � �4� �=�3� �m�N�[� �a�.� �+� 

 ��g �� �i�s� �c�a�l�l�e�d� �t�h�e� �K�i�r�k�w�o�o�d� �c�o�r�r�e�l�a�t�i�o�n� �f�u�n�c�t�i�o�n� �a�n�d� �t�a�k�e�s� �i�n�t�o� �a�c�c�o�u�n�t� �s�h�o�r�t� 

�r�a�n�g�e� �o�r�i�e�n�t�a�t�i�o�n� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �m�o�l�e�c�u�l�e�s�.� �I�f� �a� �r�e�f�e�r�e�n�c�e� �m�o�l�e�c�u�l�e� �w�a�s� 

�s�u�r�r�o�u�n�d�e�d� �b�y� �z� �n�e�a�r�e�s�t� �n�e�i�g�h�b�o�u�r�s� �t�h�e�n� 

�g�=�1�+�2�z�Z�c�o�s�y� �(�2�9�)� 

�S�i�n�c�e� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �f�u�n�c�t�i�o�n� �i�s� �e�m�p�e�r�i�c�a�l�l�y� �a�d�d�e�d� �o�n� �i�t� �g�i�v�e�s� �r�i�s�e� �t�o� �a�n� �e�r�r�o�r� 

�w�h�e�n� �g� �=� �1�7�;� �i�.�e�.� �t�h�e� �e�q�u�a�t�i�o�n� �d�o�e�s� �n�o�t� �r�e�d�u�c�e� �t�o� �t�h�e� �O�n�s�a�g�e�r� �e�q�u�a�t�i�o�n� �a�s� �i�t� 

�s�h�o�u�l�d�,� �i�f� �o�r�i�e�n�t�a�t�i�o�n� �c�o�r�r�e�l�a�t�i�o�n�s� �w�e�r�e� �l�a�c�k�i�n�g�.� 

�T�h�e� �o�r�i�e�n�t�a�t�i�o�n� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �d�i�p�o�l�e�s� �i�n� �c�o�n�d�e�n�s�e�d� �p�h�a�s�e�s� �w�a�s� �f�i�n�a�l�l�y� 

�e�v�a�l�u�a�t�e�d� �b�y� �F�r�o�h�l�i�c�h� �(�6�)� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �l�i�m�i�t�i�n�g� �v�a�l�u�e�s� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� 

�c�o�n�s�t�a�n�t�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �i�s� �c�a�l�l�e�d� �t�h�e� �K�i�r�k�w�o�o�d�-�F�r�o�h�l�i�c�h� �e�q�u�a�t�i�o�n� �a�n�d� �i�s� �a�s� 

�f�o�l�l�o�w�s�:� 

�E�y� �(�B�e�,� �+� �5� �a�n�v� 
�(�e�+� �2�)� �_�?� 

�3�k�T� �[� �3� �]� �g�N�w�?� �(�3�0�)� � � �E�r�  �� �E�y� �=� 
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�w�h�e�r�e�  ��g�q �� �i�s� �t�h�e� �K�i�r�w�o�o�d� �c�o�r�r�e�l�a�t�i�o�n� �f�a�c�t�o�r� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �a�n�d� �u�w� �i�s� �t�h�e� 

�d�i�p�o�l�e� �m�o�m�e�n�t� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �m�o�l�e�c�u�l�e�.� �T�h�e� �K�i�r�k�w�o�o�d�-�F�r�o�h�l�i�c�h� �e�q�u�a�t�i�o�n� �i�s� 

�a�p�p�l�i�c�a�b�l�e� �t�o� �t�h�e� �s�t�u�d�y� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�o�l�y�m�e�r�s� �i�f� �t�h�e� 

�o�r�i�e�n�t�a�t�i�o�n� �c�o�r�r�e�l�a�t�i�o�n� �f�a�c�t�o�r� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�g�=�1�+� �a�r� �E�c�o�s�}� �(�3�1�)� 

�w�h�e�r�e� �y�,�i�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �f�i�r�s�t� �a�n�d� �t�h�e� �/�'�"� �u�n�i�t� �o�f� �o�n�e� �c�h�a�i�n� �(�1�9�)�.� �N� �i�s� �t�h�e� 

�n�u�m�b�e�r� �o�f� �r�e�p�e�a�t� �u�n�i�t�s� �i�n� �t�h�e� �c�h�a�i�n�.� �I�t� �i�s� �n�o�w� �c�l�e�a�r� �t�h�a�t� �i�f� �a�l�l� �t�h�e� �d�i�p�o�l�e�s� �a�r�e� 

�s�i�t�u�a�t�e�d� �a�l�o�n�g� �t�h�e� �c�h�a�i�n� �b�a�c�k�b�o�n�e� �t�h�e�n� �g� �=� �1�,� �w�h�i�c�h� �m�e�a�n�s� �t�h�a�t� �t�h�e� 

�s�u�m�m�a�t�i�o�n� �o�f� �a�l�l� �t�h�e� �c�o�s�i�n�e�s� �a�l�o�n�g� �t�h�e� �b�a�c�k�b�o�n�e� �i�s� �z�e�r�o�.� �C�h�a�i�n� �g�e�o�m�e�t�r�y� �h�a�s� 

�a� �s�t�r�o�n�g� �i�n�f�l�u�e�n�c�e� �o�n� �g� �v�a�l�u�e�s� �a�n�d� �b�o�n�d� �r�o�t�a�t�i�o�n�a�l� �p�o�t�e�n�t�i�a�l�s� �h�a�v�e� �t�o� 

�c�o�n�s�i�d�e�r�e�d� �w�h�e�n� �c�a�l�c�u�l�a�t�i�n�g� �t�h�e� �v�a�l�u�e� �f�o�r� �a� �c�o�m�p�l�e�x� �s�t�r�u�c�t�u�r�e� �(�2�0�)�.� �T�h�e� 

�K�i�r�k�w�o�o�d�-�F�r�o�h�l�i�c�h� �m�o�d�i�f�i�c�a�t�i�o�n� �i�s� �h�o�w�e�v�e�r� �i�m�p�o�r�t�a�n�t� �b�e�c�a�u�s�e� �i�t� �s�t�a�t�e�s� �t�h�a�t� �i�n� 

�a� �c�o�n�d�e�n�s�e�d� �p�h�a�s�e� �t�h�e� �d�i�p�o�l�e� �m�o�m�e�n�t� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �o�r� �g�r�o�u�p�s� �i�n�t�e�r�a�c�t� 

�s�t�r�o�n�g�l�y�,� �r�e�s�u�l�t�i�n�g� �i�n� �a� �d�e�c�r�e�a�s�e� �o�f� �t�h�e� �t�o�t�a�l� �d�i�p�o�l�e� �m�o�m�e�n�t�.� �T�h�e� �v�a�l�u�e� �o�f� �t�h�e� 

�o�r�i�e�n�t�a�t�i�o�n� �f�a�c�t�o�r� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �n�u�m�b�e�r� �a�n�d� �d�i�s�t�a�n�c�e� �o�f� �t�h�e� �n�e�a�r�e�s�t� 

�p�o�l�a�r� �n�e�i�g�h�b�o�u�r�s� �t�o� �t�h�e� �g�r�o�u�p� �c�o�n�s�i�d�e�r�e�d�.� �T�h�i�s� �m�o�d�i�f�i�c�a�t�i�o�n� �h�a�s� �i�m�p�o�r�t�a�n�t� 

�c�o�n�s�e�q�u�e�n�c�e�s� �i�n� �t�h�a�t� �i�t� �p�r�e�d�i�c�t�s� �f�o�r� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s� �i�n� �t�h�e� �l�i�q�u�i�d� �f�o�r�m� �a�n�d� �f�o�r� 

�d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s� �o�f� �p�o�l�y�m�e�r�s�,� �a� �d�e�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� 

�H�o�w�e�v�e�r�,� �f�o�r� �m�o�s�t� �p�o�l�a�r� �p�o�l�y�m�e�r�s� �t�h�e�r�e� �i�s� �i�n� �t�h�e� �m�i�c�r�o�w�a�v�e� �r�e�g�i�o�n� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �w�h�i�c�h� �i�s� 

�m�a�i�n�l�y� �g�o�v�e�r�n�e�d� �b�y� �t�h�e� �c�h�a�n�g�e� �i�n� �c�o�n�f�i�r�m�a�t�i�o�n�s� �a�n�d� �t�h�e� �c�o�n�s�e�q�u�e�n�t� �c�h�a�n�g�e� 
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�i�n� �i�n�t�r�a� �a�n�d� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �e�n�e�r�g�i�e�s�.� �F�o�r� �m�o�s�t� �p�o�l�y�m�e�r�s� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s�e�s� 

�a�t� �m�i�c�r�o�w�a�v�e� �f�r�e�q�u�e�n�c�i�e�s� �c�o�n�s�i�s�t�s� �o�f� �b�a�c�k�g�r�o�u�n�d� �l�o�s�s�e�s� �o�r� �t�h�e� �h�i�g�h� �a�n�d� �l�o�w� 

�f�r�e�q�u�e�n�c�y� �t�a�i�l�s� �o�f� �l�o�s�s�e�s� �w�h�i�c�h� �o�c�c�u�r� �o�u�t�s�i�d�e� �t�h�i�s� �r�e�g�i�o�n�.� �F�o�r� �e�x�a�m�p�l�e� �t�h�e� �l�o�w� 

�f�r�e�q�u�e�n�c�y� �t�a�i�l� �o�f� �l�o�s�s�e�s� �d�u�e� �t�o� �p�h�o�n�o�n� �a�b�s�o�r�p�t�i�o�n� �i�n� �t�h�e� �f�a�r� �I�R� �c�a�n� �c�o�n�t�r�i�b�u�t�e� 

�t�o� �t�h�e� �l�o�s�s�e�s� �i�n� �t�h�e� �m�i�c�r�o�w�a�v�e� �r�e�g�i�o�n�.� �S�i�m�i�l�a�r�l�y� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �t�a�i�l� �o�f� 

�r�e�l�a�x�a�t�i�o�n� �d�i�s�p�e�r�s�i�o�n�s�,� �w�h�i�c�h� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �m�o�t�i�o�n� �o�f� �p�o�l�a�r� �s�e�g�m�e�n�t�s� �o�f� 

�t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�,� �e�x�t�e�n�d� �i�n�t�o� �t�h�e� �m�i�c�r�o�w�a�v�e� �r�e�g�i�o�n�.� 

�S�i�n�c�e� �t�h�e� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �m�o�t�i�o�n�s� �o�f� �p�o�l�y�m�e�r� �u�n�i�t�s� �a�r�e� �n�o�t� �f�u�l�l�y� �u�n�d�e�r�s�t�o�o�d�,� �i�t� 

�i�s� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �s�p�e�c�i�f�i�c� �p�a�r�t� �o�f� �t�h�e� �m�o�l�e�c�u�l�e� �b�e�h�a�v�e�s� �r�i�g�i�d�l�y� 

�d�u�r�i�n�g� �t�h�e�r�m�a�l� �m�o�t�i�o�n� �i�n� �a� �g�i�v�e�n� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�.� �S�t�u�d�i�e�s� �a�r�e� �s�t�i�l�l� �b�e�i�n�g� 

�c�o�n�d�u�c�t�e�d� �i�n� �v�a�r�i�o�u�s� �p�l�a�c�e�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �e�f�f�e�c�t� �o�f� �m�i�c�r�o�w�a�v�e�s� �o�n� 

�p�o�l�y�m�e�r�s� �i�n� �t�h�e� �s�o�l�i�d� �s�t�a�t�e�,� �b�u�t� �m�e�a�n�w�h�i�l�e� �t�h�e�r�e� �a�r�e� �s�e�v�e�r�a�l� �r�u�l�e�s� �o�f� �t�h�u�m�b� 

�t�h�a�t� �a�r�e� �w�o�r�t�h� �c�o�m�m�e�n�t�i�n�g� �a�n�d� �e�l�a�b�o�r�a�t�i�n�g� �u�p�o�n�.� �T�h�e�s�e� �a�r�e� �a�s� �f�o�l�l�o�w�s�:� 

�1�)� �I�n� �t�h�e� �c�a�s�e� �o�f� �p�o�l�y�m�e�r�s�,� �f�o�r� �a� �m�a�t�e�r�i�a�l� �t�o� �u�n�d�e�r�g�o� �d�i�p�o�l�a�r� �r�e�l�a�x�a�t�i�o�n� �a�t� 

�m�i�c�r�o�w�a�v�e� �f�r�e�q�u�e�n�c�i�e�s� �i�t� �i�s� �e�s�s�e�n�t�i�a�l� �t�h�a�t� �t�h�e� �m�a�t�e�r�i�a�l� �b�e� �a�b�o�v�e� �i�t�s� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �a�n�d� �t�h�a�t� �T�  �� �T�,� �b�e� �a�s� �l�a�r�g�e� �a�s� �p�o�s�s�i�b�l�e�.� �T�h�i�s� �i�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�h�i�f�t� 

�o�f� �t�h�e� �7�,� �(�c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �a� �d�i�s�p�e�r�s�i�o�n�)� �t�o� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �f�r�e�q�u�e�n�c�i�e�s� �(�2�1�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e� �d�i�s�p�e�r�s�i�o�n�s� �s�u�c�h� 

�a�s� �t�h�e� �B� �a�n�d� �y� �r�e�l�a�x�a�t�i�o�n�s� �w�h�i�c�h� �h�a�v�e� �l�o�w�e�r� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s� �t�h�a�n� �t�h�e� �a� 

�d�i�s�p�e�r�s�i�o�n� �s�h�i�f�t� �a� �m�u�c�h� �f�a�s�t�e�r� �t�h�a�n� �t�h�e� �l�a�t�t�e�r�.� �A�s� �a� �r�e�s�u�l�t� �t�h�e�s�e� �d�i�s�p�e�r�s�i�o�n�s� 

�t�e�n�d� �t�o� �m�e�r�g�e� �a�s� �t�h�e� �f�r�e�q�u�e�n�c�y� �i�s� �i�n�c�r�e�a�s�e�d�.� �T�h�i�s� �m�e�r�g�i�n�g� �o�f� �d�i�s�p�e�r�s�i�o�n�s� 

�w�h�e�n� �t�a�k�e�n� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�e� �t�a�i�l�s� �o�f� �l�o�s�s�e�s� �o�c�c�u�r�i�n�g� �a�t� �f�r�e�q�u�e�n�c�i�e�s� �a�b�o�v�e� �a�n�d� 
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�b�e�l�o�w� �t�h�e� �m�i�c�r�o�w�a�v�e� �r�e�g�i�o�n� �c�a�u�s�e�s� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �l�o�s�s� 

�d�i�s�p�e�r�s�i�o�n�s�.� �H�e�n�c�e� �f�o�r� �p�o�l�y�m�e�r�i�c� �g�l�a�s�s�e�s� �i�t� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �(�1�1�)� �t�h�a�t� 

�t�h�e�r�e� �i�s� �a� �c�r�i�t�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e� �T�,� �b�e�l�o�w� �w�h�i�c�h� �i�t� �i�s� �i�m�p�e�r�a�t�i�v�e� �t�h�a�t� �a�d�d�i�t�i�o�n�a�l� 

�p�o�w�e�r� �b�e� �s�u�p�p�l�i�e�d� �t�o� �t�h�e� �m�o�l�e�c�u�l�e�s� �i�n� �o�r�d�e�r� �t�o� �p�r�o�m�o�t�e� �h�e�a�t�i�n�g�.� �I�n� �o�r�d�e�r� �t�o� 

�p�r�o�m�o�t�e� �m�i�c�r�o�w�a�v�e� �a�b�s�o�r�p�t�i�o�n� �a�t� �l�o�w� �p�o�w�e�r�,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� 

�i�s� �t�o� �b�e� �r�a�i�s�e�d� �a�b�o�v�e� �7�,�.� �I�n� �d�o�i�n�g� �t�h�i�s� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �s�p�e�c�t�r�u�m� �f�o�r� �t�h�e� �m�a�t�e�r�i�a�l� 

�i�s� �m�o�v�e�d� �i�n�t�o� �t�h�e� �m�i�c�r�o�w�a�v�e� �r�e�g�i�o�n�.� �B�y� �c�o�m�b�i�n�i�n�g� �c�o�n�v�e�n�t�i�o�n�a�l� �t�h�e�r�m�a�l� 

�h�e�a�t�i�n�g� �w�i�t�h� �m�i�c�r�o�w�a�v�e�s�,� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �a�n�d� �h�e�a�t�i�n�g� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �i�s� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �i�m�p�r�o�v�e�d�.� �H�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �a�s� �i�n� �t�h�e� 

�c�a�s�e�,� �f�o�r� �e�x�a�m�p�l�e� �o�f� �p�o�l�y�a�m�i�d�e�s�.� �B�e�l�o�w� �t�h�e� �7�,� �t�h�e� �h�e�a�t�i�n�g� �r�a�t�e� �i�s� �v�e�r�y� �s�l�o�w�,� 

�w�h�i�l�e� �a�b�o�v�e� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �d�i�s�r�u�p�t� �t�h�e� �h�y�d�r�o�g�e�n� 

�b�o�n�d�i�n�g� �t�o� �a�l�l�o�w� �f�o�r� �l�a�r�g�e� �s�c�a�l�e� �m�o�t�i�o�n�s� �o�f� �t�h�e� �c�h�a�i�n�s�.� �S�t�u�d�i�e�s� �c�o�n�d�u�c�t�e�d� �b�y� 

�F�r�o�s�i�n�n�i� �a�n�d� �B�u�t�t�a� �(�2�2�)� �o�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�o�l�y�o�x�y�m�e�t�h�y�l�e�n�e�,� 

�p�o�l�y�v�i�n�y�l� �a�c�e�t�a�t�e�,� �p�o�l�y�v�i�n�y�l� �a�l�c�o�h�o�l�,� �p�o�l�y�c�a�r�b�o�n�a�t�e� �a�n�d� �v�i�n�y�l� �c�h�l�o�r�i�d�e�-�v�i�n�y�!� 

�a�c�e�t�a�t�e� �c�o�p�o�l�y�m�e�r�s� �a�t� �m�i�c�r�o�w�a�v�e� �f�r�e�q�u�e�n�c�i�e�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �a�l�l� �r�e�l�a�x�a�t�i�o�n� 

�p�e�a�k�s� �e�i�t�h�e�r� �c�o�n�n�e�c�t�e�d� �w�i�t�h� �c�o�o�p�e�r�a�t�i�v�e� �m�o�t�i�o�n�s� �i�n� �t�h�e� �m�a�i�n� �c�h�a�i�n� �o�r� �i�n� �s�i�d�e� 

�c�h�a�i�n�s� �(�s�e�c�o�n�d�a�r�y� �p�r�o�c�e�s�s�e�s�)� �u�s�u�a�l�l�y� �d�i�s�a�p�p�e�a�r�;� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �r�e�l�a�x�a�t�i�o�n� 

�e�f�f�e�c�t�s� �h�o�w�e�v�e�r� �m�a�n�i�f�e�s�t� �t�h�e�m�s�e�l�v�e�s� �t�h�r�o�u�g�h� �a� �p�r�o�g�r�e�s�s�i�v�e� �i�n�c�r�e�a�s�e� �o�f� �l�o�s�s�e�s� 

�w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �w�h�i�c�h� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �m�a�r�k�e�d� �a�b�o�v�e� �t�h�e� �T�,�.� �T�h�e� 

�l�a�t�t�e�r� �t�r�a�n�s�i�t�i�o�n� �i�n�s�p�i�t�e� �o�f� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y�,� �i�s� �m�a�r�k�e�d� �b�y� �a� �c�h�a�n�g�e� �i�n� �t�h�e� 

�s�l�o�p�e� �o�f� �t�h�e� �t�a�n�é�d� �v�s� �t�e�m�p�e�r�a�t�u�r�e� �c�u�r�v�e� �w�h�i�c�h� �a�c�c�o�m�p�a�n�i�e�s� �i�t�s� �o�n�s�e�t�.� �T�h�i�s� �i�s� 

�e�x�p�l�a�i�n�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �a� �l�a�r�g�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �i�n� �t�h�e� �b�u�l�k� �o�f� 

�t�h�e� �p�o�l�y�m�e�r� �a�n�d� �a� �l�a�r�g�e�r� �f�r�e�e� �v�o�l�u�m�e� �f�o�r� �r�e�l�a�x�a�t�i�o�n� �o�f� �s�i�d�e� �c�h�a�i�n�s�.� �C�h�a�n�t�r�y� �e�t� 
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�a�l� �(�2�3�)� �s�t�u�d�i�e�d� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �e�t�h�y�l�e�n�e�-�v�i�n�y�l� �a�c�e�t�a�t�e� �c�o�p�o�l�y�m�e�r�s� 

�a�t� �m�i�c�r�o�w�a�v�e� �f�r�e�q�u�e�n�c�i�e�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �f�a�r� �i�n�f�r�a�-�r�e�d� �r�e�g�i�o�n� �a�n�d� �p�o�s�t�u�l�a�t�e�d� 

�t�h�a�t� �t�h�e� �r�e�l�a�x�a�t�i�o�n�s� �i�n� �t�h�e� �m�i�c�r�o�w�a�v�e� �r�e�g�i�o�n� �w�e�r�e� �v�e�r�y� �c�o�m�p�l�e�x� �a�n�d� �n�o�t� �o�f� �t�h�e� 

�D�e�b�y�e� �t�y�p�e� �a�l�o�n�e�.� 

�2�)� �I�n� �t�h�e� �c�a�s�e� �o�f� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r�s� �i�t� �h�a�s� �b�e�e�n� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �c�r�y�t�a�l�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�l�t�e�r�s� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �t�o� �a� �l�o�w�e�r� �v�a�l�u�e� �(�1�1�)�.� 

�T�h�i�s� �c�o�n�s�i�d�a�r�a�b�l�y� �r�e�d�u�c�e�s� �h�e�a�t�i�n�g� �r�a�t�e�s�.� �A�m�a�n�o� �a�n�d� �N�a�g�a�k�a�w�a� �(�2�4�)� �h�a�v�e� �a�l�s�o� 

�d�o�c�u�m�e�n�t�e�d� �t�h�a�t� �i�t� �i�s� �o�n�l�y� �t�h�e� �a�m�o�r�p�h�o�u�s� �r�e�g�i�o�n� �i�n� �a� �p�o�l�y�m�e�r� �t�h�a�t� �a�b�s�o�r�b�s� 

�e�n�e�r�g�y� �a�n�d� �c�o�n�t�r�i�b�u�t�e�s� �t�o� �h�e�a�t�i�n�g�.� �T�h�i�s� �h�a�s� �a�l�s�o� �b�e�e�n� �s�t�a�t�e�d� �b�y� �N�a�k�a�g�a�w�a� �a�n�d� 

�K�o�n�a�k�a� �(�2�7�,� �2�8�)�.� �A�m�r�h�e�i�n� �n�o�t�e�d� �t�h�a�t� �a�b�s�o�r�p�t�i�o�n� �i�n� �t�h�e� �a�m�o�r�p�h�o�u�s� �m�a�t�e�r�i�a�l�s� 

�w�a�s� �m�u�c�h� �h�i�g�h�e�r� �t�h�a�n� �i�n� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�r�y�s�t�a�l�l�i�n�e� �r�e�g�i�o�n�s� �a�n�d� �r�e�l�a�t�e�d� �t�h�i�s� 

�e�f�f�e�c�t� �d�u�e� �t�o� �o�n�e� �p�h�o�n�o�n� �a�b�s�o�r�p�t�i�o�n� �i�n� �t�h�e� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �i�.� �e�.� �1�0�?� �H�z� �r�e�g�i�o�n�.� 

�A�m�r�h�e�i�n� �p�o�i�n�t�e�d� �o�u�t� �t�o� �t�h�e� �n�e�a�r� �e�q�u�i�v�a�l�e�n�c�e� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �a�n�d� �t�h�e� 

�s�p�e�c�t�r�u�m� �o�f� �t�h�e� �d�e�n�s�i�t�y� �o�f� �p�h�o�n�o�n� �s�t�a�t�e�s�.� �H�o�w�e�v�e�r�,� �i�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �i�n� 

�c�e�r�t�a�i�n� �s�e�m�i�c�o�n�d�u�c�t�o�r� �m�a�t�e�r�i�a�l�s� �(�G�a�A�s�)� �m�o�l�e�c�u�l�a�r� �r�e�s�o�n�a�n�c�e�s� �h�a�v�e� �b�e�e�n� 

�d�e�t�e�r�m�i�n�e�d� �i�n� �c�e�r�t�a�i�n� �c�r�y�s�t�a�l�s� �w�h�i�c�h� �m�a�k�e�s� �t�h�e�m� �u�s�e�f�u�l� �f�o�r� �c�e�r�t�a�i�n� 

�a�p�p�l�i�c�a�t�i�o�n�s� �i�n� �d�i�o�d�e�s� �a�n�d� �o�t�h�e�r� �e�l�e�c�t�r�o�n�i�c� �a�p�p�l�i�c�a�t�i�o�n�s� �(�1�)�.� 

�3�)�T�h�e� �m�o�l�e� �p�e�r�c�e�n�t� �o�f� �p�o�l�a�r� �g�r�o�u�p�s� �i�n� �a� �c�o�p�o�l�y�m�e�r� �c�h�a�i�n� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�d�i�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �i�n� �a� �m�a�n�n�e�r� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �c�o�n�s�t�i�t�u�t�i�o�n� �o�f� �t�h�e� 

�m�o�n�o�m�e�r�i�c� �u�n�i�t�s� �a�n�d� �t�h�e�i�r� �r�a�t�i�o� �(�1�1�)�.� �F�o�r� �e�x�a�m�p�l�e� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �m�o�l�a�r� �r�a�t�i�o� 

�o�f� �p�o�l�a�r� �g�r�o�u�p�s� �c�a�n� �b�e� �s�e�e�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �(�a�)� �%� �o�f� �C�O�N�H� �(�a�m�i�d�e�)� �g�r�o�u�p�s� �i�n� 

�d�i�f�f�e�r�e�n�t� �n�y�l�o�n�s� �(�b�)� �%� �o�f� �C�l� �(�c�h�l�o�r�i�d�e�)� �g�r�o�u�p�s� �i�n� �p�o�l�y�(�v�i�n�y�l� �c�h�l�o�r�i�d�e�)� �a�n�d� 
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�p�o�l�y�c�h�l�o�r�o�p�r�e�n�e� �(�c�)� �%� �o�f� �C�O�O�R� �(�e�s�t�e�r�)� �g�r�o�u�p�s� �i�n� �p�o�l�y�m�e�t�h�a�c�r�y�l�a�t�e�s�.� �T�h�e� 

�p�o�s�i�t�i�o�n� �o�f� �t�h�e�s�e� �g�r�o�u�p�s� �i�s� �v�i�t�a�l� �t�o� �t�h�e�i�r� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �l�o�s�s� �f�a�c�t�o�r�.� �F�o�r� 

�e�x�a�m�p�l�e�,� �u�n�i�t�s� �i�n� �t�h�e� �b�a�c�k�b�o�n�e� �a�r�e� �l�e�s�s� �m�o�b�i�l�e� �t�h�a�n� �t�h�o�s�e� �i�n� �t�h�e� �s�i�d�e� �g�r�o�u�p�s� 

�a�n�d� �h�e�n�c�e� �t�h�e� �d�i�p�o�l�e� �m�o�m�e�n�t� �c�o�n�t�r�i�b�u�t�e�s� �l�e�s�s� �t�o� �t�h�e� �f�i�r�s�t� �c�a�s�e� �t�h�a�n� �i�n� �t�h�e� 

�s�e�c�o�n�d�.� 

�4�)�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�r�o�s�s�l�i�n�k�s� �c�a�u�s�e�s� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �t�o� �i�n�c�r�e�a�s�e� �a�n�d� �t�h�i�s� 

�i�n�c�r�e�a�s�e�s� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �d�i�p�o�l�e� �s�e�g�m�e�n�t�a�l� �l�o�s�s�.� �T�h�e� �d�e�n�s�i�t�y� �o�f� �t�h�e� 

�c�r�o�s�s�l�i�n�k�i�n�g� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s�.� �O�t�h�e�r� �f�a�c�t�o�r�s� �s�u�c�h� 

�a�s� �b�r�a�n�c�h�i�n�g�,� �s�t�e�r�e�o�c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e� �a�n�d� �o�r�i�e�n�t�a�t�i�o�n� �a�l�s�o� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� 

�t�o� �e�f�f�e�c�t� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r�.� 

�M�i�c�r�o�w�a�v�e� �h�e�a�t�i�n�g� �i�s� �n�o�t� �u�n�i�f�o�r�m� �h�o�w�e�v�e�r� �a�n�d� �c�a�n� �i�n�t�r�o�d�u�c�e� �s�e�v�e�r�a�l� �f�a�c�t�o�r�s� 

�w�h�i�c�h� �n�e�e�d� �t�o� �b�e� �c�a�r�e�f�u�l�l�y� �c�o�n�s�i�d�e�r�e�d� �-� �s�o�m�e� �o�f� �t�h�e�s�e� �a�r�e�:� 

�w�h�e�n� �a� �u�n�i�f�o�r�m� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �a� �d�i�e�l�e�c�t�r�i�c� �i�s� �p�l�a�c�e�d� �i�n� �a� �u�n�i�f�o�r�m� �m�i�c�r�o�w�a�v�e� 

�f�i�e�l�d� �o�f� �e�q�u�a�l� �s�t�r�e�n�g�t�h� �i�n� �a�l�l� �d�i�r�e�c�t�i�o�n�s�,� �e�v�e�n� �h�e�a�t�i�n�g� �a�c�r�o�s�s� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e� 

�t�a�k�e�s� �p�l�a�c�e� �s�i�n�c�e� �e�a�c�h� �m�o�l�e�c�u�l�e� �s�e�e�s� �t�h�e� �s�a�m�e� �f�i�e�l�d�.� �H�o�w�e�v�e�r�,� �i�f� �t�h�e� �m�a�t�e�r�i�a�l� 

�i�s� �a� �v�e�r�y� �s�t�r�o�n�g� �a�b�s�o�r�b�e�r� �(�e�.� �g�.� �w�a�t�e�r�)� �t�h�e�n� �t�h�e� �f�i�e�l�d� �i�s� �a�t�t�e�n�u�a�t�e�d� �b�y� �s�t�r�o�n�g� 

�a�b�s�o�r�p�t�i�o�n� �i�n� �t�h�e� �f�i�r�s�t� �f�e�w� �m�i�l�l�i�m�e�t�r�e�s� �o�f� �t�h�e� �b�o�d�y� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�i�s� 

�p�r�o�d�u�c�e�s� �l�a�r�g�e� �t�e�m�p�e�r�a�t�u�r�e� �g�r�a�d�i�e�n�t�s� �w�i�t�h�i�n� �t�h�e� �b�u�l�k� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �A� �s�i�m�i�l�a�r� 

�s�i�t�u�a�t�i�o�n� �a�r�i�s�e�s� �w�h�e�n� �a� �s�y�s�t�e�m� �o�f� �p�o�l�y�m�e�r�i�c� �h�e�t�e�r�o�g�e�n�o�u�s� �a�b�s�o�r�b�e�r�s� �s�u�c�h� �a�s� 

�a� �b�l�e�n�d� �i�s� �p�l�a�c�e�d� �i�n� �a� �u�n�i�f�o�r�m� �f�i�e�l�d�.� �T�h�e� �m�a�t�e�r�i�a�l� �w�i�t�h� �t�h�e� �h�i�g�h�e�r� �d�i�e�l�e�c�t�r�i�c� 

�a�b�s�o�r�b�s� �m�o�r�e� �s�t�r�o�n�g�l�y� �l�e�a�d�i�n�g� �t�o� �g�r�a�d�i�e�n�t�s� �w�i�t�h�i�n� �t�h�e� �m�a�t�e�r�i�a�l�.� �S�i�n�c�e� �t�h�e� 

�d�i�e�l�e�c�t�r�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�o�l�y�m�e�r�s� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �t�h�i�s� �c�a�n� �l�e�a�d� �t�o� 
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�a� �p�h�e�n�o�m�e�n�o�n� �c�a�l�l�e�d�  ��t�h�e�r�m�a�l� �r�u�n�a�w�a�y �� �(�2�9�)� �w�h�e�r�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �o�n�e� 

�p�h�a�s�e� �i�n�c�r�e�a�s�e�s� �c�a�u�s�i�n�g� �t�h�e� �l�o�s�s� �f�a�c�t�o�r� �o�f� �t�h�a�t� �c�o�n�s�t�i�t�u�e�n�t� �t�o� �i�n�c�r�e�a�s�e�.� �T�h�i�s� 

�p�r�o�d�u�c�e�s� �a� �c�a�s�c�a�d�i�n�g� �e�f�f�e�c�t� �w�h�i�c�h� �p�r�o�c�e�e�d�s� �u�n�t�i�l� �d�e�g�r�a�d�a�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e�.� �T�h�e� 

�e�f�f�e�c�t� �c�a�n� �a�l�s�o� �b�e� �s�e�e�n� �i�n� �h�o�m�o�g�e�n�o�u�s� �m�a�t�e�r�i�a�l�s� �w�h�e�n� �p�l�a�c�e�d� �i�n� �a� �n�o�n� �u�n�i�f�o�r�m� 

�f�i�e�l�d�.� �O�n�e� �p�a�r�t� �o�f� �t�h�e� �s�a�m�p�l�e� �i�s� �e�x�p�o�s�e�d� �t�o� �a� �s�t�r�o�n�g�e�r� �f�i�e�l�d� �w�h�i�c�h� �p�r�o�d�u�c�e�s� �t�h�e� 

�c�a�s�c�a�d�i�n�g� �e�f�f�e�c�t� �i�n� �t�h�a�t� �p�a�r�t� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� 

�T�h�e�r�e� �i�s� �a� �c�o�m�m�o�n� �m�i�s�c�o�n�c�e�p�t�i�o�n� �t�h�a�t� �m�i�c�r�o�w�a�v�e�s� �h�e�a�t� �f�r�o�m� �i�n�s�i�d�e� �o�u�t�w�a�r�d�s�.� 

�T�h�i�s� �h�a�s� �b�e�e�n� �d�o�c�u�m�e�n�t�e�d� �b�y� �N�a�k�a�g�a�w�a� �e�t� �a�l� �(�2�4�,� �2�7�,� �2�8�)�.� �T�h�i�s� �t�e�m�p�e�r�a�t�u�r�e� 

�g�r�a�d�i�e�n�t� �i�s� �c�a�u�s�e�d� �i�n�i�t�i�a�l�l�y� �b�y� �c�o�n�d�u�c�t�i�o�n� �a�n�d� �c�o�n�v�e�c�t�i�o�n� �a�t� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� 

�n�o�t� �b�e�c�a�u�s�e� �o�f� �g�r�e�a�t�e�r� �r�e�l�a�x�a�t�i�o�n� �o�f� �m�o�l�e�c�u�l�e�s� �i�n� �t�h�e� �b�u�l�k� �t�h�a�n� �a�t� �t�h�e� �s�u�r�f�a�c�e�.� 

�H�o�w�e�v�e�r� �w�i�t�h� �t�i�m�e� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �d�u�e� �t�o� �t�h�e� �g�r�a�d�i�e�n�t� �t�h�e�r�e� �m�a�y� �b�e� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r� �a�t� �t�h�e� �c�e�n�t�e�r�,� �w�h�i�c�h� �c�o�u�l�d� �c�a�u�s�e� �a� �c�a�s�c�a�d�i�n�g� 

�e�f�f�e�c�t�.� �B�e�c�a�u�s�e� �o�f� �t�h�i�s� �e�f�f�e�c�t� �i�t� �i�s� �c�o�m�m�o�n� �t�o� �s�u�b�j�e�c�t� �m�a�t�e�r�i�a�l�s� �t�o� �a� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �t�h�e�r�m�a�l� �a�n�d� �m�i�c�r�o�w�a�v�i�n�g� �h�e�a�t�i�n�g�.� �T�h�i�s� �p�r�o�d�u�c�e�s� �u�n�i�f�o�r�m� �h�e�a�t�i�n�g� �a�n�d� �i�s� 

�a�c�t�u�a�l�l�y� �u�t�i�l�i�s�e�d� �i�n� �t�h�e� �d�r�y�i�n�g� �o�f� �w�o�o�d� �p�u�l�p� �(�8�0�)� �a�n�d� �p�a�p�e�r� �(�3�1�)� �a�n�d� �g�r�a�i�n�s� �(�3�2�)�.� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e�r�m�a�l� �g�r�a�d�i�e�n�t�s� �i�s� �n�o�t� �a�l�w�a�y�s� �a�n� �i�n�c�o�n�v�e�n�i�e�n�c�e�.� �T�h�e�y� �h�a�v�e� 

�b�e�e�n� �u�s�e�d� �w�i�t�h� �m�u�c�h� �b�e�n�e�f�i�t� �i�n� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e� �o�f� �c�o�m�p�o�s�i�t�e�s� �(�2�2�)�.� �T�h�e� �u�s�e� 

�a�n�d� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �c�o�m�p�o�s�i�t�e�s� �h�a�s� �o�p�e�n�e�d� �a� �w�h�o�l�e� �n�e�w� �f�i�e�l�d� �t�o� �t�h�e� 

�a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �m�i�c�r�o�w�a�v�e�s�.� �T�h�e� �u�s�e� �o�f� �c�o�n�d�u�c�t�i�v�e� �f�i�l�l�e�r�s� �i�n� �a�n� �i�n�s�u�l�a�t�i�n�g� 

�m�a�t�r�i�x� �h�a�s� �e�n�h�a�n�c�e�d� �t�h�e� �s�t�a�t�u�s� �o�f� �m�i�c�r�o�w�a�v�e�s� �a�s� �a� �h�e�a�t�i�n�g� �s�o�u�r�c�e�.� �T�h�e� 

�c�o�n�d�u�c�t�i�v�e� �f�i�l�l�e�r�s� �s�u�c�h� �a�s� �c�a�r�b�o�n� �f�i�b�r�e�s�,� �c�a�r�b�o�n� �b�l�a�c�k�,� �m�e�t�a�l� �f�i�l�i�n�g�s� �h�e�a�t� 

�r�a�p�i�d�l�y� �b�e�c�a�u�s�e� �o�f� �c�o�n�d�u�c�t�i�o�n� �a�n�d� �a�r�e� �a�b�l�e� �t�o� �h�e�a�t� �t�h�e� �s�u�r�r�o�u�n�d�i�n�g� �m�a�t�r�i�x� 
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�m�a�t�e�r�i�a�l� �a�n�d� �p�r�o�d�u�c�e� �b�e�t�t�e�r� �a�d�h�e�s�i�o�n� �a�n�d� �a� �b�e�t�t�e�r� �o�v�e�r�a�l�l� �p�r�o�d�u�c�t�.� �W�o�r�k� �d�o�n�e� 

�b�y� �R�a�j� �(�3�4�,� �3�5�)� �o�n� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �e�p�o�x�y� �-� �i�r�o�n� �a�n�d� �e�p�o�x�y� �-� �c�o�p�p�e�r� 

�c�o�m�p�o�s�i�t�e�s� �r�e�v�e�a�l�s� �t�h�a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �m�e�t�a�l� �p�a�r�t�i�c�l�e�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �s�i�z�e� 

�o�f� �t�h�e� �p�a�r�t�i�c�l�e�s� �p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �t�h�e� �e�f�f�i�c�i�e�n�t� �c�u�r�i�n�g� �o�f� �t�h�e� �c�o�m�p�o�s�i�t�e�.� 

�L�a�r�g�e�r� �s�i�z�e�d� �p�a�r�t�i�c�l�e�s� �p�r�o�m�o�t�e� �b�e�t�t�e�r� �c�u�r�i�n�g�.� �I�t� �w�a�s� �a�l�s�o� �r�e�v�e�a�l�e�d� �t�h�a�t� �a� 

�g�r�e�a�t�e�r� �s�t�r�e�n�g�t�h� �o�f� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �c�a�u�s�e�d� �a� �h�i�g�h�e�r� �e�x�t�e�n�t� �o�f� �c�u�r�e�.� �I�n� �b�o�t�h� �c�a�s�e�s� 

�t�h�e� �m�i�c�r�o�w�a�v�e� �c�u�r�e�d� �s�a�m�p�l�e� �w�a�s� �f�o�u�n�d� �t�o� �d�i�s�p�l�a�y� �h�i�g�h�e�r� �d�e�g�r�e�e�s� �o�f� �c�u�r�e� �t�h�a�n� 

�t�h�e� �o�v�e�n� �c�u�r�e�d� �m�a�t�e�r�i�a�l�s�.� 

�1�.�7� �M�I�C�R�O�W�A�V�E�S� �A�S� �A� �H�E�A�T�I�N�G� �S�O�U�R�C�E� �F�O�R� 

�R�E�A�C�T�I�O�N�S� 

�T�h�e�r�e� �i�s� �a� �o�n�l�y� �a� �s�m�a�l�l� �b�o�d�y� �o�f� �k�n�o�w�l�e�d�g�e� �d�e�v�e�l�o�p�e�d� �t�h�u�s� �f�a�r� �a�b�o�u�t� �t�h�e� �e�f�f�e�c�t� 

�o�f� �m�i�c�r�o�w�a�v�e�s� �o�n� �r�e�a�c�t�i�o�n�s�.� �R�e�a�c�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �c�a�r�r�i�e�d� �w�i�t�h� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s� 

�a�s� �w�e�l�l� �a�s� �p�o�l�y�m�e�r�s� �a�n�d� �i�n� �b�o�t�h� �c�a�s�e�s�,� �t�h�e� �c�l�a�i�m�s� �a�r�e� �s�i�m�i�l�a�r� �s�a�v�e� �f�o�r� �a� �f�e�w� 

�e�x�c�e�p�t�i�o�n�s�:� �m�i�c�r�o�w�a�v�e�s� �g�e�n�e�r�a�l�l�y� �p�r�o�d�u�c�e� �a� �t�r�e�m�e�n�d�o�u�s� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e� 

�o�f� �r�e�a�c�t�i�o�n�.� �H�o�w�e�v�e�r� �t�h�e� �r�e�a�s�o�n�s� �f�o�r� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e� �o�f� �r�e�a�c�t�i�o�n� �v�a�r�y� 

�a�n�d� �t�h�e�s�e� �a�l�o�n�g� �w�i�t�h� �a� �b�r�i�e�f� �d�e�s�c�r�i�p�t�i�o�n� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �a�r�e� �t�a�b�u�l�a�t�e�d� 

�b�e�l�o�w�.� 
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�S�i�l�i�n�s�k�i� �e�t� �a�l� �(�3�5�)� �s�t�u�d�i�e�d� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �p�o�l�y�u�r�e�t�h�a�n�e� �p�o�l�y�m�e�r�s� �u�n�d�e�r� 

�c�o�n�t�i�n�u�o�u�s� �m�i�c�r�o�w�a�v�e�s� �a�t� �2�.�4�5� �G�H�z�.� �T�h�e� �c�o�n�v�e�r�s�i�o�n� �t�o� �h�e�a�t� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� 

�l�o�s�s� �d�u�e� �t�o� �t�h�e� �d�i�p�o�l�a�r� �r�e�l�a�x�a�t�i�o�n� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �s�p�e�c�i�e�s� �i�s� �u�s�e�d� �t�o� �a�c�t�i�v�a�t�e� 

�t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g� �r�e�a�c�t�i�o�n�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �v�s� �t�i�m�e� �h�e�a�t�i�n�g� �c�u�r�v�e�s� �i�s� �d�i�v�i�d�e�d� 

�i�n�t�o� �t�h�r�e�e� �p�a�r�t�s� �i�.� �e�.� �p�r�e�h�e�a�t�i�n�g� �o�f� �t�h�e� �r�e�s�i�n�,� �e�x�o�t�h�e�r�m�a�l� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �t�h�e� 

�c�o�o�l�i�n�g� �p�e�r�i�o�d�.� �T�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �i�s� �a�l�s�o� �p�l�o�t�t�e�d� �v�s� �t�i�m�e� �a�n�d� �i�t� �i�s� �f�o�u�n�d� �t�h�a�t� 

�t�h�e� �m�a�x�i�m�u�m� �i�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �c�o�r�r�e�s�p�o�n�d�s� �w�i�t�h� �t�h�e� �s�o�l� �t�o� �g�e�l� �t�r�a�n�s�i�t�i�o�n�.� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �c�o�n�t�i�n�u�e�s� �t�o� �r�i�s�e� �b�e�y�o�n�d� �t�h�i�s� �p�o�i�n�t� �d�e�s�p�i�t�e� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� 

�t�h�e� �l�o�s�s� �f�a�c�t�o�r�.� �T�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �e�x�o�t�h�e�r�m�i�c� 

�s�p�r�e�a�d� �w�h�i�l�e� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �l�o�s�s� �f�a�c�t�o�r� �i�s� �d�u�e� �t�o� �t�h�e� �c�r�o�s�s�l�i�n�k�i�n�g� �w�h�i�c�h� 

�t�e�n�d�s� �t�o� �i�m�m�o�b�i�l�i�z�e� �t�h�e� �p�o�l�y�m�e�r�i�c� �s�e�g�m�e�n�t�s�.� �T�h�e� �c�o�o�l�i�n�g� �p�e�r�i�o�d� �h�a�s� �b�e�e�n� 

�a�s�c�r�i�b�e�d� �t�o� �h�e�a�t� �t�r�a�n�s�f�e�r� �f�o�l�l�o�w�i�n�g� �t�h�e� �c�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� �c�u�r�i�n�g� �p�r�o�c�e�s�s� �s�o� �t�h�a�t� 

�d�e�s�p�i�t�e� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �r�e�m�a�i�n�s� �c�o�n�s�t�a�n�t�,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� 

�d�e�c�r�e�a�s�e�s�.� �T�h�e� �a�u�t�h�o�r�s� �f�o�u�n�d� �t�h�a�t� �a� �h�i�g�h�e�r� �i�n�i�t�i�a�l� �p�o�w�e�r� �c�a�u�s�e�d� �a� �h�i�g�h�e�r� �i�n�i�t�i�a�l� 

�r�a�t�e� �o�f� �h�e�a�t�i�n�g� �a�n�d� �c�o�n�s�e�q�u�e�n�t�l�y� �a� �m�o�r�e� �r�a�p�i�d� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �s�o�l� �t�o� �g�e�l�.� �T�h�e� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �p�o�l�y�u�r�e�t�h�a�n�e�s� �p�r�o�d�u�c�e�d� �u�n�d�e�r� �a�l�l� �c�o�n�d�i�t�i�o�n�s� �o�f� �i�n�i�t�i�a�l� �p�o�w�e�r� 

�s�h�o�w�e�d� �v�e�r�y� �l�i�t�t�l�e� �v�a�r�i�a�t�i�o�n� �i�n� �p�r�o�p�e�r�t�i�e�s� �f�r�o�m� �t�h�e�i�r� �o�v�e�n� �c�u�r�e�d� �c�o�u�n�t�e�r�p�a�r�t�s�.� 

�T�h�u�l�l�i�e�r� �e�t� �a�l� �(�3�6�)� �s�t�u�d�i�e�d� �t�h�e� �c�u�r�i�n�g� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �D�G�E�B�A� �a�n�d� �D�D�S� �b�y� 

�s�t�u�d�y�i�n�g� �s�t�r�u�c�t�u�r�e�s� �u�n�d�e�r� �F�T�I�R� �a�n�d�  ��°�C� �N�M�R�.� �P�u�l�s�e�d� �m�i�c�r�o�w�a�v�e�s� �h�a�v�i�n�g� �a�n� 

�a�v�e�r�a�g�e� �p�o�w�e�r� �o�f� �1�5�0� �w�a�t�t�s� �w�e�r�e� �u�s�e�d�.� �T�h�e� �p�e�a�k� �p�o�w�e�r� �w�a�s� �v�a�r�i�e�d� �b�e�t�w�e�e�n� 

�3�0�0� �w�a�t�t�s� �a�n�d� �2�7�0�0� �w�a�t�t�s� �a�n�d� �t�h�e� �p�u�l�s�e� �p�o�w�e�r� �w�a�s� �c�h�a�n�g�e�d� �f�r�o�m� �1� �t�o� �1�0�0� 

�m�i�l�l�i�s�e�c�o�n�d�s�.� �C�u�r�i�n�g� �t�i�m�e� �w�a�s� �s�e�t� �a�t� �3�0� �m�i�n�u�t�e�s�.� �T�h�e� �o�p�t�i�m�a�l� �r�a�t�e� �o�f� 

�c�o�n�v�e�r�s�i�o�n� �w�a�s� �6�2�%�.� �T�h�e�i�r� �m�o�s�t� �i�n�t�e�r�e�s�t�i�n�g� �o�b�s�e�r�v�a�t�i�o�n�,� �h�o�w�e�v�e�r�,� �i�s� �t�h�e� �f�a�c�t� 

�C�H�A�P�T�E�R� �1� �5�5



�t�h�a�t� �p�e�r�c�e�n�t� �c�o�n�v�e�r�s�i�o�n� �d�i�d� �n�o�t� �s�c�a�l�e� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�,� �b�u�t� �r�a�t�h�e�r� �d�e�p�e�n�d�e�d� 

�u�p�o�n� �t�h�e� �e�f�f�i�c�i�e�n�t� �t�r�a�n�s�f�e�r� �o�f� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �e�n�e�r�g�y� �t�o� �d�i�p�o�l�a�r� �s�i�t�e�s�.� �T�h�e� 

�a�u�t�h�o�r�s� �d�i�d� �n�o�t�,� �h�o�w�e�v�e�r�,� �t�a�k�e� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �t�h�e�r�m�a�l� 

�g�r�a�d�i�e�n�t�s� �w�h�i�c�h� �c�o�u�l�d� �b�e� �a� �p�l�a�u�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e�i�r� �d�i�s�c�o�v�e�r�y�.� �T�h�e� �m�o�s�t� 

�e�f�f�i�c�i�e�n�t� �p�e�a�k� �p�u�l�s�e� �p�o�w�e�r�s� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �1�5�0�0� �a�n�d� �1�8�0�0� �w�a�t�t�s�.� �T�h�e� �o�p�t�i�m�u�m� 

�p�u�l�s�e� �t�i�m�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �5�0� �m�i�l�l�i�s�e�c�o�n�d�s�.� �S�i�m�i�l�a�r� �s�a�m�p�l�e�s� �h�e�a�t�e�d� �t�o� �1�8�0�°�C� 

�i�n� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �f�o�r� �t�h�r�e�e� �h�o�u�r�s� �r�e�v�e�a�l�e�d� �a� �9�5�%� �c�o�n�v�e�r�s�i�o�n�.� 

�F�i�n�a�l�l�y� �i�t� �w�a�s� �a�l�s�o� �s�h�o�w�n� �t�h�a�t� �a� �l�o�w� �p�u�l�s�e� �r�a�t�e� �o�f� �2� �m�i�l�l�i�s�e�c�o�n�d�s� �i�n�d�u�c�e�d� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �b�i�s�-�a�l�i�p�h�a�t�i�c� �e�t�h�e�r�s� �b�y� �c�a�t�a�l�y�z�i�n�g� �t�h�e� �h�o�m�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�r�e�a�c�t�i�o�n�,� �w�h�i�l�e� �a� �l�o�n�g�e�r� �p�u�l�s�e� �r�e�p�i�t�i�t�i�o�n� �p�e�r�i�o�d� �p�r�o�d�u�c�e�d� �t�h�e� �r�e�a�c�t�i�o�n� �w�i�t�h� 

�a�m�i�n�e�s� �o�n�l�y�.� 

�V�a�n� �a�n�d� �G�o�u�r�d�e�n�n�e� �(�3�7�)� �l�o�o�k�e�d� �a�t� �t�h�e� �c�u�r�i�n�g� �o�f� �e�p�o�x�i�e�s �� �w�i�t�h� 

�d�i�a�m�i�n�o�d�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �a�t� �2�.�4�5� �G�H�z� �a�s� �w�e�l�l� �a�s� �i�n� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �o�v�e�n� �a�t� 

�1�2�0�°�C�.� �A�n�o�t�h�e�r� �s�a�m�p�l�e� �w�a�s� �p�l�a�c�e�d� �i�n� �a�n� �o�v�e�n� �a�t� �6�0�°�C� �a�n�d� �t�h�e�n� �h�e�a�t�e�d� �t�o� 

�1�2�0�°�C�.� �T�h�e� �t�o�t�a�l� �t�i�m�e� �o�f� �h�e�a�t�i�n�g� �w�a�s� �6�0� �m�i�n�u�t�e�s�.� �T�h�e� �h�e�a�t�i�n�g� �c�u�r�v�e�s� �w�e�r�e� 

�a�n�a�l�y�z�e�d� �i�n� �a� �m�a�n�n�e�r� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �o�f� �S�i�l�i�n�s�k�i� �e�t� �a�l�.� �H�o�w�e�v�e�r�,� �p�h�y�s�i�c�a�l� �t�e�s�t�i�n�g� 

�c�a�r�r�i�e�d� �o�u�t� �o�n� �t�h�e� �s�a�m�p�l�e�s� �i�n� �a�x�i�a�l� �c�o�m�p�r�e�s�s�i�o�n� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �e�l�a�s�t�i�c� 

�m�o�d�u�l�u�s� �f�o�r� �m�i�c�r�o�w�a�v�e� �c�u�r�e�d� �s�a�m�p�l�e�s� �w�a�s� �2�.�7� �G�P�a� �w�h�i�l�e� �t�h�e� �o�v�e�n� �c�u�r�e�d� 

�s�a�m�p�l�e�s� �h�a�d� �a�n� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �o�f� �2�.�4� �G�P�a�.� �A� �c�o�m�p�a�r�i�s�o�n� �o�f� �c�u�r�i�n�g� �b�e�t�w�e�e�n� 

�p�u�l�s�e�d� �a�n�d� �c�o�n�t�i�n�u�o�u�s� �m�i�c�r�o�w�a�v�e�s� �(�3�8�)� �s�h�o�w�s� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �h�i�g�h�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �w�h�e�n� �t�h�e� �p�u�l�s�e�d� �s�o�u�r�c�e� �w�a�s� �u�s�e�d�.� �T�h�e� 

�r�e�s�p�e�c�t�i�v�e� �p�r�o�f�i�l�e�s� �w�e�r�e� �q�u�i�t�e� �s�i�m�i�l�a�r� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e�r�e� �w�a�s� �n�o� �m�a�j�o�r� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �m�o�d�e� �o�f� �c�u�r�e�.� �T�h�e� �a�u�t�h�o�r�s� �e�x�p�l�a�i�n�e�d� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� 
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�h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �p�u�l�s�e�d� �m�i�c�r�o�w�a�v�e�s� �w�a�s� �d�u�e� �t�o� �a� 

 ��s�y�n�e�r�e�s�i�s �� �e�f�f�e�c�t� �o�n� �t�h�e� �d�i�p�o�l�e� �a�n�d� �t�h�e� �f�l�e�x�i�b�l�e� �c�h�a�i�n� �s�e�g�m�e�n�t�s� �b�e�t�w�e�e�n� �t�h�e� 

�s�o�u�r�c�e� �f�r�e�q�u�e�n�c�y� �(�2�.�4�5� �G�H�z�)� �a�n�d�-� �t�h�e� �p�u�l�s�e� �f�r�e�q�u�e�n�c�y� �(�2�0�0� �H�z�)�.� �T�h�e� 

�m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �i�.� �e�.� �t�h�e� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �m�e�a�s�u�r�e�d� �i�n� �c�o�m�p�r�e�s�s�i�o�n� 

�s�h�o�w� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�.� �I�n� �a�n� �e�x�t�e�n�s�i�o�n� �o�f� �t�h�i�s� �w�o�r�k� �t�h�e� �a�u�t�h�o�r�s� �(�3�9�)� 

�v�a�r�i�e�d� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �p�u�l�s�i�n�g� �f�r�o�m� �2�0� �K�H�z� �t�o� �2�0� �H�z�.� �T�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �s�i�m�i�l�a�r� 

�i�.� �e�.� �p�u�l�s�e�d� �m�i�c�r�o�w�a�v�e�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �a�c�t�i�v�a�t�e� �c�r�o�s�s�l�i�n�k�i�n�g� �r�e�a�c�t�i�o�n�s�.� �B�y� �a� 

�j�u�d�i�c�i�o�u�s� �c�h�o�i�c�e� �o�f� �p�u�l�s�e� �f�r�e�q�u�e�n�c�i�e�s� �r�e�a�c�t�i�o�n�s� �c�a�n� �b�e� �s�p�e�e�d�e�d� �u�p� �w�h�e�n� 

�c�o�m�p�a�r�e�d� �w�i�t�h� �c�o�n�t�i�n�u�o�u�s� �m�i�c�r�o�w�a�v�e�s�.� �T�h�i�s� �i�m�p�r�o�v�e�d� �e�f�f�i�c�i�e�n�c�y� �w�a�s� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �a� �d�o�u�b�l�e� �r�e�l�a�x�a�t�i�o�n� �(�4�0�)� �w�h�i�c�h� �i�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �d�i�p�o�l�a�r� 

�r�e�l�a�x�a�t�i�o�n� �l�i�n�k�e�d� �a�t� �t�h�e� �l�e�v�e�l� �o�f� �e�p�o�x�i�d�e� �a�n�d� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s� �t�o� �t�h�e� �f�r�e�q�u�e�n�c�y� 

�o�f� �t�h�e� �E�-�M� �w�a�v�e�s�,� �a�n�d� �o�f� �t�h�e� �s�e�g�m�e�n�t�a�l� �r�e�l�a�x�a�t�i�o�n� �m�a�i�n�t�a�i�n�e�d� �b�y� �t�h�e� 

�d�i�s�c�o�n�t�i�n�u�o�u�s� �e�m�i�s�s�i�o�n� �o�f� �e�l�e�c�t�r�i�c�a�l� �e�n�e�r�g�y� �a�c�c�o�r�d�i�n�g� �t�o� �a� �p�e�r�i�o�d�i�c� �l�o�w� 

�f�r�e�q�u�e�n�c�y� �l�a�w�.� �L�e�w�i�s� �e�t� �a�l� �(�4�1�)� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e� �c�u�r�i�n�g� �o�f� �e�p�o�x�y� �r�e�s�i�n�s� �u�s�i�n�g� 

�4�,�4�°�-� �d�i�a�m�i�n�o�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e� �(�D�D�S�)� �a�n�d� �3�,�3 ��-�d�i�a�m�i�n�o�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e�.� �T�h�e� 

�c�u�r�e� �r�a�t�e� �w�a�s� �a�c�c�e�l�e�r�a�t�e�d�,� �b�u�t� �t�h�e�r�e� �w�a�s� �n�o� �d�i�f�f�e�r�e�n�c�e� �i�n� �m�e�c�h�a�n�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �b�e�t�w�e�e�n� �m�i�c�r�o�w�a�v�e� �a�n�d� �o�v�e�n� �c�u�r�e�d� �m�a�t�e�r�i�a�l�s�.� �T�h�e� �a�u�t�h�o�r�s� �(�4�2�)� 

�a�l�s�o� �p�e�r�f�o�r�m�e�d� �s�t�u�d�i�e�s� �o�n� �t�h�e�r�m�o�p�l�a�s�t�i�c� �m�o�d�i�f�i�e�d� �e�p�o�x�i�e�s�.� �T�h�e� �m�o�d�i�f�i�e�r� �w�a�s� 

�a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�s�u�l�f�o�n�e�.� �M�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �b�e�t�w�e�e�n� �o�v�e�n� �a�n�d� 

�m�i�c�r�o�w�a�v�e� �c�u�r�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �i�d�e�n�t�i�c�a�l�,� �t�h�o�u�g�h� �a� �d�i�f�f�e�r�e�n�c�e� �w�a�s� �s�e�e�n� �i�n� �t�h�e� 

�m�o�r�p�h�o�l�o�g�y�.� �T�h�e� �E�M� �p�r�o�c�e�s�s�e�d� �s�a�m�p�l�e� �s�h�o�w�e�d� �a� �l�o�w�e�r� �d�e�g�r�e�e� �o�f� �p�h�a�s�e� 

�s�e�p�a�r�a�t�i�o�n� �i�n� �s�a�m�p�l�e�s� �w�i�t�h� �h�i�g�h� �l�o�a�d�i�n�g�s� �a�n�d� �s�m�a�l�l�e�r� �p�a�r�t�i�c�l�e�s� �a�t� �l�o�w� �e�x�t�e�n�t�s� 
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�o�f� �l�o�a�d�i�n�g�.� �T�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �v�i�s�c�o�s�i�t�y� 

�d�u�r�i�n�g� �t�h�e� �c�u�r�e� �p�r�o�c�e�s�s� �w�h�i�c�h� �i�n�f�l�u�e�n�c�e�s� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n�.� 

�L�e�w�i�s� �e�t� �a�l� �(�4�3�,� �4�4�)� �a�l�s�o� �m�o�n�i�t�o�r�e�d� �t�h�e� �s�t�e�p� �g�r�o�w�t�h� �r�e�a�c�t�i�o�n� �o�f� �b�e�n�z�o�p�h�e�n�o�n�e� 

�t�e�t�r�a�c�a�r�b�o�x�y�l�i�c� �a�c�i�d� �o�f� �d�i�a�n�h�y�d�r�i�d�e� �(�B�T�D�A�)� �a�n�d� �3�,�3 ��-�d�i�a�m�i�n�o�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e� 

�(�D�D�S�)� �i�n� �N�-�m�e�t�h�y�l�p�y�r�o�l�l�i�d�o�n�e�.� �R�e�a�c�t�i�o�n� �k�i�n�e�t�i�c�s� �w�e�r�e� �s�t�u�d�i�e�d� �u�s�i�n�g� �F�T�I�R� �w�i�t�h� 

�s�a�m�p�l�e�s� �d�r�a�w�n� �f�r�o�m� �t�h�e� �a�l�i�q�u�o�t� �d�u�r�i�n�g� �m�i�c�r�o�w�a�v�i�n�g�.� �N�o� �c�o�n�s�i�d�e�r�a�t�i�o�n� �w�a�s� 

�g�i�v�e�n� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �r�e�m�o�v�a�l� �o�f� �a� �s�m�a�l�l� �v�o�l�u�m�e� �f�r�o�m� �t�h�e� �s�a�m�p�l�e� �h�o�l�d�e�r� 

�w�o�u�l�d� �a�f�f�e�c�t� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �a�n�d� �h�e�n�c�e� �t�h�e� �c�u�r�i�n�g� �p�r�o�p�e�r�t�i�e�s�.� �T�h�e� 

�a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �t�h�e� �p�r�o�c�e�s�s� �w�a�s� �o�n�e� �h�a�l�f� �o�f� �t�h�e� �v�a�l�u�e� �o�b�t�a�i�n�e�d� 

�f�o�r� �t�h�e� �o�v�e�n� �c�u�r�e�d� �s�a�m�p�l�e�.� �T�h�e� �a�u�t�h�o�r�s� �s�p�e�c�u�l�a�t�e�d� �t�h�a�t� �t�h�i�s� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n� �r�a�t�e� �m�i�g�h�t� �b�e� �d�u�e� �t�o� �a�n� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�v�e�n�t� �N�M�P� �w�i�t�h� �t�h�e� �a�m�i�c� 

�a�c�i�d� �u�n�d�e�r� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �f�i�e�l�d�.� �T�h�e� �a�u�t�h�o�r�s� �a�l�s�o� �t�o�o�k� �a� 

�n�e�w� �a�p�p�r�o�a�c�h� �t�o� �a�n�a�l�y�z�e� �t�h�e� �a�p�p�a�r�e�n�t� �d�i�f�f�e�r�e�n�c�e�;� �a�n� �a�p�p�r�o�a�c�h� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� 

�i�n� �u�l�t�r�a�s�o�n�i�c�s� �a�n�d� �w�e�n�t� �o�n� �t�o� �a�s�s�u�m�e� �t�h�a�t� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �f�o�r� �t�h�e� �t�w�o� 

�p�r�o�c�e�s�s�e�s� �i�.� �e�.� �t�h�e� �m�i�c�r�o�w�a�v�e� �a�n�d� �o�v�e�n� �c�u�r�i�n�g� �w�a�s� �t�h�e� �s�a�m�e� �a�n�d� �t�h�a�t� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �r�a�t�e�s� �o�f� �c�u�r�e� �w�a�s� �d�u�e� �t�o� �a� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� 

�b�e�t�w�e�e�n� �t�h�e� �m�i�c�r�o�w�a�v�e�s� �a�n�d� �t�h�e� �v�a�r�i�o�u�s� �d�i�p�o�l�a�r� �s�p�e�c�i�e�s� �i�n� �t�h�e� �r�e�a�c�t�i�n�g� 

�s�y�s�t�e�m�.� �T�h�e� �r�e�a�c�t�i�v�e� �g�r�o�u�p�s� �b�e�i�n�g� �m�o�r�e� �h�i�g�h�l�y� �p�o�l�a�r� �w�o�u�l�d� �t�h�e�r�f�o�r�e� �a�b�s�o�r�b� 

�m�o�r�e� �e�f�f�i�c�i�e�n�t�l�y� �t�h�a�n� �t�h�e� �b�u�l�k� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e� 

�w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�o� �b�e� �a�b�o�u�t� �5�0�°�C� �b�e�t�w�e�e�n� �t�h�e� �m�e�a�s�u�r�e�d� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �a�t� �t�h�e�s�e� �r�e�a�c�t�i�v�e� �s�i�t�e�s�.� �T�h�e�s�e� �l�o�c�a�l�i�z�e�d� �m�o�l�e�c�u�l�a�r� �h�o�t� �s�p�o�t�s� �w�e�r�e� 

�S�u�s�p�e�c�t�e�d� �t�o� �h�a�v�e� �c�a�u�s�e�d� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e� �o�f� �r�e�a�c�t�i�o�n�.� �H�o�w�e�v�e�r�,� 

�J�a�b�b�a�r�i� �(�4�5�)� �w�h�o� �p�e�r�f�o�r�m�e�d� �a� �s�i�m�i�l�a�r� �e�x�p�e�r�i�m�e�n�t� �o�n� �t�h�e� �i�m�i�d�i�z�a�t�i�o�n� �o�f� 
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�p�o�l�y�a�m�i�c� �a�c�i�d� �c�o�n�t�r�a�d�i�c�t�e�d� �t�h�e�s�e� �r�e�s�u�l�t�s�.� �T�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �t�h�o�u�g�h� 

�p�e�r�f�o�r�m�e�d� �u�n�d�e�r� �s�i�m�i�l�a�r� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a�g�i�t�a�t�i�o�n� �i�n� �o�r�d�e�r� �t�o� 

�n�e�g�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �t�h�e�r�m�a�l� �g�r�a�d�i�e�n�t�s� �i�f� �a�n�y�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �h�i�g�h�e�r� �t�h�e� 

�r�a�t�e� �o�f� �a�g�i�t�a�t�i�o�n�,� �t�h�e� �l�e�s�s�e�r� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �r�a�t�e� �o�f� �r�e�a�c�t�i�v�i�t�y� �b�e�t�w�e�e�n� �t�h�e� 

�o�v�e�n� �a�n�d� �t�h�e� �m�i�c�r�o�w�a�v�e� �c�u�r�e�d� �s�a�m�p�l�e�s�.� �A�t� �a� �a�g�i�t�a�t�i�o�n� �r�a�t�e� �o�f� �1�7�0�0� �r�p�m� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �o�v�e�n� �a�n�d� �t�h�e� �m�i�c�r�o�w�a�v�e� �c�u�r�e�d� �s�a�m�p�l�e� �i�s� �a�l�m�o�s�t� 

�n�e�g�l�i�g�a�b�l�e�.� �T�h�e� �a�u�t�h�o�r� �c�o�n�s�e�q�u�e�n�t�l�y� �e�x�p�l�a�i�n�e�d� �t�h�a�t� �L�e�w�i�s ��s� �r�e�s�u�l�t�s� �w�e�r�e� �d�u�e� 

�t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e�r�m�a�l� �g�r�a�d�i�e�n�t�s�.� �T�h�e� �a�u�t�h�o�r� �b�e�l�i�e�v�e�s� �t�h�a�t� �v�a�r�i�o�u�s� 

�d�i�f�f�e�r�e�n�c�e�s� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �w�i�t�h� �m�i�c�r�o�w�a�v�e� �c�u�r�i�n�g� �a�r�e� �d�u�e� �t�o� �t�h�e� �h�i�g�h� 

�i�n�i�t�i�a�l� �r�a�t�e� �o�f� �e�n�e�r�g�y� �t�r�a�n�s�f�e�r� �w�i�t�h� �m�i�c�r�o�w�a�v�e�s� �a�s� �o�p�p�o�s�e�d� �t�o� �t�h�e� �e�n�e�r�g�y� 

�t�r�a�n�s�f�e�r� �r�a�t�e� �i�n� �c�o�n�v�e�n�t�i�o�n�a�l� �p�r�o�c�e�s�s�i�n�g�.� �I�t� �s�h�o�u�l�d� �b�e� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �t�h�e�s�e� 

�e�x�p�e�r�i�m�e�n�t�s� �t�o�o� �s�u�f�f�e�r� �f�r�o�m� �t�h�e� �d�r�a�w�b�a�c�k� �t�h�a�t� �t�h�e�r�e� �i�s� �a�)� �n�o� �c�o�n�s�i�d�e�r�a�t�i�o�n� 

�g�i�v�e�n� �t�o� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �a�n�d� �c�o�n�s�e�q�u�e�n�t� 

�i�n�c�r�e�a�s�e�d� �h�e�a�t�i�n�g� �u�p�o�n� �w�i�t�h�d�r�a�w�i�n�g� �a� �s�m�a�l�l� �q�u�a�n�t�i�t�y� �o�f� �t�h�e� �s�a�m�p�l�e� �f�o�r� 

�a�n�a�l�y�s�i�s� �b�)� �s�a�m�p�l�e�s� �c�u�r�e�d� �i�n� �a�n� �o�v�e�n� �w�e�r�e� �n�o�t� �s�u�b�j�e�c�t�e�d� �t�o� �t�h�e� �s�a�m�e� �a�g�i�t�a�t�i�o�n� 

�a�s� �w�e�r�e� �t�h�e�i�r� �m�i�c�r�o�w�a�v�e� �c�u�r�e�d� �c�o�u�n�t�e�r�p�a�r�t�s�;� �t�h�i�s� �w�o�u�l�d� �h�e�l�p� �a�l�l�e�v�i�a�t�e� �a�n�y� 

�d�i�s�c�r�e�p�e�n�c�i�e�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �h�e�a�t� �t�r�a�n�s�f�e�r� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �m�e�t�h�o�d�s� �o�f� �c�u�r�e�.� 

�C�u�r�i�n�g� �r�e�a�c�t�i�o�n�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �s�t�u�d�i�e�d� �i�n� �s�e�v�e�r�a�l� �e�l�a�s�t�o�m�e�r�s� �a�n�d� �s�y�n�t�h�e�t�i�c� 

�r�u�b�b�e�r�s�.� �L�e�e� �(�4�6�)� �r�e�p�o�r�t�e�d� �o�n� �t�h�e� �c�u�r�i�n�g� �o�f� �s�i�l�i�c�o�n�e� �b�a�s�e�d� �e�l�a�s�t�o�m�e�r�s�.� �T�h�e� 

�e�f�f�i�c�i�e�n�c�y� �o�f� �m�i�c�r�o�w�a�v�i�n�g� �w�a�s� �i�n�c�r�e�a�s�e�d� �b�y� �i�n�c�o�r�p�o�r�a�t�i�n�g� �b�u�l�k�y� �p�o�l�a�r� 

�s�u�b�s�t�i�t�u�e�n�t�s� �i�n�t�o� �t�h�e� �c�h�a�i�n� �b�a�c�k�b�o�n�e� �o�r� �b�y� �a�d�d�i�n�g� �c�o�n�d�u�c�t�i�v�e� �f�i�l�l�e�r�s� �t�o� �t�h�e� �b�u�l�k� 

�o�f� �p�o�l�y�m�e�r�.� �I�n� �b�o�t�h� �c�a�s�e�s� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �i�n�i�t�i�a�t�o�r�s� �s�u�c�h� �a�s� 

�p�e�r�o�x�i�d�e�s� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �s�t�i�m�u�l�a�t�e� �t�h�e� �r�e�a�c�t�i�o�n�.� �T�h�e� �a�u�t�h�o�r�s� �r�e�p�o�r�t�e�d� �m�o�r�e� 
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�u�n�i�f�o�r�m� �c�u�r�i�n�g� �w�i�t�h� �m�i�c�r�o�w�a�v�e�s� �t�h�a�n� �w�i�t�h� �o�v�e�n� �c�u�r�i�n�g� �a�s� �w�e�l�l� �a�s� �e�n�e�r�g�y� 

�s�a�v�i�n�g�s�.� �S�e�v�e�r�a�l� �o�t�h�e�r� �a�u�t�h�o�r�s� �h�a�v�e� �p�e�r�f�o�r�m�e�d� �p�r�e�l�i�m�i�n�a�r�y� �§� �c�u�r�i�n�g� 

�e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �e�l�a�s�t�o�m�e�r�s� �a�n�d� �m�o�s�t� �r�e�p�o�r�t�s� �a�c�k�n�o�w�l�e�d�g�e� �f�a�s�t�e�r� �c�u�r�i�n�g�,� 

�h�e�a�t�i�n�g� �e�f�f�i�c�i�e�n�c�y� �a�s� �w�e�l�l� �a�s� �e�n�e�r�g�y� �s�a�v�i�n�g�s� �(�4�7�,� �4�8�)�.� 

�W�o�r�k� �d�o�n�e� �b�y� �G�e�d�y�e� �e�t� �a�l� �(�4�9�)� �o�n� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s� �s�h�e�d� 

�l�i�g�h�t� �o�n� �s�e�v�e�r�a�l� �a�s�p�e�c�t�s� �o�f� �r�e�a�c�t�i�o�n�s� �n�o�t� �y�e�t� �d�e�s�c�r�i�b�e�d� �i�n� �a�n�y� �d�e�t�a�i�l� �i�.� �e�.� �t�h�e� 

�e�f�f�e�c�t� �o�f� �p�o�l�a�r� �s�o�l�v�e�n�t�s� �d�u�r�i�n�g� �a� �m�i�c�r�o�w�a�v�e� �r�e�a�c�t�i�o�n�.� �T�h�e� �a�u�t�h�o�r� �f�o�u�n�d� �t�h�a�t� 

�m�o�r�e� �p�o�l�a�r� �m�o�l�e�c�u�l�e�s� �t�e�n�d�e�d� �t�o� �p�r�o�d�u�c�e� �m�u�c�h� �l�a�r�g�e�r� �e�x�t�e�n�t�s� �o�r� �r�e�a�c�t�i�o�n�.� �T�h�e� 

�n�o�n� �p�o�l�a�r� �m�o�l�e�c�u�l�e�s� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d� �d�i�d� �n�o�t� �f�a�c�i�l�i�t�a�t�e� �s�u�c�h� �a�n� �e�x�t�e�n�t� �o�f� 

�c�o�n�v�e�r�s�i�o�n� �b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �i�n�a�b�i�l�i�t�y� �t�o� �a�b�s�o�r�b� �m�i�c�r�o�w�a�v�e�s�.� �H�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� 

�r�e�a�c�t�i�o�n�s� �c�o�u�l�d� �b�e� �o�p�t�i�m�i�z�e�d� �b�y� �u�s�e� �o�f� �t�h�e� �r�i�g�h�t� �a�m�o�u�n�t� �o�f� �p�o�w�e�r�,� �p�r�e�s�s�u�r�e� 

�a�n�d� �r�e�a�c�t�i�o�n� �v�o�l�u�m�e�.� �H�e� �c�l�a�i�m�e�d� �t�h�a�t� �r�e�a�c�t�i�o�n�s� �c�o�u�l�d� �b�e� �s�p�e�e�d�e�d� �u�p�t�o� �1�2�4�0� 

�t�i�m�e�s� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �c�o�n�v�e�n�t�i�o�n�a�l� �o�v�e�n� �c�u�r�i�n�g�.� 

�I�n� �c�o�n�c�l�u�s�i�o�n� �i�t� �c�a�n� �b�e� �s�a�i�d� �t�h�a�t� �m�i�c�r�o�w�a�v�e�s� �c�a�u�s�e� �h�e�a�t�i�n�g� �i�n� �m�o�l�e�c�u�l�e�s� 

�d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e�i�r� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r�s� �a�n�d� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� 

�m�a�t�e�r�i�a�l�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �p�o�l�y�m�e�r�i�c� �m�o�l�e�c�u�l�e�s� �h�e�a�t�i�n�g� �i�s� �n�o�t� �e�a�s�i�l�y� �p�r�e�d�i�c�t�a�b�l�e� 

�b�e�c�a�u�s�e� �o�f� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e�r�e� �a�r�e� �c�o�n�f�o�r�m�a�t�i�o�n�a�l� �a�n�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�a�l� �f�a�c�t�o�r�s� 

�w�h�i�c�h� �c�a�u�s�e� �i�n�c�r�e�a�s�e�s� �i�n� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �f�a�c�t�o�r� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �e�s�p�e�c�i�a�l�l�y� 

�a�t� �m�i�c�r�o�w�a�v�e� �f�r�e�q�u�e�n�c�i�e�s�.� �T�h�e�s�e� �i�n�c�r�e�a�s�e�s� �m�a�y� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �t�a�i�l�s� 

�o�f� �l�o�s�s�e�s� �t�a�k�i�n�g� �p�l�a�c�e� �a�t� �f�r�e�q�u�e�n�c�y� �r�e�g�i�m�e�s� �a�b�o�v�e� �a�n�d� �b�e�l�o�w� �t�h�e� �m�i�c�r�o�w�a�v�e� 

�r�e�g�i�o�n�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�r�y�s�t�a�l�l�i�n�i�t�y� �i�n� �m�a�t�e�r�i�a�l�s� �a�l�s�o� �c�a�u�s�e�s� �s�i�g�n�i�f�i�c�a�n�t� 

�d�e�c�r�e�a�s�e�s� �i�n� �t�h�e� �r�a�t�e� �o�f� �h�e�a�t�i�n�g�.� �T�h�e�r�m�a�l� �r�u�n�a�w�a�y� �a�l�s�o� �g�i�v�e�s� �r�i�s�e� �t�o� 
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�t�r�e�m�e�n�d�o�u�s� �u�n�p�r�e�d�i�c�t�a�b�i�l�i�t�y� �i�n� �m�e�a�s�u�r�e�d� �h�e�a�t�i�n�g� �r�a�t�e�s�.� �I�t� �i�s� �t�h�e�r�e�f�o�r�e� 

�p�e�r�t�i�n�e�n�t� �t�o� �m�a�k�e� �u�s�e� �o�f� �a�s� �s�m�a�l�l� �s�a�m�p�l�e� �s�i�z�e�s� �p�o�s�s�i�b�l�e� �w�h�e�n� �m�e�a�s�u�r�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�s�.� 

�I�n� �t�h�e� �c�a�s�e� �o�f� �r�e�a�c�t�i�o�n�s�,� �m�o�s�t� �s�e�e�m� �t�o� �i�n�d�i�c�a�t�e� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e� �o�f� 

�r�e�a�c�t�i�o�n� �w�i�t�h� �t�h�e� �u�s�e� �o�f� �m�i�c�r�o�w�a�v�e�s�.� �T�h�e� �n�u�m�b�e�r� �o�f� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �t�h�i�s� 

�e�n�h�a�n�c�e�m�e�n�t� �s�e�e�m� �a�s� �n�u�m�e�r�o�u�s� �a�s� �t�h�e� �e�x�p�e�r�i�m�e�n�t�s� �p�e�r�f�o�r�m�e�d�.� �T�h�i�s� �i�s� �n�o�t� 

�s�u�r�p�r�i�s�i�n�g�,� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �f�i�e�l�d� �i�s� �r�e�l�a�t�i�v�e�l�y� �n�e�w� �a�n�d� 

�e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �i�n� �a� �r�e�l�a�t�i�v�e� �s�t�a�g�e� �o�f� �d�e�v�e�l�o�p�m�e�n�t�.�|�t� �u�n�d�e�r�s�c�o�r�e�s�,� 

�i�f� �a�n�y�t�h�i�n�g�,� �t�h�e� �n�e�e�d� �f�o�r� �m�o�r�e� �a�n�a�l�y�t�i�c�a�l� �e�q�u�i�p�m�e�n�t� �w�h�i�c�h� �c�a�n� �o�p�e�r�a�t�e� �i�n� �a� 

�m�i�c�r�o�w�a�v�e� �f�i�e�l�d� �w�i�t�h�o�u�t� �p�e�r�t�u�r�b�i�n�g� �t�h�e� �f�i�e�l�d� �o�r� �t�h�e� �r�e�a�c�t�i�o�n�.� �O�n�e� �c�l�a�i�m� �w�h�i�c�h� 

�s�e�e�m�s� �u�n�a�n�i�m�o�u�s� �i�s� �t�h�a�t� �p�u�l�s�e�d� �w�a�v�e�s� �c�a�n� �i�n�c�r�e�a�s�e� �t�h�e� �r�a�t�e� �o�f� �a� �r�e�a�c�t�i�o�n� 

�w�h�e�n� �t�h�e� �r�a�t�e� �o�f� �p�u�l�s�i�n�g� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� �c�h�a�i�n� �s�e�g�m�e�n�t�s�.� 

�1�.�8� �S�O�L�-�G�E�L� �R�E�A�C�T�I�O�N�S� 

�A� �t�y�p�i�c�a�l� �s�o�l� �g�e�l� �r�e�a�c�t�i�o�n� �c�o�n�s�i�s�t�s� �o�f� �t�h�e� �h�y�d�r�o�l�y�s�i�s� �a�n�d� �c�o�n�d�e�n�s�a�t�i�o�n� �a� �m�e�t�a�l� 

�a�l�k�o�x�i�d�e� �w�i�t�h� �e�i�t�h�e�r� �a�n� �a�c�i�d�i�c� �o�r� �b�a�s�i�c� �c�a�t�a�l�y�s�t�.� �T�h�e� �r�e�a�c�t�i�o�n�s� �a�r�e� �s�i�m�i�l�a�r� �f�o�r� 

�o�t�h�e�r� �m�e�t�a�l� �a�l�k�o�x�i�d�e�s� �s�u�c�h� �a�s� �t�i�t�a�n�i�u�m� �i�s�o�p�r�o�p�o�x�i�d�e�,� �a�l�u�m�i�n�u�m� �s�e�c�-�b�u�t�o�x�i�d�e�,� 

�z�i�r�c�o�n�i�u�m� �i�s�o�p�r�o�p�o�x�i�d�e� �e�t�c�.� �A�l�l� �o�f� �t�h�e�s�e� �u�n�d�e�r�g�o� �h�y�d�r�o�l�y�s�i�s� �a�n�d� �c�o�n�d�e�n�s�a�t�i�o�n� 

�t�o� �y�i�e�l�d� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �o�x�i�d�e�s� �a�s� �i�s� �i�n�d�i�c�a�t�e�d� �w�i�t�h� �t�h�e� �s�i�l�i�c�a�t�e� �s�y�s�t�e�m� �s�h�o�w�n� 
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�b�e�l�o�w�.� �T�h�e� �r�a�t�e�s� �o�f� �r�e�a�c�t�i�o�n� �a�n�d� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �s�t�r�u�c�t�u�r�e�s� �f�o�r�m�e�d� �d�e�p�e�n�d� �o�n� 

�a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �p�a�r�a�m�e�t�e�r�s� �s�u�c�h� �a�s� �t�h�e� �c�a�t�a�l�y�s�t� �u�s�e�d�,� �s�o�l�v�e�n�t�s� �u�s�e�d� �f�o�r� 

�c�o�m�p�a�t�i�b�i�l�i�z�a�t�i�o�n�,� �m�e�t�a�l� �a�l�k�o�x�i�d�e�s� �o�r� �c�o�m�b�i�n�a�t�i�o�n�s� �t�h�e�r�e�o�f�,� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�s� 

�e�t�c�.� �S�i�n�c�e� �a� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �w�o�r�k� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �w�i�l�l� �d�e�a�l� �w�i�t�h� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �d�i�f�f�e�r�e�n�t� �k�i�n�d�s� �o�f� �s�o�l�v�e�n�t�s� �o�n� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�e�r�a�m�e�r�s� �a�n�d� �t�h�e�i�r� 

�i�n�t�e�r�a�c�t�i�o�n�s� �w�i�t�h� �m�i�c�r�o�w�a�v�e�s�,� �i�t� �i�s� �t�h�e�r�e�f�o�r�e� �p�e�r�t�i�n�e�n�t� �t�h�a�t� �a� �J�a�r�g�e� �p�o�r�t�i�o�n� �o�f� 

�t�h�i�s� �o�v�e�r�v�i�e�w� �w�i�l�l� �d�e�a�l� �e�x�t�e�n�s�i�v�e�l�y� �w�i�t�h� �t�h�e� �s�t�r�u�c�t�u�r�e�s� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �u�s�e� �o�f� 

�v�a�r�i�o�u�s� �s�o�l�v�e�n�t� �m�e�d�i�a� �d�u�r�i�n�g� �r�e�a�c�t�i�o�n�s�.� �T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �f�o�c�u�s� �o�n� �s�o�m�e� �w�o�r�k� 

�w�h�i�c�h� �w�i�l�l� �b�e� �p�e�r�t�i�n�e�n�t� �t�o� �t�h�e� �l�a�s�t� �c�h�a�p�t�e�r�s� �i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n�.� 

�T�h�e� �s�o�l� �g�e�l� �t�e�c�h�n�i�q�u�e� �f�o�r� �s�i�l�i�c�a�t�e�s� �c�o�n�s�i�s�t�s� �o�f� �h�y�d�r�o�l�y�s�i�n�g� �a�n�d� �c�o�n�d�e�n�s�i�n�g� �a� 

�t�e�t�r�a�f�u�n�c�t�i�o�n�a�l� �s�i�l�i�c�o�n� �a�l�k�o�x�i�d�e� �s�u�c�h� �a�s� �T�E�O�S�,� �T�M�O�S� �(�t�e�t�r�a�m�e�t�h�y�l�o�r�t�h�o�s�i�l�i�c�a�t�e�)� 

�u�s�i�n�g� �a�n� �a�c�i�d�i�c� �o�r� �b�a�s�i�c� �c�a�t�a�l�y�s�t� �(�5�0�)�.� �T�h�r�e�e� �r�e�a�c�t�i�o�n�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� 

�t�h�e� �s�o�l� �g�e�l� �p�r�o�c�e�s�s�.� 

�H�y�d�r�o�l�y�s�i�s� 

�=�S�i�-�O�R�+�H�,�O� �=� �=�S�i�-�O�H�+�R�O�H� 

�A�)� �A�l�c�o�h�o�l� �C�o�n�d�e�n�s�a�t�i�o�n� 

�I� �=�S�i�-�O�R�+�H�O�-�S�i�=� �=�S�i� �-� �O� �-� �S�i�=� �+�R�O�H� 

�B�)� �W�a�t�e�r� �C�o�n�d�e�n�s�a�t�i�o�n� 
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�=�S�i� �-� �O�H� �+� �H�O� �-� �S�i�=� �=� �=�S�i�-�O�-�S�i�=� �+�H�,�0� 

�I�n� �t�h�e� �a�b�o�v�e� �r�e�a�c�t�i�o�n�s� �R� �r�e�p�r�e�s�e�n�t�s� �a�n� �a�l�k�y�l� �g�r�o�u�p�.� �T�h�i�s� �r�e�a�c�t�i�o�n� �i�s� �u�s�u�a�l�l�y� 

�c�a�r�r�i�e�d� �o�u�t� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �s�o�l�v�e�n�t� �t�o� �c�o�m�p�a�t�i�b�i�l�i�z�e� �t�h�e� �r�e�a�c�t�a�n�t�s� �i�.� �e�.� 

�w�a�t�e�r� �w�i�t�h� �t�h�e� �m�e�t�a�l� �a�l�k�o�x�i�d�e�.� �S�o�l�v�e�n�t�s� �o�t�h�e�r� �t�h�a�n� �a�l�c�o�h�o�l�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� 

�u�s�e�d� �(�5�1�,� �5�2�,� �5�3�,� �5�4�)�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �a�l�c�o�h�o�l�s� �u�s�e�d� �i�n� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s� 

�a�r�e� �n�o�t� �i�n�e�r�t� �p�a�r�t�i�c�i�p�a�n�t�s� �(�5�2�)�.� �A�s� �i�n�d�i�c�a�t�e�d� �i�n� �t�h�e� �r�e�v�e�r�s�e� �r�e�a�c�t�i�o�n�s� �o�f� �(�1�)� �a�n�d� 

�(�2�)� �i�t� �c�a�n� �p�a�r�t�i�c�i�p�a�t�e� �i�n� �e�s�t�e�r�i�f�i�c�a�t�i�o�n� �a�n�d� �a�l�c�o�h�o�l�y�s�i�s�.� �N�o�n� �a�l�c�o�h�o�l� �s�o�l�v�e�n�t�s� �a�l�s�o� 

�h�a�v�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t� �o�n� �t�h�e� �r�e�a�c�t�i�o�n� �a�n�d� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �g�l�a�s�s�e�s� �f�o�r�m�e�d� �i�n� 

�a� �s�o�l� �g�e�l� �r�e�a�c�t�i�o�n� �(�5�3�)�.� �T�h�e�s�e� �s�o�l�v�e�n�t�s� �a�r�e� �t�y�p�i�c�a�l�l�y� �l�a�b�e�l�l�e�d� �D�C�C�A ��s� �(�d�r�y�i�n�g� 

�c�o�n�t�r�o�l� �c�h�e�m�i�c�a�l� �a�d�d�i�t�i�v�e�s�)� �a�n�d� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �c�o�n�t�r�o�l� �p�o�r�e� �s�i�z�e� 

�d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� �i�n�t�e�r�n�a�l� �c�u�r�i�n�g� �s�t�r�e�s�s�e�s� �d�u�r�i�n�g� �t�h�e� �f�o�r�m�a�t�i�o�n� �§� �o�f� 

�h�o�m�o�g�e�n�e�o�u�s� �g�e�l�s� �(�5�4�,� �5�5�)�.� 

�S�o�l�v�e�n�t�s� �m�a�y� �b�e� �c�l�a�s�s�i�f�e�d� �a�s� �p�o�l�a�r� �o�r� �n�o�n�-�p�o�l�a�r� �a�n�d� �a�s� �p�r�o�t�i�c� �o�r� �a�p�r�o�t�i�c� �(�5�2�)�.� 

�I�m�p�o�r�t�a�n�t� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �s�o�l�v�e�n�t�s� �w�i�t�h� �r�e�g�a�r�d� �t�o� �a�f�f�e�c�t�i�n�g� �t�h�e� �f�i�n�a�l� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �s�o�l� �g�e�l�s� �a�r�e� �p�o�l�a�r�i�t�y�,� �d�i�p�o�l�e� �m�o�m�e�n�t� �a�n�d� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �l�a�b�i�l�e� 

�p�r�o�t�o�n�s�.� �H�i�g�h�l�y� �p�o�l�a�r� �s�o�l�v�e�n�t�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �s�o�l�v�a�t�e� �p�o�l�a�r� �t�e�t�r�a�f�u�n�c�t�i�o�n�a�l� 

�s�i�l�i�c�a�t�e� �s�p�e�c�i�e�s� �u�s�e�d� �i�n� �s�o�l� �g�e�l� �p�r�o�c�e�s�s�i�n�g�.� �L�e�s�s� �p�o�l�a�r� �s�o�l�v�e�n�t�s� �s�u�c�h� �a�s� 

�d�i�o�x�a�n�e� �a�n�d� �t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�T�H�F�)� �m�a�y� �b�e� �u�s�e�d� �i�n� �a�l�k�y�l� �s�u�b�s�t�i�t�u�t�e�d� �o�r� 

�i�n�c�o�m�p�l�e�t�e�l�y� �h�y�d�r�o�l�y�s�e�d� �s�y�s�t�e�m�s�.� �S�i�n�c�e� �h�y�d�r�o�l�y�s�i�s� �i�s� �c�a�t�a�l�y�s�e�d� �b�y� �e�i�t�h�e�r� 
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�h�y�d�r�o�x�y�l� �(�O�H�-�)� �(�p�H�>�7�)� �o�r� �h�y�d�r�o�n�i�u�m� �i�o�n�s� �(�H�3�;�0�*�)� �(�p�H� �<�7�)�,� �s�o�l�v�e�n�t� �m�o�l�e�c�u�l�e�s� 

�t�h�a�t� �h�y�d�r�o�g�e�n� �b�o�n�d� �t�o� �h�y�d�o�x�y�l� �o�r� �h�y�d�r�o�n�i�u�m� �i�o�n�s� �r�e�d�u�c�e� �t�h�e� �c�a�t�a�l�y�t�i�c� �a�c�t�i�v�i�t�y� 

�u�n�d�e�r� �a�c�i�d�i�c� �o�r� �b�a�s�i�c� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e�r�e�f�o�r�e� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �t�h�a�t� �d�o� �n�o�t� 

�h�y�d�r�o�g�e�n� �b�o�n�d� �t�o� �h�y�d�r�o�x�y�l� �i�o�n�s� �h�a�v�e� �t�h�e� �e�f�f�e�c�t� �o�f� �m�a�k�i�n�g� �h�y�d�r�o�x�y�l� �i�o�n�s� �m�o�r�e� 

�n�u�c�l�e�o�p�h�i�l�i�c� �w�h�e�r�e� �a�s� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �m�a�k�e� �h�y�d�r�o�n�i�u�m� �i�o�n�s� �m�o�r�e� �e�l�e�c�t�r�o�p�h�i�l�l�i�c� 

�(�5�6�)�.� �H�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �o�f� �t�h�e� �s�o�l�v�e�n�t� �w�i�t�h� �t�h�e� �r�e�a�c�t�a�n�t�s� �c�a�n� �a�l�s�o� �a� 

�b�i�m�o�l�e�c�u�l�a�r�,� �n�u�c�l�e�o�p�h�i�l�i�c� �r�e�a�c�t�i�o�n� �a�m�o�n�g�s�t� �w�e�a�k� �l�e�a�v�i�n�g� �g�r�o�u�p�s� �(�5�7�)�.� 

�S�o�l�v�e�n�t� �e�f�f�e�c�t�s� �o�n� �t�h�e� �c�o�n�d�e�n�s�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �a�r�e� �n�o�t� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �a�n�d� 

�t�h�o�s�e� �t�h�a�t� �a�r�e�,� �a�r�e� �f�e�w� �a�n�d� �f�a�r� �b�e�t�w�e�e�n�.� �D�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �p�H�,� �e�i�t�h�e�r� 

�p�r�o�t�o�n�a�t�e�d� �o�r� �d�e�p�r�o�t�o�n�a�t�e�d� �s�o�l�v�e�n�t�s� �a�r�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �c�o�n�d�e�n�s�a�t�i�o�n� 

�m�e�c�h�a�n�i�s�m� �(�5�2�)�.� �B�e�c�a�u�s�e� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �h�y�d�r�o�g�e�n� �b�o�n�d� �t�o� �n�u�c�l�e�o�p�h�i�l�i�c� 

�d�e�p�r�o�t�o�n�a�t�e�d� �s�i�l�a�n�o�l�s� �a�n�d� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �h�y�d�r�o�g�e�n� �b�o�n�d� �t�o� �e�l�e�c�t�r�o�p�h�i�l�i�c� 

�p�r�o�t�o�n�a�t�e�d� �s�i�l�a�n�o�l�s�,� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �r�e�t�a�r�d� �b�a�s�e� �c�a�t�a�l�y�z�e�d� �c�o�n�d�e�n�s�a�t�i�o�n� �a�n�d� 

�p�r�o�m�o�t�e� �a�c�i�d� �c�a�t�a�l�y�z�e�d� �c�o�n�d�e�n�s�a�t�i�o�n�.� �A�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �h�a�v�e� �t�h�e� �r�e�v�e�r�s�e� �e�f�f�e�c�t�.� 

�H�i�g�h�l�y� �p�o�l�a�r� �p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �c�a�n� �a�l�s�o� �d�e�c�e�l�e�r�a�t�e� �t�h�e� �c�o�n�d�e�n�s�a�t�i�o�n� �r�a�t�e�,� �b�y� 

�d�e�a�c�t�i�v�a�t�i�n�g� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e� �t�h�r�o�u�g�h� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �i�n�t�e�r�a�c�t�i�o�n�s� �(�5�8�)�.� �D�u�e� 

�t�o� �a� �s�t�r�o�n�g� �d�i�p�o�l�e� �m�o�m�e�n�t�,� �t�h�e�s�e� �s�o�l�v�e�n�t�s� �c�a�n� �s�t�a�b�i�l�i�z�e� �t�h�e� �n�e�g�a�t�i�v�e� �c�h�a�r�g�e� 

�l�o�c�a�l�i�z�e�d� �o�n� �t�h�e� �r�e�a�c�t�a�n�t�s�,� �f�o�r�m�i�n�g� �a� �s�h�i�e�l�d� �a�r�o�u�n�d� �t�h�e�m� �a�n�d� �t�h�i�s� �c�a�u�s�e�s� �a� 

�d�e�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e� �o�f� �c�o�n�d�e�n�s�a�t�i�o�n� �a�s� �s�t�a�t�e�d� �a�b�o�v�e�.� �D�i�p�o�l�a�r� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� 

�d�o� �n�o�t� �p�o�s�s�e�s�s� �t�h�e� �h�y�d�r�o�g�e�n� �a�t�o�m�s� �c�a�p�a�b�l�e� �o�f� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �a�n�d� �h�e�n�c�e� 

�d�o� �n�o�t� �d�e�a�c�t�i�v�a�t�e� �t�h�e� �n�u�c�l�e�o�p�h�i�l�e�.� �T�h�e�y� �c�a�n�,� �h�o�w�e�v�e�r�,� �s�t�a�b�i�l�i�z�e� �t�h�e� �r�e�a�c�t�a�n�t�s� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �a�c�t�i�v�a�t�e�d� �c�o�m�p�l�e�x� �a�n�d� �a�s� �a� �r�e�s�u�l�t� �s�l�o�w� �d�o�w�n� �t�h�e� �r�e�a�c�t�i�o�n� 

�t�o� �s�o�m�e� �e�x�t�e�n�t�.� �T�h�e� �c�o�n�d�e�n�s�a�t�i�o�n� �r�e�a�c�t�i�o�n� �i�s� �m�o�s�t� �e�f�f�i�c�i�e�n�t� �i�n� �n�o�n� �p�o�l�a�r� 
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�a�p�r�o�t�i�c� �s�o�l�v�e�n�t�s� �w�h�i�c�h� �l�a�c�k� �t�h�e� �a�b�i�l�i�t�y� �t�o� �i�n�t�e�r�a�c�t� �b�o�t�h� �e�l�e�c�t�r�o�s�t�a�t�i�c�a�l�l�y� �a�n�d� 

�t�h�r�o�u�g�h� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �t�o� �e�i�t�h�e�r� �t�h�e� �r�e�a�c�t�a�n�t�s� �o�r� �t�h�e� �a�c�t�i�v�a�t�e�d� �c�o�m�p�l�e�x� 

�(�5�3�)�.� 

�F�o�r�m�a�m�i�d�e� �h�a�s� �b�e�e�n� �f�o�u�n�d� �t�o� �b�e� �a� �s�u�i�t�a�b�l�e� �a�g�e�n�t� �f�o�r� �t�h�e� �c�o�n�t�r�o�l� �o�f� �s�t�r�u�c�t�u�r�e�s� 

�f�o�r�m�e�d� �d�u�r�i�n�g� �a� �s�o�l� �g�e�l� �p�r�o�c�e�s�s�.� �A�r�t�a�k�i� �e�t� �a�l� �(�5�5�)� �c�o�n�d�u�c�t�e�d� �*�°�S�i� �N�M�R� �a�n�d� 

�R�a�m�a�n� �s�p�e�c�t�r�o�s�c�o�p�y� �t�o� �g�a�i�n� �a�n� �i�m�p�r�o�v�e�d� �m�o�l�e�c�u�l�a�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �r�o�l�e� 

�o�f� �f�o�r�m�a�m�i�d�e� �o�n� �t�h�e� �h�y�d�r�o�l�y�s�i�s� �a�n�d� �c�o�n�d�e�n�s�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�s�.� �T�h�e�y� �f�o�u�n�d� 

�t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �f�o�r�m�a�m�i�d�e� �t�o� �s�i�l�i�c�o�n� �a�l�k�o�x�i�d�e� �s�o�l�s� �r�e�s�u�l�t�e�d� �i�n� �a� �d�r�a�s�t�i�c� 

�r�e�d�u�c�t�i�o�n�s� �o�f� �t�h�e� �r�a�t�e� �o�f� �h�y�d�r�o�l�y�s�i�s� �a�n�d� �l�e�d� �t�o� �e�x�t�e�n�s�i�v�e�l�y� �b�r�a�n�c�h�e�d� �g�e�l� 

�n�e�t�w�o�r�k�s� �o�f� �i�n�c�r�e�a�s�e�d� �p�o�r�o�s�i�t�y� �a�n�d� �r�e�d�u�c�e�d� �d�e�n�s�i�t�y�.� �A� �t�e�n�t�a�t�i�v�e� �e�x�p�l�a�n�a�t�i�o�n� 

�g�i�v�e�n� �b�y� �t�h�e� �a�u�t�h�o�r�s� �(�5�9�)� �i�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �s�t�r�o�n�g� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� 

�b�e�t�w�e�e�n� �f�o�r�m�a�m�i�d�e� �a�n�d� �s�i�l�i�c�o�n� �s�p�e�c�i�e�s� �w�h�i�c�h� �s�l�o�w�s� �h�y�d�r�o�l�y�s�i�s� �d�u�e� �t�o� �s�t�e�r�i�c� 

�h�i�n�d�r�a�n�c�e�s�.� �A�n� �i�n�c�r�e�a�s�e� �i�n� �v�i�s�c�o�s�i�t�y� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�i�s� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g�.� 

�S�i�n�c�e� �h�y�d�r�o�l�y�s�i�s� �p�r�o�c�e�e�d�s� �b�y� �a� �n�u�c�l�e�o�p�h�i�l�i�c� �a�t�t�a�c�k� �o�n� �a� �s�i�l�i�c�o�n� �a�t�o�m� �b�y� �a� 

�n�e�g�a�t�i�v�e�l�y� �c�h�a�r�g�e�d� �h�y�d�r�o�x�y�l� �g�r�o�u�p�,� �t�h�e� �a�b�i�l�i�t�y� �o�f� �s�i�l�i�c�o�n� �m�o�l�e�c�u�l�e�s� �t�o� �r�e�o�r�i�e�n�t� 

�w�i�l�l� �b�e� �a�d�v�e�r�s�e�l�y� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �v�i�s�c�o�s�i�t�y� �c�a�u�s�e�d� �b�y� �f�o�r�m�a�m�i�d�e�.� 

�T�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �h�y�d�r�o�l�y�s�i�s� �r�a�t�e� �w�i�l�l� �r�e�s�u�l�t� �i�n� �a� �l�a�r�g�e�r� �p�o�r�t�i�o�n� �o�f� �b�u�l�k�i�e�r� 

�d�i�m�e�r�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �e�x�i�s�t�a�n�c�e� �o�f� �a� �g�r�e�a�t�e�r� �p�o�p�u�l�a�t�i�o�n� �o�f� �p�a�r�t�i�a�l�l�y� �h�y�d�r�o�l�y�z�e�d� 

�m�o�n�o�m�e�r�s�.� �S�p�e�c�t�r�o�s�c�o�p�i�c� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t� �h�y�d�r�o�l�y�s�i�s� �o�f� �t�h�e�s�e� �d�i�m�e�r�s� 

�w�o�u�l�d� �t�h�e�n� �b�e� �d�e�c�r�e�a�s�e�d� �d�u�e� �t�o� �s�t�e�r�i�c� �h�i�n�d�r�a�n�c�e�s� �w�h�i�c�h� �r�e�s�u�l�t� �f�r�o�m� �t�h�e�s�e� 

�b�u�l�k�i�e�r� �a�l�k�o�x�y� �g�r�o�u�p�s�.� �T�h�i�s� �t�e�n�d�s� �t�o� �p�r�o�m�o�t�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �v�e�r�y� �p�o�r�o�u�s� 

�n�e�t�w�o�r�k�.� �B�o�o�n�s�t�r�a� �e�t� �a�l� �(�6�0�)� �a�l�s�o� �c�o�n�d�u�c�t�e�d� �e�x�p�e�r�i�m�e�n�t�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�e�f�f�e�c�t� �f�o� �f�o�r�m�a�m�i�d�e� �o�n� �h�y�d�r�o�l�y�s�i�s� �a�n�d� �c�o�n�d�e�n�s�a�t�i�o�n� �a�t� �5�0�°�C�,� �b�o�t�h� �i�n� �t�h�e� �a�c�i�d� 
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�a�n�d� �b�a�s�i�c� �s�t�e�p� �o�f� �a� �t�w�o� �s�t�e�p� �s�o�l� �g�e�l� �p�r�o�c�e�s�s� �o�n� �T�E�O�S�,� �e�t�h�a�n�o�l� �a�n�d� �w�a�t�e�r� �u�s�i�n�g� 

�2�2�9�S�i� �N�M�R�.� �T�h�e� �r�e�s�u�l�t�s� �o�n� �t�h�e� �a�c�i�d� �c�a�t�a�l�y�z�e�d� �T�E�O�S� �a�r�e� �s�i�m�i�l�a�r� �t�o� �A�r�t�a�k�i� �e�t� �a�l�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �f�o�r�m�a�m�i�d�e� �o�n� �t�h�e� �b�a�s�e� �c�a�t�a�l�y�z�e�d� �s�y�s�t�e�m� �w�a�s� �f�o�u�n�d� �t�o� �n�e�g�l�i�g�a�b�l�e�.� 

�H�o�w�e�v�e�r�,� �R�o�s�e�n�b�e�r�g�e�r� �e�t� �a�l� �(�6�1�)� �s�h�o�w� �m�o�r�e� �e�x�t�e�n�s�i�v�e� �c�o�n�d�e�n�s�a�t�i�o�n� �i�n� �t�h�e� 

�f�o�r�m�a�m�i�d�e� �s�y�s�t�e�m�.� �T�h�i�s� �a�p�p�a�r�e�n�t� �c�o�n�t�r�a�d�i�c�t�i�o�n� �m�a�y� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� 

�p�a�r�t�i�a�l� �h�y�d�r�o�l�y�s�i�s� �o�f� �f�o�r�m�a�m�i�d�e� �t�o� �p�r�o�d�u�c�e� �a�m�m�o�n�i�a� �a�n�d� �f�o�r�m�i�c� �a�c�i�d�.� �B�e�c�a�u�s�e� 

�b�a�s�e� �c�a�t�a�l�y�z�e�d� �s�i�l�a�n�o�l� �c�o�n�d�e�n�s�a�t�i�o�n� �i�s� �g�e�n�e�r�a�l�l�y� �K�n�o�w�n� �t�o� �b�e� �f�i�r�s�t� �o�r�d�e�r�;� 

�a�m�m�o�n�i�a� �s�h�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �c�o�n�d�e�n�s�a�t�i�o�n� �r�a�t�e�.� �T�h�e� �a�u�t�h�o�r�s� �A�r�t�a�k�i� �e�t� �a�l� �(�5�9�)� 

�a�l�s�o� �c�o�n�d�u�c�t�e�d� �e�x�p�e�r�i�m�e�n�t�s� �u�s�i�n�g� �T�M�O�S� �a�n�d� �m�e�t�h�a�n�o�l� �a�s� �s�o�l�v�e�n�t�.� �H�e�r�e� �t�h�e� 

�h�y�d�r�o�l�y�s�i�s� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �f�a�s�t�e�r� �t�h�a�n� �w�i�t�h� �t�h�e� �f�o�r�m�a�m�i�d�e�.� 

�A�d�a�c�h�i� �a�n�d� �S�a�k�k�a� �(�6�2�)� �p�e�r�f�r�o�m�e�d� �e�x�p�e�r�i�m�e�n�t�s� �u�s�i�n�g� �D�M�F� �a�s� �a� �D�C�C�A�.� �T�h�e�y� 

�r�e�p�o�r�t�e�d� �t�h�a�t� �c�r�a�c�k� �f�r�e�e� �g�l�a�s�s�e�s� �c�o�u�l�d� �b�e� �p�r�o�d�u�c�e�d� �u�s�i�n�g� �D�M�F�.� �T�h�e�s�e� �g�l�a�s�s�e�s� 

�w�e�r�e� �f�o�u�n�d� �t�o� �h�a�v�e� �a� �h�i�g�h� �p�o�r�o�s�i�t�y� �a�n�d� �a� �b�u�l�k� �d�e�n�s�i�t�y� �a�r�o�u�n�d� �0�.�6�2� �g�/�c�m�*� 

�N�o�g�a�m�i� �a�n�d� �M�o�r�i�y�a� �(�6�3�)� �s�h�o�w�e�d� �t�h�a�t� �a� �v�e�r�y� �h�i�g�h� �p�o�r�o�s�i�t�y� �a�n�d� �a� �d�e�n�s�i�t�y� �l�o�w�e�r� 

�t�h�a�n� �1�.�0� �i�s� �t�y�p�i�c�a�l�l�y� �o�b�t�a�i�n�e�d� �w�i�t�h� �b�a�s�e� �c�a�t�a�l�y�z�e�d� �s�a�m�p�l�e�s�.� �A�r�t�a�k�i� �e�t� �a�l� �a�l�s�o� 

�u�s�e�d� �D�M�F� �a�s� �a� �D�C�C�A� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �u�n�s�h�i�e�l�d�e�d� �o�x�y�g�e�n� �a�t�o�m� �c�a�n� 

�s�t�r�o�n�g�l�y� �h�y�d�r�o�g�e�n� �b�o�n�d� �w�i�t�h� �o�t�h�e�r� �p�o�l�a�r� �s�p�e�c�i�e�s� �f�o�r�m�i�n�g� �a� �c�a�g�e� �a�r�o�u�n�d� �o�t�h�e�r� 

�r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s�,� �t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �t�h�e� �c�o�n�d�e�n�s�a�t�i�o�n� �r�a�t�e� �a�n�d� �g�i�v�i�n�g� �r�i�s�e� �t�o� 

�h�i�g�h� �p�o�r�o�s�i�t�y�.� 

�V�a�r�i�o�u�s� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �g�e�l�s� 

�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �s�o�l� �g�e�l� �t�e�c�h�n�i�q�u�e�.� �S�o�m�e� �o�f� �t�h�e�s�e� �a�r�e� �s�m�a�l�l� �a�n�g�l�e� �x�r�a�y� 

�s�c�a�t�t�e�r�i�n�g� �(�S�A�X�S�)�,� �S�m�a�l�l� �a�n�g�l�e� �n�e�u�t�r�o�n� �s�c�a�t�t�e�r�i�n�g� �(�S�A�N�S�)�,� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g�,� 
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�s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y�,� �t�r�a�n�s�m�i�s�s�i�o�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y�,� �n�i�t�r�o�g�e�n� 

�a�d�s�o�r�p�t�i�o�n�,� �i�n�f�r�a�-�r�e�d� �a�n�d� �N�M�R� �a�n�a�l�y�s�i�s�.� �T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �d�e�a�l� �e�x�c�l�u�s�i�v�e�l�y� �w�i�t�h� 

�s�m�a�l�l� �a�n�g�l�e� �x�r�a�y� �s�c�a�t�t�e�r�i�n�g� �a�n�d� �c�o�n�s�e�q�u�e�n�t� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �P�o�r�o�d� �a�n�d� 

�G�u�i�n�i�e�r� �a�n�a�l�y�s�i�s� �o�n� �c�r�o�s�s�l�i�n�k�i�n�g� �g�e�l�s� �a�s� �w�e�l�l� �a�s� �n�i�t�r�o�g�e�n� �a�d�s�o�r�p�t�i�o�n� �s�i�n�c�e� 

�t�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �i�n� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h�.� 

�S�o�l�u�t�i�o�n� �s�m�a�l�l� �a�n�g�l�e� �x�r�a�y� �s�c�a�t�t�e�r�i�n�g� �h�a�s� �b�e�e�n� �u�s�e�d� �e�x�t�e�n�s�i�v�e�l�y� �b�y� �B�r�i�n�k�e�r� �e�t� 

�a�l� �(�6�4�)� �i�n� �t�h�e�i�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �H�C�I� �c�a�t�a�l�y�z�e�d� �T�E�O�S�.� �T�h�e� �s�e�c�o�n�d� �s�t�e�p� �c�o�n�s�i�s�t�e�d� 

�o�f� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �e�x�c�e�s�s� �w�a�t�e�r� �a�l�o�n�g� �w�i�t�h� �a�c�i�d� �a�n�d� �b�a�s�e�.� �T�h�e� �a�c�i�d� �c�a�t�a�l�y�z�e�d� 

�g�e�l�s� �s�h�o�w�e�d� �a� �P�o�r�o�d� �s�l�o�p�e� �g�r�e�a�t�e�r� �t�h�a�n� �-�2�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e�s�e� 

�m�o�l�e�c�u�l�e�s� �a�r�e� �s�o� �s�l�i�g�h�t�l�y� �b�r�a�n�c�h�e�d� �t�h�a�t� �t�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �b�r�a�n�c�h�e�s� �i�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �2�0�A�.� �S�l�o�p�e�s� �m�o�r�e� �n�e�g�a�t�i�v�e� �t�h�a�n� �-�2� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �m�o�l�e�c�u�l�e�s� 

�a�r�e� �m�o�r�e� �h�i�g�h�l�y� �b�r�a�n�c�h�e�d� �s�o� �t�h�a�t� �m�o�r�e� �d�e�n�s�e� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �o�b�t�a�i�n�e�d�.� �T�h�e�s�e� 

�m�o�r�e� �h�i�g�h�l�y� �b�r�a�n�c�h�e�d� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �t�y�p�i�c�a�l� �o�f� �b�a�s�e� �c�a�t�a�l�y�z�e�d� �s�y�s�t�e�m�s� �w�h�e�r�e� 

 ��H� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �G�C� �a�n�a�l�y�s�e�s� �s�h�o�w�e�d� �t�h�e� �m�o�l�e�c�u�l�e�s� �t�o� �b�e� �m�o�r�e� 

�h�i�g�h�l�y� �c�o�n�d�e�n�s�e�d� �a�n�d� �d�i�s�c�r�e�t�e� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �a�c�i�d� �s�y�s�t�e�m�.� �T�h�e� �g�e�l� 

�p�o�i�n�t� �d�o�e�s� �n�o�t� �a�p�p�e�a�r� �a�s� �a� �s�p�e�c�i�a�l� �p�o�i�n�t� �i�n� �t�h�e� �P�o�r�o�d� �r�e�g�i�o�n�,� �b�e�c�a�u�s�e� �g�e�l�a�t�i�o�n� 

�d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �c�r�i�t�i�c�a�l� �c�o�n�n�e�c�t�i�v�i�t�y� �o�n� �l�e�n�g�t�h� �s�c�a�l�e�s� �t�h�a�t� �a�r�e� �v�e�r�y� �l�a�r�g�e� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �1�-�1�0� �n�m� �l�e�n�g�t�h� �s�c�a�l�e� �p�r�o�b�e�d� �b�y� �S�A�X�S�.� �W�o�r�k� �d�o�n�e� �b�y� �S�c�h�a�e�f�e�r� 

�a�n�d� �K�e�e�f�e�r� �(�6�5�)� �i�n�d�i�c�a�t�e� �t�h�a�t� �d�u�r�i�n�g� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �s�o�l� �t�o� �g�e�l� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�p�r�o�c�e�e�d�s� �m�a�i�n�l�y� �b�y� �t�h�e� �g�r�o�w�t�h� �o�f� �a� �f�i�x�e�d� �n�u�m�b�e�r� �o�f� �s�o�l�u�t�i�o�n� �s�p�e�c�i�e�s�.� �A�n� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �s�c�a�t�t�e�r�i�n�g� �b�e�h�a�v�i�o�r� �i�n� �t�h�e� �G�u�i�n�i�e�r� �r�e�g�i�o�n� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�r�a�d�i�u�s� �o�f� �g�y�r�a�t�i�o�n� �<�R�,�>� �s�h�o�w�e�d� �o�v�e�r�l�a�p�p�i�n�g� �a�t� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �f�o�r� �t�h�e� 

�a�c�i�d� �c�a�t�a�l�y�z�e�d� �s�y�s�t�e�m�.� �T�h�i�s� �l�e�a�d�s� �t�o� �a�n� �o�v�e�r� �e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� �m�e�a�s�u�r�e�d� 
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�<�R�,�>�.� �T�h�e� �b�a�s�e� �c�a�t�a�l�y�z�e�d� �s�y�s�t�e�m� �b�e�i�n�g� �h�i�g�h�l�y� �c�o�n�d�e�n�s�e�d� �d�o�e�s� �n�o�t� �r�e�v�e�a�l� 

�s�u�c�h� �o�v�e�r�l�a�p�p�i�n�g� �e�v�e�n� �a�t� �h�i�g�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�S�t�r�a�w�b�r�i�d�g�e� �e�t� �a�l� �(�6�6�)� �p�e�r�f�o�r�m�e�d� �S�A�X�S� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �a�c�i�d� �c�a�t�a�l�y�z�e�d� �T�E�O�S� 

�w�h�e�r�e� �H�,�0�/�T�E�O�S� �r�a�t�i�o�s� �w�e�r�e� �v�a�r�i�e�d� �f�r�o�m� �2� �t�o� �5�0�.� �A�l�l� �t�h�e�s�e� �s�y�s�t�e�m�s� �d�i�s�p�l�a�y�e�d� 

�m�i�c�r�o�p�o�r�o�s�i�t�y� �i�n� �t�h�e� �r�e�g�i�o�n� �o�f� �3�0�A� �o�r� �l�e�s�s�.� �F�o�r� �H�,�0�/�T�E�O�S� �=� �2�5� �a�n�d� �5�0� �t�h�e� 

�m�a�t�r�i�x� �d�e�n�s�i�t�y� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �u�n�i�f�o�r�m�,� �b�u�t� �t�h�e� �P�o�r�o�d� �a�n�a�l�y�s�i�s� �f�r�o�m� �S�A�X�S� 

�s�h�o�w�e�d� �d�e�n�s�i�t�y� �v�a�r�i�a�t�i�o�n�s� �f�o�r� �t�h�e� �r�a�t�i�o�s� �2�,� �4� �a�n�d� �1�0�.� �T�h�e� �a�u�t�h�o�r�s� �c�o�n�c�l�u�d�e�d� 

�t�h�a�t� �i�n� �t�h�e� �h�i�g�h�e�r� �H�,�O�/�T�E�O�S� �r�a�t�i�o� �s�y�s�t�e�m�s� �s�m�a�l�l� �d�e�n�s�i�f�i�e�d� �p�a�r�t�i�c�l�e�s� �w�e�r�e� 

�p�r�o�d�u�c�e�d�,� �w�h�i�l�e� �i�n� �t�h�e� �l�o�w�e�r� �r�a�t�i�o� �s�y�s�t�e�m�s� �g�e�l�a�t�i�o�n� �r�e�s�u�l�t�e�d� �f�r�o�m� �t�h�e� 

�e�n�t�a�n�g�l�e�m�e�n�t� �o�f� �l�i�n�e�a�r� �c�h�a�i�n�s�,� �l�e�a�v�i�n�g� �f�r�e�e� �v�o�l�u�m�e� �o�n� �a� �m�o�l�e�c�u�l�a�r� �b�e�t�w�e�e�n� 

�c�h�a�i�n�s�.� �P�o�p�e� �a�n�d� �M�a�c�k�e�n�z�i�e� �(�6�7�)� �c�h�o�s�e� �a� �t�h�e�o�r�e�t�i�c�a�l� �a�p�p�r�o�a�c�h� �t�o� �m�o�d�e�l�l�i�n�g� 

�g�e�l� �s�t�r�u�c�t�u�r�e�s�.� �T�h�e�s�e� �m�o�d�e�l�s� �w�e�r�e� �b�a�s�e�d� �o�n� �v�i�s�c�o�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� �w�h�i�c�h� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �v�i�s�c�o�s�i�t�y� �w�i�t�h� �t�i�m�e�.� �T�h�e� �m�o�d�e�l�s� �d�e�a�l� �w�i�t�h� �c�h�a�i�n� �g�r�o�w�t�h� �i�n� �d�i�f�f�e�r�e�n�t� 

�c�o�n�t�e�x�t�s� �(�a�)� �l�i�n�e�a�r� �a�n�d� �(�b�)� �f�r�a�c�t�a�l�.� �T�h�e�s�e� �m�o�d�e�l�s� �p�r�e�d�i�c�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� 

�f�r�a�c�t�a�l� �d�e�n�s�i�t�y�,� �n�u�m�b�e�r� �o�f� �f�r�a�c�t�a�l�s� �a�n�d� �o�t�h�e�r� �p�a�r�a�m�e�t�e�r�s�.� 

�N�i�t�r�o�g�e�n� �a�d�s�o�r�p�t�i�o�n� �h�a�s� �b�e�e�n� �u�s�e�d� �e�x�t�e�n�s�i�v�e�l�y� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �m�a�t�e�r�i�a�l�s� 

�b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �s�i�n�t�e�r�i�n�g� �i�.� �e�.� �d�u�r�i�n�g� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �f�r�o�m� �g�e�l� �t�o� �g�l�a�s�s�.� �S�u�r�f�a�c�e� 

�a�r�e�a�,� �p�o�r�e� �v�o�l�u�m�e� �a�n�d� �d�e�n�s�i�t�y� �h�a�v�e� �t�y�p�i�c�a�l�l�y� �b�e�e�n� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e�s�e� 

�m�e�a�s�u�r�e�m�e�n�t�s�.� �S�t�r�a�w�b�r�i�d�g�e� �e�t� �a�l� �m�e�a�s�u�r�e�d� �p�o�r�o�s�i�t�y� �a�t� �7�7�°�K� �f�o�r� �t�h�e� �a�c�i�d� 

�c�a�t�a�l�y�z�e�d� �s�y�s�t�e�m�s� �w�i�t�h� �w�a�t�e�r� �r�a�t�i�o�s� �r�a�n�g�i�n�g� �f�r�o�m� �2� �t�o� �5�0�.� �T�y�p�e� �|� �B�E�T� 

�a�d�s�o�r�p�t�i�o�n� �i�s�o�t�h�e�r�m�s� �r�e�v�e�a�l�e�d� �a� �m�i�c�r�o�p�o�r�o�u�s� �s�o�l�i�d� �w�i�t�h� �p�o�r�e� �w�i�d�t�h�s� �b�e�l�o�w� 

�2�0�A� �T�h�e� �m�i�c�r�o�p�o�r�o�s�i�t�y� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e�.� �U�p�t�u�r�n�s� �i�n� 
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�t�h�e� �p�o�r�o�s�i�t�y� �a�t� �p�/�p�o� �=� �0�.�9�7� �i�n�d�i�c�a�t�e� �c�a�p�i�l�l�a�r�y� �c�o�n�d�e�n�s�a�t�i�o�n� �i�n� �m�a�c�r�o�p�o�r�e�s�.� 

�H�o�w�e�v�e�r� �p�o�r�e� �s�i�z�e� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �w�a�t�e�r� �c�o�n�t�e�n�t�.� 

�B�r�i�n�k�e�r� �a�n�d� �S�c�h�e�r�e�r� �(�6�8�)� �a�l�s�o� �p�e�r�f�o�r�m�e�d� �n�i�t�r�o�g�e�n� �a�d�s�o�r�p�t�i�o�n� �o�n� �a�c�i�d� 

�c�a�t�a�l�y�z�e�d� �T�E�O�S�.� �T�h�e� �i�s�o�t�h�e�r�m� �o�b�t�a�i�n�e�d� �i�s� �o�f� �t�y�p�e� �I�V� �a�c�c�o�r�d�i�n�g� �t�o� �B�r�u�n�a�u�e�r�,� 

�D�e�m�m�i�n�g�,� �D�e�m�m�i�n�g� �a�n�d� �T�e�l�l�e�r� �(�B�D�D�T�)�.� �H�y�s�t�e�r�e�s�i�s� �i�s� �o�b�s�e�r�v�e�d� �f�o�r� �h�i�g�h� �p�H� 

�s�a�m�p�l�e�s� �i�n�d�i�c�a�t�i�n�g� �i�n�k� �b�o�t�t�l�e� �t�y�p�e� �p�o�r�e�s�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �t�h�e� �p�o�r�e� �c�a�v�i�t�i�e�s� �a�r�e� 

�l�a�r�g�e�r� �i�n� �d�i�a�m�e�t�e�r� �t�h�a�n� �t�h�e� �o�p�e�n�i�n�g�s� �(�t�h�r�o�a�t�s�)�.� �t�h�e� �l�o�w� �p�H� �a�m�d� �l�o�w� �w�a�t�e�r� 

�c�o�n�t�e�n�t� �s�a�m�p�l�e�s� �s�h�o�w� �n�o� �h�y�s�t�e�r�e�s�i�s�.� �T�h�i�s� �i�s� �i�n�d�i�c�a�t�i�v�e� �o�f� �u�n�i�f�o�r�m� �d�i�a�m�e�t�e�r� 

�m�i�c�r�o�p�o�r�o�s�i�t�y� �(�6�9�)�.� �P�o�r�e� �s�i�z�e� �a�n�a�l�y�s�i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �d�e�s�o�r�p�t�i�o�n� �a�n�d� 

�a�d�s�o�r�p�t�i�o�n� �b�r�a�n�c�h�e�s� �s�h�o�w� �a� �n�a�r�r�o�w� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �s�m�a�l�l� �d�i�a�m�e�t�e�r� �p�o�r�e�s� 

�a�r�o�u�n�d� �3�0�A� �a�n�d� �a� �b�r�o�a�d�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �l�a�r�g�e�r� �d�i�a�m�e�t�e�r� �p�o�r�e�s� �a�r�o�u�n�d� �4�0�A� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �t�h�r�o�a�t� �a�n�d� �i�n�t�e�r�s�t�i�t�i�a�l� �c�a�v�i�t�i�e�s� �r�e�s�p�e�c�t�i�v�e�l�y�.� �N�e�i�t�h�e�r� �p�o�r�e� 

�s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �s�h�o�w�e�d� �a�n�y� �b�i�m�o�d�a�l�i�t�y�.� 

�1�.�9� �A�G�I�N�G� �O�F� �G�E�L�S� 

�G�e�l�a�t�i�o�n� �i�s� �t�y�p�i�c�a�l�l�y� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �s�h�a�r�p� �i�n�c�r�e�a�s�e� �i�n� �v�i�s�c�o�s�i�t�y� �a�n�d� �t�h�e� 

�s�t�r�u�c�t�u�r�e� �c�a�n� �o�f�t�e�n� �b�e�  ��f�r�o�z�e�n �� �a�t� �t�h�i�s� �p�o�i�n�t�.� �T�h�i�s� �f�r�o�z�e�n�-�i�n� �s�t�r�u�c�t�u�r�e� �m�a�y� 

�c�h�a�n�g�e� �a�p�p�r�e�c�i�a�b�l�y� �w�i�t�h� �t�i�m�e� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �s�o�l�v�e�n�t�,� �p�H� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� �I�t� 

�m�a�y� �a�l�s�o� �d�e�p�e�n�d� �u�p�o�n� �t�h�e� �r�a�t�e� �o�f� �r�e�m�o�v�a�l� �o�f� �s�o�l�v�e�n�t�.� �C�h�a�n�g�e� �i�n� �g�e�l� �s�t�r�u�c�t�u�r�e� 

�w�e�r�e� �d�e�s�c�r�i�b�e�d� �b�y� �Z�a�r�z�y�c�k�i� �e�t� �a�l� �(�7�0�)� �d�u�r�i�n�g� �t�h�e� �p�r�o�c�e�s�s� �o�f� �a�g�i�n�g� �a�n�d� 
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�d�e�s�s�i�c�a�t�i�o�n�.� �T�h�e�y� �d�e�s�c�r�i�b�e�d� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �g�e�l�s� �a�c�c�o�r�d�i�n�g� �t�o� �l�l�e�r ��s� �m�o�d�e�l� �o�r� 

�a�q�u�e�o�u�s� �s�i�l�i�c�a�t�e�s� �a�n�d� �t�h�u�s� �m�a�d�e� �n�o� �d�i�s�t�i�n�c�t�i�o�n� �b�e�t�w�e�e�n� �c�o�l�l�o�i�d�a�l� �a�n�d� 

�p�o�l�y�m�e�r�i�c� �g�e�l�s�.� �H�o�w�e�v�e�r� �t�h�e�r�e� �i�s� �n�o�w� �e�v�i�d�e�n�c�e� �t�h�a�t� �m�o�s�t� �g�e�l�s� �a�r�e� �p�o�l�y�m�e�r�i�c� 

�i�n� �n�a�t�u�r�e� �a�n�d� �t�h�i�s� �m�a�y� �c�h�a�n�g�e� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �a�g�i�n�g� �s�i�g�n�i�f�i�c�a�n�t�l�y� �(�7�1�)�.� �A�s� 

�a�g�i�n�g� �o�c�c�u�r�s� �t�h�e� �g�e�l� �s�h�r�i�n�k�s� �a�n�d� �t�h�i�s� �g�i�v�e�s� �r�i�s�e� �t�o� �c�r�a�c�k�s� �a�n�d� �v�o�i�d�s�.� �I�n� �o�r�d�e�r� 

�t�o� �o�b�t�a�i�n� �m�o�n�o�l�i�t�h�i�c� �g�e�l�s� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �h�a�s� �t�o� �b�e� �c�a�r�r�i�e�d� �s�l�o�w�l�y� �a�t� �l�o�w� 

�t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e� �p�r�i�n�c�i�p�a�l� �r�e�a�s�o�n�s� �f�o�r� �c�r�a�c�k�i�n�g� �o�f� �g�e�l�s� �i�s� �d�u�e� �t�o� �s�t�r�a�i�n�s� 

�c�a�u�s�e�d� �b�y� �l�a�r�g�e� �c�a�p�i�l�l�a�r�y� �f�o�r�c�e�s� �g�e�n�e�r�a�t�e�d� �i�n� �t�h�e� �3� �-� �1�0� �n�m�.� �p�o�r�e�s�.� �I�t� �i�s� �d�i�f�f�i�c�u�l�t� 

�t�o� �d�r�y� �g�e�l�s� �t�h�i�c�k�e�r� �t�h�a�n� �1� �c�m� �o�r� �f�i�l�m�s� �t�h�i�c�k�e�r� �t�h�a�n� �1� �w�m�.� �S�e�v�e�r�a�l� �t�e�c�h�n�i�q�u�e�s� �a�r� 

�c�u�r�r�e�n�t�l�y� �u�s�e�d� �t�o� �c�i�r�c�u�m�v�e�n�t� �t�h�e� �p�r�o�b�l�e�m� �o�f� �c�r�a�c�k�i�n�g� �i�n� �g�e�l�s�,� �p�r�o�m�i�n�e�n�t� 

�a�m�o�n�g� �t�h�e�m� �b�e�i�n�g� �s�u�p�e�r�c�r�i�t�i�c�a�l� �d�r�y�i�n�g�,� �i�n� �w�h�i�c�h� �t�h�e� �g�e�l� �i�s� �h�e�a�t�e�d� �a�b�o�v�e� �s�o�m�e� 

�c�r�i�t�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e� �T�,� �a�n�d� �t�h�e� �c�r�i�t�i�c�a�l� �p�r�e�s�s�u�r�e� �o�f� �t�h�e� �l�i�q�u�i�d� �p�h�a�s�e� �u�n�d�e�r� 

�w�h�i�c�h� �c�o�n�d�i�t�i�o�n�s� �n�o� �i�n�t�e�r�f�a�c�e� �e�x�i�s�t�s� �b�e�t�w�e�e�n� �l�i�q�u�i�d� �a�n�d� �g�a�s� �(�7�1�)�.� �T�h�e� �l�i�q�u�i�d� �i�s� 

�i�n�t�e�n�d�e�d� �t�o� �p�r�o�d�u�c�e� �a� �h�i�g�h� �p�a�r�t�i�a�l� �p�r�e�s�s�u�r�e� �o�f� �t�h�e� �s�o�l�v�e�n�t� �t�o� �p�r�e�v�e�n�t� 

�p�r�e�m�a�t�u�r�e� �d�r�y�i�n�g� �o�f� �t�h�e� �g�e�l�.� �W�h�e�n� �t�h�e� �s�y�s�t�e�m� �h�a�s� �e�x�c�e�e�d�e�d� �t�h�e� �c�r�i�t�i�c�a�l� 

�c�o�n�d�i�t�i�o�n�s� �t�h�e� �p�r�e�s�s�u�r�e� �i�s� �r�e�l�e�a�s�e�d� �w�h�i�l�e� �k�e�e�p�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�b�o�v�e� �T�,�.� 

�T�h�e� �d�r�y�i�n�g� �p�r�o�c�e�s�s� �i�s� �a�c�c�e�l�e�r�a�t�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� �T�h�e� �o�t�h�e�r� �m�e�t�h�o�d� �o�f� �d�r�y�i�n�g� 

�g�e�l�s� �w�i�t�h�o�u�t� �c�r�a�c�k�i�n�g� �i�s� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �D�C�C�A ��s�,� �w�h�i�c�h� �a�s� �m�e�n�t�i�o�n�e�d� �a�b�o�v�e� 

�t�e�n�d� �t�o� �p�r�o�d�u�c�e� �l�a�r�g�e�r� �p�o�r�e�s� �t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �t�h�e� �i�n�t�e�r�n�a�l� �c�a�p�i�l�l�a�r�y� �s�t�r�e�s�s�e�s�.� 

�G�.� �W�.� �S�c�h�e�r�e�r� �(�7�2�-�7�8�)� �a�n�a�l�y�z�e�d� �t�h�e� �f�o�r�c�e�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �s�h�r�i�n�k�a�g�e� �i�n� �g�e�l�s�.� 

�T�h�e� �t�r�a�n�s�p�o�r�t� �o�f� �l�i�q�u�i�d� �i�n� �t�h�e� �g�e�l� �i�s� �a�n�a�l�y�z�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �D�a�r�c�y ��s� �l�a�w�,� �w�h�i�c�h� 

�r�e�l�a�t�e�s� �t�h�e� �r�a�t�e� �o�f� �f�l�o�w� �t�o� �t�h�e� �p�r�e�s�s�u�r�e� �g�r�a�d�i�e�n�t� �i�n� �t�h�e� �l�i�q�u�i�d�.� �T�h�e� �c�o�n�t�r�a�c�t�i�o�n� 

�o�f� �a� �g�e�l� �i�s� �t�e�r�m�e�d�  ��s�y�n�e�r�e�s�i�s �� �s�i�n�c�e� �c�o�n�t�r�a�c�t�i�o�n� �o�c�c�u�r�s� �e�v�e�n� �w�h�e�n� �t�h�e�r�e� �i�s� �n�o� 
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�e�v�a�p�o�r�a�t�i�o�n�.� �T�h�e� �s�y�n�e�r�e�s�i�s� �o�f� �a� �g�e�l� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �s�e�v�e�r�a�l� �f�o�r�c�e�s� �a�c�t�i�n�g� 

�o�n� �t�h�e� �g�e�l�.� �T�h�e� �s�u�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�o�l�i�d� �a�n�d� �l�i�q�u�i�d� �i�n� �a� �g�e�l� �h�a�s� �a�n� �a�s�s�o�c�i�a�t�e�d� 

�s�u�r�f�a�c�e� �e�n�e�r�g�y� �w�h�i�c�h� �c�a�u�s�e�s� �i�t� �t�o� �s�h�r�i�n�k�.� �T�h�e�r�e�f�o�r�e� �t�h�e� �g�e�l� �w�i�l�l� �e�x�p�e�l� �a�n�d� 

�d�e�n�s�i�f�y� �a�s� �e�x�p�l�a�i�n�e�d� �b�y� �P�a�r�t�l�o�w� �a�n�d� �Y�o�l�d�a�s� �(�7�9�)�.� �A�s� �t�h�e� �l�i�q�u�i�d� �e�v�a�p�o�r�a�t�e�s�,� �t�h�e� 

�s�u�r�f�a�c�e� �o�f� �t�h�e� �e�x�p�o�s�e�d� �s�o�l�i�d� �w�i�l�l� �b�e� �i�n� �c�o�n�t�a�c�t� �w�i�t�h� �v�a�p�o�r� �a�n�d� �t�h�e� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �s�u�r�f�a�c�e� �e�n�e�r�g�y� �y�s�,� �i�s� �m�u�c�h� �g�r�e�a�t�e�r� �t�h�a�n� �y�,�,� �T�h�i�s� �p�r�o�m�o�t�e�s� �a� 

�m�u�c�h� �g�r�e�a�t�e�r� �t�e�n�d�e�n�c�y� �t�o� �s�h�r�i�n�k�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �s�u�r�f�a�c�e� 

�e�n�e�r�g�i�e�s� �g�i�v�e� �r�i�s�e� �t�o� �a� �h�y�d�r�o�s�t�a�t�i�c� �t�e�n�s�i�l�e� �s�t�r�e�s�s�,� �P�,� �w�h�i�c�h� �c�a�u�s�e�s� �t�h�e� 

�r�e�m�a�i�n�i�n�g� �l�i�q�u�i�d� �t�o� �s�p�r�e�a�d� �i�t�s�e�l�f� �a�c�r�o�s�s� �a�s� �m�u�c�h� �a�r�e�a� �a�s� �p�o�s�s�i�b�l�e�,� �g�i�v�i�n�g� �r�i�s�e� 

�t�o� �a� �r�e�d�i�s�t�r�i�b�u�t�i�o�n� �p�r�e�s�s�u�r�e�.� �O�t�h�e�r� �f�a�c�t�o�r�s� �w�h�i�c�h� �f�o�r�c�e� �a� �c�o�n�t�r�a�c�t�i�o�n� �i�n� �t�h�e�s�e� 

�g�e�l�s� �a�r�e� �t�h�e� �c�h�a�n�g�i�n�g� �c�h�e�m�i�c�a�l� �p�o�t�e�n�t�i�a�l� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �a� �g�e�l� �d�u�e� �t�o� 

�r�e�a�c�t�i�v�i�t�y�,� �o�s�m�o�t�i�c� �p�r�e�s�s�u�r�e� �e�t�c�.� 

�1�.�1�0� �C�E�R�A�M�E�R�S�:� �S�O�M�E� �G�E�N�E�R�A�L� �S�T�R�U�C�T�U�R�A�L� 

�F�E�A�T�U�R�E�S� �O�F� �P�T�M�O� �C�O�N�T�A�I�N�I�N�G� �H�Y�B�R�I�D�S� 

�C�e�r�a�m�e�r�s� �c�o�n�t�a�i�n�i�n�g� �i�s�o�c�y�a�n�a�t�o�p�r�o�p�y�l�t�r�i�e�t�h�o�x�y�s�i�l�a�n�e� �e�n�d�c�a�p�p�e�d� 

�p�o�l�y�t�e�t�r�a�m�e�t�h�y�l�e�n�e� �o�x�i�d�e� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �f�i�r�s�t� �p�r�e�p�a�r�e�d� �b�y� �H�u�a�n�g� �e�t� �a�l� �(�8�0�)�.� 

�T�h�e� �m�e�t�h�o�d� �o�f� �p�r�e�p�a�r�a�t�i�o�n� �c�o�n�s�i�s�t�e�d� �o�f� �r�e�a�c�t�i�n�g� �a�n� �t�r�i�e�t�h�o�x�y�s�i�l�a�n�e� �e�n�d�c�a�p�p�e�d� 

�P�T�M�O� �w�i�t�h� �T�E�O�S� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� �a�c�i�d� �c�a�t�a�l�y�s�t�.� �S�o�l�v�e�n�t�s� �s�u�c�h� �a�s� 

�i�s�o�p�r�o�p�a�n�o�l� �a�n�d� �t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �w�e�r�e� �u�s�e�d� �i�n� �o�r�d�e�r� �t�o� �c�o�m�p�a�t�i�b�i�l�i�z�e� �t�h�e� 

�C�H�A�P�T�E�R� �1� �7�1



�r�e�a�c�t�a�n�t�s� �a�n�d� �o�b�t�a�i�n� �a� �h�o�m�o�g�e�n�o�u�s� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �(�8�1�,� �8�2�)�.� �T�h�e� �s�o�l� �w�a�s� �t�h�e�n� 

�p�o�u�r�e�d� �i�n�t�o� �a� �r�e�g�u�l�a�r� �p�e�t�r�i� �d�i�s�h� �a�n�d� �a�l�l�o�w�e�d� �t�o� �g�e�l�.� �F�i�l�m�s� �w�e�r�e� �r�e�m�o�v�e�d� �a�f�t�e�r� 

�f�i�v�e� �t�o� �s�e�v�e�n� �d�a�y�s� �a�n�d� �s�u�b�j�e�c�t�e�d� �t�o� �p�h�y�s�i�c�a�l� �t�e�s�t�i�n�g�.� �T�h�e� �f�i�l�m�s� �w�e�r�e� �u�s�u�a�l�l�y� 

�t�r�a�n�s�p�a�r�e�n�t� �i�n�d�i�c�a�t�i�n�g� �n�o� �m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n�.� �H�o�w�e�v�e�r� �s�m�a�l�l� �a�n�g�l�e� �x�r�a�y� 

�s�c�a�t�t�e�r�i�n�g� �r�e�v�e�a�l�e�d� �m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �o�n� �a� �v�e�r�y� �l�o�c�a�l�i�z�e�d� �s�c�a�l�e� �i�.�e�.� �c�a� 

�1�0�n�m�.� �T�h�e� �s�c�a�t�t�e�r�i�n�g� �i�n�t�e�n�s�i�t�y� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�i�n�o�r�g�a�n�i�c� �c�o�n�t�e�n�t� �i�n� �t�h�e� �c�o�m�p�o�s�i�t�e�.� �T�h�i�s� �t�r�e�n�d� �c�o�n�t�i�n�u�e�d� �u�p�t�o� �7�O�0�w�t�%� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �w�h�e�n� �t�h�e�r�e� �i�s� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �i�n�t�e�n�s�i�t�y� �w�h�i�c�h� �w�a�s� �i�n�t�e�r�p�r�e�t�e�d� 

�t�o� �b�e� �d�u�e� �t�o� �a� �p�h�a�s�e� �i�n�v�e�r�s�i�o�n� �i�n� �t�h�e� �s�y�s�t�e�m�.� �F�o�r� �a� �f�i�x�e�d� �c�o�m�p�o�s�i�t�i�o�n� �t�h�e� 

 ��B�r�a�g�g� �s�p�a�c�i�n�g �� �o�f� �t�h�e� �s�c�a�t�t�e�r�i�n�g� �p�e�a�k� �w�a�s� �f�o�u�n�d� �t�o� �s�h�i�f�t� �t�o� �s�m�a�l�l�e�r� �a�n�g�l�e�s� 

�w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �o�l�i�g�o�m�e�r�.� �A�s� �t�h�e� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �6�5�0�g�m�/�m�o�l�e� �t�o� �2�9�0�0�g�m�/�m�o�l�e� �t�h�e� �i�n�t�e�r�d�o�m�a�i�n� �s�p�a�c�i�n�g�,� 

�w�h�i�c�h� �i�s� �i�n�v�e�r�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �s�c�a�t�t�e�r�i�n�g� �a�n�g�l�e�,� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �7�0�A� �t�o� 

�a�r�o�u�n�d� �1�3�0�A�.� �T�h�i�s� �w�o�u�l�d� �s�e�e�m� �t�o� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �p�e�a�k� �i�n� �t�h�e� �s�c�a�t�t�e�r�i�n�g� 

�p�r�o�f�i�l�e�s�,� �i�s� �o�f� �t�h�e� �i�n�t�e�r�p�a�r�t�i�c�l�e� �i�n�t�e�r�f�e�r�e�n�c�e� �v�a�r�i�e�t�y�.� 

�D�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �r�e�v�e�a�l�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �r�u�b�b�e�r�y� �m�o�d�u�l�u�s� 

�w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �T�E�O�S� �c�o�n�t�e�n�t� �w�h�i�c�h� �i�s� �t�o� �b�e� �e�x�p�e�c�t�e�d�.� �T�h�i�s� �i�s� �d�u�e� �t�o� 

�t�h�e� �r�e�i�n�f�o�r�c�i�n�g� �a�c�t�i�o�n� �o�f� �t�h�e� �i�n�o�r�g�a�n�i�c� �c�o�m�p�o�n�e�n�t�.� �T�h�e� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s� 

�i�n�c�r�e�a�s�e�s� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e�r�e� �i�s� �s�o�m�e� �u�n�c�u�r�e�d� �i�n�o�r�g�a�n�i�c� 

�w�h�i�c�h� �r�e�a�c�t�s� �u�p�o�n� �f�u�r�t�h�u�r� �h�e�a�t�i�n�g� �t�h�e�r�e�b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� 

�w�h�i�c�h� �i�n� �r�e�t�u�r�n� �p�r�o�m�o�t�e�s� �g�r�e�a�t�e�r� �s�t�i�f�f�n�e�s�s�.� �T�h�e� �T�a�n� �6� �b�e�h�a�v�i�o�r� �w�h�i�c�h� �i�s� �a� 

�m�e�a�s�u�r�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� �a�b�i�l�i�t�y� �t�o� �d�i�s�s�i�p�a�t�e� �e�n�e�r�g�y� �r�e�v�e�a�l�e�d� �a� �b�i�m�o�d�a�l� �l�o�s�s� 

�s�y�s�t�e�m�.� �T�h�i�s� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �e�x�i�s�t�a�n�c�e� �o�f� �t�h�e� �P�T�M�O� �i�n� �t�w�o� �p�h�a�s�e�s�.� �T�h�e� 

�C�H�A�P�T�E�R� �1� �7�2



�l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e� �p�e�a�k� �w�h�i�c�h� �o�c�c�u�r�s� �a�t� �a�r�o�u�n�d� �-�2�0�°�C� �f�o�r� �a� �6�0�w�t�%� �f�i�l�l�e�d� 

�s�y�s�t�e�m� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �c�o�o�p�e�r�a�t�i�v�e� �s�e�g�m�e�n�t�a�l� �m�o�t�i�o�n� �o�f� �P�T�M�O� �i�n� �a� �r�i�c�h� 

�P�T�M�O� �e�n�v�i�r�o�n�m�e�n�t� �w�h�i�l�e� �t�h�e� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e� �p�e�a�k� �w�a�s� �p�o�s�t�u�l�a�t�e�d� �t�o� �b�e� 

�d�u�e� �t�o� �t�h�e� �m�o�t�i�o�n� �o�f� �P�T�M�O� �c�h�a�i�n�s� �t�r�a�p�p�e�d� �i�n� �a�n� �i�n�o�r�g�a�n�i�c� �r�i�c�h� �e�n�v�i�r�o�n�m�e�n�t�.� 

�T�h�e� �7�,� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �w�a�s� �a�l�s�o� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�i�n�o�r�g�a�n�i�c� �c�o�n�t�e�n�t�.� 

�S�t�r�e�s�s�-�s�t�r�a�i�n� �a�n�a�l�y�s�i�s� �r�e�v�e�a�l�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �w�i�t�h� �t�h�e� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�l�k�o�x�i�d�e� �c�o�n�t�e�n�t�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� 

�u�l�t�i�m�a�t�e� �s�t�r�e�n�g�t�h� �a�n�d� �f�i�n�a�l� �e�l�o�n�g�a�t�i�o�n� �o�f� �t�h�e� �h�y�b�r�i�d�.� �T�h�e� �s�a�m�p�l�e�s� �a�l�s�o� �r�e�v�e�a�l�e�d� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �m�o�d�u�l�u�s� �w�i�t�h� �t�i�m�e�.� �T�h�i�s� �w�a�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �d�u�e� �t�o� �c�h�e�m�i�c�a�l� 

�a�g�i�n�g� �o�r� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �e�x�t�e�n�t� �o�f� �r�e�a�c�t�i�o�n� �i�n� �t�h�e� �g�l�a�s�s� �p�h�a�s�e� �w�h�i�c�h� �c�a�u�s�e�d� 

�f�u�r�t�h�e�r� �d�e�n�s�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �i�n�o�r�g�a�n�i�c� �p�h�a�s�e� �w�i�t�h� �c�o�n�s�e�q�u�e�n�t� �e�n�t�r�a�p�m�e�n�t� �o�f� �t�h�e� 

�p�o�l�y�m�e�r� �c�h�a�i�n�s� �w�h�i�c�h� �i�n�c�r�e�a�s�e�d� �t�h�e� �7�,� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�.� 

�H�u�a�n�g� �(�8�4�)� �u�s�e�d� �t�h�e� �d�a�t�a� �o�b�t�a�i�n�e�d� �f�r�o�m� �S�A�X�S�,� �D�M�A� �a�n�d� �s�t�r�e�s�s�-�s�t�r�a�i�n� �a�n�a�l�y�s�i�s� 

�t�o� �p�r�o�p�o�s�e� �a� �g�e�n�e�r�a�l� �m�o�r�p�h�o�l�o�g�i�c�a�l� �m�o�d�e�l� �f�o�r� �t�h�e�s�e� �T�E�O�S�/�P�T�M�O� �c�e�r�a�m�e�r�s�.� �A� 

�s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �m�o�d�e�l� �i�s� �d�e�p�i�c�t�e�d� �i�n� �t�h�e� �F�i�g� �1�.�1�6�.� �I�n� �t�h�i�s� �m�o�d�e�l� �t�h�e� �i�n�o�r�g�a�n�i�c� 

�c�o�m�p�o�n�e�n�t� �(�w�h�i�c�h� �i�s� �i�n�d�i�c�a�t�e�d� �b�y� �c�r�o�s�s�e�s�)� �i�s� �s�h�o�w�n� �t�o� �b�e� �p�h�a�s�e� �s�e�p�a�r�a�t�e�d� 

�f�r�o�m� �t�h�e� �o�l�i�g�o�m�e�r�i�c� �c�o�m�p�o�n�e�n�t�.� �S�o�m�e� �s�e�g�m�e�n�t�s� �o�f� �t�h�e� �i�n�o�r�g�a�n�i�c� �c�o�m�p�o�n�e�n�t� 

�a�r�e� �h�o�w�e�v�e�r� �m�i�x�e�d� �w�i�t�h� �t�h�e� �P�T�M�O� �a�s� �s�h�o�w�n� �i�n� �t�h�e� �f�i�g�u�r�e�.� �T�h�e� �a�v�e�r�a�g�e� 

�d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �i�n�o�r�g�a�n�i�c� �d�o�m�a�i�n�s� �i�s� �i�n�d�i�c�a�t�e�d� �b�y� �d� �b�e�t�w�e�e�n� �t�h�e� �a�r�r�o�w�s�.� 

�T�h�i�s� �v�a�l�u�e� �o�f� �d� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �i�n�t�e�r�d�o�m�a�i�n� �s�p�a�c�i�n�g� �a�s� �m�e�a�s�u�r�e�d� �f�r�o�m� �S�A�X�S�.� 

�T�h�i�s� �m�o�r�p�h�o�l�o�g�i�c�a�l� �m�o�d�e�l� �h�a�s� �b�e�e�n� �t�e�s�t�e�d� �b�y� �c�h�a�n�g�i�n�g� �s�o�m�e� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� 

�C�H�A�P�T�E�R� �1� �°� �7�3



�p�a�r�a�m�e�t�e�r�s� �i�n� �t�h�e� �c�e�r�a�m�e�r�s� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �u�s�i�n�g� �s�m�a�l�l� 

�a�n�g�l�e� �x�r�a�y� �s�c�a�t�t�e�r�i�n�g�.� �I�t� �h�a�s� �p�r�o�v�e�d� �q�u�i�t�e� �s�u�c�c�e�s�s�f�u�l� �a�t� �e�x�p�l�a�i�n�i�n�g� �s�e�v�e�r�a�l� 

�f�e�a�t�u�r�e�s� �o�f� �t�h�e�s�e� �c�e�r�a�m�e�r� �s�y�s�t�e�m�s�.� 
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�C�H�A�P�T�E�R� �2� 

�E�X�P�E�R�I�M�E�N�T�A�L� 

�2�.�1� �M�A�T�E�R�I�A�L�S� 

�C�e�r�a�m�e�r�s� �a�r�e� �t�y�p�i�c�a�l�l�y� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �a� �m�e�t�a�l� �a�l�k�o�x�i�d�e� �e�.� �g�.� 

�t�e�t�r�a�e�t�h�y�l�o�r�t�h�o�s�i�l�i�c�a�t�e� �(�T�E�O�S�)� �w�i�t�h� �a�n� �e�n�d�c�a�p�p�e�d� �o�l�i�g�o�m�e�r� �e�.�g�.� 

�p�o�l�y�t�e�t�r�a�m�e�t�h�y�l�e�n�e� �o�x�i�d�e� �e�n�d�c�a�p�p�e�d� �w�i�t�h� �i�s�o�c�y�a�n�a�t�o�p�r�o�p�y�l�t�r�i�e�t�h�o�x�y�s�i�l�a�n�e� 
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�(�P�T�M�O�)� �a�s� �s�h�o�w�n� �i�n� �F�i�g� �2�.�1�.� �T�h�i�s� �r�e�a�c�t�i�o�n� �i�s� �u�s�u�a�l�l�y� �c�a�r�r�i�e�d� �o�u�t� �i�n� �t�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �a� �c�o�s�o�l�v�e�n�t� �s�y�s�t�e�m� �s�u�c�h� �a�s� �t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�T�H�F�)� �a�n�d� �i�s�o�p�r�o�p�a�n�o�l� 

�(�I�P�A�)� �o�r� �N�,� �N� �D�i�m�e�t�h�y�l�f�o�r�m�a�m�i�d�e� �(�D�M�F�)� �a�n�d� �I�P�A�.� �S�o�l�v�e�n�t�s� �a�r�e� �u�s�e�d� �t�o� 

�c�o�m�p�a�t�i�b�i�l�i�z�e� �t�h�e� �r�e�a�c�t�a�n�t�s�,� �s�i�n�c�e� �T�E�O�S� �i�s� �n�o�t� �c�o�m�p�a�t�i�b�l�e� �w�i�t�h� �w�a�t�e�r� �o�r� �P�T�M�O�.� 

�M�a�t�e�r�i�a�l�s� �u�s�e�d� �i�n� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �v�e�n�d�o�r�s� �a�n�d� 

�u�s�e�d� �a�s� �r�e�c�e�i�v�e�d�,� �e�x�c�e�p�t� �f�o�r� �t�h�e� �p�o�l�y�t�e�t�r�a�m�e�t�h�y�l�e�n�e� �o�x�i�d�e� �w�h�i�c�h� �h�a�d� �t�o� �b�e� 

�e�n�d�c�a�p�p�e�d� �w�i�t�h� �i�s�o�c�y�a�n�a�t�o�p�r�o�p�y�l�i�t�r�i�e�t�h�o�x�y�s�i�l�a�n�e� �(�8�4�)� �i�n� �a� �s�e�p�a�r�a�t�e� �p�r�o�c�e�s�s� �a�s� 

�s�h�o�w�n� �i�n� �F�i�g� �2�.�2�.� �A�l�l� �t�h�e� �c�e�r�a�m�e�r� �f�i�l�m�s� �s�t�u�d�i�e�d� �a�n�d� �d�o�c�u�m�e�n�t�e�d� �i�n� �t�h�i�s� 

�d�i�s�s�e�r�t�a�t�i�o�n� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�r�o�m� �e�n�d�c�a�p�p�e�d� �P�T�M�O� �o�f� �M�,� �=� �2�0�0�0� �g�m�/�m�o�l�e�.� �T�h�e� 

�P�T�M�O� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �P�o�l�y�s�c�i�e�n�c�e�s�.� �T�E�O�S� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �P�e�t�r�a�r�c�h� 

�S�y�s�t�e�m�s� �I�n�c�.� �a�n�d� �w�a�s� �a�l�w�a�y�s� �o�f� �t�h�e� �h�i�g�h�e�s�t� �p�u�r�i�t�y� �g�r�a�d�e� �(�9�9�%� �+� �d�i�s�t�i�l�l�e�d� �o�v�e�r� 

�q�u�a�r�t�z�)�.� �R�e�a�g�e�n�t� �g�r�a�d�e� �t�i�t�a�n�i�u�m� �(�I�V�)� �i�s�o�p�r�o�p�o�x�i�d�e� �a�n�d� �z�i�r�c�o�n�i�u�m� �i�s�o�p�r�o�p�o�x�i�d�e� 

�(�9�7�%� �+�)� �w�e�r�e� �u�s�e�d� �a�s� �s�h�i�p�p�e�d� �a�n�d� �t�h�e�s�e� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �A�l�d�r�i�c�h� 

�C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y� �I�n�c�.� �I�l�s�o�c�y�a�n�a�t�o�p�r�o�p�y�i�l�t�r�i�e�t�h�o�x�y�s�i�l�a�n�e� �(�9�5�%�)� �w�a�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �P�e�t�r�a�r�c�h� �S�y�s�t�e�m�s�.� �T�H�F�,� �I�P�A� �a�n�d� �D�M�F� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �F�i�s�h�e�r� 

�C�h�e�m�i�c�a�l� �C�o�.�.� �T�h�e� �i�n�d�i�v�i�d�u�a�l� �r�e�a�c�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �w�i�l�l� �b�e� �d�e�t�a�i�l�e�d� �a�t� �t�h�e� 

�b�e�g�i�n�n�i�n�g� �o�f� �e�a�c�h� �c�h�a�p�t�e�r� �s�i�n�c�e� �t�h�e�s�e� �v�a�r�y� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� 

�m�e�t�a�l� �a�l�k�o�x�i�d�e� �u�s�e�d�.� 
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�F�i�g�u�r�e� �2�.�2�.� �E�n�d�c�a�p�p�i�n�g� �r�e�a�c�t�i�o�n� �o�f� �P�T�M�O� �w�i�t�h� �i�s�o�c�y�a�n�a�t�o�p�r�o�p�y�l�t�r�i�e�t�h�o�x�y�s�i�l�a�n�e� 
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�2�.�2� �M�I�C�R�O�W�A�V�E� �E�Q�U�I�P�M�E�N�T� 

�T�h�e� �m�i�c�r�o�w�a�v�e� �e�q�u�i�p�m�e�n�t� �u�t�i�l�i�z�e�d� �f�o�r� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s� �c�o�n�s�i�s�t�e�d� �o�f� �a� 

�c�o�n�t�i�n�u�o�u�s� �s�o�u�r�c�e� �g�e�n�e�r�a�t�o�r� �w�i�t�h� �a� �m�a�x�i�m�u�m� �p�o�w�e�r� �o�f� �8�5� �w�a�t�t�s�.� �T�h�e� 

�f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �g�e�n�e�r�a�t�o�r� �i�s� �2�.�4�5� �G�H�z� �a�n�d� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �R�a�y�t�h�e�o�n�.� �T�h�e� 

�g�e�n�e�r�a�t�o�r� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �w�a�v�e�g�u�i�d�e� �t�h�r�o�u�g�h� �a� �s�y�s�t�e�m� �o�f� �c�o�a�x�i�a�l� �c�a�b�l�e�s� 

�a�s� �s�h�o�w�n� �i�n� �t�h�e� �F�i�g� �2�.�3�.� �T�h�e� �p�o�w�e�r� �m�e�t�e�r�s� �a�r�e� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �g�e�n�e�r�a�t�o�r� 

�t�h�r�o�u�g�h� �a� �c�i�r�c�u�l�a�t�o�r�.� �T�h�e� �c�i�r�c�u�l�a�t�o�r� �a�l�l�o�w�s� �f�o�r� �a� �p�o�w�e�r� �f�l�o�w� �i�n� �o�n�e� �d�i�r�e�c�t�i�o�n� 

�w�h�i�l�e� �d�i�v�e�r�t�i�n�g� �t�h�e� �p�o�w�e�r� �f�l�o�w�i�n�g� �i�n� �t�h�e� �o�p�p�o�s�i�t�e� �d�i�r�e�c�t�i�o�n� �t�o� �a�n�o�t�h�e�r� �p�o�r�t� �a�n�d� 

�n�o�t� �t�o� �t�h�e� �g�e�n�e�r�a�t�o�r� �t�h�u�s� �s�a�v�i�n�g� �t�h�e� �g�e�n�e�r�a�t�o�r� �m�a�g�n�e�t�r�o�n� �f�r�o�m� �o�v�e�r�h�e�a�t�i�n�g�.� 

�T�h�e� �p�o�w�e�r� �m�e�t�e�r�s� �a�r�e� �s�e�t� �u�p� �s�o� �a�s� �t�o� �b�e� �a�b�l�e� �t�o� �r�e�c�o�r�d� �t�h�e� �i�n�p�u�t� �p�o�w�e�r�,� 

�r�e�f�l�e�c�t�e�d� �p�o�w�e�r� �a�n�d� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �p�o�w�e�r�.� �T�h�e� �t�w�o� �s�y�s�t�e�m�s� �t�h�a�t� �w�e�r�e� �u�s�e�d� 

�w�e�r�e� �t�h�e� �r�e�c�t�a�n�g�u�l�a�r� �w�a�v�e�g�u�i�d�e� �s�y�s�t�e�m� �a�n�d� �t�h�e� �c�y�l�i�n�d�e�r�i�c�a�l� �w�a�v�e�g�u�i�d�e� 

�s�y�s�t�e�m�.� �T�h�e�s�e� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e�i�r� �u�s�e� �i�n� �p�a�r�t�i�c�u�l�a�r� 

�e�x�p�e�r�i�m�e�n�t�s�.� 

�2�.�2�.�1� �C�Y�L�I�N�D�E�R�I�C�A�L� �C�A�V�I�T�Y� 

�T�h�e� �c�y�l�i�n�d�e�r�i�c�a�l� �m�i�c�r�o�w�a�v�e� �c�a�v�i�t�y� �w�a�s� �d�e�s�i�g�n�e�d� �b�y� �A�s�m�u�s�s�e�n� �e�t� �a�l� �(�8�7�)�.� �T�h�i�s� 

�s�y�s�t�e�m� �w�a�s� �s�p�e�c�i�f�i�c�a�l�l�y� �d�e�s�i�g�n�e�d� �w�i�t�h� �a� �v�i�e�w� �t�o� �s�u�b�j�e�c�t�i�n�g� �t�h�e� �s�a�m�p�l�e� �t�o� �a� 

�u�n�i�f�o�r�m� �h�o�r�i�z�o�n�t�a�l� �f�i�e�l�d� �d�u�r�i�n�g� �m�i�c�r�o�w�a�v�i�n�g�.� �T�h�e� �s�p�e�c�i�a�l� �f�e�a�t�u�r�e� �o�f� �t�h�i�s� �c�a�v�i�t�y� 
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�I�N�S�T�R�U�M�E�N�T�A�T�I�O�N� 
�C�y�l�i�n�d�r�i�c�a�l� �C�a�v�i�t�y� 

�i�n�p�u�t� �R�e�t�l�e�c�t�e�d� 

� � 

� � � � � � � � 

� � 
� � � � � � � � � � 

�M�a�g�n�e�t�r�o�n� �P�o�w�e�r� �M�e�t�e�r� �P�o�w�e�r� �M�e�t�e�r� 

�3� �3�8� 
�l� 

�P�o�w�e�r� �A� �S�e�n�s�o�r� �t�t�e�n�u�a�t�o�r� 

�C�i�r�e�u�l�a�t�o�r� �+� �A�p�p�i�l�c�a�t�o�r� 

�B�i�-�d�i�r�e�c�t�i�o�n�a�l� �C�o�u�p�l�e�r� � � 

� � 
�T�e�r�m�i�n�a�t�i�o�n� �(�1�7�5�W�)� 

�F�i�g�u�r�e� �2�.�3�.� �S�c�h�e�m�a�t�i�c� �d�i�s�p�l�a�y�i�n�g� �t�h�e� �m�i�c�r�o�w�a�v�e� �s�e�t�u�p� �u�t�i�l�i�z�e�d� �f�o�r� �c�u�r�i�n�g� �c�e�r�a�m�e�r�s� �(�4�5�)�.� 
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�i�s� �t�h�a�t� �i�t� �i�s� �t�u�n�a�b�l�e� �i�.� �e�.� �i�t�s� �p�h�y�s�i�c�a�l� �d�i�m�e�n�s�i�o�n�s� �c�a�n� �b�e� �c�h�a�n�g�e�d� �t�o� �c�r�e�a�t�e� �a� 

�s�t�a�n�d�i�n�g� �w�a�v�e� �i�n� �t�h�e� �c�a�v�i�t�y� �a�n�d� �t�o� �a�l�t�e�r� �t�h�e� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� 

�s�a�m�p�l�e�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �c�o�n�t�r�o�l� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �c�a�v�i�t�y� �d�i�m�e�n�s�i�o�n�s� �a�r�e� 

�c�h�o�s�e�n� �s�o� �t�h�a�t� �t�h�e� �m�o�d�e�s� �p�o�s�s�i�b�l�e� �w�h�e�n� �t�h�e� �c�a�v�i�t�y� �i�s� �e�m�p�t�y� �a�r�e� �T�E�1�1�1�,� �T�M�o�i�,� 

�T�E�2�i�1�,� �T�E�o�w�,� �a�n�d� �T�M�i� �(�d�e�g�e�n�e�r�a�t�e� �m�o�d�e�s�)� �a�n�d� �T�E�s�1�1�.� �L�o�a�d�i�n�g� �o�f� �t�h�e� �c�a�v�i�t�y�,� 

�h�o�w�e�v�e�r�,� �c�a�u�s�e�s� �a� �d�i�s�r�u�p�t�i�o�n� �o�f� �t�h�e� �a�b�o�v�e� �m�e�n�t�i�o�n�e�d� �m�o�d�e�s� �a�n�d� �t�h�e� �c�a�v�i�t�y� 

�t�h�e�n� �o�p�e�r�a�t�e�s� �i�n� �a� �h�y�b�r�i�d� �m�o�d�e� �(�8�8�)�.� �A�l�s�o�,� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �m�a�t�e�r�i�a�l� 

�p�r�o�p�e�r�t�i�e�s� �a�n�d� �p�l�a�c�e�m�e�n�t�,� �n�e�w� �c�a�v�i�t�y� �m�o�d�e�s� �m�a�y� �b�e� �i�n�t�r�o�d�u�c�e�d�.� �T�h�i�s� 

�m�u�l�t�i�m�o�d�e� �c�o�u�p�l�i�n�g� �r�e�d�u�c�e�s� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �t�o� �t�h�e� �m�a�t�e�r�i�a�l� �g�e�o�m�e�t�r�y� �a�n�d� �o�t�h�e�r� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �d�i�s�c�u�s�s�e�d� �i�n� �c�h�a�p�t�e�r� �2�.� �D�u�r�i�n�g� �h�e�a�t�i�n�g�,� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� 

�c�h�a�n�g�e� �a�n�d� �a�s� �t�h�i�s� �o�c�c�u�r�s� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �n�e�w� �m�o�d�e�s� �m�a�y� �t�a�k�e� �p�l�a�c�e� �i�n� �t�h�e� 

�h�e�a�t�i�n�g�.� 

�A� �s�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �c�a�v�i�t�y� �i�s� �s�h�o�w�n� �i�n� �F�i�g� �2�.�4� �a�n�d� �2�.�5�.� �T�h�e� �r�e�s�o�n�a�n�t� �c�a�v�i�t�y� �i�s� 

�c�y�l�i�n�d�e�r�i�c�a�l� �i�n� �s�h�a�p�e� �a�n�d� �m�a�d�e� �o�f� �b�r�a�s�s�.� �T�h�e� �i�n�n�e�r� �d�i�a�m�e�t�e�r� �i�s� �1�7�.�8� �c�m�.� �T�h�e� 

�c�a�v�i�t�y� �l�e�n�g�t�h� �c�a�n� �b�e� �a�d�j�u�s�t�e�d� �f�r�o�m� �6� �t�o� �1�6� �c�m�s� �b�y� �m�e�a�n�s� �o�f� �a�n� �a�d�j�u�s�t�a�b�l�e� 

�s�h�o�r�t�i�n�g� �p�l�a�t�e�.� �T�h�e� �o�t�h�e�r� �e�n�d� �o�f� �t�h�e� �c�y�l�i�n�d�e�r�i�c�a�l� �c�a�v�i�t�y� �i�s� �c�l�o�s�e�d� �s�h�u�t� �b�y� 

�a�n�o�t�h�e�r� �s�h�o�r�t�i�n�g� �p�l�a�t�e� �w�h�i�c�h� �i�s� �f�i�x�e�d�.� �T�h�e� �f�i�x�e�d� �s�h�o�r�t�i�n�g� �p�l�a�t�e� �i�s� �o�n� �t�h�e� �b�o�t�t�o�m� 

�o�f� �t�h�e� �c�y�l�i�n�d�e�r� �a�n�d� �h�e�n�c�e� �i�t�s� �c�i�r�c�u�m�f�e�r�e�n�c�e� �i�s� �l�i�n�e�d� �w�i�t�h� �s�i�l�v�e�r� �p�l�a�t�e�d� �f�i�n�g�e�r� 

�s�t�o�c�k� �t�o� �p�r�e�v�e�n�t� �r�a�d�i�a�t�i�o�n� �l�e�a�k�a�g�e�.� �T�h�e� �p�e�r�i�p�h�e�r�y� �o�f� �t�h�e� �a�d�j�u�s�t�a�b�l�e� �s�h�o�r�t�i�n�g� 

�p�l�a�t�e� �i�s� �a�l�s�o� �l�i�n�e�d� �w�i�t�h� �f�i�n�g�e�r� �s�t�o�c�k� �t�o� �e�n�s�u�r�e� �g�o�o�d� �e�l�e�c�t�r�i�c�a�l� �c�o�n�t�a�c�t�.� �T�h�e� 

�a�d�j�u�s�t�a�b�l�e� �c�o�u�p�l�i�n�g� �p�r�o�b�e� �p�e�n�e�t�r�a�t�e�s� �i�n�t�o� �t�h�e� �c�a�v�i�t�y� �a�t� �a�b�o�u�t� �a� �h�e�i�g�h�t� �o�f� �3� 

�c�e�n�t�i�m�e�t�e�r� �f�r�o�m� �t�h�e� �f�i�x�e�d� �s�h�o�r�t�i�n�g� �p�l�a�t�e� �a�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�e� �p�h�o�t�o�g�r�a�p�h� �i�n� 

�F�i�g� �2�.�5�.� �B�o�t�h� �a�d�j�u�s�t�a�b�l�e� �p�i�e�c�e�s� �i�.�e�.� �t�h�e� �p�r�o�b�e� �a�n�d� �t�h�e� �s�l�i�d�i�n�g� �s�h�o�r�t� �a�r�e� 
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�p�r�o�v�i�d�e�d� �w�i�t�h� �m�i�c�r�o�m�e�t�e�r�s� �f�o�r� �f�i�n�e� �t�u�n�i�n�g� �o�f� �t�h�e� �c�a�v�i�t�y�.� �T�h�e� �p�l�a�n�e� �o�f� �t�h�e� �T�E�s� 

�m�o�d�e� �i�s� �s�h�o�w�n� �i�n� �t�h�e� �F�i�g� �2�.�6�.� �T�h�e� �l�o�w�e�s�t� �c�a�v�i�t�y� �l�e�n�g�t�h� �o�f� �6� �c�m�s� �h�a�s� �t�h�e� �T�E�a�1�1� 

�a�s� �t�h�e� �d�o�m�i�n�a�n�t� �m�o�d�e� �(�8�7�)�.� �K�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �p�o�w�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �a� �c�a�v�i�t�y� �i�s� 

�v�i�t�a�l� �b�e�f�o�r�e� �a� �m�a�t�e�r�i�a�l� �i�s� �s�u�b�j�e�c�t�e�d� �t�o� �m�i�c�r�o�w�a�v�i�n�g�.� �T�h�e� �d�o�m�i�n�a�n�t� �m�o�d�e� 

�d�e�t�e�r�m�i�n�e�s� �t�h�e� �p�o�w�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �a�n� �e�m�p�t�y� �c�a�v�i�t�y� �w�h�i�c�h� �h�a�s� �a�n� �i�m�p�o�r�t�a�n�t� 

�e�f�f�e�c�t� �o�n� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �s�a�m�p�l�e� �c�h�o�s�e�n� �f�o�r� �m�i�c�r�o�w�a�v�i�n�g�.� �P�o�w�e�r� 

�d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �t�h�e� �T�E�:�1�1� �m�o�d�e� �h�a�v�e� �b�e�e�n� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �a�n� �e�m�p�t�y� �c�a�v�i�t�y� �b�y� 

�J�a�b�b�a�r�i�.� �T�h�e�s�e� �a�r�e� �s�h�o�w�n� �i�n� �t�h�e� �F�i�g�s� �2�.�7� �a�n�d� �2�.�8�.� �T�h�e� �r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �m�a�d�e� 

�b�y� �t�h�e� �a�u�t�h�o�r� �b�a�s�e�d� �o�n� �t�h�e�s�e� �c�u�r�v�e�s� �a�r�e� �t�h�a�t� �t�h�e� �i�d�e�a�l� �s�a�m�p�l�e� �d�i�a�m�e�t�e�r� �s�h�o�u�l�d� 

�b�e� �l�e�s�s� �t�h�a�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e� �i�n�c�h� �a�n�d� �t�h�a�t� �t�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �s�a�m�p�l�e� �s�h�o�u�l�d� 

�b�e� �l�e�s�s� �t�h�a�n� �o�n�e� �c�e�n�t�i�m�e�t�e�r�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �t�h�e� �s�a�m�p�l�e� �h�o�l�d�e�r� 

�u�s�e�d� �w�a�s� �a� �p�e�t�r�i� �d�i�s�h� �o�f� �d�i�a�m�e�t�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�.�5� �i�n�c�h�e�s�,� �w�h�i�l�e� �t�h�e� �s�a�m�p�l�e� 

�t�h�i�c�k�n�e�s�s� �w�a�s� �5�-�1�0� �m�i�l�s� �i�n� �e�a�c�h� �c�a�s�e�.� �T�h�i�s� �w�o�u�l�d� �c�a�u�s�e� �a� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e� 

�t�o� �b�e� �d�e�v�e�l�o�p�e�d� �o�n� �t�h�e� �p�e�r�i�p�h�e�r�y� �o�f� �t�h�e� �s�a�m�p�l�e� �f�o�r� �t�h�e� �p�o�w�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� 

�s�h�o�w�n� �i�n� �F�i�g� �2�.�7�.� �T�h�i�s� �s�h�o�u�l�d� �n�o�t� �b�e� �c�a�u�s�e� �f�o�r� �u�n�d�u�e� �w�o�r�r�y� �s�i�n�c�e� �a�n� �e�r�r�o�r� �h�e�r�e� 

�w�o�u�l�d� �b�e� �o�n� �t�h�e� �s�i�d�e� �o�f� �c�a�u�t�i�o�n� �a�n�d� �n�o�t� �c�a�u�s�e� �a�n�y� �s�i�g�n�i�f�i�c�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� 

�g�r�a�d�i�e�n�t�s� �a�b�o�v�e� �7�0�°�C�.� �o�r� �1�2�0�°�C�.� �T�h�e� �c�h�o�s�e�n� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �s�t�u�d�y� �a�s� �w�i�l�l� �b�e� 

�s�t�a�t�e�d� �i�n� �l�a�t�e�r� �c�h�a�p�t�e�r�s�.� 
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�1�)� �b�r�a�s�s� �c�a�v�i�t�y� �2�)� �s�l�i�d�i�n�g� �s�h�o�r�t� �3�)� �b�a�s�e� �p�l�a�t�e� �4�)� �t�e�e�t�h� �5�)� �s�a�m�p�l�e� 
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�2�.�2�.�2� �L�U�X�T�R�O�N� �F�I�B�R�E� �O�P�T�I�C� �T�E�M�P�E�R�A�T�U�R�E� �P�R�O�B�E� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �t�h�e� �m�i�c�r�o�w�a�v�e� �c�a�v�i�t�y� �i�s� �m�o�n�i�t�o�r�e�d� �b�y� �m�e�a�n�s� �o�f� �a� 

�f�l�u�o�r�o�-�o�p�t�i�c� �p�r�o�b�e� �s�u�p�p�l�i�e�d� �b�y� �L�u�x�t�r�o�n�.� �T�h�e� �p�r�o�b�e� �i�s� �m�a�d�e� �o�f� �a�n� �o�p�t�i�c�a�l� �f�i�b�r�e� 

�a�n�d� �i�s� �e�l�e�c�t�r�i�c�a�l�l�y� �n�o�n� �c�o�n�d�u�c�t�i�n�g� �a�n�d� �h�e�n�c�e� �d�o�e�s� �n�o�t� �p�e�r�t�u�r�b� �t�h�e� �f�i�e�l�d�.� �A� �t�h�i�n� 

�l�a�y�e�r� �o�f� �p�h�o�s�p�h�o�r� �m�a�t�e�r�i�a�l� �i�s� �c�o�a�t�e�d� �o�n�t�o� �a� �s�u�r�f�a�c�e� �o�f� �i�n�t�e�r�e�s�t� �a�s� �s�h�o�w�n� �i�n� �F�i�g� 

�2�.�9�.� �T�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �p�h�o�s�p�h�o�r� �a�r�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �e�x�c�i�t�a�t�i�o�n� �i�n�t�e�n�s�i�t�y�.� 

�T�h�e� �p�h�o�s�p�h�o�r� �u�s�e�d� �i�s� �m�a�g�n�e�s�i�u�m� �f�l�u�o�r�o�g�e�r�m�a�n�a�t�e� �a�c�t�i�v�a�t�e�d� �w�i�t�h� �t�e�t�r�a�v�a�l�e�n�t� 

�m�a�n�g�a�n�e�s�e�.� �T�h�i�s� �p�h�o�s�p�h�o�r� �a�p�a�r�t� �f�r�o�m� �b�e�i�n�g� �t�h�e�r�m�a�l�l�y� �s�t�a�b�l�e� �i�s� �a�l�s�o� �q�u�i�t�e� 

�c�h�e�m�i�c�a�l�l�y� �i�n�e�r�t� �a�n�d� �i�s� �n�o�t� �d�a�m�a�g�e�d� �b�y� �m�o�s�t� �c�h�e�m�i�c�a�l�s�.� �I�t� �c�a�n� �b�e� �e�x�c�i�t�e�d� �b�y� 

�e�i�t�h�e�r� �u�l�t�r�a�v�i�o�l�e�t� �o�r� �b�l�u�e� �r�a�d�i�a�t�i�o�n� �a�n�d� �a� �X�e�n�o�n� �f�l�a�s�h� �l�a�m�p� �i�s� �u�s�e�d� �f�o�r� �t�h�e� 

�p�u�r�p�o�s�e�.� �T�h�e� �f�l�u�o�r�o�s�c�e�n�t� �e�m�i�s�s�i�o�n� �i�s� �i�n� �t�h�e� �d�e�e�p� �r�e�d� �a�n�d� �t�h�e� �f�l�u�o�r�o�s�c�e�n�t� 

�d�e�c�a�y� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �e�x�p�o�n�e�n�t�i�a�l�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t� �i�s� �m�a�d�e� �b�y� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �r�a�t�e� �o�f� �d�e�c�a�y� �o�f� �t�h�e� �f�l�u�o�r�o�s�c�e�n�c�e� �a�n�d� �c�o�m�p�a�r�i�n�g� �i�t� �w�i�t�h� �t�h�e� 

�c�a�l�i�b�r�a�t�i�o�n� �c�u�r�v�e� �(�8�9�,� �9�0�,� �9�1�)�.� �M�e�a�s�u�r�e�m�e�n�t�s� �c�a�n� �b�e� �m�a�d�e� �t�o� �w�i�t�h�i�n� �2�°�C� �o�f� �a�n�y� 

�t�e�m�p�e�r�a�t�u�r�e� �w�i�t�h�i�n� �t�h�e� �w�o�r�k�i�n�g� �r�a�n�g�e� �o�f� �t�h�e� �s�e�n�s�o�r� �w�i�t�h�o�u�t� �a�n�y� �c�a�l�i�b�r�a�t�i�o�n�.� 

�T�h�i�s� �l�i�m�i�t� �c�a�n� �b�e� �d�e�c�r�e�a�s�e�d� �t�o� �w�i�t�h�i�n� �0�.�2�°�C� �w�i�t�h� �c�a�l�i�b�r�a�t�i�o�n�.� �T�h�e� �L�u�x�t�r�o�n� �M�o�d�e�l� 

�7�5�0� �u�s�e�d� �h�a�s� �f�o�u�r� �c�h�a�n�n�e�l�s� �w�h�i�c�h� �c�a�n� �m�e�a�s�u�r�e� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �a�t� �a�n�y� �g�i�v�e�n� 

�t�i�m�e�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� �a�u�t�o�m�a�t�e�d� �u�s�i�n�g� �a�n� �I�B�M� �P�C� �s�o� �t�h�a�t� �t�h�e� �m�e�a�s�u�r�i�n�g� �w�a�s� 

�t�r�i�g�g�e�r�e�d� �f�r�o�m� �t�h�e� �c�o�m�p�u�t�e�r� �a�n�d� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� �t�h�e� 

�c�o�m�p�u�t�e�r�.� 
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�F�I�G�U�R�E� �5�.� �L�o�w�-�c�o�s�t� �d�i�s�p�o�s�a�b�l�e� �s�e�n�s�o�r� �t�o� �b�e� �b�o�n�d�e�d� �i�n�t�o� �a� 
�m�o�l�d�e�d� �p�a�r�t�.� �P�h�o�s�p�h�o�r� �s�e�n�s�o�r� �i�s� �i�n� �d�i�s�p�o�s�a�b�l�e� �t�i�p�.� �F�i�b�e�r� �c�a�n� 
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�2�.�2�.�3� �R�E�C�T�A�N�G�U�L�A�R� �C�A�V�I�T�Y� 

�T�h�e� �r�e�c�t�a�n�g�u�l�a�r� �c�a�v�i�t�y� �u�s�e�d� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �a� �W�R�2�8�4� �w�a�v�e�g�u�i�d�e�.� �T�h�e� 

�w�i�d�e� �d�i�m�e�n�s�i�o�n�  ��a �� �o�f� �t�h�i�s� �w�a�v�e�g�u�i�d�e� �i�s� �2�.�8�4� �i�n�c�h�e�s� �w�h�i�l�e� �t�h�e� �n�a�r�r�o�w� 

�d�i�m�e�n�s�i�o�n�  ��b �� �i�s� �1�.�4�2� �i�n�c�h�e�s�.� �T�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �c�a�v�i�t�y� �i�s� �a�d�j�u�s�t�a�b�l�e� �b�y� �m�e�a�n�s� 

�o�f� �a� �s�l�i�d�i�n�g� �s�h�o�r�t� �w�h�i�l�e� �t�h�e� �a�d�j�u�s�t�a�b�l�e� �p�r�o�b�e� �o�f� �t�h�e� �c�y�l�i�n�d�e�r�i�c�a�l� �c�a�v�i�t�y� �c�a�n� �b�e� 

�r�e�p�l�a�c�e�d� �b�y� �m�e�a�n�s� �o�f� �a�n� �a�d�j�u�s�t�a�b�l�e� �s�t�u�b� �t�u�n�e�r� �b�o�t�h� �o�f� �w�h�i�c�h� �w�i�l�l� �b�e� �d�e�s�c�r�i�b�e�d� 

�s�h�o�r�t�l�y�.� �T�h�e� �m�i�c�r�o�w�a�v�e� �p�o�w�e�r� �i�s� �c�o�u�p�l�e�d� �i�n�t�o� �t�h�e� �c�a�v�i�t�y� �b�y� �m�e�a�n�s� �o�f� �a�n� �E� 

�p�r�o�b�e� �p�l�a�c�e�d� �a�t� �a� �d�i�s�t�a�n�c�e� �o�f� �4�/�4� �f�r�o�m� �t�h�e� �e�n�d� �o�f� �t�h�e� �c�a�v�i�t�y�.� �T�h�e� �w�a�v�e�g�u�i�d�e� 

�h�a�s� �a� �3� �m�m� �s�l�o�t� �c�u�t� �i�n� �t�h�e� �u�p�p�e�r� �f�a�c�e� �o�f� �t�h�e� �w�i�d�e� �d�i�m�e�n�s�i�o�n� �a�s� �s�h�o�w�n� �i�n� �t�h�e� 

�p�h�o�t�o�g�r�a�p�h� �i�n� �F�i�g� �2�.�1�0�.� �T�h�i�s� �s�l�o�t� �d�o�e�s� �n�o�t� �p�e�r�t�u�r�b� �t�h�e� �f�i�e�l�d�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �s�i�n�c�e� 

�t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d�s� �c�a�n� �s�h�o�r�t� �a�c�r�o�s�s� �i�t�.� �T�h�i�s� �p�r�e�v�e�n�t�s� �a�n�y� �l�e�a�k�a�g�e� �f�r�o�m� �t�h�e� �f�i�e�l�d�.� 

�T�h�e� �s�l�o�t� �a�l�s�o� �f�a�c�i�l�i�t�a�t�e�s� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �L�u�x�t�r�o�n� �f�i�b�r�e� �o�p�t�i�c� �t�e�m�p�e�r�a�t�u�r�e� 

�p�r�o�b�e� �i�n�t�o� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� �r�e�c�t�a�n�g�u�l�a�r� �c�a�v�i�t�y� �i�n� �i�t�s� �p�r�e�s�e�n�t� �c�o�n�s�t�r�u�c�t�i�o�n� �h�a�s� 

�t�h�e� �a�d�d�e�d� �a�d�v�a�n�t�a�g�e� �t�h�a�t� �i�t� �c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �i�n� �t�h�e� �t�r�a�n�s�m�i�s�s�i�o�n� �m�o�d�e� �a�n�d� 

�n�o�t� �o�n�l�y� �a�s� �a� �c�a�v�i�t�y�.� 

�2�.�2�.�4� �S�T�U�B� �T�U�N�E�R� �A�N�D� �S�L�I�D�I�N�G� �S�H�O�R�T� 

�S�t�u�b� �t�u�n�e�r�s� �(�p�o�s�t�s� �a�n�d� �s�c�r�e�w�s�)� �c�o�n�s�i�s�t�s� �o�f� �a� �c�y�l�i�n�d�e�r�i�c�a�l� �p�o�s�t� �w�h�i�c�h� �i�s� 

�a�d�j�u�s�t�a�b�l�e� �a�n�d� �p�r�o�t�r�u�d�e�s� �i�n�t�o� �t�h�e� �w�a�l�l� �o�f� �t�h�e� �g�u�i�d�e ��s� �w�i�d�e� �d�i�m�e�n�s�i�o�n� �a�s� �s�h�o�w�n� 
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�F�i�g�u�r�e� �2�.�1�0�.� 

�C�H�A�P�T�E�R� �2� 

�F�i�g�u�r�e� �i�l�l�u�s�t�r�a�t�i�n�g� �a� �r�e�c�t�a�n�g�u�l�a�r� �c�a�v�i�t�y� �a�l�o�n�g� �w�i�t�h� �t�h�e� �s�l�i�t� �i�n� �t�h�e� �u�p�p�e�r� �w�i�d�e� �f�a�c�e� �(�1�)�.� 

�9�2



�i�n� �t�h�e� �F�i�g� �2�.�1�1�.� �T�h�e� �d�e�p�t�h� �o�f� �p�e�n�e�t�r�a�t�i�o�n� �i�n�t�o� �t�h�e� �w�a�v�e�g�u�i�d�e� �d�e�t�e�r�m�i�n�e�s� 

�w�h�e�t�h�e�r� �t�h�e� �p�o�s�t� �i�n�t�r�o�d�u�c�e�s� �a� �c�a�p�a�c�i�t�i�v�e� �o�r� �i�n�d�u�c�t�i�v�e� �s�u�s�c�e�p�t�a�n�c�e� �i�n�t�o� �t�h�e� 

�w�a�v�e�g�u�i�d�e�.� �A� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�w�o� �s�c�r�e�w�s�,� �1�,�/�4�,� �a�p�a�r�t� �c�a�n� �b�e� �u�s�e�d� �t�o� �m�a�t�c�h� �a� 

�w�a�v�e�g�u�i�d�e� �t�o� �i�t�s� �l�o�a�d� �(�1�)�.� �W�h�e�n� �c�a�r�r�y�i�n�g� �o�u�t� �t�h�e� �m�a�t�c�h�i�n�g� �p�r�o�c�e�d�u�r�e�,� �a�l�l� �t�h�e� 

�s�c�r�e�w�s� �a�r�e� �f�u�l�l�y� �r�e�t�r�a�c�t�e�d�.� �O�n�e� �s�c�r�e�w� �i�s� �t�h�e�n� �a�d�v�a�n�c�e�d�,� �u�n�t�i�l� �t�h�e� �r�e�f�l�e�c�t�e�d� 

�p�o�w�e�r� �d�e�c�r�e�a�s�e�s� �t�o� �i�t�s� �l�o�w�e�s�t� �v�a�l�u�e� �p�o�s�s�i�b�l�e�,� �f�o�l�l�o�w�i�n�g� �w�h�i�c�h� �a�n�o�t�h�e�r� �p�o�s�t� �i�s� 

�l�o�w�e�r�e�d� �i�n�t�o� �t�h�e� �w�a�v�e�g�u�i�d�e�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �i�s� �r�e�p�e�a�t�e�d� �u�n�t�i�l� �t�h�e� �r�e�f�l�e�c�t�e�d� 

�p�o�w�e�r� �i�s� �r�e�d�u�c�e�d� �t�o� �z�e�r�o�.� �T�h�e� �s�t�u�b� �t�u�n�e�r� �u�s�e�d� �f�o�r� �t�h�e� �r�e�s�e�a�r�c�h� �d�o�c�u�m�e�n�t�e�d� �i�n� 

�t�h�i�s� �t�h�e�s�i�s� �h�a�s� �f�i�v�e� �p�o�s�t�s�.� �T�h�e� �s�l�i�d�i�n�g� �s�h�o�r�t� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �M�a�u�r�i� 

�E�l�e�c�t�r�o�n�i�c�s�.� �T�h�i�s� �i�s� �o�p�e�r�a�t�e�d� �v�e�r�y� �s�i�m�p�l�y� �b�y� �a� �k�n�o�b� �s�h�o�w�n� �i�n� �t�h�e� �p�h�o�t�o�g�r�a�p�h� 

�i�n� �F�i�g� �2�.�1�2�.� �T�h�e� �k�n�o�b� �o�p�e�r�a�t�e�s� �a� �r�a�c�k� �a�n�d� �p�i�n�i�o�n� �m�e�c�h�a�n�i�s�m� �w�h�i�c�h� �i�n� �t�u�r�n� 

�m�o�v�e�s� �t�h�e� �p�i�s�t�o�n� �b�a�c�k� �a�n�d� �f�o�r�w�a�r�d�.� �T�h�i�s� �e�n�a�b�l�e�s� �o�n�e� �t�o� �a�d�j�u�s�t� �t�h�e� �l�e�n�g�t�h� �a�n�d� 

�t�h�u�s� �c�r�e�a�t�e� �a� �c�a�v�i�t�y� �(�s�t�a�n�d�i�n�g� �w�a�v�e�)�.� �I�t� �a�l�s�o� �f�a�c�i�l�i�t�a�t�e�s� �e�a�s�y� �t�u�n�i�n�g� �o�f� �t�h�e� 

�r�e�c�t�a�n�g�u�l�a�r� �c�a�v�i�t�y� �t�h�e�r�e�b�y� �p�e�r�m�i�t�t�i�n�g� �a� �v�a�r�i�a�t�i�o�n� �i�n� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �e�l�e�c�t�r�i�c� 

�f�i�e�l�d� �a�r�o�u�n�d� �t�h�e� �s�a�m�p�l�e�.� 

�T�h�e� �w�a�v�e�l�e�n�g�t�h� �o�f� �a� �m�i�c�r�o�w�a�v�e� �o�f� �f�r�e�q�u�e�n�c�y� �2�.�4�5� �G�H�z� �i�s� �1�2�.�2�4� �c�m�s�.� �T�h�e� �c�u�t�-�o�f�f� 

�w�a�v�e�l�e�n�g�t�h� �i�n� �a� �W�R�2�8�4� �w�a�v�e�g�u�i�d�e� �i�s� �g�i�v�e�n� �b�y� �2�,� �=� �2�a� �( ��a �� �i�s� �t�h�e� �w�i�d�e� 

�d�i�m�e�n�s�i�o�n� �i�n� �c�m�s�)� �=� �1�4�.�4�2� �c�m�s� �a�n�d� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�u�t�-�o�f�f� �f�r�e�q�u�e�n�c�y� �i�s� 

�2�.�0�8� �G�H�z�.� �T�h�e� �g�u�i�d�e� �w�a�v�e�l�e�n�g�t�h� �i�s� �2�3�.�1�5� �c�m�s�.� �F�o�r� �m�o�s�t� �e�x�p�e�r�i�m�e�n�t�s� �c�a�r�r�i�e�d� 

�o�u�t� �i�n� �t�h�e� �r�e�c�t�a�n�g�u�l�a�r� �c�a�v�i�t�y� �t�h�e� �r�e�f�l�e�c�t�e�d� �p�o�w�e�r� �w�a�s� �r�e�t�a�i�n�e�d� �a�t� �z�e�r�o� �a�n�d� 

�h�e�n�c�e� �t�h�e� �V�o�l�t�a�g�e� �S�t�a�n�d�i�n�g� �W�a�v�e� �R�a�t�i�o� �(�V�S�W�R�)� �=� �1�.� 
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�F�i�g�u�r�e� �2�.�1�1�.� 

�C�H�A�P�T�E�R� �2� 

�S�e�e� �k�u�m�i� �G�o�k� 

�o�i�l� �B�o�d� �V�S� �|� 
�s�h� �N�o�d� 

� � 
�F�i�g�u�r�e� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n� �o�f� �a� �r�e�c�t�a�n�g�u�l�a�r� �s�t�u�b� �t�u�n�e�r� �(�1�)�.� 
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�F�i�g�u�r�e� �2�.�1�2�.� 

�C�H�A�P�T�E�R� �2� 

� � 
�P�h�o�t�o�g�r�a�p�h� �o�f� �t�h�e� �s�l�i�d�i�n�g� �s�h�o�r�t� �u�s�e�d� �w�i�t�h� �t�h�e� �r�e�c�t�a�n�g�u�l�a�r� �c�a�v�i�t�y�.� 
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�2�.�3� �C�H�A�R�A�C�T�E�R�I�Z�A�T�I�O�N� �M�E�T�H�O�D�S� 

�2�.�3�.�1� �S�M�A�L�L� �A�N�G�L�E� �X�R�A�Y� �S�C�A�T�T�E�R�I�N�G� 

�S�m�a�l�l� �a�n�g�l�e� �x�r�a�y� �s�c�a�t�t�e�r�i�n�g� �(�S�A�X�S�)� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �u�s�i�n�g� �a� �S�i�e�m�e�n�s� �K�r�a�t�k�y� 

�c�a�m�e�r�a� �s�y�s�t�e�m� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �a�n� �M�.� �B�r�a�u�n� �p�o�s�i�t�i�o�n� �s�e�n�s�i�t�i�v�e� �d�e�c�t�e�c�t�o�r� 

�s�y�s�t�e�m� �f�r�o�m� �I�n�n�o�v�a�t�i�v�e� �T�e�c�h�n�o�l�o�g�y� �I�n�c�.� �T�h�e� �g�e�n�e�r�a�t�o�r� �u�s�e�d� �w�a�s� �a� �P�h�i�l�i�p�s� 

�t�a�b�l�e�t�o�p� �g�e�n�e�r�a�t�o�r� �P�W� �1�7�2�9� �o�p�e�r�a�t�i�n�g� �a�t� �4�0�K�V� �a�n�d� �2�0�m�A�.� �C�u�K�a� �r�a�d�i�a�t�i�o�n� 

�h�a�v�i�n�g� �a� �w�a�v�e�l�e�n�g�t�h� �o�f� �1�.�5�4�A� �w�a�s� �u�s�e�d�.� �A� �N�i�c�k�e�l� �f�i�l�t�e�r� �w�a�s� �u�s�e�d� �t�o� �r�e�m�o�v�e� 

�l�o�w� �e�n�e�r�g�y� �r�a�d�i�a�t�i�o�n�.� �T�h�e� �s�a�m�p�l�e� �t�o� �d�e�t�e�c�t�o�r� �d�i�s�t�a�n�c�e� �w�a�s� �3�0�.�5� �c�m� �i�n� �a�l�l� �c�a�s�e�s�.� 

�T�h�e� �p�u�r�g�e� �g�a�s� �u�s�e�d� �w�a�s� �P�-�1�0�,� �a� �m�i�x�t�u�r�e� �o�f� �1�0�%� �m�e�t�h�a�n�e� �a�n�d� �9�0�%� �a�r�g�o�n�.� �T�h�e� 

�g�a�s� �p�r�e�s�s�u�r�e� �w�a�s� �s�e�t� �a�t� �1�0�.�8� �b�a�r�.� �A� �v�o�l�t�a�g�e� �b�i�a�s� �o�f� �3�.�6� �K�V� �w�a�s� �u�s�e�d� �o�n� �t�h�e� 

�d�e�t�e�c�t�o�r� �a�n�d� �t�h�e� �e�n�e�r�g�y� �w�i�n�d�o�w� �s�e�t� �b�e�t�w�e�e�n� �1� �a�n�d� �3� �K�V�.� 

�T�h�e� �a�n�g�u�l�a�r� �m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �t�h�e� �S�A�X�S� �s�y�s�t�e�m� �w�e�r�e� �c�a�l�i�b�e�r�a�t�e�d� �u�s�i�n�g� �l�e�a�d� 

�s�t�e�a�r�a�t�e� �w�i�t�h� �a� �s�m�a�l�l� �a�n�g�l�e� �s�p�a�c�i�n�g� �o�f� �4�9�.�5�A� �A�b�s�o�l�u�t�e� �i�n�t�e�n�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t�s� 

�w�e�r�e� �m�a�d�e� �u�s�i�n�g� �L�u�p�o�l�e�n� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �K�r�a�t�k�y� �a�n�d� �P�i�l�z� �(�9�2�)�.� �T�h�e� �t�o�t�a�l� 

�s�c�a�t�t�e�r�i�n�g� �o�f� �a� �s�a�m�p�l�e� �w�a�s� �t�h�e� �r�e�s�u�l�t� �o�f� �s�u�b�t�r�a�c�t�i�n�g� �t�h�e� �p�a�r�a�s�i�t�i�c� �s�c�a�t�t�e�r�i�n�g� 

�f�r�o�m� �t�h�e� �s�a�m�p�l�e� �s�c�a�t�t�e�r�i�n�g�.� �A�n�o�t�h�e�r� �f�o�r�t�r�a�n� �p�r�o�g�r�a�m� �w�r�i�t�t�e�n� �b�y� �V�o�n�k� �(�9�3�)� �w�a�s� 

�u�t�i�l�i�z�e�d� �f�o�r� �d�e�s�m�e�a�r�i�n�g� �a�s� �w�e�l�l� �a�s� �c�o�r�r�e�l�a�t�i�o�n� �f�u�n�c�t�i�o�n� �c�a�l�c�u�l�a�t�i�o�n�s�.� �T�h�e� �t�h�e�o�r�y� 

�b�e�h�i�n�d� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �o�f� �B�r�a�g�g� �s�p�a�c�i�n�g�,� �i�n�v�a�r�i�a�n�t�,� �m�e�a�n� �s�q�u�a�r�e� �e�l�e�c�t�r�o�n� 
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�d�e�n�s�i�t�y�,� �d�e�s�m�e�a�r�i�n�g�,� �c�o�r�r�e�l�a�t�i�o�n� �f�u�n�c�t�i�o�n� �c�a�l�c�u�l�a�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �d�e�t�a�i�l�e�d� 

�e�x�t�e�n�s�i�v�e�l�y� �i�n� �(�9�4�,� �9�5�)�.� 

�2�.�3�.�2� �D�Y�N�A�M�I�C� �M�E�C�H�A�N�I�C�A�L� �A�N�A�L�Y�S�I�S� 

�D�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �f�r�o�m� 

�-�1�0�0�°�C� �t�o� �1�7�0�°�C�.� �T�h�r�e�e� �f�r�e�q�u�e�n�c�i�e�s� �w�e�r�e� �u�s�e�d� �-� �1�.�1� �H�z�,� �1�1� �H�z� �a�n�d� �1�1�0� �H�z�.� �T�h�e� 

�f�r�e�q�u�e�n�c�y� �c�h�o�s�e�n� �f�o�r� �d�i�s�p�l�a�y� �w�a�s� �1�1� �H�z� �b�e�c�a�u�s�e� �o�f� �i�t�s� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y�.� �I�n� �s�o�m�e� 

�c�a�s�e�s� �a�l�l� �t�h�r�e�e� �f�r�e�q�u�e�n�c�i�e�s� �h�a�v�e� �b�e�e�n� �s�h�o�w�n�.� �T�h�e� �a�n�a�l�y�s�i�s� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� 

�u�s�i�n�g� �a�n� �a�u�t�o�m�a�t�e�d� �(�I�M�A�S�)� �D�D�V�-�I�I�C� �R�h�e�o�v�i�b�r�o�n� �D�y�n�a�m�i�c� �V�i�s�c�o�e�l�a�s�t�o�m�e�t�e�r� 

�w�h�i�c�h� �o�p�e�r�a�t�e�s� �i�n� �t�h�e� �t�e�n�s�i�l�e� �m�o�d�e�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �a� �t�e�n�s�i�o�n� 

�o�f� �1�5� �g�r�a�m�s� �a�n�d� �t�h�e� �r�a�t�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e� �w�a�s� �l�i�m�i�t�e�d� �t�o� �2�°�C�/�m�i�n�.� �A�l�l� 

�s�a�m�p�l�e�s� �w�e�r�e� �r�u�n� �u�n�d�e�r� �a�n� �a�t�m�o�s�p�h�e�r�e� �o�f� �p�u�r�e� �p�r�e�-�p�u�r�i�f�i�e�d� �n�i�t�r�o�g�e�n� �a�n�d� 

�l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �w�a�s� �u�s�e�d� �t�o� �c�o�o�l� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �d�o�w�n� �t�o� �-�1�0�0�°�C�.� 

�2�.�3�.�3� �D�I�E�L�E�C�T�R�I�C� �A�N�A�L�Y�S�I�S� 

�T�h�e� �d�i�e�l�e�c�t�r�i�c� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �d�i�e�l�e�c�t�r�i�c� �n�e�t�w�o�r�k� �a�n�a�l�y�s�e�r� �(�D�E�T�A�)� 

�m�a�n�u�f�a�c�t�u�r�e�d� �b�y� �P�o�l�y�m�e�r� �L�a�b�s� �I�n�c�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� 

�w�a�s� �f�r�o�m� �-�1�5�0�°�C� �t�o� �1�2�0�°�C�.� �I�n� �s�o�m�e� �c�a�s�e�s� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �t�o� �2�0�0�°�C�.� 
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�T�h�e� �r�a�t�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �w�a�s� �1�°�C�/�m�i�n�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �a�t� �a� �f�i�v�e� 

�f�r�e�q�u�e�n�c�i�e�s� �i�.� �e�.� �1�,� �5�,� �1�0�,� �5�0�,� �1�0�0� �K�H�z� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e�.� 

�N�i�t�r�o�g�e�n� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �p�u�r�g�e� �g�a�s�,� �i�n� �o�r�d�e�r� �t�o� �p�r�e�v�e�n�t� �t�h�e�r�m�o�-�o�x�i�d�a�t�i�v�e� 

�d�e�g�r�e�d�a�t�i�o�n�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �g�o�l�d� �c�o�a�t�e�d� �u�p�t�o� �1�5�0�A� �i�n� �o�r�d�e�r� �t�o� �p�r�o�v�i�d�e� 

�b�e�t�t�e�r� �e�l�e�c�t�r�i�c�a�l� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�c�t�r�o�d�e�s� �a�n�d� �t�h�e� �s�a�m�p�l�e�.� �S�u�r�f�a�c�e� 

�i�m�p�e�d�a�n�c�e� �d�u�e� �t�o� �t�h�i�s� �c�o�a�t�i�n�g� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �n�e�g�l�i�g�a�b�l�e�.� �T�h�e� �s�a�m�p�l�e� 

�d�i�a�m�e�t�e�r� �i�n� �a�l�l� �c�a�s�e�s� �w�a�s� �2�0� �m�m� �a�n�d� �t�h�e� �t�h�i�c�k�n�e�s�s� �v�a�r�i�e�d� �f�r�o�m� �5� �m�i�l�s� �t�o� �2�0� 

�m�i�l�s�.� 

�2�.�3�.�4� �T�H�E�R�M�A�L� �A�N�A�L�Y�S�I�S� 

�D�i�f�f�e�r�e�n�t�i�a�l� �c�a�l�o�r�i�m�e�t�r�y� �(�D�S�C�)� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �S�e�i�k�o� �D�S�C� �2�1�0�.� 

�M�o�s�t� �s�a�m�p�l�e�s� �w�e�r�e� �a�b�o�u�t� �2�5� �m�g� �i�n� �w�e�i�g�h�t� �a�n�d� �w�e�r�e� �r�u�n� �u�n�d�e�r� �p�r�e� �p�u�r�i�f�i�e�d� 

�n�i�t�r�o�g�e�n�.� �T�h�e� �T�h�e�r�m�o�g�r�a�v�i�m�e�t�r�i�c� �a�n�a�l�y�s�i�s� �(�T�G�A�)� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �S�e�i�k�o� 

�T�G�/�D�T�A� �a�l�s�o� �u�n�d�e�r� �n�i�t�r�o�g�e�n�,� �a�n�d� �s�a�m�p�l�e�s� �w�e�i�g�h�i�n�g� �a�r�o�u�n�d� �5� �m�g� �w�e�r�e� 

�u�t�i�l�i�z�e�d�.� �T�h�e� �h�e�a�t�i�n�g� �r�a�t�e� �f�o�r� �b�o�t�h� �a�n�a�l�y�s�e�s� �w�a�s� �1�0�°�C�/�m�i�n�.� 
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�2�.�3�.�5� �S�T�R�E�S�S� �S�T�R�A�I�N� �A�N�A�L�Y�S�I�S� 

�S�t�r�e�s�s�-�s�t�r�a�i�n� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a�n� �I�n�s�t�r�o�n� �m�o�d�e�l� �1�1�2�2� �a�t� �a�m�b�i�e�n�t� 

�c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �t�e�s�t�i�n�g� �w�a�s� �a�l�w�a�y�s� �c�a�r�r�i�e�d� �o�u�t� �a�t� �a�n� �i�n�i�t�i�a�l� �r�a�t�e� �o�f� �2� �m�m�/�m�i�n�.� 

�T�e�n� �m�i�l�l�i�m�e�t�e�r� �d�o�g� �b�o�n�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�w�a�y�s� �u�s�e�d� �a�s� �p�e�r� �A�S�T�M� �D� �6�3�8�.� �T�h�e� 

�w�i�d�t�h� �o�f� �t�h�e� �s�a�m�p�l�e�s� �w�a�s� �2�.�6� �m�m�.� �T�h�e� �d�a�t�a� �w�a�s� �r�e�c�o�r�d�e�d� �o�n� �a� �c�h�a�r�t� �a�n�d� 

�e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �v�a�l�u�e�s� �w�e�r�e� �c�o�m�p�u�t�e�d� �a�s� �t�h�e� �s�t�r�a�i�n� �t�e�n�d�e�d� �t�o� �z�e�r�o� �(�a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �-� �5�%� �s�t�r�a�i�n�)�.� �I�n� �a�l�m�o�s�t� �a�l�l� �c�a�s�e�s� �r�e�a�d�i�n�g�s� �w�e�r�e� �t�a�k�e�n� �f�o�r� �a� 

�m�i�n�i�m�u�m� �o�f� �f�i�v�e� �s�a�m�p�l�e�s� �o�r� �m�o�r�e�.� �T�h�e� �s�t�r�e�s�s� �a�t� �b�r�e�a�k� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �l�o�a�d� �a�t� 

�f�a�i�l�u�r�e� �d�i�v�i�d�e�d� �b�y� �t�h�e� �o�r�i�g�i�n�a�l� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a�.� �T�h�e� �e�l�o�n�g�a�t�i�o�n� �a�t� �b�r�e�a�k� �i�s� 

�t�h�e� �p�e�r�c�e�n�t� �s�t�r�a�i�n� �a�t� �w�h�i�c�h� �t�h�e� �s�a�m�p�l�e� �i�s� �o�b�s�e�r�v�e�d� �t�o� �b�r�e�a�k�.� 

�2�.�3�.�6� �S�C�A�N�N�I�N�G� �A�N�D� �T�R�A�N�S�M�I�S�S�I�O�N� �E�L�E�C�T�R�O�N� �M�I�C�R�O�S�C�O�P�Y� 

�A� �C�a�m�b�r�i�d�g�e� �I�n�s�t�r�u�m�e�n�t�s� �S�t�e�r�e�o�s�c�a�n� �2�0�0� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �w�i�t�h� 

�a� �s�e�c�o�n�d�a�r�y� �e�l�e�c�t�r�o�n� �d�e�t�e�c�t�o�r� �w�a�s� �u�s�e�d� �t�o� �i�m�a�g�e� �t�h�e� �f�r�a�c�t�u�r�e� �s�u�r�f�a�c�e�s� �o�f� 

�c�e�r�a�m�e�r�s�.� �T�h�e� �c�e�r�a�m�e�r�s� �w�e�r�e� �f�r�a�c�t�u�r�e�d� �u�n�d�e�r� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �(�-�1�7�0�°�C�)�,� �w�h�i�c�h� 

�i�s� �w�e�l�l� �b�e�l�o�w� �t�h�e� �7�,� �o�f� �t�h�e� �P�T�M�O� �p�h�a�s�e�.� 

�T�r�a�n�m�i�s�s�i�o�n� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �m�i�c�r�o�t�o�m�e�d� �s�a�m�p�l�e�s�.� 

�T�h�e� �T�E�M� �u�s�e�d� �w�a�s� �a� �P�h�i�l�i�p�s� �4�2�0� �S�c�a�n�n�i�n�g� �T�r�a�n�s�m�i�s�s�i�o�n� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�e�.� 

�T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�r�y�o�m�i�c�r�o�t�o�m�e�d� �t�o� �a� �t�h�i�c�k�n�e�s�s� �o�f� �4�0�0�-�6�0�0�A� �u�s�i�n�g� �a� �R�e�i�c�h�e�r�t� 
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�m�i�c�r�o�t�o�m�e�.� �S�a�m�p�l�e�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �u�n�d�e�r� �a�n� �a�c�c�e�l�e�r�a�t�i�n�g� �v�o�l�t�a�g�e� �o�f� �1�0�0� �K�V�.� 

�T�h�e� �p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �w�e�r�e� �t�h�e�n� �e�n�l�a�r�g�e�d� �b�y� �a� �f�a�c�t�o�r� �o�f� �f�o�u�r� �d�u�r�i�n�g� 

�d�e�v�e�l�o�p�i�n�g� �t�o� �e�n�h�a�n�c�e� �t�h�e� �o�b�s�e�r�v�e�d� �f�e�a�t�u�r�e�s�.� 

�2�.�3�.�7� �S�W�E�L�L�I�N�G� �E�X�P�E�R�I�M�E�N�T�S� 

�S�w�e�l�l�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �t�h�e� �c�e�r�a�m�e�r�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �T�H�F� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� �S�a�m�p�l�e�s� �w�e�r�e� �f�i�r�s�t� �e�v�a�c�u�a�t�e�d� �t�o� �r�e�m�o�v�e� �a�n�y� �r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t�.� 

�S�a�m�p�l�e� �w�e�i�g�h�t�s� �b�e�t�w�e�e�n� �0�.�5� �g�m� �t�o� �0�.�7� �g�m� �w�e�r�e� �u�s�u�a�l�l�y� �i�m�m�e�r�s�e�d� �i�n� �a� �b�e�a�k�e�r� 

�c�o�n�t�a�i�n�i�n�g� �T�H�F� �f�o�r� �u�p�t�o� �7�2� �h�o�u�r�s�,� �u�n�t�i�l� �t�h�e� �w�e�i�g�h�t� �s�t�a�b�i�l�i�z�e�d�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� 

�t�h�e�n� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �b�e�a�k�e�r�s� �a�n�d� �t�h�e�n� �i�m�m�e�d�i�a�t�e�l�y� �b�l�o�t�t�e�d� �d�r�y� �a�n�d� 

�w�e�i�g�h�e�d�.� �R�e�s�u�l�t�s� �w�e�r�e� �r�e�p�o�r�t�e�d� �a�s� �p�e�r�c�e�n�t� �w�e�i�g�h�t� �u�p�t�a�k�e� �o�f� �T�H�F�.� 

�2�.�3�.�8� �D�I�E�L�E�C�T�R�I�C� �N�E�T�W�O�R�K� �A�N�A�L�Y�S�I�S� 

�T�h�i�s� �w�o�r�k� �p�e�r�f�o�r�m�e�d� �o�n� �a� �H�P� �8�5�1�0� �n�e�t�w�o�r�k� �a�n�a�l�y�z�e�r� �w�a�s� �d�o�n�e� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� �A� �c�y�l�i�n�d�e�r�i�c�a�l� �s�a�m�p�l�e� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �r�e�s�o�n�a�n�t� �c�a�v�i�t�y� �a�n�d� �t�h�e� 

�c�h�a�n�g�e� �i�n� �t�h�e� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� �c�a�v�i�t�y� �a�s� �w�e�l�l� �a�s� �t�h�e� �Q� �f�a�c�t�o�r� �w�a�s� 

�m�e�a�s�u�r�e�d�.� �T�h�i�s� �c�h�a�n�g�e� �i�n� �t�h�e� �r�e�s�o�n�a�n�t� �f�r�e�q�u�e�n�c�y� �w�a�s� �t�h�e�n� �m�a�t�h�e�m�a�t�i�c�a�l�l�y� 

�b�r�o�k�e�n� �d�o�w�n� �i�n�t�o� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �a�n�d� �s�t�o�r�a�g�e� �f�a�c�t�o�r�s� �f�o�r� �t�h�e� 
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�t�e�s�t�e�d� �m�a�t�e�r�i�a�l� �a�s� �s�t�a�t�e�d� �e�a�r�l�i�e�r� �i�n� �c�h�a�p�t�e�r� �2�.� �A�n� �e�m�p�t�y� �N�M�R� �t�u�b�e� �i�s� �f�i�r�s�t� 

�p�l�a�c�e�d� �i�n� �t�h�e� �c�a�v�i�t�y� �a�n�d� �t�h�e� �a�n�a�l�y�z�e�r� �c�a�l�i�b�e�r�a�t�e�d� �w�i�t�h� �a�i�r� �a�s� �t�h�e� �d�i�e�l�e�c�t�r�i�c�.�.� �T�h�e� 

�t�u�b�e� �i�s� �t�h�e�n� �f�i�l�l�e�d� �w�i�t�h� �t�h�e� �s�o�l�u�t�i�o�n� �o�r� �t�h�e� �r�e�a�c�t�i�n�g� �m�e�d�i�u�m� �t�o� �b�e� �m�e�a�s�u�r�e�d� �a�n�d� 

�t�h�e� �s�t�o�r�a�g�e� �a�n�d� �l�o�s�s� �r�e�c�o�r�d�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �e�i�t�h�e�r� �t�i�m�e� �o�r� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�i�s� 

�t�e�c�h�n�i�q�u�e� �i�s� �s�e�n�s�i�t�i�v�e� �t�o� �c�h�a�n�g�e�s� �i�n� �c�h�e�m�i�s�t�r�y� �a�n�d� �h�a�s� �b�e�e�n� �u�s�e�d� �t�o� �m�o�n�i�t�o�r� 

�t�h�e� �b�u�i�l�d� �u�p� �o�f� �d�i�e�l�e�c�t�r�i�c� �l�o�s�s� �d�u�r�i�n�g� �t�h�e� �s�o�l� �g�e�l� �r�e�a�c�t�i�o�n�s�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �i�s� 

�l�i�m�i�t�e�d� �t�o� �m�a�t�e�r�i�a�l�s� �p�o�s�s�e�s�s�i�n�g� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t�s�.� �F�o�r� 

�m�a�t�e�r�i�a�l�s� �w�i�t�h� �h�i�g�h� �d�i�e�l�e�c�t�r�i�c� �s�t�r�o�a�g�e� �a�n�d� �l�o�s�s� �f�a�c�t�o�r�s� �t�h�e� �c�a�v�i�t�y� �b�e�g�i�n�s� �t�o� 

�o�p�e�r�a�t�e� �i�n� �t�h�e� �d�i�s�t�o�r�t�i�o�n� �r�e�g�i�m�e� �r�a�t�h�e�r� �t�h�a�n� �i�n� �t�h�e� �p�e�r�t�u�r�b�a�t�i�o�n� �r�e�g�i�m�e�.� 
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�C�H�A�P�T�E�R� �3� 

�S�T�R�U�C�T�U�R�E� �P�R�O�P�E�R�T�Y� �B�E�H�A�V�I�O�R� �O�F� �T�E�O�S�/�P�T�M�O� 

�C�E�R�A�M�E�R�S� �C�U�R�E�D� �I�N� �S�O�L�V�E�N�T� �M�E�D�I�A� �O�F� �N�,� �N� 

�D�I�M�E�T�H�Y�L�F�O�R�M�A�M�I�D�E� �A�N�D� �I�S�O�P�R�O�P�A�N�O�L� 
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�3�.�1� �B�R�I�E�F� �H�I�S�T�O�R�Y� �O�F� �T�H�E� �U�S�E� �O�F� �N�,� �N� 

�D�I�M�E�T�H�Y�L�F�O�R�M�A�M�I�D�E� �I�N� �S�O�L� �G�E�L� �C�H�E�M�I�S�T�R�Y� 

�T�h�e� �u�s�e� �o�f� �D�C�C�A ��s� �(�d�r�y�i�n�g� �c�h�e�m�i�c�a�l� �c�o�n�t�r�o�l� �a�d�d�i�t�i�v�e�s�)� �a�s� �c�o�m�p�a�t�i�b�i�l�i�z�i�n�g� 

�s�o�l�v�e�n�t� �m�e�d�i�a� �i�n� �s�o�l� �g�e�l� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �o�n�l�y� �T�E�O�S� �a�s� �a� �r�e�a�c�t�a�n�t� �w�a�s� 

�p�i�o�n�e�e�r�e�d� �b�y� �H�e�n�c�h� �a�n�d� �c�o�w�o�r�k�e�r�s� �(�5�3�,� �5�4�)�.� �S�i�n�c�e� �t�h�e�n� �s�e�v�e�r�a�l� �D�C�C�A ��s� �h�a�v�e� 

�b�e�e�n� �s�t�u�d�i�e�d�,� �p�r�o�m�i�n�e�n�t� �a�m�o�n�g� �t�h�e�m� �b�e�i�n�g� �1�,� �4� �d�i�o�x�a�n�e�,� �W�N�,� 

�N�-�d�i�m�e�t�h�y�l�f�o�r�m�a�m�i�d�e� �(�D�M�F�)� �a�n�d� �a�c�e�t�o�n�i�t�r�i�l�e� �(�5�5�)�.� �D�M�F� �h�a�s�,� �i�n� �p�a�r�t�i�c�u�l�a�r�,� �b�e�e�n� 

�r�e�v�i�e�w�e�d� �e�x�t�e�n�s�i�v�e�l�y� �b�e�c�a�u�s�e� �g�e�l�s� �p�r�o�d�u�c�e�d� �f�r�o�m� �o�n�l�y� �T�E�O�S� �o�r� �T�M�O�S� �i�n� �t�h�i�s� 

�m�e�d�i�a� �y�i�e�l�d� �m�o�n�o�l�i�t�h�s�.� �T�h�i�s� �h�a�s� �b�e�e�n� �f�o�u�n�d� �t�o� �o�c�c�u�r� �b�e�c�a�u�s�e� �t�h�e� �p�o�r�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �t�h�e� �r�e�s�u�l�t�i�n�g� �s�i�l�i�c�a�t�e� �g�e�l�s� �i�s� �s�h�i�f�t�e�d� �t�o� �a� �l�a�r�g�e�r� �m�e�a�n� �d�i�a�m�e�t�e�r� 

�(�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �s�i�l�i�c�a�t�e�s� �p�r�o�d�u�c�e�d� �i�n� �o�t�h�e�r� �s�o�l�v�e�n�t�s� �s�u�c�h� �a�s� �i�s�o�p�r�o�p�a�n�o�l� 

�o�r� �e�t�h�a�n�o�l�)� �w�h�i�c�h�,� �i�n� �t�u�r�n�,� �r�e�d�u�c�e�s� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �f�o�r�c�e�s�.� �T�h�i�s� 

�r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �c�a�p�i�l�l�a�r�y� �f�o�r�c�e�s� �l�e�s�s�e�n�s� �t�h�e� �i�n�t�e�r�n�a�l� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �g�e�l� �a�n�d� 

�h�e�l�p�s� �p�r�o�d�u�c�e� �m�o�n�o�l�i�t�h�i�c� �m�a�t�e�r�i�a�l�s�.� �I�t� �h�a�s� �a�l�s�o� �b�e�e�n� �s�h�o�w�n�,� �t�h�a�t� �a�p�a�r�t� �f�r�o�m� 

�t�h�e� �l�a�r�g�e�r� �p�o�r�e� �s�i�z�e�s�,� �t�h�e� �l�o�w� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �l�i�q�u�i�d� �r�e�m�a�i�n�i�n�g� �i�n� �t�h�e� 

�p�o�r�e�s� �d�u�r�i�n�g� �d�r�y�i�n�g�,� �i�s� �f�a�v�o�u�r�a�b�l�e� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �m�o�n�o�l�i�t�h�s� �w�i�t�h�o�u�t� 

�c�r�a�c�k�s� �o�r� �f�r�a�c�t�u�r�e�.� �D�M�F� �i�s� �k�n�o�w�n� �t�o� �h�y�d�r�o�g�e�n� �b�o�n�d� �w�i�t�h� �t�h�e� �s�i�l�a�n�o�l� �m�o�i�t�i�e�s� �i�n� 

�t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �t�h�e�r�e�b�y� �f�o�r�m�i�n�g� �a� �s�h�i�e�l�d� �a�r�o�u�n�d� �t�h�e�s�e� �r�e�a�c�t�i�v�e� �s�i�t�e�s� �a�n�d� 

�s�l�o�w�i�n�g� �d�o�w�n� �c�o�n�d�e�n�s�a�t�i�o�n� �b�y� �r�e�d�u�c�i�n�g� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �r�e�a�c�t�i�v�e� �s�p�e�c�i�e�s�.� �T�h�i�s� 

�c�a�n� �r�e�s�u�l�t� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �r�i�n�g� �(�s�i�l�i�c�a�t�e�)� �s�t�r�u�c�t�u�r�e�s� �w�h�i�c�h� �t�h�e�n� �g�i�v�e� �r�i�s�e� �t�o� 

�p�o�r�o�u�s� �g�e�l�s� �u�p�o�n� �u�n�d�e�r�g�o�i�n�g� �d�e�s�s�i�c�a�t�i�o�n�.� 
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�3�.�1�.� �I�N�T�R�O�D�U�C�T�I�O�N� �A�N�D� �O�B�J�E�C�T�I�V�E�S� 

�I�n� �o�u�r� �o�w�n� �l�a�b�o�r�a�t�o�r�i�e�s� �H�u�a�n�g� �(�8�4�)� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �t�h�e� �u�s�e� �o�f� �a� �1�:�1� �m�i�x�t�u�r�e� �o�f� 

�D�M�F� �a�n�d� �i�s�o�p�r�o�p�a�n�o�l� �(�I�P�A�)� �a�s� �c�o�m�p�a�t�i�b�i�l�i�z�i�n�g� �s�o�l�v�e�n�t�s� �i�n� �t�h�e� �a�c�i�d� �c�a�t�a�l�y�z�e�d� 

�r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �T�E�O�S� �(�t�e�t�r�a�e�t�h�y�l�o�r�t�h�o�s�i�l�i�c�a�t�e�)� �a�n�d� �e�n�d�c�a�p�p�e�d� �P�T�M�O� 

�(�p�o�l�y�t�e�t�r�a�m�e�t�h�y�l�e�n�e� �o�x�i�d�e�)� �r�e�s�u�l�t�e�d� �i�n� �c�e�r�a�m�e�r� �s�y�s�t�e�m�s� �w�h�i�c�h� �d�i�s�p�l�a�y�e�d� 

�u�n�i�q�u�e� �p�r�o�p�e�r�t�i�e�s�.� �T�h�i�s� �c�e�r�a�m�e�r� �f�i�l�m� �w�a�s� �s�h�o�w�n� �t�o� �b�e� �m�o�r�e� �s�h�a�r�p�l�y� �p�h�a�s�e� 

�s�e�p�a�r�a�t�e�d� �a�s� �s�e�e�n� �f�r�o�m� �D�M�A� �a�n�d� �S�A�X�S� �d�a�t�a� �a�n�d� �p�o�s�s�e�s�s�e�d� �a� �m�u�c�h� �h�i�g�h�e�r� 

�m�o�d�u�l�u�s� �t�h�a�n� �c�o�r�r�e�s�p�o�n�d�i�n�g� �T�E�O�S�/�P�T�M�O� �c�e�r�a�m�e�r�s� �p�r�e�p�a�r�e�d� �i�n� �T�H�F� 

�(�t�e�t�r�a�h�y�d�r�o�f�u�r�a�n�)� �a�n�d� �I�P�A�.� �V�e�r�y� �f�e�w� �d�e�t�a�i�l�e�d� �s�t�u�d�i�e�s� �w�e�r�e� �h�o�w�e�v�e�r� �c�o�n�d�u�c�t�e�d� 

�o�n� �t�h�e� �T�E�O�S�/�P�T�M�O� �c�e�r�a�m�e�r�s� �r�e�a�c�t�e�d� �i�n� �D�M�F�/�I�P�A� �w�i�t�h� �r�e�g�a�r�d�s� �t�o� �t�h�e�i�r� 

�s�t�r�u�c�t�u�r�e� �p�r�o�p�e�r�t�y� �r�e�l�a�t�i�o�n�s�h�i�p�s� �a�n�d� �t�h�e�i�r� �a�g�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�T�h�e� �s�h�a�r�p�e�r� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �o�l�i�g�o�m�e�r�i�c� �c�o�m�p�o�n�e�n�t� �a�n�d� �t�h�e� 

�i�n�o�r�g�a�n�i�c� �c�o�m�p�o�n�e�n�t� �s�e�e�n� �i�n� �t�h�e�s�e� �T�E�O�S�/�P�T�M�O� �m�a�t�e�r�i�a�l�s� �r�e�a�c�t�e�d� �i�n� �D�M�F�/�I�P�A� 

�p�r�o�v�i�d�e�s� �a� �u�n�i�q�u�e� �o�p�p�o�r�t�u�n�i�t�y� �t�o� �e�n�h�a�n�c�e� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �r�e�a�c�t�i�v�e� 

�d�i�p�o�l�e�s� �u�s�i�n�g� �m�i�c�r�o�w�a�v�e� �p�r�o�c�e�s�s�i�n�g�.� �F�u�r�t�h�e�r� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �w�h�i�c�h� �a�l�s�o� 

�o�c�c�u�r�s� �b�e�t�w�e�e�n� �t�h�e� �D�M�F� �a�n�d� �t�h�e� �h�y�d�r�o�l�y�s�e�d� �T�E�O�S� �i�n� �t�h�e�s�e� �s�y�s�t�e�m�s� �(�5�9�)� �h�a�s� 

�b�e�e�n� �f�o�u�n�d� �t�o� �p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �o�f� �m�i�c�r�o�w�a�v�e� �r�a�d�i�a�t�i�o�n�.� 
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�B�a�s�e�d� �o�n� �t�h�e�s�e� �o�b�s�e�r�v�a�t�i�o�n�s� �a�n� �a�t�t�e�m�p�t� �w�a�s� �m�a�d�e� �t�o� �s�t�u�d�y� �t�h�e� �a�c�t�i�o�n� �o�f� 

�D�M�F�/�I�P�A� �c�o�s�o�l�v�e�n�t� �s�y�s�t�e�m� �o�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �p�r�o�p�e�r�t�y� �r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� 

�T�E�O�S�/�P�T�M�O� �c�e�r�a�m�e�r�s� �w�h�e�n� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�t� �e�l�e�v�a�t�e�d� 

�t�e�m�p�e�r�a�t�u�r�e�s�.� �A�s� �s�t�a�t�e�d� �e�a�r�l�i�e�r� �i�n� �c�h�a�p�t�e�r� �1� �t�h�i�s� �w�a�s� �b�r�o�u�g�h�t� �a�b�o�u�t� �b�y� �u�s�i�n�g� 

�c�o�n�v�e�n�t�i�o�n�a�l� �h�e�a�t�i�n�g� �(�c�o�n�v�e�c�t�i�o�n� �o�v�e�n�)� �a�s� �w�e�l�l� �a�s� �m�i�c�r�o�w�a�v�e� �r�a�d�i�a�t�i�o�n�.� �T�h�e� 

�r�e�a�c�t�a�n�t�s� �w�e�r�e� �h�e�a�t�e�d� �t�o� �7�0�°�C� �b�y� �b�o�t�h� �t�h�e� �a�b�o�v�e� �m�e�n�t�i�o�n�e�d� �m�e�a�n�s�.� �R�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �c�u�r�e�d� �T�E�O�S�/�P�T�M�O� �c�e�r�a�m�e�r�s� �w�e�r�e� �a�l�s�o� �s�t�u�d�i�e�d� �i�n� �o�r�d�e�r� �t�o� 

�c�o�n�t�r�a�s�t� �t�h�e�i�r� �p�r�o�p�e�r�t�i�e�s� �w�i�t�h� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �c�e�r�a�m�e�r� �f�i�l�m�s� �c�u�r�e�d� �a�t� 

�7�0�°�C�.� �T�h�i�s� �c�h�a�p�t�e�r� �w�i�l�l� �t�h�e�r�e�f�o�r�e� �e�s�s�e�n�t�i�a�l�l�y� �d�e�t�a�i�l� �t�h�e� �e�f�f�e�c�t�s� �o�f� �m�i�c�r�o�w�a�v�e� 

�r�a�d�i�a�t�i�o�n� �o�n� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�t�w�e�e�n� �T�E�O�S� �e�n�d�c�a�p�p�e�d� �P�T�M�O� �a�n�d� �t�h�e� �c�o�n�s�e�q�u�e�n�t� 

�s�t�r�u�c�t�u�r�e� �p�r�o�p�e�r�t�y� �r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �t�h�e�s�e� �m�i�c�r�o�w�a�v�e�d� �f�i�l�m�s�.� �P�r�o�p�e�r�t�i�e�s� �o�f� 

�T�E�O�S�/�P�T�M�O� �f�i�l�m�s� �p�r�o�d�u�c�e�d� �b�y� �c�o�n�v�e�n�t�i�o�n�a�l� �m�e�a�n�s� �a�t� �7�0�°�C� �o�r� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �w�i�l�l� �b�e� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �m�i�c�r�o�w�a�v�e�d� �f�i�l�m�s�.� 

�T�h�u�s� �t�h�e� �s�t�r�u�c�t�u�r�e� �p�r�o�p�e�r�t�y� �r�e�l�a�t�i�o�n�s�h�i�p�s� �o�f� �t�h�e�s�e� �c�e�r�a�m�e�r�s� �i�.� �e�.� �m�i�c�r�o�w�a�v�e�d�,� 

�o�v�e�n� �c�u�r�e�d� �a�n�d� �R�T� �c�u�r�e�d� �f�i�l�m�s� �w�i�l�l� �b�e� �s�t�u�d�i�e�d� �u�s�i�n�g� �s�t�r�e�s�s� �s�t�r�a�i�n�,� �D�M�A�,� �S�A�X�S�,� 

�F�T�I�R� �a�n�d� �s�o�m�e� �D�S�C� �a�n�a�l�y�s�i�s�.� �A�g�i�n�g� �s�t�u�d�i�e�s� �w�e�r�e� �a�l�s�o� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s� �a�f�t�e�r� �a� �p�e�r�i�o�d� �o�f� �o�n�e� �m�o�n�t�h� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �l�o�n�g� �t�e�r�m� �e�f�f�e�c�t�s� �o�f� 

�e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�c�e�s�s�i�n�g�.� 
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�3�.�2� �E�X�P�E�R�I�M�E�N�T�A�L� �M�E�T�H�O�D�S� �A�N�D� �S�A�M�P�L�E� 

�P�R�E�P�A�R�A�T�I�O�N� 

�S�a�m�p�l�e� �f�o�r�m�u�l�a�t�i�o�n� �f�o�r� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �c�o�n�s�i�s�t�e�d� �i�n�i�t�i�a�l�l�y� �o�f� �6�(�0�w�t�%� �o�f� �T�E�O�S� 

�w�i�t�h� �t�h�e� �r�e�m�a�i�n�d�e�r� �(�i�.� �e�.� �4�0� �w�t�%�)� �c�o�n�s�t�i�t�u�t�e�d� �b�y� �t�r�i�e�t�h�o�x�y�s�i�l�a�n�e� �e�n�d�c�a�p�p�e�d� 

�p�o�l�y�t�e�t�r�a�m�e�t�h�y�l�e�n�e� �o�x�i�d�e� �(�M�n�=�2�0�0�0�)�.� �W�a�t�e�r� �w�a�s� �a�d�d�e�d� �i�n� �a�n� �a�m�o�u�n�t� 

�e�q�u�i�v�a�l�e�n�t� �o�f� �1�0�0�w�t�%�,� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �a�m�o�u�n�t� �n�e�c�e�s�s�a�r�y� �t�o� 

�h�y�d�r�o�l�y�s�e� �a�l�l� �a�l�k�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�t�i�e�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� 

�H�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �(�1�0�N�)� �w�a�s� �a�d�d�e�d� �t�o� �c�a�t�a�l�y�s�e� �t�h�e� �r�e�a�c�t�i�o�n� �a�n�d� �t�h�e� �m�o�l�a�r� �r�a�t�i�o� 

�o�f� �H�C�I� �t�o� �T�E�O�S� �w�a�s� �0�.�0�4�8�.� �D�M�F� �a�n�d� �I�P�A� �w�e�r�e� �u�s�e�d� �a�s� �c�o�s�o�l�v�e�n�t�s� �t�o� �p�r�o�m�o�t�e� 

�m�i�s�c�i�b�i�l�i�t�y� �b�e�t�w�e�e�n� �t�h�e� �p�o�l�y�m�e�r�,� �w�a�t�e�r� �a�n�d� �T�E�O�S�.� �T�h�e�y� �w�e�r�e� �a�d�d�e�d� �i�n� �a� 

�v�o�l�u�m�e� �r�a�t�i�o� �o�f� �1�:�1� �t�o� �t�h�e� �r�e�a�c�t�i�n�g� �m�i�x�t�u�r�e�.� �T�h�e� �n�o�m�e�n�c�l�a�t�u�r�e� �f�o�r� �t�h�i�s� �m�a�t�e�r�i�a�l� 

�i�s� �s�h�o�w�n� �i�n� �F�i�g� �3�.�1�.� 

�T�h�e� �p�r�o�c�e�d�u�r�e� �c�h�o�s�e�n� �f�o�r� �s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g� �3�.�2�.� �T�h�e� 

�r�e�a�c�t�a�n�t�s� �T�E�O�S� �a�n�d� �P�T�M�O� �w�e�r�e� �i�n�i�t�i�a�l�l�y� �a�d�d�e�d� �t�o� �a� �c�o�s�o�l�v�e�n�t� �s�y�s�t�e�m� �o�f� �I�P�A� 

�a�n�d� �D�M�F�.� �T�h�i�s� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �a� �p�e�r�i�o�d� �o�f� �t�w�e�n�t�y� �m�i�n�u�t�e�s� �t�o� �e�n�h�a�n�c�e� 

�m�i�s�c�i�b�i�l�i�t�y� �b�e�t�w�e�e�n� �t�h�e� �r�e�a�c�t�a�n�t�s� �a�n�d� �a�l�s�o� �t�o� �p�r�o�d�u�c�e� �a� �h�o�m�o�g�e�n�o�u�s� �r�e�a�c�t�i�o�n� 

�m�i�x�t�u�r�e�.� �W�a�t�e�r� �a�n�d� �a�c�i�d� �c�a�t�a�l�y�s�t� �w�e�r�e� �t�h�e�n� �a�d�d�e�d� �t�o� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� 

�w�h�i�c�h� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �a�n� �a�d�d�i�t�i�o�n�a�l� �p�e�r�i�o�d� �o�f� �t�w�o� �m�i�n�u�t�e�s�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�t�h�e�n� �p�o�u�r�e�d� �i�n�t�o� �p�e�t�r�i� �d�i�s�h�e�s�,� �f�o�l�l�o�w�i�n�g� �w�h�i�c�h� �t�h�e�y� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �t�h�e�i�r� 

�r�e�s�p�e�c�t�i�v�e� �c�u�r�i�n�g� �p�r�o�c�e�s�s�e�s� �w�h�i�c�h� �w�i�l�l� �b�e� �d�e�t�a�i�l�e�d� �s�h�o�r�t�l�y�.� 
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�N�O�M�E�N�C�L�A�T�U�R�E� �F�O�R� �S�O�L� �G�E�L� �H�Y�B�R�I�D�S� 
�T�E�O�S�(�6�0�)�-�P�T�M�O�(�2�K�)�-�1�0�0�-�0�.�0�4�8� 

�I�T�E�M� �°� �©� �D�E�S�C�R�I�P�T�I�O�N� 

�T�E�O�S� �T�e�t�r�a�e�t�h�y�l�o�r�t�h�o�s�i�l�i�c�a�t�e� 

�(�6�0�)� �W�t�%� �O�f� �T�E�O�S� �T�o� �O�l�i�g�o�m�e�r� 

�P�T�M�O�(�2�K�)� �F�u�n�c�t�i�o�n�a�l�i�z�e�d� �O�l�i�g�o�m�e�r� �(�M�W�)� 

�1�0�0� �R�a�t�i�o� �W�a�t�e�r� �T�o� �A�l�k�o�x�i�d�e� �(�M�o�l�%�)� 

�0�.�0�4�8� �R�a�t�i�o� �A�c�i�d� �T�o� �A�l�k�o�x�i�d�e� �(�M�o�l�%�)� �.� 

�(�T�H�F�/�I�P�A�)� �S�o�l�v�e�n�t�s� �F�o�r� �C�o�m�p�a�t�i�b�i�l�i�t�y� 
�(�D�M�F� �/�I�P�A�)�.� 

�F�i�g�u�r�e� �3�.�1�.� �N�o�m�e�n�c�l�a�t�u�r�e� �f�o�r� �t�h�e� �c�e�r�a�m�e�r�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� 
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�I�P�A�.� �D�M�F�,� �P�T�M�O�,� �-�T�E�O�S� 

�M�I�X� �F�C�R� �2�O� �M�I�N�U�T�E�S� �A�T� �R�T� 

�A�D�D�O� �W�A�T�E�R�,� �H�C�!� 

�M�I�X� �F�O�R� �2�@� �M�I�N�U�T�E�S� �A�T� �R�T� 

� � 

�M�.� �W�.� �7�O�C� �R�T� �C�U�R�E� �0�.� �C�.� �7�O�C� 
 ¬�2�0� �M�I�N�)� �C�6� �D�A�Y�S�)� �C�2� �H�O�U�R�S�)� 

�P�R�O�C�E�D�U�R�A�L� �S�C�H�E�M�A�T�I�C� �F�O�R� �P�R�E�P�A�R�A�T�I�O�N� �O�F� �S�O�L� �G�E�L�S� 
�I�P�A� �=� �2�@�-�P�r�o�p�a�n�o�l�.� �O�M�F� �=� �n�.� �n�m� �D�i�m�e�t�h�y�l� �F�o�r�m�a�m�i� �d�e� 
�P�T�M�O� �=� �e�n�d�c�a�p�p�e�d� �P�o�l�y�t�e�t�r�a�m�e�t�h�y�l�e�n�e� �o�x�i�d�e� 
�T�E�O�S� �=� �T�e�t�r�a�e�t�h�y�l�o�r�t�h�o�s�i� �|� �i�c�a�t�e� 

�F�i�g�u�r�e� �3�.�2�.� �P�r�o�c�e�d�u�r�e� �u�s�e�d� �f�o�r� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �c�e�r�a�m�e�r�s� �i�n� �s�o�l�v�e�n�t� �m�e�d�i�a� �c�o�n�s�i�s�t�i�n�g� �o�f� �I�P�A� 
�a�n�d� �D�M�F�.� 
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�A�s� �s�t�a�t�e�d� �e�a�r�l�i�e�r�,� �t�h�e� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e� �c�h�o�s�e�n� �f�o�r� �t�h�e� �s�t�r�u�c�t�u�r�e�-�p�r�o�p�e�r�t�y� 

�s�t�u�d�y� �w�a�s� �7�0�°�C�.� �T�h�e� �o�v�e�n� �c�u�r�e�d� �c�e�r�a�m�e�r�s� �w�e�r�e� �h�e�a�t�e�d� �f�o�r� �t�w�o� �h�o�u�r�s� �i�n� �a� 

�c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �a�f�t�e�r� �w�h�i�c�h� �t�h�e�y� �w�e�r�e� �r�e�m�o�v�e�d� �a�n�d� �s�u�b�j�e�c�t�e�d� �t�o� �p�h�y�s�i�c�a�l� 

�t�e�s�t�i�n�g�.� �T�h�e�s�e� �s�a�m�p�l�e�s� �w�e�r�e� �d�e�n�o�t�e�d� �a�s�  ��O�.� �C�.� �7�0�C ��.� �M�i�c�r�o�w�a�v�e�d� �s�a�m�p�l�e�s� 

�w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �a� �m�a�n�n�e�r� �i�d�e�n�t�i�c�a�l� �w�i�t�h� �t�h�a�t� �o�f� �t�h�e�i�r� �o�v�e�n� �c�u�r�e�d� �c�o�u�n�t�e�r�p�a�r�t�s�;� 

�t�h�e� �c�h�i�e�f� �e�x�c�e�p�t�i�o�n� �b�e�i�n�g� �t�h�a�t� �t�h�e�y� �w�e�r�e� �p�l�a�c�e�d� �i�n� �t�h�e� �c�y�l�i�n�d�e�r�i�c�a�l� �m�i�c�r�o�w�a�v�e� 

�c�a�v�i�t�y� �a�n�d� �h�e�a�t�e�d� �d�u�e� �t�o� �t�h�e� �c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �p�o�l�a�r� �g�r�o�u�p�s� �i�n� �t�h�e� �r�e�a�c�t�i�n�g� 

�m�i�x�t�u�r�e� �a�n�d� �m�i�c�r�o�w�a�v�e� �r�a�d�i�a�t�i�o�n� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �c�h�a�p�t�e�r� �2�.� �A� �g�l�a�n�c�e� �a�t� �t�h�e� 

�m�i�c�r�o�w�a�v�e� �h�e�a�t�i�n�g� �p�r�o�f�i�l�e� �s�h�o�w�n� �i�n� �F�i�g� �3�.�3� �i�n�d�i�c�a�t�e�s� �a� �s�t�e�e�p�e�r� �i�n�i�t�i�a�l� �h�e�a�t�i�n�g� 

�r�a�t�e� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� �o�v�e�n� �c�u�r�i�n�g�.� �T�h�e� �s�a�m�p�l�e� �p�l�a�c�e�d� �i�n� �t�h�e� �m�i�c�r�o�w�a�v�e� 

�c�a�v�i�t�y� �b�e�g�a�n� �t�o� �h�e�a�t� �a�l�m�o�s�t� �a�s� �s�o�o�n� �a�s� �t�h�e� �p�o�w�e�r� �w�a�s� �t�u�r�n�e�d� �o�n�.� �S�a�m�p�l�e�s� 

�h�e�a�t�e�d� �t�o� �7�0�°�C� �i�n� �t�h�e� �m�i�c�r�o�w�a�v�e� �c�a�v�i�t�y� �a�r�e� �d�e�n�o�t�e�d� �b�y�  ��M�.� �W�.� �7�0�C ��.� �T�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�a�i�s�e�d� �t�o� �7�0�°�C� �i�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �6� �m�i�n�u�t�e�s�.� �T�h�e� �r�a�t�e� �o�f� 

�h�e�a�t�i�n�g� �d�e�c�r�e�a�s�e�d� �a�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�a�c�h�e�d� �7�0�°�C�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� 
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�i�n� �t�h�e� �c�a�v�i�t�y� �e�q�u�a�l� �t�o� �2�0� �m�i�n�u�t�e�s�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �c�o�n�t�i�n�u�o�u�s�l�y� �m�o�n�i�t�o�r�e�d� 

�u�s�i�n�g� �a� �f�i�b�e�r� �o�p�t�i�c� �p�r�o�b�e� �p�l�a�c�e�d� �d�i�r�e�c�t�l�y� �i�n�t�o� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �r�e�a�c�t�i�n�g� �m�i�x�t�u�r�e� 

�a�n�d� �t�h�r�e�e� �o�t�h�e�r�s� �p�l�a�c�e�d� �o�n� �t�h�e� �p�e�r�i�p�h�e�r�y� �t�o� �c�h�e�c�k� �f�o�r� �t�h�e�r�m�a�l� �g�r�a�d�i�e�n�t�s�.� 

�F�l�u�c�t�u�a�t�i�o�n�s� �i�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�a�m�p�l�e� �(�M�.� �W�.� �7�0�C�)� �a�t� �7�0�°�C� �w�e�r�e� �n�o�t� 

�p�e�r�m�i�t�t�e�d� �t�o� �e�x�c�e�e�d� �1�°�C�.� �T�h�i�s� �i�s� �u�s�u�a�l�l�y� �a�c�h�i�e�v�e�d� �b�y� �c�o�n�s�t�a�n�t�l�y� �t�u�n�i�n�g� �t�h�e� 

�m�i�c�r�o�w�a�v�e� �c�a�v�i�t�y�.� �T�h�e� �h�e�a�t�i�n�g� �p�r�o�f�i�l�e�s� �f�o�r� �o�v�e�n� �a�s� �w�e�l�l� �a�s� �m�i�c�r�o�w�a�v�e� �c�u�r�e�d� 

�f�i�l�m�s� �i�n� �i�n� �F�i�g� �3�.�3� �s�h�o�w�s� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e� �i�n� �a� �c�o�n�v�e�n�t�i�o�n�a�l� 

�c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �i�s� �m�u�c�h� �s�l�o�w�e�r� �t�h�a�n� �f�o�r� �t�h�e� �m�i�c�r�o�w�a�v�e� �p�r�o�c�e�s�s�.� �T�h�e� 
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