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The frequency dependence and temperature dependence of 

the complex dielectric constant of water is of great 

interest. The temperature dependence of the physical 

properties of water given in the literature, specific heat, 

thermal conductivity, electric conductivity, pH, etc. are 

compared to the a. c. (microwave) and d. c. conductivity of 

water with a variety of concentration of different 

substances such as HC1, NaCl, HaS04, etc. When each of these 

properties is plotted versus inverse absolute temperature, 

it can be seen that each sample shows "transition 

temperatures". In this work, Slater's perturbation equations 

for a resonant microwave cavity were used to analyze the 

experimental results for the microwave data. The presence 

of two transition regions in the real term of the dielectric 

response £' near 310 K and 323 K appear and are assumed to 

demonstrate second order phase changes in the aqueous 

systems. Furthermore, the microwave resonant frequency of 

water was determined by conducting experiments over the 

frequency range of 3 GHz to 34 GHz. A temperature dependence 



study was made of the microwave index of refraction. This 

experiment showed that a Debye resonance in water seems to 

lie in between the two frequencies, 16.535 and 17.175 GHz. 

This resonance is evidenced by the change of slope of the 

plot of the dielectric response of water vs. temperature 

over these frequency ranges. This effect indicates a change 

from below resonance to above resonance condition for one of 

the dielectric relaxation frequencies of water. In addition, 

some preliminary data were taken oni gel systems to determine 

if the method could be used to determine bonding in vicinal 

water. The dielectric constant of gels vs. absolute 

temperature is also significantly different near the 

transition temperature of 323 K as the temperature is 

cycled. 
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CHAPTER I 

INTRODUCTION 

During the 1930's many measurements of the dielectric 

constants of vapors and dilute solutions were made and the 

electric dipole moments of polar molecule deduced1,2. 

Furthermore, interpretations of the electric dipole moment 

in terms of bond length, bond angle, and electronegativity 

can be interpretated in terms of molecular wave functions. 

The molecular polarizability, or dipole induced by unit 

electric field, is another important quantity obtainable 

from dielectric measurements. At the same time, the hydrogen 

bond and activation energy of water can be investigated. A 

method of relating the static field dielectric constant to 

the structure correlation of polar molecules in a liquid was 

worked out by Kirkwood3 and Frohlich4. Their results can be 

applied in studies of water. 

The frequency dependence and temperature dependence of 

the complex dielectric constant of molecules is of great 

interest. Information can be obtained on the activation 

energies of the processes of molecular orientation and the 

interaction of hydrogen bonds inside water systems. 

Therefore, we have summarized the physical properties of 

water as found in the literature5,4 such as, specific heat, 

thermal conductivity, compressibility, heat capacity, bulk 

1 
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modulus, pH, proton relaxation time, viscosity, surface 

tension,index of refraction, dielectric constant, etc.. (See 

figures 1-1,2,3,4,5) These physical properties of water show 

temperature dependence. A number of experiments concerning 

the water molecule have been performed over the last several 

decades to investigate the dielectric properties of solid, 

liquid and gas phases of water which have provided an 

important approach to understand the structure of water. 

Various techniques have been used to investigate the 

dielectric behavior of polar and non-polar liquids at low 

frequencies. As a matter of fact, the water molecule has 

been extensively studied by various techniques and it is not 

completely understood as a material. Because it possesses 

both amorphous and non-amorphous properties, it becomes an 

interesting and wonderful target to be explored. Some of 

these results of the water molecule, which indicate order 

change in water sample, are summarizied in this work for 

comparison with our own experiment on water. For example, we 

can see a minimum in the specific heat curve near 310 K, a 

minimum in the bulk modulus at 323 K, a minimum in the 

compressibility at 323 K, a change in the dielectric 

response at microwave frequencies above 330 K, etc.. From 

these results, we see some unexplained properties of the 

water molecule appearing in the literature. For these 

reasons, experiments were conducted to attempt to elaborate 

the bonding nature of water through dielectric relaxation 
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and d.c. conductivity studies of the substance subjected to 

various temperature and frequency conditions. In this work, 

measurements on the d.c. and a.c. ( microwave ) conductivity 

and relaxation properties of aqueous solutions of controlled 

concentrations over a suitable range of temperatures were 

made. From these experiments, it is possible to gain data 

which can be used to determine relative behavior of the ions 

and molecules within the surrounding network of the solvent. 

From the results of Roberts et al.7 , it was shown that the 

slope of the Arrhenius plots over these ranges of 

temperature, 273<T<323 K and 323<T<360 K, enables relative 

reaction rates to be established for aqueous ionic 

solutions. These experiments demonstrate that over the 

temperature range 273<T<323 K water systems have different 

properties from the range 323<T<360 K. They showed that the 

slope of the Arrhenius plot in the lower range of 

temperatures, 273<T<323 K, has nearly a constant slope for 

varying concentration levels. However, for the higher range 

of temperatures, 323<T<360 K, the slope of the Arrhenius 

plot varied more than one order of magnitude for the 

concentrations studied. The microwave data on the water 

molecules shows that the water system responds differently 

to the applied microwave field as the surrounding molecules 

are perturbed by changing the temperature while probing at a 

given microwave frequency (See fig. 1-6), because the 

bonding structures are altered by temperature. In addition 
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to the temperature dependence of the structure of water, the 

application of different frequency microwave fields should 

enable the range of relaxation times for the water systems 

to be determined. This frequency dependency with temperature 

can be seen in figure (1-6). The different effective slope 

of the dielectric response vs. temperature as the driving 

frequency is changed from 3 to 35 GHz shows a transition 

frequency around 17 GHz. Note that the data at 9 GHz shows 

both positive and negative trends in the dielectric response 

with a transition temperature near 300 K. This transition 

region for the a.c. components of the relaxation mechanisms 

for an applied microwave field in the range 13.6<f<17.7 GHz 

became the object of this study. 

The dielectric constant values of water were determined 

by capacitance measurements made at frequencies varying from 

0.5 KHz to 50 KHz8. Malmberg and Maryott9 measured the low 

frequency dielectric constant of water at frequencies 

between 3 and 96 KHz. Some investigations of the dielectric 

constant of water were done in the MHz region and the 

relaxation process studied as well10. Detailed 

investigations of water were made by Collie et al.11 and 

Saxton and Lane13 in the GHz region. In some cases the 

degree of freedom of orientation of the molecular dipoles 

may disappear when a liquid solidifies. When they do not, 

they disappear at lower temperature, the transitions lattice 

changes being of the second order. It has been shown by 
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Smyth13 that from measurements of the static dielectric 

constant of compounds as a function of the temperature, 

important conclusions concerning molecular freedom may be 

drawn. The drop in the dielectric constant of nitromethane 

from 45.5 to 3.93 at low frequency, 70 KHz14, is caused by 

the electronics and atomic polarizations. The permanent 

dipoles cannot orient in an applied field. This does not 

exclude all molecular rotations, because a fixed dipole axis 

allows the rotation of the molecule about this axis. It is 

found that the dipole relaxation occurs at relatively high 

frequencies. 

In this work, the resonant microwave cavity is used in 

place of the tuned L-C resonant circuit. The main reason for 

this is that the resonant microwave cavity can have a higher 

quality factor Q. The quality factor Q is defined as the 

ratio of the resonant center frequency to the half power 

frequency width of the resonant absorption profile for the 

tuned resonant circuit. In addition, the resonant microwave 

cavity may have lower resistances than the tuned resonant 

circuit. From that point of view, the main difference 

between those two is that the voltage and the current of the 

tuned resonant circuit are replaced by electromagnetic 

fields. 

A resonant microwave cavity was employed in this work 

to investigate the polyphasal behavior of water in ice, 

liquid and gel matrices for different frequency microwave 
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fields. These studies were made through a temperature 

cycling of the molecule as they were probed by the external 

fields. 

The well known phase changes solid <r> liquid <-» gas show 

systematic changes in the dielectric response for all 

materials15, but the water molecule displays some properties 

which indicate second order phase changes. These second 

order phase changes have been investigated by using static 

measurements and frequency dependent measurements on the 

electric conductivity and dielectric response of the 

material over the range of temperature of 100<T<36<) K. 

The theoretical concepts used in this work for the 

resonant cavity are perturbation theories which were 

introduced by Bethe-Schwinger18 in 1943 and by Slater17 in 

1969 for resonant cavities. From these two Perturbation 

theories, it can be seen that the primary idea of the 

restricted conditions of the perturbation of the resonant 

cavity are basically the same. The key points of each one of 

the resonant cavity perturbation theories are given below. 

According to the Bethe-Schwinger Perturbation theory of the 

measurement of dielectric constants, one has to pay more 

careful attention to the three important things as follows. 

First of all, the dielectric material should be placed with 

all its surfaces parallel to the electric field. Secondly, 

the volume of the dielectric sample should be sufficiently 

small so that the frequency shift is small compared with the 
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resonant frequency in the cavity. Finally, it" possible, the 

dielectric sample should be given such a shape that it does 

not disturb the configurations of the field symmetry of the 

cavity after the sample to be studied is placed in the 

cavity. 

Slater's perturbation theory17 was used to explain the 

interaction of material properties and the electromagnetic 

fields in the resonant cavity. For example, the sample 

inserted into the resonant cylindrical cavity satisfies the 

condition that the volume of the sample is much smaller than 

that of cavity. It perturbs the electromagnetic field inside 

the cavity, so that it causes the resonant frequency shift 

and the quality factor Q to change in accordance with the 

electrical properties of the material. In this experiment, 

each sample of water to be studied was placed in a thin 

walled pyrex "test tube" of 0.0018 m outer diameter and 

0.0013 m inner diameter. At the same time, to avoid the iris 

effect which depends on the position of the sample in the 

cavity, the sample is put along the symmetry axis with more 

than 1.0 cm depth of penetration inside the cavity. In the 

present work, the sample was placed at a position along the 

symmetry axis at 1.5 cm depth of penetration in the 

cylindrical cavity, operating in the TM010 mode for maximum 

coupling to the sample. The magnetic field effects could be 

considered to be negligible when the sample is in the 

maximum electric field. 
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Physical quantities are important properties to 

consider such as relaxation rate, viscosity, surface 

tension, etc., as we study the structure of material and the 

internal interaction of matter. We can change some of 

physical or chemical quantities in the sample to determine 

what to focus on. The relaxation rate is defined as the rate 

at which the system comes into an equilibrium state due to 

the changing temperature, electric field and magnetic field 

of its surroundings. According to Kauzmann18, this 

relaxation rate depends on temperature, thermal conductivity 

and electric conductivity. In other words, the relaxation 

rates are a function of the temperature. The* rate can be 

considered as the portion of the dielectric polarization 

arising from the orientation of permanent dipole molecules 

which come into equilibrium with the temperature dependence 

of an applied field. This natural dependence of the 

relaxation rates on temperature is very significant in 

understanding the physical nature of the process. The 

interaction of molecules varies with the temperature, which 

results in the average thermal energy fluctuation in the 

medium. This is similar to the rate of chemical reactions. 

These factors can be applied to the phenomenon of dielectric 

relaxation rates in order to have an understanding of their 

fundamental mechanisms. In chemical analysis, the reaction 

rate is generally dependent upon the concentrations of the 

reacting substances. On the other hand, if all other 
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conditions are held constant, the concentration of a 

reactant is increased, more molecules are crowded into a 

given volume, and the total number of molecular collisions 

per unit time is increased; this results in an increase in 

the rate of the reaction. In addition to chemical analysis, 

physical method are sometimes used to follow the progress of 

chemical reactions. These physical methods are applicable 

only when some measurable change takes place in the course 

of the reaction, such as a changing total pressure, acidity 

or alkalinity, conductivity, volume, temperature, or 

viscosity, etc.. The viscosity of any liquid is defined as 

resistance to flow. One way of determining the viscosity of 

a liquid is to measure the time that it takes for a definite 

amount of the liquid to pass through a tube of small 

diameter under a given pressure. Andrade's19 theory of 

viscosity states that the viscosity of a liquid arises from 

collisions between two molecules. Therefore, resistance to 

flow is largely due to the attractions between molecules, 

and the measurement of the viscosity of a liquid gives a 

simple estimate of the strength of these attractions. 

Allowance should be made for other factors such as molecular 

weight and the structure of the molecules. Liquids with 

large, irregularly shaped molecules are generally more 

viscous than liquids with small, spherical molecules. In 

general, the viscosity of a liquid decreases with increasing 

temperature of a liquid, because the cohesive forces are 
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lower and there is more interaction due to molecular motion. 

Increasing the pressure generally increases the viscosity of 

a given liquid. Another property of a liquid related to the 

intermolecular forces of attraction is surface tension. 

Surface tension is a measure of this inward force on the 

surface of a liquid, the force which must be overcome to 

expand the surface area. A molecule in the center of a 

liquid is attracted equally in all directions by surrounding 

molecules. Nevertheless, molecules on the surface of a 

liquid are attracted only toward the interior of the liquid. 

As always, the surface tension of a liquid decreases with 

increasing temperature, since the increased molecular 

agitation tends to decrease the effect of the intermolecular 

cohesive forces. 

In the solid state, the permanent dipoles no longer 

contribute to the polarization. Thus, freezing may also 

prevent relative rotation of the molecules. We have observed 

a large change in the permittivity of water at the freezing 

point. The solid-to-liquid phase change was found to be 

quite a dramatic change in the dielectric response of 

water15. The most interesting dielectric relaxation depends 

on the internal structures of the molecules and the 

molecular arrangement of the dielectric, which results in 

changing the orientation polarization. In terms of the 

theory of this phenomenon as developed by Dabye2, a particle 

needs a definite amount of energy in excess of the average 
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thermal energy to overcome a potential barrier, during the 

temperature dependence of the relaxation process. The 

exponential temperature dependence of the relaxation time x 

and viscosity T) in fig. (1-4A) is similar to that of 

chemical reaction rates, where we consider a particle of a 

certain amount of activation free energy. 

Eyring20 first approached the phenomenon of dielectric 

relaxation as a chemical rate process. The rate equations he 

derived has been successfully applied to the dielectric 

behavior of several substances. Some previous workers21"23 

have studied the dielectric behavior of wat€sr, but a 

comprehensive treatment of water is given by Franks24. These 

authors have interpreted their results of the dielectric 

behavior of water which is satisfied with a single 

relaxation time equation. The dielectric response of water 

near the phase transition temperature in terms of the rate 

theory correlates this abrupt change with the sharp decrease 

in activation energy and breaking of hydrogen bond. The 

results seem to successfully agree with the simple Debye 

model. 

As the sample to be studied is placed in the cavtiy, it 

perturbs the electric or magnetic field in the cavity 

depending on what mode the cavity is in. In general, the 

properties of dielectric material are temperature and 

frequency dependent. The samples to be studied were inserted 

in the cavity, the materials interact with the 
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electromagnetic field that makes a shift in resonance 

frequency and width change of the absorption profile. The 

cavity was resonating in the TM0i0 mode. The sample was 

placed coaxially in the probing cavity to change the 

resonant frequency and change the width of the resonance, so 

that the perturbation in the cavity was principally that of 

the electric field. 

The microwave data of Collie et al.11 and Grant and 

Shack25 show that the dielectric response of pure water is 

temperature dependent. It appears that the dielectric 

response of water above 360 K should be nearly independent 

of frequency by those studies. This can readily be seen by 

from figure (1-6). Since the microwave resonant cavity can 

be used to measure both real and imaginary components of the 

dielectric constant, the nature of the change in those two 

components can be measured independently. 

A molecule of water in the single molecule H-O-H has 

known bond lengths and angles. More complex systems may form 

and produce "ice-like" composition of water with dimers, 

figure (1-7), and/or higher levels of polymerization. These 

systems are temperature dependent and are driven by momentum 

transport within the solution and lend themselves to being 

probed by a.c. fields. 

When hydrogen bonding prevails in molecular systems it 

has a form X-H«*«Y. Pauling26 showed that the IS orbital can 

form only one covalent bond. Thus, the H**»Y bond is 
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Figure 1-7. Schematics for three dimeric forms of the 
water molecule according to Cannon. (I) linear, (II) 
cyclic and bifurcated form. 
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electrostatic in nature and the dominant interaction is 

"Coulombic". The X-H bond, on the other hand, may have 

several aspects in its bonding. The dipolar property of the 

single molecule of water and the dimeric components, which 

have altered dipoles, will respond to the applied field in 

different ways. According to Cannon", there are three 

criterion for forming dimeric species of water. (I) The X-H 

bond is partly ionic, X is highly electronegative and the 

bonding is ~X*«*+H. The IS electron is not fully utilized in 

the bond and can overlap with the lone pair orbital of Y. 

(II) The Y atom must have lone pair electrons in the 

asymmetric orbitals. (Ill) For maximum interaction, such as 

maximum hydrogen bond energy, the X-H bond and the axis of 

the lone pair orbital must be collinear. These forms can be 

seen in the basic structures as shown schematically in 

figure (1-7). From calculations of Morokuma and Pedersen28, 

we know that these three types of dimers have the following 

stabilities. The most stable form of the molecule is linear 

(I). The bifurcated (III) next and the least stable is the 

cyclic (II). It can be seen that over specific temperature 

ranges different structures will be "favored". It should be 

noted that I.R. data of Tursi and Nixon29 indicate a linear 

structure for the dimer. 

From Franks30, bond lengths and energies for polymeric 

components of water can be obtained. In such information it 

is possible to establish an energy hierarchy for ionic 
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molecular aggregation and molecular mobilities. The 

strongest bonds are those of a single ion pair, the 

monomeric species, with each succeeding complex, dimer, 

trimer, etc., having successively weaker energies which 

maintain the structure. The more complex systems will be 

more sensitive to temperature. The conductivity and the 

relaxation properties for each range of temperatures will 

depend upon the "dominant" molecule contributing to the 

momentum transfer within the system tested. 

The studies made on water in gels indicate that 

hydroscopic polymers can be studied efficiently by the 

method proposed31. The water (vicinal) absorbed in the gels 

displays a different dielectric response than that shown by 

bulk water, as was shown to be the case by Schafer et al. in 

germinating wheat seed33. 

The dielectric relaxation studies at microwave 

frequencies show "kinks" in the plots which are not 

explained by standard phase changes24. Such fluctuations, 

well in excess of the uncertainty in the data, are generally 

repeatable when samples of deionized, distilled water are 

used. These kinks appear to be associated with the 

microscopic properties of the water sample. 

The dielectric response of the sample under study at a 

certain frequencies was increase on with increasing 

temperature at other frequencies the results showed a 

decrease in dielectric response. The system can then be 
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analyzed from the measurements of the resonant frequency 

shifts and the width changes. This change in the dielectric 

response of the sample is related to the relaxation 

mechanisms of the molecules and the data can be used to 

determine the molecular relaxation processes. 



CHAPTER II 

CYLINDRICAL CAVITY 

Generally speaking, a tuned inductance and capacitance 

connected either in series or in parallel has a resonant 

frequency given by co0= (LC) "
l/s. However, a cavity resonator 

has the same resonant characteristic as a tuned inductance 

and capacitance circuit. The major difference between them 

is that the current and the voltage in the tuned circuit are 

analyzed through the electromagnetic field configuration. In 

order to change the resonant frequency of a cavity, we can 

vary it either with decreasing or increasing the inductance 

or the capacitance. The resonant frequency in the 

cylindrical cavity would remain the same since the parallel 

inductance increases the resonant frequency and the parallel 

capacitance decreases the resonant frequency, as shown in 

figure (2-1A). The resonant cavity can be formed as shown 

figure (2-1B) as an infinite array of LC networks. A 

resonant loss factor Q in the resonant cavity is defined as 

q~2% time average energy stored (2-1) 
energy loss per cycle 
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(B) 

Figure 2-1. (A) A schematic drawing of an LC parallel 
network. (B) Resonant cavity produced by assuming an 
infinite set of LC components as shown in (A). 
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or 

0=wo 
stored average (2-2) 
energy loss 

where (0o/2tc is the resonant frequency. This value is 

determined by the proportion of energy that is lost as the 

induced radio frequency current flows through the resistance 

of the cavity walls. Hence, the Q values of either 

rectangular or cylindrical cavities can be derived. 

To determine the Q value in the unloaded cavity, 

measure at half-power maximum, widths from a power 

absorption profile of the resonance shape. This is 

facilitated by a 31 KHz modulation frequency which was used 

to differentiate the absorption profile of the signal. To 

get the true frequency points at half-power maximum, a 

correction equation to correct for the modulation is given 

by the following equation33 

26v = -^-Av [l + -i ( ) 2 + ( ) 2] (2-3) 
^3 4 Av Av 

where 28v is the observed separation between maximum and 

minimum of the derivative contour, co' is the change in 

source frequency with each swing of the modulating voltage, 

v is the angular frequency of the modulating voltage and Av 

is the half-width at half power maximum of absorption 

profile in the cavity-
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To reducing the energy loss due to the current flowing 

inside the cavity walls, the inner surface of the cavity was 

coated with silver. The coat of silver results in a higher 

quality factor Q value than that found for copper. 

A cylindrical cavity was used with the dimensions as 

shown in figure (2-2). The cavity was resonating in the TM0X0 

mode in this investigation. By solving Maxwell's frequency 

dependent field equations with appropriate boundary 

conditions, the field patterns of solutions for E and H in 

the cylindrical resonant cavity can be expressed as 

follows34 

EZ~C— 1—.—rJa(yr) e
J<at (2-4) 

z (4710+jQe) 

HQ=AJ1{yr)e
ja,t (2-5) 

where J0 and are the Bessel functions of the first kind, 

A and C are the constant, Cx and C2 for amplitude as shown 

in figure (2-2) and y is a propagation constant which is 

given by the following equation 

y2-\ie(02-() 2
1 (2-6) 

JL« 

where (J. and £ are the dielectric permeability and the 

dielectric permittivity of the medium, respectively, and p 

is an integer. Only the component of the electric field 
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Figure 2-2. A sketch of the resonant cavity used to make 
measurements in this work. (A) shows the cavity without the 
sample in place. (B) shows the cavity with the sample in 
place. 
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along the z axis Ez and the component of magnetic field 

along azimuth He for TM010 mode in the cylindrical cavity 

need to be considered. The field patterns for TM010 mode in 

the cylindrical cavity are shown in fig.(2-3). The magnetic 

field is zero at r=0 as shown in figure (2-4), but the 

electric field is maximum. However, increasing the radius of 

the cavity, different results of the electric field and the 

magnetic field are obtained. At r=0, the magnetic field is 

maximum for the TM010 mode and on the cavity wall the 

electric field is zero. The magnetic field, along the z 

axis, would be negligible for a small radius sample because 

the electric field is tremendously larger than the magnetic 

field. The TM010 mode was chosen because it is simple and 

convenient to study electric field interactions with sample 

placed coaxially within the cylindrical cavity. 

Note that there is a circular iris at the center of the 

end face. From Hong's experimental results", on the iris 

effect the dielectric sample placed along the z axis in the 

cavity should penetrate at least 1.0 cm in depth. Therefore, 

the iris effect which changes the field configuration is 

minimized, when the dielectric sample is inserted into the 

center of the end face in the cylindrical cavity. In our 

present work, the sample to be studied was inserted along 

the z axis in the cavity at 1.5 cm depth of penetration from 

the cover face. 
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1 y 

E z = c^oftr) 

H0 = &>Ji (YO 
Figure 2-3. A sketch of the electric and magnetic field 
patterns in the cavity when it is operaiting in the TM010 
mode. 
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Figure 2-4. The microwave cavity geometry with field 
patterns. (A) and (B) show the magnetic field patterns for 
a top and side view of the cavity. (C) and (D) show the 
patterns of the electric field as viewed along the Z axis 
and perpendicular to it. 
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Temperature Of The Cavity 

The sample to be studied was placed at a prescribed 

depth through the center of the end face in the resonant 

cavity, along the symmetry axis of the cavity. The 

temperature of the sample was cooled to near the freezing 

point with chopped ice in a large reservoir heat exchanger 

in contact with the sample to be investigated. The sample 

was heated with an electrical heater placed in a reservoir 

which was controlled by varying the voltage applied to it. 

The temperature was measured by using a calibrated 

thermocouple gauge provided with a d.c. amplifier and 

digital read out to enable a dependable signal to be 

obtained. The thermocouple sensor, two copper constantan 

junctions with one for reference, and the other for test, is 

electrically isolated from the liquid by enclosing the 

electrodes in a closed capillary tube. The sensor is then 

partly immersed in the end of the sample holder, so that it 

makes contact with the solution outside the field of the 

cavity. 

In order to enable the sample in the cavity to achieve 

equilibrium temperature, enough time was allowed to elapse 

at each reading to allow for equilibrium to be established. 

The calibration curve for the copper constantan thermocouple 

was obtained by using a lotus 1-2-3 software computer 

program to do a linear regression on the data. The 

calibration curve is shown in figure (2-5). 
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Figure 2-5. The calibration curve for the thermocouple used 
to measure the temperature in this work. 
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Microwave Source (Reflex Klystron) 

The reflex klystron is an electronic tube which 

generates the microwave oscillation of the electromagnetic 

field. The frequency of the output depends on the size of 

the cavity. The frequency of microwave source can be swept 

by the oscilloscope sawtooth sweep voltage, since the 

oscillator is a VCO(Voltage Controlled Oscillator). A 

detailed discussion of the reflex klystron is not considered 

the scope in this paper and is described in many standard 

microwave electronic books36. A varian V-58 type klystron 

was used in this work for the 8-12 GHz region. The higher 

frequencies were obtained from reflex klystron of assorted 

types. The microwave power generated from the reflex 

klystron gives only a narrow frequency interval as shown in 

figure (2-6) which is transmitted to the resonant cavity 

through a waveguide. 

Modulator 

why do we need a modulator in the basic microwave 

apparatus? The unmodulated source gives only a single 

frequency and the microwave absorption has a spread in 

frequency. Modulation can be done in this microwave 

apparatus as follows. The microwave source was modulated 

with the sawtooth voltage from the horizontal sweep of the 

oscilloscope as shown in figure (2-6). This synchronized the 

oscilloscope scan with the voltage applied to the klystron 

repeller electrode. Additionally, a sine or square wave 
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Figure 2-6. A profile of the power spectrum of a reflex 
klystron. (A) klystron mode shape.(unmodulated) <B) klystron 
mode shape.(modulated) (C) reflected power absorption from 
cavity on the klystron resonance profile. 
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sweep voltage is applied to the repeller of the klystron to 

chop the microwave signal to produce a signal that can be 

phase coherently recovered. 

Directional Coupler and Reflectometer 

A directional coupler is a device used to divert some 

of the power of the microwave signal into a desired section 

of the apparatus. In the present work, two directional 

couplers were used. One carries some of the power from the 

microwave source to the frequency measuring section of the 

waveguide system which consists of a crystal diode detector 

that mixes and multiplies the standard frequency. The other 

is used as a reflectometer which detected the reflected 

microwave signal from the loaded or unloaded cavity through 

the crystal diode detector. A more complete discussion of 

the principle and design of the directional coupler is given 

by Townes and Schawlow37 or in any book such as "Microwave 

Spectroscopy"38. 

Frequency Markers Interpolation 

In the microwave cavity spectrometer, it is necessary 

to obtain a set of interpolation frequency markers for 

reference. To achieve this, a comparison desired frequency 

interval from a known standard frequency is made between the 

standard reference and that generated from the klystron. The 

frequency difference between there two sources is obtained 

through a crystal diode placed in one of the directional 

couplers in the microwave cavity spectrometer. To produce a 
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known standardization of the frequency multiplier system, a 

General Radio Frequency Standard set composed of an 1112A 

and 1112B system good to 1/10* was used. Frequency 

measurements in the system are good to 10 KHz. This 1112A,B 

standardization of frequency utilizes a chain of frequency 

multipliers and r-f amplifiers to produce the higher 

frequencies from a 5 MHz oscillator stabilized by a quartz 

crystal oscillator. In order to match the higher frequency 

components from the system, capacitors and inductors are 

used for mixing and matching. "Line stretchesrs" vary the 

lengths of the coaxial cables; and a tuning stub shorted at 

the end, adjusts the line impedance at the crystal detector. 

The standard frequencies used in this investigation were 10 

MHz, 100 MHz and 1 GHz. The accuracy of the standard 

frequencies is determined by a Hewlett-Packard Model 5383A 

frequency counter. The crystal mixer rectifies the r-f 

signal and the rectified wave is known to be the resultant 

of components of some harmonic of the incident signal. The 

non-sinusoidal periodic wave form produces Fourier 

components. It can be seen that the rectified wave is made 

up of sinusoidal component frequencies that are integral 

multiples of the fundamental frequency of the non-sinusoidal 

wave form. Through the process of multiplication, we can 

make the initial frequency of 5 MHz in the crystal 

oscillator increase to the desired frequency. Since the 

arbitrary nth harmonic wave from the standard frequency 
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through the frequency multiplier in the directional coupler 

can be matched to the modulated klystron frequency, these 

frequency differences can be received by the radio receiver. 

The radio receiver used for the interpolation method was a 

model B.C.-348-Q radio made by Wells Gardner and Company. 

The radio receiver responds to only the difference between 

the modulated klystron resonant frequency and the nth 

harmonic wave from the standard frequency through the 

frequency multiplier. This difference of frequency can be 

expressed mathematically by the following equation, 

f —f ±nf , (2-7) 

where fr is the frequency to which the radio receiver is 

tuned, f, is the modulated klystron resonant frequency, fm 

is the standard frequency from the frequency multiplier, and 

n is the order of the harmonic and is an integer. The plus 

or minus sign in the above equation (2-7) shows that the 

local oscillator signal can mix from either a sum or 

difference with the center frequency of the klystron. These 

differences of frequency makes two frequency markers which 

are displayed on the oscilloscope, one above the klystron 

frequency and the other below it. The appeaixance of the 

markers, which is displayed on one channel of a dual trace 

oscilloscope, depends on the wave form, frequency, and 

amplitude of the klystron modulation. In this investigation, 

the width of the frequency band can be broadly selected by 

the radio receiver. A model B.C.-348-Q radio receiver used 
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for the reference markers has a various range of frequency 

bands which is from 400 KHz to 18 MHz. The absolute 

frequency measurements were determined by reference to 

General Radio Models 1112A and 1112B and a set of harmonic 

generators properly stabilized. To measure the coarse 

frequencies, standard wavemeters were used in this 

investigation. 

Attenuators 

To set the level of the power range for the instrument, 

attenuators were used to act as buffers to reduce 

interaction between instruments in this investigation and to 

control the power levels. Attenuators used in the system 

helped to reduce standing waves, since reflected waves must 

pass through each attenuator twice in their travel through 

the waveguide. 

Experimental Operation Procedure 

To explore the microwave properties of liquids or 

solids, each sample to be studied was placed along the 

symmetry axis of the cylindrical resonant cavity. The cavity 

was specially employed for TM010 for the different resonant 

frequencies. The sample was inserted to a depth of 1.5 cm 

coaxially into the cylindrical resonant cavity. The outer 

and inner diameter of the sample holder, which were 

carefully measured by using a microscope, were 0.0018m or 

0.0013m respectively. The temperature control of the sample 

was achieved as noted earlier. 
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The temperature was allowed to rise in the proper steps 

and the resonant frequency shifts Af and width changes Aw 

were measured for each temperature. Sufficient data were 

required to be obtained to determine the behavior of the 

dielectric response of water over the cycled temperature. At 

each reading, enough time was allowed to elapse in order 

that the sample and the cavity came to equilibrium 

temperature. 

The temperature of the sample is measured by using a 

thermocouple gauge provided with a d.c. amplifier and 

digital read out to enable a dependable signals to be 

obtained. The thermocouple sensor, two copper constantan 

junctions with one for reference, and the other for test, 

was electrically isolated from the liquid by enclosing it in 

a sealed capillary tube. The sensor is then partly immersed 

in the end of the sample holder, fig.(2-7), so that it makes 

contact with the solution outside the field of the cavity. 

The block diagram of the microwave cavity spectrometer 

used in this work is shown in figure (2-8). The modulated 

microwave signal is generated from the klystron and is 

transmitted through the waveguide. The directional coupler 

divides this modulated microwave signal into two parts, one 

signal to the cavity and the other to the frequency 

reference arm. The cavity at the end of the waveguide allows 

a part of the signal to be reflected. The reflected 

microwave power absorption can be detected by a crystal 
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Figure 2-7. A sketch of the sample holder and heat exchanging 
apparatus for changing the temperature of the sample and 
perturbing the cavity resonance. 
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Figure 2-8. A block diagram of the basic microwave 
apparatus. 
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diode in the reflectometer and is amplifier by means of a 31 

KHz tuned amplifier. The absorbed signal due to the unloaded 

cavity is modulated and a differential display of the 

resonant frequency absorption profile is obtained as shown 

in figure (2-9). The signal is differentiated for display on 

the oscilloscope, because it is simple, more convenient and 

accurate to measure the unknown frequency spacings and 

center frequency. 

As the sample to be tested is inserted into the cavity, 

it perturbs the electromagnetic field in the cavity. The 

changing absorption profile due to the loaded cavity results 

in center frequency shifts and the quality factor Q changes. 

With the help of the markers produced by harmonics generated 

from the mixing process, each value of Af = P0' - P0 and Aw = 

(P2- Pj/) - (P2 - Px) at each temperature can be obtained. 

(See fig. 2-9) However, An actual display of the 

signal taken from the oscilloscope, along with the markers, 

is shown in figure (2-10). 
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Figure 2-9. A sketch of signals displayed on an oscilloscope 
trace when the frequency is swept over the cavity resonance. 
(A) enlarged drawing for reflected power absorption from the 
cavity. (B) chopper wave modulated signal. (C) first 
derivative of resonant frequency absorption profile with 
frequency markers. (D) resonant frequency shift and width 
change due to sample within the cavity. 
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diX£Itive 1 0of A.^ y p i c a l oscilloscope display of the first 
aerivative of the resonance shown on one trace and v̂,0 
the^other n ^ ^ k e r s ' l a b e l l e d marker 1 and marker 2, shown on 
the other. The markers are spaced 3 MHz apart. 



CHAPTER III 

THEORETICAL DISCUSSIONS 

In the previous chapter, a discussion was given about 

the apparatus used in this work. The cavity spectrometer is 

designed to monitor the electrical response over a wide 

range of temperatures and frequencies via observing the 

shape and position of the cavity resonance profile as it is 

perturbed by the sample loading the cavity. 

The data are taken by displaying an electrical 

derivative of the resonant cavity profile on one scan of a 

dual-trace oscilloscope while calibration markers generated 

from the mixer-mutiplier are displayed on the other scan. 

(See figure 2-10) Each frequency is then determined by 

direct measurement of the frequency of the interpolation 

generator when the frequency mark is made coincident with 

each derivative peak of the signal on the second display 

scan. Through this procedure, a direct reading of each of 

the three points to be measured: center frequency of 

resonance, lower half power frequency and upper half power 

frequency can be made. 

Both magnetic and electrical interactions can be 

measured through this perturbation technique. The 

interactions can be expressed by the relationship given by Z 

= -f2(|i„, H) , where f^ji^E) is a measure of the 
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electrical interaction and fjtm^H) is a measure of the 

magnetic interaction of the sample with the applied external 

field with electric component E and magnetic component H. 

Van Bladel39 has given a general approach to the 

problem of a loaded microwave cavity with both magnetic and 

electrical interactions considered. Magnetic field studies 

were conducted on liquid crystals in an earlier work39 to 

compare with the dielectric properties of water to test the 

method to sense second order phase change. The real (£') 

and imaginary (e") parts of the dielectric complex 

coefficient e=e'-ie" can be obtained for liquid crystal and 

thermally perturbed aqueous systems. In this work, the 

perturbation technique of Slater17, given below, was 

employed to analyze the data. The equation of Slater can be 

written as: 

Af/f0 = -[(E'-1)/2]F(E) (3-1) 

for the real part of the frequency shift and, 

A<l/Q)/f0 = Aw/fc = £"F(E) (3-2) 

for the imaginary part of the frequency shift. The loss 

tangent can be written as: 

TanS = e " / e ' = Aw/2Af, for e'>>l. (3-3) 

The relaxation time, assuming a single relaxation, is given 

by 

x = (1/to) / (AW/2Af) , 0) = 2Jif. (3-4) 

The form factor F(E) is expressed as: 

F (E) = [/ SE,-E.dv] / [/ CE-E.dv] , (3-5) 
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where S is the sample volume, C the cavity volume, Es the 

electric field in the sample, Ea is the unperturbed 

radiation component of the electric field in the cavity 

volume before the sample is in place and E is the electric 

field applied to the cavity. The permittivity e ' and the 

dielectric loss e" can be derived from the measured 

frequency shift Af and the change in resonance profile width 

Aw at half-power maximum for a given depth of penetration 

(proportional to the volume for the sample geometry chosen) 

of the sample in the resonant cavity. The two parameters e ' 

and e" can then be compared and the loss-tangent for each 

sample can also be obtained to study the relaxation 

mechanisms in each sample and at a specific temperature. 



CHAPTER IV 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

Some microwave data on dielectric response in the 

literature show a frequency and temperature dependency. The 

data of Collie et al.11 and Grant and Shack25, shown in 

fig.(1-6) are plotted for the index of refraction 

[ ( e ' ) 2 +(e") 2 ] 1 / 2 = n as a function of temperature. The 

microwave data were used to calculate the index of 

refraction over the frequency range of 3 GHz to 34 GHz. The 

data show that, generally, the dielectric constant of water 

decreases with increasing temperature for frequencies below 

10 GHz. For frequencies above 10 GHz the dielectric constant 

of water increases with increasing temperature. The 

dielectric constant of water near 9 GHz, changes direction 

as the temperature is varied. The important physical meaning 

from that figure is that the dielectric constant of water 

approaches the same value when the temperature is raised 

above 350 K over the different frequencies from 3 GHz to 34 

GHz. The dielectric constant of water appears to be 

independent of the microwave frequency when the temperature 

is more than 350 K. The interaction between the molecule of 

water in the two regions of temperature appear to be quite 

different. 

In the introductory chapter, it was mentioned that a 
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series of experiments were conducted over the various 

properties of the water molecule, such as specific heat, 

thermal conductivity, pH, compressibility, proton relaxation 

times, surface tension, viscosity, index of refration, 

dielectric constant, etc.5'*. Those data on the water 

molecule show that the curves change slopes or direction of 

change as the temperature is cycled over the two ranges of 

temperature 273<T<323 and 323<T<360 K. These results may 

indicate order change in the water samples. Below, these 

results are summarized and explored in more details for 

comparison with our own experiments on water. 

Fig.(1-lB) shows that the change in thermal 

conductivity depends on the change in temperature for water. 

When the data in this figure are carefully analyzed, it can 

be seen that there are two "linear" regions in this curve. 

The slope of linear region over the temperature above 323 K 

is larger than that over the temperature range below 323 K. 

In this case, the temperature at 323 K becomes a "transition 

point" when the thermal conductivity changes with 

temperature in the water samples. Thermal and electrical 

conductivity are measures of transport property. Hence, a 

study of each relaxation process, over wide ranges of 

frequencies and temperatures, should allow a model to be 

produced which could explain the fluid like nature of water. 

This effect is why a temperature study of the microwave 

response of water was made with a goal to understanding the 
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function of the hydrogen bonding in water system and find 

out its role in aqueous systems to produce polyphasal 

physical properties. The specific heat curve, as shown in 

fig.(l-lA), shows that the specific heat of water decreases 

with increasing temperature below 310 K. The specific heat 

of water is directly proportional to the temperature above 

310 K. Note that the minimum value of the specific heat of 

water is at the temperature 310 K, which is almost the same 

as body temperature. 

The compressibility curve for water given in fig.(1-2B) 

shows that the compressibility decreases with increasing 

temperature below 308 K. The compressibility of water 

increases with increasing temperature above 323 K. There is 

a minimum in the compressibility of water at the range of 

temperature between 308 K and 323 K. The temperature 

dependence of the pH of water is shown in fig.(l-2A). In 

this figure, the pH value of water is inversely proportional 

to the temperature. Two different linear regions can be seen 

in the data. 

Both figs.(l-lA) and (1-2B) show that the specific heat 

and the compressibility curves of the water molecule vs. 

inverse temperature have similar shapes. Moreover, the 

thermal conductivity and the pH curves of the water molecule 

vs. inverse temperature indicate two "linear" regions of 

different slopes above and below 323 K. 

Since phase changes show different relaxation times, 
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the data for the spin-lattice relaxation of the protons and 

proton (pH) concentration were examined. Fig.(1-3) shows the 

trend over temperature for spin-lattice relaxation. The data 

indicate an inflection in the data curves near 323 K. This 

behavior may indicate that the various concentrations of the 

hydrogen ion (pH) is influenced by the environmental ions 

and structure of the surrounding molecules as the 

temperature changes. 

An experimental set-up to measure the d. c. 

conductivity of water produced data which demonstrated a 

change in the slope of the curve of In(a) vs. inverse 

temperature near 323 K, fig.(4-l)7. Since the presence 

of low level impurities may be responsible for this change 

of curvature, a set of experiments was performed to 

establish the impurity levels needed to modify the plots. 

The results of those experiments are summarized in figs.(4-

1) and (4-2) . These data were obtained on aqueous solutions 

of ions with various masses to establish the dependency of 

the ion mobility on relaxation processes as it moves through 

for the ions was chosen to produce a measurable effect in 

the transport properties of the system. 

A two level system was considered to hold for the 

analysis of the data. A model for the system is given in 

the "structure" of the environment. A wide range of masses 

Appendix I. 

A first order fit of the d. c. data for a theoretical 
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two-level system predicts the general behavior of the curve 

in the central region of temperature 273 to 325 K for water. 

A barrier height of 2,^=2.7 Kcal/mole, corresponding to 

hydrogen bonds, arises in this region of temperature40'46. For 

T>328 K, the water behaves like an ordinary fluid. In the 

super-cooled region T<273 K, the behavior changes again as 

shown in fig.(4-2). 

The data from Malmberg and Maryott9 can be plotted to 

show the dielectric constant of water vs. temperature as 

shown in fig.(4-3). In fig.(4-3), there is a small change in 

slope of the linear least square fits for the two "linear" 

regions on either side of temperature close to 300 K. This 

temperature is near the region of predicted large 

fluctuations ("kinks") in the data24. If their data are 

plotted as [ (e ' )2+(e" )2]1/2 = n as a function of temperature, 

then the difference between each original value and least 

squares fitting value of the dielectric constant 

of water is minimum at 323 K. This result reinforces the 

speculation that a second order phase change occurs near the 

temperature of 323 K. 

Some plots of dielectric properties of water versus 

absolute temperature are given in figs.(4-4) and (4-5) to 

demonstrate the "transition" behavior of water over the 

range of temperatures explored. 

Fig.(4-5) for increasing and decreasing temperature 

with the resonant frequency at 22.257 GHz, shows "kinks" 
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around 290 K, which is within the region of 23 C 

predicted24. Repeated experiments show this region to be 

non-regular in behavior. Because of different initial 

cycling of the temperature, non-symmetrical behavior in the 

dielectric response11 is found. This asymmetry can be 

attributed to the change of order in the hydrogen bonds as 

they are "associated" and "disassociated" with one another 

through temperature cycling. 

The evidence of the order changes near 290 K can be 

seen in fig.(4-6). Here, the data of Collie et al.11 were 

used to determine the relative temperature dependence of the 

real and imaginary components of the dielectric response. 

The data of Collie et al.11 were fit to parabolas 

according to the following formulas: 

e' = -0.0019(T-323)2 +48.5 (4-1) 

and 

E" = -0.0019(T-310)2 +60.5 (4-2) 

The temperature, 323 K and 310 K, were chosen because 

of their physical significance. The temperature 323 K is the 

location of the minimun in the bulk modulus. The other 

temperature, 310 K, corresponds to the physiological 

temperature of humans (37 C for normal body temperature) and 

is also near the minimum in the specific heat of water. 

Here, equations (4-1) and (4-2) give a good fit to the data 

and the trend over the temperature was used for reference to 

our data. The results of Collie et al.11 available at 9 GHz 
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and 23 GHz were averaged to produce the bold lines given in 

fig.(4-6A). The trends were similar over temperature for the 

two frequencies, so it was expected that a similar trend 

would be experienced for 14.2 GHz, the frequency at which 

our experimental data shown in fig.(4-6B) were taken. For 

fig.(4-6B), we can see that both £' and e" have similar 

trend. When the resonant frequency is at 14.108 GHz, both £' 

and £" are non-monotonic function of the temperature between 

285 and 293 K. Above that range of temperature, e ' and e" 

increase monotonically with increasing temperature above 300 

K. The results of Collie et al.11 show that £' and £" 

decrease with increasing temperature above 320 K. Therefore, 

there is significant difference between our data taken at 14 

GHz and that of Collie et al.11 for 23 GHz at the higher 

temperatures. 

Investigation of the symmetry of the dielectric 

response about the transition regions were made on bulk 

water in liquid and ice phases to show the well defined 

boundary between these two phases and to establish a 

reference level for the data. The results of these 

experiments in fig.(4-7) conducted over the range of 

temperature 100<T<278 K show that the quality factor of Q 

and resonant frequency fluctuate in the ice phase with 

maximum fluctuation near the phase change temperature. A 

careful analysis of these figures shows that both £' and £" 

have similar trend with temperature from 100 to 278 K. Both 
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e ' and e" decrease slightly with increasing temperature 

below 220 K. e' increases much faster with increasing 

temperature, and has a large change in the phase transition 

region. However, e" increases gradually compared to e ' with 

increasing temperature. The fluctuations seen in the ice 

phase may be associated with the order and clustering of 

hydrogen bonds in the ice structure. 

To understand the hydrogen bonding of the water 

molecule with other material, we used water which is 

absorbed into gels. One of several experiments was conducted 

on the gel (NIPA)47 at 22 GHz. The temperature cycling 

experiments did not produce symmetrical cycles about the 

"transition" temperatures. These effects were examined at 

22.257 GHz by placing a sample of the gel into the resonant 

cavity in a teflon test tube to hold it in position and to 

act as a reservoir for the expelled water when it was purged 

from the interstitials by the heat energy. These results 

show clearly the transition region as the bound (vicinal) 

water is purged from the gel sample. These results are 

summarized in fig.(4-8). 

The gel-water bonding should show different bond 

strengths from that shown for hydrogen bonding in the bulk 

water. It will be necessary to make more investigations of 

this structure before the preliminary results show that the 

method allows definitive conclusions to be made. The sample 

of water with gel must be carefully prepared with attention 
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paid to the geometry and amount of water available for the 

gel to imbibe, if reliable results are expected. The 

qualitative features seem clear, but the quantitative 

features will require more study. 

A microwave study of water over the frequency range of 

3 GHz to 34 GHz and over the temperature range 273<T<360 K 

shows a temperature dependence for the microwave index of 

refraction. The experimental data shown in fig.(4-9A) and 

(4-9B) indicate systematic departures for the microwave (a. 

c.) dielectric response from the static values predicted by 

Malmberg and maryott9. The symbol + is the static values 

predicted by Malmberg and maryott9, * the average of the 

resonant center frequency, $ the width change and • the 

variation of the measured frequency. It can be seen that 

there is a systematic variance at the frequency of 16.535 

GHz in fig.(4-9A) which is a larger departure from the 

static values than is found in fig.(4-9B) at 17.175 GHz. As 

is known, the frequency shift is proportional to e'. The 

trend in the width change $ relative to the static curve is 

almost the same for both frequencies. From the previous 

discussion of fig.(1-6), it can be seen that there is a 

change in slope for the dielectric constant of water with 

temperature due to a change in the frequency range from 9 

GHz to 23 GHz. In addition, it seems that a resonance in 

water has been spanned by this frequency range. This effect 

is further borne out in our data at 16.535 and 17.175 GHz. 
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Therefore, it appears that the Debye resonance in water lies 

between these two frequencies, 16.535 and 17.175 GHz. 

Furthermore, the curves shown in fig.(4-9A) and (4-9B) 

illustrate the variation of the experimental data relative 

the static value with different "slopes". In particular, the 

center frequency of resonance should be the same, if we 

assume a symmetrical resonance, when the frequency is 

measured directly or the frequency is arrived at by 

averaging the frequencies at the half-power points. There is 

a systematic departure between these two quantities, the 

measured difference and the average frequency deduced from 

outer peak measurements, when the data for frequency 16.535 

and 17.175 GHz are analyzed. Thus, the change of slope over 

these two frequencies range indicates a change in slope of 

the resonance profile and possible change from below 

resonance to above resonance condition for one of the 

dielectric relaxation frequencies of water. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

From the literature , data in the literature plotted in 

figs. (1-lA) and (1-2B) show that the specific heat and the 

compressibility curves of the water molecule vs. inverse 

temperature have similar shapes. Moreover, the thermal 

conductivity (fig.l-lB) and the pH (fig.l-2A) curves of the 

water molecule vs. inverse temperature indicate two "linear" 

regions of different slopes above and below 323 K. Also, 

fig.(1-3) shows the trend over temperature for spin-lattice 

relaxation. All of these data indicate an inflection in the 

data curves near 323 K. This behavior may indicate that the 

various concentrations of the hydrogen ion (pH) is 

influenced by the environmental ions and structure of the 

surrounding molecules over temperature. From the data above, 

the temperature of 323 K appears to be a transition 

temperature for the system to express a change in relaxation 

properties. Also, it is assumed that this temperature 

represents a region of structural change in the water which 

involves the nature of the hydrogen bond. 

To obtain a better understanding of "the fundamental 

nature of the hydrogen bond" in water systems and polyphasal 

clustering in systems, data on d.c. the conductivity for 

NaCl and water systems, fig.(4-IB) were analyzed. 
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The value of the energy E m from these data was 

calculated to be 2.7 Kcal/mole40"46. Furthermore, the data 

measured in that work7 on aqueous solutions of NaCl showed 

that the slope of the Arrhenius plot for water systems is 

nearly constant over varying levels of concentration of NaCl 

in the region 273<T<323 K. This appears to reflect a 

constancy of the hydrogen bonding in this region, since Na 

is known to be "a hydrogen bond breaker". Thus, a value can 

be established for the energy needed from the thermal field 

to exceed the value of energy E^ in a single hydrogen bond. 

As we know, there are three criterion for forming 

dimeric species of water according to Cannon". Also, from 

calculation of Morokuma and Pedersen28 for these three types 

of dimers as shown in fig.(1-7), it can be seen that the 

most stable form of the water molecule which has minimum 

energy is linear (I). It can be seen also that over specific 

temperature ranges different structures will be "favored". 

That may be why we have two "linear" slopes at a certain 

transition temperature of 323 K. 

For investigation of the changes of dielectric response 

of water due to phase changes, the results of these 

experiments in fig.(4-7) conducted over the range of 

temperature 100<T<278 K show that the quality factor of Q 

and resonant frequency fluctuate in the ice phase with 

maximum fluctuation near the phase change temperature. These 

fluctuations may be associated with the order change and 
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clustering of hydrogen bonds of the ice structure. 

Moreover, "kinks" in the data around 290 K, which is 

within the region of 23 C predicted24, and non-symmetrical 

behavior in the dielectric response from figs.(4-4 and 4-5) 

with the resonant frequency at 9.0 GHz and 22.257 GHz 

indicate non-reversible (hysteresis) effects48 with 

different initial cycling of the temperature. This asymmetry 

can be attributed to the change of order in the hydrogen 

bonds as they are "associated" and "disassociated" with one 

another through temperature cycling. 

The dielectric change in the "structured water" in gels 

as the water is expelled from the gel structure, show 

different loss of energy with cycling temperature as seen in 

fig.(4-8). Generally speaking, the dielectric constant 

profile of gels has different shapes with cycling of the 

temperature. In increasing temperature, the dielectric 

constant of gels has a minimum value at 300 K, but it does 

have this minimum value at 310 K during the decreasing 

temperature cycle. This effect is due to molecular 

clustering, change in conductivity of pure water and aqueous 

solutions as the water is expelled from the gel structure 

with temperature change. 

In this work, the presence of two "transitions" regions 

in the real term of the dielectric response e ' near 310 K 

and 323 K demonstrate second order phase changes. One of the 

temperatures correlates with the minimum in the specific 
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heat and the other correlates with the minimum in the bulk 

modulus. 

Finally, the microwave resonant frequency of water can 

be determined over the frequency range of 3 GHz to 34 GHz 

from a temperature dependence for the microwave index of 

refraction. The experimental data shown in fig.(4-9A) and 

(4-9B) indicate the systematic departures for the microwave 

(a. c.) dielectric response from the static values predicted 

by Malmberg and Maryott9. Comparing with those two figures, 

it can be seen that systematic variance at the frequency of 

16.535 GHz in fig.(4-9A) has a larger departure from the 

static values in the frequency shift, * and • than is found 

in fig.(4-9B) at 17.175 GHz. We know that the frequency 

shift is proportional to 8'. The trend in the width change $ 

relative to the static curve is almost the same for both 

frequencies. In fig.(4-9), it can be seen that the change in 

slope for the dielectric constant of water with temperature 

over the frequency range from 9 GHz to 23 GHz. This shift in 

slope from "+" to indicates a resonance in water that 

has been spanned by this frequency range. From that effect, 

the Debye resonance in water seems to lie in between these 

two frequencies, 16.535 and 17.175 GHz. There is a 

systematic departure between these two quantities, the 

measured difference and the average frequency deduced from 

outer peak measurements, when the frequency is changed from 

16.535 to 17.175 GHz. Thus, the change of slope over this 
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frequency range indicates a possible change £rom below 

resonance to above resonance condition for one of the 

dielectric relaxation frequencies of water in that the line 

slope has changed for the cavity resonance in passing 

through the range between these two frequencies. 



APPENDIX I 

A TWO LEVEL SYSTEM OF CONDUCTIVITY 

If we assume that the "impurity" ion moves freely in a 

medium with a viscosity which depends upon the density of 

hydrogen bonds and the medium has two possible states, we 

can express the system by the stochastic differential 

equations given below. The two states are assumed to be one 

"structured" and the other mobile water in the presence of 

an external field42. 

= -TmVB(t)-va/'Cni+vI/T1+f0(t)+F (1-1) 

and 

Vi = -YjV^t) -vI/TI+vll/i:1I+fI(
t) +F. (1-2) 

F is proportional to lthe applied field and is given by 

F = qE/M. (1-3) 

With q and M the electric charge and mass of the impurity. 

The system then becomes one in which the impurity moves 

through and environment of mobile water molecules under the 

influence of a friction term of damping yM. This friction 

term is related to the fluctuation term fB(t) . As the 

hydrogen bonds fluctuate, the velocity of the impurity makes 

a transition to a velocity vx. The reverse process is 

allowed and Ms—>1 "transitions" are allowed. 

From equations (1-1) and (1-2) the mean velocity 

reached by the impurity ion can be shown to be 
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) stationary = (I~4) 

where 

aR =(xtg1+xk<5k) / (zx+xH) (1-5) 

If pB is the probability that a hydrogen bond is 

randomly intact, we can write44 

1/PB "
 1 =Aexp(-EHB/RT) = XM/TJ; (1-6) 

and 

aR = (Ĉ  + CTjAexp ( -EHB/RT) } / [1+Aexp ( -EHB/RT) ] . (1-7) 

The experimental results can now be fitted to equation 

(1-7) as a test for the nature of the bond in pure water. 

The experimental results were used to derive A=28, c1/(52 = 

-0.3 and EHB/R = 1204 K to yield a value of 2.7 Kcal/Mole, 

the bond strength for hydrogen bonding. The results of two 

ionic systems is shown with the conductivity ratios ĉ /ĉ  

for each ion explored. The bold lines in the figures are 

the theoretical fits derived from equation (1-7). 
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APPENDIX II 

THE SECOND ORDER PHASE CHANGE 

In an ordinary change of phase, there is a sharp 

transition temperature, for a given temperature, at which 

the properties change discontinuously from one phase to a 

second one. 

To distinguish these transitions from ordinary changes 

of phase, it has become customary to denote ordinary phase 

changes as phase changes of the first order; and these 

sudden but not discontinuous transitions as phase changes of 

the second order. 

By definition, a first-order phase transition is 

characterized by a finite discontinuity in a first 

derivative of the Gibbs potential G(T,P). On the other hand, 

the temperature dependence of G (or Helmholtz A(T,V)) would 

result in a phase transition with an entropy discontinuity 

or latent heat (first-order transition), but the case of 

zero latent heat is a higher-order transition. A first 

derivative of the temperature dependence of the entropy 

appears to diverge at a transition temperature for the 

first-order transition and the higher-order transition. 

Sometimes the discontinuity of the specific heat of 

water is regarded as the distinguishing feature of a phase 

changes of the second order, but we shall not limit 

ourselves to cases having such discontinuities. Phase 
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changes of the second order are impossible between phases of 

different structure and must be looked for only in changes 

within a single crystal structure. Two different crystal 

structures are definitely different, and no continous series 

of states can exist between them. 

Here, there is one well-known phenomenon which might 

well be considered to be a phase changes of the second 

order, though ordinarily it is not. This is the change from 

liquid to gas, at temperature and pressure above the 

critical point. In this case, as the temperature is changed 

at constant pressure, we have a very rapid change of volume 

from a small volume characteristic of a liquid like state to 

the larger volume characteristic of a gas like state, yet 

there is no discontinuous change as occurs below the 

critical point. 
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APPENDIX III 

STRUCTURE OF WATER AND ICE STATE 

The atom is essentially composed of three subatomic 

particles: the electron, the proton, and the neutron. These 

three form the basis of the atom as considered in the 

following scheme. The electron, abbreviated "e"," is a 

particle having a negative charge of 1.602*10~19 coulomb and 

with a mass of 9.109*10"" g or 5.486*10"* amu. The proton, 

abbreviated "p+," is a particle having a positive charge of 

1.602*10'" coulomb and with a mass of 1.6725*10"" g or 

1.0073 amu. The neutron, abbreviated "n0," is a neutral 

particle, having no charge and with a mass of 1.6748*10"24 g 

or 1.0087 amu. 

Before we look at the structure of the water molecule, 

we must consider symbols used to describe each atom in the 

water molecule. The following is a general symbol of an 

element giving its mass number and atomic number: 

KEZ, 

where A is the mass number in amu, E the symbol of the 

element, Z the atomic number. Here, the atomic number is 

equal to the number of protons found in the nucleus. The 

mass number is equal to the sum of the number of protons and 

neutrons in the nucleus. 

Now let us consider the general arrangement of the 

subatomic particles in the atom of the water molecule. From 
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the symbol of hydrogen, 1H1, it can be seen that it has 1 

electron, 0 neutron and 1 proton. However, from the symbol 

of oxygen, 1608, it can be seen that it has 8 electrons, 8 

neutrons and 8 protons. If we consider the electrons in 

sublevels of elements in the water system, we have the 

electron configuration of the oxygen atom 1Ss2S22P63S23P4, 6 

valence electrons. For the hydrogen atom, the electron 

configuration is IS1, 1 valence electron. Here, these 

principal energy levels are designed by whole number or 

capital letters as 1 or K, 2 or L, 3 or M, 4 or N, 5 or 0, 6 

or P, 7 or Q. Arranging the hydrogen atoms around the oxygen 

atom gives 8 electrons about the oxygen and 2 about each of 

the hydrogens. The structure formula for water is as shown 

in Fig.(1-7). 

In water, the bond angle has been found to be 104.45°. 

A bond angle is an angle formed between 3 atoms in a 

molecule. The distance between the nuclei of covalently 

bonded atoms is called the bond length. In the hydrogen 

molecule, the distance between the nuclei is 0.74 k, because 

the Is orbital of the hydrogen atoms have the maximum 

overlap, without having the nuclei so close to each other 

that they repel each other. For the oxygen molecule, 

however, the distance between the nuclei is 1.208 A , because 

the 2p orbital of the oxygen atoms have one overlap. In 

water, the bond length of H-0 is 0.958 A , because the Is 

orbital of the hydrogen atom and the 2p orbital of the 
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oxygen atom bond together, which seems to be the average 

distance between the hydrogen nuclei and the oxygen nuclei. 

Outstanding among the physical properties of water are its 

high boiling point (100 °C) and heat of vaporization (9.7 

Kcal mole"1) . However, the structure of ice is similar to 

the cornflakes. Each oxygen atom has four neighboring oxygen 

atoms at the corners of a regular tetrahedron about it. It 

has four hydrogen atoms right close to each oxygen atom, but 

two hydrogen atoms around each oxygen atom are called 

"hydrogen bonds". 

In addition, we can identify the general characteristic 

of liquids by properties such as limited expansion, shape, 

volume, compressibility, high density, and miscability. 

These porperties are related to the closeness of the 

molecules to each other and to the attractive forces between 

them in the liquid state. In the solid state, the attractive 

forces between particles (molecules, ions, or atoms) are 

stronger than in the liquid state. These particles do not 

have sufficient energy to overcome the attractive forces in 

the solid state. Hence, they are held in a relatively fixed 

position close to each other. The general characteristic of 

solids are based on their properties such as no expansion 

(at constant temperature), shape, volume, compressibility, 

high density, and miscability. The characteristic of shape 

should be explored further. Solids can also be conveniently 

divided into crystalline and amorphous solids, which differ 
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from each other in structure. A crystalline solid consists 

of particles arranged in a definite geometric shape of form 

that is distinctive for a given solid. Examples of 

crystalline solids are sodium chloride, diamond, and quartz. 

An amorphous solid consists of particles arranged in an 

irregular geometric shape or form. Examples of amorphous 

solids are glass and many plastics, although they also are 

though of as being highly viscous liquids. 
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APPENDIX IV 

ARRHENIUS PLOT 

The electrical nature of atomic structure can be 

visualized by the electrical imbalance that occurs in atoms 

when electrons are transfered from atom to atom in a 

chemical reaction. When wires from the two poles of a 

battery are placed in a solution of one of these solutes, 

water is decomposed and hydrogen and oxygen gases are 

liberated. For instances, because their solutions (HaS04+H20) 

carried an electric current, these solvents (water) were 

called electrolytes. 

As we know, at any given temperature, the rate for the 

reaction varied on proportion to the concentration of each 

reactant. For example, if [A] represents the concentration 

of one and [B] the concentration of the other, both 

expressed customarily in mole per liter, then rate = 

k[A][B], where k is a proportionality factor specific to the 

reaction but independent of the concentration. Its value 

increases with temperature. Arrhenius coordinated the rates 

of homogeneous reactions which were mentioned above. Suppose 

that if two molecules are to react, they must encounter each 

other with a certain minimum quantity of energy considerably 

larger than the average amount. If they should collide with 

energy less than the critical amount, they recoil without 

undergoing chemical change. From measurements of the rate at 
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which a reaction rate increases with temperature, it is 

possible by means o£ Arrhenius's theory to calculate how 

large must be the critical energy, or so-called activation 

energy, for the reaction. In this work, it can be seen that 

Arrhenius plots have different slopes of the data for each 

concentration of different substances with water at changing 

temperature. The slopes of the data with ln(a) vs. 1/T for 

water and HC1, NaCl, H2S04 are negative and the absolute 

value of the slope stands for activation energy. It can also 

be seen that there is no changing activation energy with the 

significant meaning of a flat Arrhenius plot when 

temperature changes. 

Svante Arrhenius' theory is embodied in the following 

statement quoted, "Upon addition to water, electrolytes 

are separated into positive and negative fragments." These 

fragments are now called ions. If the theory were true, an 

electric current might be carried by the movement of the 

charged fragments through the solution. Positively charged 

ions can be drawn toward the negative electrode and 

negatively charged ions can be drawn toward the positive 

electrode. If electrolytes are separated into positive and 

negative ions upon addition to water, the collective 

properties of the resulting solution should be more 

pronounced than those of a solution of a non-electrolyte of 

the same concentration. If electrolytes are separated into 

ions when added to water, they should react very rapidly in 
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solution. Reaction between electrolytes may be merely a 

pairing of oppositely changed ions. If electrolytes are 

separated into ions when dissolved in water, properties of 

the solution will be characteristic of portions of the 

electrolyte. 

Therefore, the rates of practically all chemical 

reactions increase with temperature, not only because of the 

gradual increase in average molecular velocities, but far 

more because of the rapid increase in the fraction of the 

intermolecular collisions occurring with energy exceeding 

the activation energy. The ordinary behavior of one or the 

other of the reacting molecules has usually been masked by 

some side effect dependent on temperature. From these points 

of view, the dimeric forms of the water molecule may be the 

most stable of any other structures of water molecule, 

because the activation energy of the transition state in the 

two level system is lowest. 
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APPENDIX V 

ERROR ANALYSIS 

There are two kinds of errors which need to be 

considered when the data are measured through the 

experimental operation procedure. One is the systematic 

error which may be introduced is that of the manufacturer. 

To reduce this instrument error, the system is calibrated by 

measuring physical quantities with known source before and 

after each run. After that, an appropriate factor can be 

multipled to make a correction of the measured physical 

quantities. The other is random errors which come from the 

statistical fluctuations of counting a finite number of 

outcomes. This random error of the data can be calculated by 

the standard deviation error through the measured data. 

In the microwave cavity spectrometer, attenuators were 

used to act as buffers to reduce interaction between the 

instruments in this investigation and to control the power 

levels. Attenuators used in the system helped to reduce 

standing waves (systematic error), since reflected waves 

must pass through each attenuator twice in their travel 

through the waveguide. To produce a known standardization of 

the frequency multiplier system, a General Radio Frequency 

Standard set composed of an 1112A and 1112B system good to 

1/10® was used. Frequency measurements in the system are 

good to 10 KHz. In this work, systematic error can be seen 
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to be just a few KHz of frequency. For the random errors in 

the experiment, the data can be measured ten times at room 

temperature in different days, then take the average of them 

to determine the precision and the accuracy of each 

measurement at changing temperature. The data are taken from 

a display of the signal (3 peaks) on the oscilloscope, along 

with the markers, as shown in figure (2-10). Readings were 

taken several times with each constantly increasing 

equilibrium temperature as measured by the thermocouple 

reading during the experimental operation procedure. 

The outer and the inner diameter of the sample holder 

were measured ten times by using a microscope, then taking 

the average of all measurements, to give 0.0018m for the 

outer diameter and 0.0013m for the inner diameter, 

respectively. In addition, the calculated data were composed 

by taking the average of every six points from the original 

data. 
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