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PREFACE

In its broadest sense, spectroscopy can be defined as
the study of the interaction of radiation with matter as a
function of radiation. As such, it 1is a science
encompassing many disciplines and techniques. In the field
of high energy Physics; the radiation is energetic enough
to perturb or to transform the matter with which it
interacts, whereas in optical domain, the energy is too low
to perturb or to transform the matter under study. Because
of 1its wversatility, range and non-destructive nature,
optical spectroscopy is widely used as an important tool
for investigating and characté}izing the properties of

matter.

The conventional optical spectroscopy can be grouped
into two categories. The first category involves the study
of the optical photons that are transmitted through the
material without interaction. The second category involves
the study of light that is scattered or reflected from the
material, i.e., those photons that have undergone some

interaction with the material.
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Optical spectroscopy has been a scientific tool for
over a century, and has proven invaluable in studies on
transparent media. There are several instances where the
conventional transmission spectroscopy is inadequate even
for transparent media. Such a situation arises when one is
attempting to measure a weak absorption, which in turn
involves the measurement of the slight change in the
intensity of the transmitted signal. Various techniques
have been developed to overcome this difficulty. Apart
from these weakly absorbing materials, there are several
non-homogeneous substances that are not readily amenable to
the conventional transmission or reflection modes of
optical spectroscopy. Other digficult materials are those
that are optically opaque. Several techniques have been
developed to permit the study of highly scattering and
opaque substances. The most common of these are attenuated
total reflection (ATR) and internal reflection spectroscopy
and Raman scattering. Though these methods are useful,
they are limited only to a small category of materials,

only over a small wavelength range and the data obtained

are difficult to interpret.

During the past few years two more optical techniques
have been developed mainly to study those materials which

are unsuitable for conventional methods. These techniques
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are called Photoacoustic spectroscopy or PAS and Optical
beam deflection or "mirage" technique. These methods
differ from the conventional techniques chiefly in that
even though the incident energy is in the form of optical
photons, the interaction of these photons with the material
is studied not through subsequent detection and analysis of
transmitted/reflected photons, but through a direct measure
of the energy associated with non-radiative de-excitation
by atoms/molecules of the medium as a result of interaction

with the photon beam.

The present thesis is an attempt to bring out some of
the factors influencing the ~Ehermal parameters of a
material. With the advent of lasers and data acquisition
systems, PA technique has now emerged as a non-destructive
technique to study the optical and thermal propertijies of
materials. The thesis comprises of seven chapters and two

appendices.

In the first chapter a brief review of various
photothermal phenomena and their detection technique are
given. Advantages of PAS over the conventional methods and
applications of the technique to various problems are also

briefly described.



In the second chapter, the theory put forwarded by
Rosencwaig and Gersho for PA effect in condensed media 1is
described. The extension of the theory for thermal

diffusivity measurement is also given.

The general aspects of PA instrumentation are given in
the third chapter. It also deals with the design of a PA
spectrometer. The methods of modulation and signal
processing are also described. Standardisation of the
experimental set-up for thermal diffusivity measurements is

given towards the end of the chapter.

Alumina 1is an important '@aterial in low temperature
Physics, microelectronics and solid state technology as
substrate material. A knowledge of its thermal diffusivity
and the factors governing it will be helpful for the people
using it for wvariety of technological applications.
Chapter 4 is an attempt to bring out one of the factors
that influence thermal diffusivity of alumina. The chapter
gives a vivid picture of the role of OH groups in the

thermal diffusivity of alumina.

The method of ©preparation of a material has
significant role in its physical properties. A material

prepared by two different procedures will exhibit slightly
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different physical properties. This 1is exemplified in
chapter 5 taking Nd,0;, an important material in electronic
components and device fabrication, piezo, pyro and

electrooptic applications and in industry.

Benzimidazole complexes have recently gained
considerable attention of scientists and technologists by
virtue of their bio-medical and photonic applications.
Chapter 6 and 7 describe the thermal behaviour of the
complex on replacement of its metal/halogen part. In
chapter 7 the complex is given a polystyrene support and
its role along with metal as well as halogen part in the

thermal diffusivity of the sample is studied.

Aranmula mirror 1is a metallic mirror prepared by
ethanometallurgical process by a group of families at
Aranmula, a village in Kerala. The PA technique has been
used to study its optical property viz. the reflection

coefficient and is included in the thesis as appendix 1.

Photothermal deflection or Mirage effect is another
thermo optical phenomena that can be effectively used for
thermal as well as optical characterization being one of
the several nondestructive techniques. In appendix 2, use

of the technique for thermal diffusivity measurements of
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some phthalocyanines, organic semiconductors, is described.
A Dbrief theoretical and experimental detail of the

technique is also given.

The thesis ends up with an overall conclusion and

summary.
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ABSTRACT

A brief review of various photothermal effects
and their detection techniques with special
reference to Photoacoustics (PA) is given in this
chapter. The various possible methods of direct and
indirect PA deneration are described briefly. The
advantages of PA technique over the conventional
spectroscopic and calorimetric technique are alsq
given. Applications of photothermal techniques,
with an emphasis to Photoacoustic spectroscopy are

briefly explained in the last section.



1.1 INTRODUCTION

Photothermal phenomena have been emerged as a
powerful technique in Science and Technology during the
last decade. Though the phenomenon was known to man in
eighteenth century, he could not tap its potential in its
complete sense. With the advent of Lasers in 1960 and
sophisticated data acquisition systems, the versatile face
of photothermal phenomena gradually began to expose to the
world. Now it finds significant place 1in science and
technology mainly, not only as a non-destructive technique
but also as a spectroscopic technique where the
conventional methods collapse. : Modern medical Science,
Biology, Bio-Technology, Microelectronics, Solid State
Technology, what more, almost in all branches of Science
and technology it has proven its potential. Of several
branches of photothermal phenomena, Photoacoustics is only

one among them.

The Photoacoustic effect was discovered by Alexander
Graham Bell {1,2], who found that an acoustic signal was
produced when a sample in an enclosed cell was illuminated
with light having a periodically varying intensity (i.e.
chopped light). This effect provides a means for the study

of optical absorption in the sample, such studies being

3



called Photoacoustic Spectroscopy (PAS). The Photoacoustic
spectroscopy has been used in the study of gaseous, solid

and liquid samples [3-17].

Photoacoustic (PA) generation 1is generally due to
photothermal heating effect. apart from other mechanisms.

Some possible mechanisms are shown in figure 1.1, where the
PA generation efficiency m (i.e. acoustic energy generated/

light energy absorbed) generally increases downwards for

the mechanisms listed. For electrostriction and for

thermal expansion {or thermo elastic) mechanismg m 1is
small, of the order of 10™'? to 10> while for break down

mechanism mn can be as large as 30% [18].

The P A generation can be classified as direct or
indirect [19,20]. In the direct PA generation, the
acoustic wave is produced in the sample whereas in indirect
PA generation the acoustic wave 1s generated 1in the
coupling medium adjacent to the sample usually due to heat
leakage and to acoustic transmission from the sample. The
PA generation can also be classified according to the two
excitation modes: the continuous-wave (cw) modulation mode
where by the excitation beam is modulated near 50% duty
cycle and pulsed mode, whereby excitation beam is of very

low duty cycle but high peak power. In the cw case, the
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signal is analysed in the frequency domain while in the
pulsed technique, the signal is acquired and analysed in
the time domain. Discussions of these two PA generation

techniques are given by Atalar and Tam and Coufal [19,20].

In pulsed PA measurements the excitation pulse 1is
typically short (<< 107 °sec) and the acoustic propagation
distance during the excitation pulse 1is typically much
smaller than the dimension of the sample so that the PA
pulse shape, is independent of the boundary reflections and
the sample can be treated as infinite in extent. In cw
modulated PA measurements, the modulation frequency is in
the 10° Hz regime and the acou§tic propagation distance
during a period is much larger than the sample cell, The
PA generation efficiency with cw modulated mode is lower

than with the pulsed mode [21].

The indirect PA generation requiring accustic
detection in the coupling media in contact with the sample
does not provide as high sensitivity as the direct PA
generation for detecting weak absorption. However indirect
PA generation is much significant when the optical

absorption is high and no light passes through the sample.
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Various possible causes of indirect PA generation is shown

in figure 1.2 [22-24].

Photothermal (PT) heating due to the absorption of an
excited beam at a surface can generate surface acoustic
wave and affect the propagation of surface acoustic waves.
The former effect is some times called PA Rayleigh surface
wave dgeneration while the latter can be called as surface
wave probing of PT generation [25]. Indirect PA

spectroscopy is discussed in this chapter.

In PA spectroscopy, the sample to be studied is often
placed in a closed cell or chamber. In the case of gases
or liquids the sample generally<}ills the entire chamber
and in the case of solids, the sample fills only a small
portion of the chamber and remaining portion is filled with
a non-absorbing gas such as air. In order to detect the
pressure variations in the chamber, a sensitive microphone
is placed inside the chamber. The sample is illuminated
with chopped monochromatic 1light wusing electromechanical
choppers or intensity modulators. On absorbing the
incident photons by the sample, the internal energy levels
within the sample are excited and on de-excitation of these
energy levels, all or part of the absorbed photon energy is

converted in to heat energy through non-radiative de-



excitation process. In a gas this heat energy appears as
kinetic energy of gas molecules, while in a solid or
liquid, it appears as vibrational energy of ions or atoms.
Since the incident radiation is intensity modulated, the
heat generated with in the sample also will be modulated saq
as to produce a thermal wave or acoustic wave. The various
steps involved in the process of PA signal generations are

schematically shown in figure 1.3.

Since PA measures the internal heating of the sample,
it clearly is a form of calorimetry as well as a form of
optical spectroscopy. The classical calorimetric
techniques based on the temperature sensors such as
thermistors and thermopiles [26] have several inherent
disadvantages for PA spectroscopy in terms of sensitivity,
detector rise time and the speed at which measurements can
be made. More suitable calorimetric technique measures the
heat production through volume and pressure changes
produced in the sample or in an appropriate transducing

material in contact with the sample,
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1.2 DETECTION TECHNIQUES FOR PHOTOTHERMAL

PHENOMENA

When the sample 1is illuminated by an intensity-
modulated beam, it gets heated up periodically due to the
absorption of incident energy and subsequent excitation and
non-radiative de-excitation phenomena. This is a
dissipative process in which the rate of energy transfer is
determined by the thermal diffusivity o = k/pc and the
distance of appreciable energy transfer is given by the

thermal diffusion length p, which for periodically deposited

heat p=(2a/w)/?.

The heat depos%ted can be transferred to
surrounding media through a direct coupling to vibrational
modes (i.e. acoustic phonon spectrum) of the material,
namely via a thermoelastic process. The block diagram

(figure 1.4) shows the optical absorption and various

possible de-excitation channels leading to PT effects.

Generally, photothermal heating of a sample leads to
thermal and stress induced changes in the physical
properties either of sample or of its surrounding medium.
One can monitor several physical properties of the sample

such as the sample surface displacement or the changes in

11
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the refractive index of both the sample and the surreunding

medium to study the deposited heat.

The photothermal (PT) effects occur simultaneously
with the cause or with time delays. The choice of a
particular photothermal technique for a study and the
signal detection methods will depend on the nature of the
sample and its environment, the source used and the purpose
of measurement. Detection methods can either be applied to
the sample directly when it is called direct PT effect or
to the coupling medium adjacent to the sample which is the
indirect PT effect. The second method 1lies on the
assumption that only the sample . absorbs the indirect light
but not the coupling medium. Some of the detection

techniques are briefly described below.

1.2.1 ELECTRET MICROPHONE AND PIEZOELECTRIC

DETECTION

The conventional P A microphone detection technique is
a non-contact, remote sensing technique. When the sample
is illuminated by intensity modulated beam, the internal
heating occurs. In gaseous samples, the volume changes can
be quite large as a result of internal heating. In these

cases, a displacement sensitive detector such as a

13



capacitor microphone proves to Dbe an excellent heat
detector. With the availability of sensitive microphone
and associated electronics, it 1is possible to detect
temperature rise in a gas of 10°° °C or a thermal in put of
the order 107° cal/cm’ -sec. The disadvantage with a
detector that responds to volume is that the response time
is limited both by the transit time for a sound wave in the
gas with in the cell cavity and by the 1low frequency
response of the microphone. These two factors tend to

limit the response time of the gas-microphone system to the

order of 100 p sec or longer ([27].

In the case of solids or‘liquids, it is possible to
measure the heat produced in the sample by means of a
piezoelectric detector (usually, & lead zinconate titanate
(PZT) ceramic) placed in intimate contact with the sample.

These detectors can detect temperature changes of 1077 °C to

10°® °C, which for a particular solids or liquids corresponds
to thermal inputs of the order of 10° cal/cm’-sec. Since
the volume expansion of solid or liquids is 10 to 100 times
smaller than that of gases, the measurement of heat
production with in the sample with a displacement sensitive
detector such as microphone would be 10 to 100 times less
sensitive than a pressure sensitive device such as a

piezoelectric detector.

14
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Fig. 1.5t Transducer assembly for PZT detection for

solids (a) opagque and (b) transparent..

The transducer can be assembled in different ways
depending on the particular experiment. Figure 1.5(a & b)
shows two typical transducer assemblies for PZT detection
in solid samples. For opaque samples, it 1is better to
attach the PZT to the back surface of the sample (Figure
1.5a). For optically transparent samples transducer, in
the form of an annulus, is located on either side of the

sample. In the case of liquid samples the PZT transducer
15



is mounted on one of the walls of the liquid container [28-

38].

In the case of powdered samples, or a smear or gel it
i; not possible to employ a piezoelectric detector. In
these cases a gas is used as a transducing medium, coupling
the sample to a microphone. The periodic heating of the
sample due to the absorption of optical energy results in a
periodic heat flow from the sample to the gas, which itself
does not absorb the optical radiation. This in turn
produces a pressure and volume change in the gas that
drives the microphone. This method, though indirect, is
quite sensitive for solids wit? large surface to volume
ratios, such as powders, and 1is capable of detecting
temperature rise of 10™® to 10 ” “°C in such samples or thermal
inputs of about 107® to 107 cal/cm’-sec. From the above
discussion, it is evident that Photoacoustics is a
combination of optical spectroscopy and calorimetry. Hence
it will be appropriate to call this technique as
photocalorimetry. But we wuse the term Photcoacoustics
because this method employs microphone or piezoelectric
detectors for the detection of pressure variations in the

coupling media.

16



1.2.2 PHOTOTHERMAL BEAM DEFLECTION (PBD)

This is a non-contact technique originally proposed by
Boccara et al [39,40] and Fournier et al [41]. It is based
on the concept of beam deflection by thermally induced
changes 1in the refractive index. The absorption of a
modulated pumping beam followed by the diffusion of the
deposited heat causes a gradient in the refractive index in
a thin layer of gas (or liquid) adjacent to the sample
surface. A second Beam (say, tangential to the sample
surface) can probe this refractive index g¢graedient and its
deflection can be related with the sample surface
temperature. As the increase of the sample surface
temperature depends on the optical absorption coefficient
of the sample as well as on its thermal properties, both
spectroscopic and thermal characterization studies can be
conducted by measuring the deflection of the probe beam
[42-44]. Assuming that the probe beam passes through the
coupling medium parallel to the sample surface at a
distance x from the surface, it will be deflected by an

angle ¢ from its original path (Figure 1.6). For small

deflections, ¢ is given by [39,42,44]

¢ = (L/no) [On/0T)} 1o [0Tg/0%] x=x0 (1.1)

17



where Tg(x,t) = 0 exp.(-045.X). exp.(jot) is the temperature
distribution in the coupling medium(gas), neo 1is the
refractive index of the gas at ambient temperature (To) and

L is the length of the sample illuminated by the pump beam.

BACKING

[ Light

Fig. 1.6: Typical PBD experimental configuration

The PBD technique has been employed in the measurement
of optical absorption coefficient of thin films, solids,
liquids and gases [39-45] and more recently to a quite
diverse class of problems ranging from imaging to scanning

microscopy.



1.2.3 PHOTOTHERMAL RADIOMETRY AND OTHER REMOTE

SENSING TECHNIQUES

Photothermal radiometry (PTR) 1is another example of a
non-contact technique in which the specimen is irradiated
with amplitude modulated light. This results in pulsating
surface temperature and similar pulsation in the thermal
radiation emanating from the irradiated region. The
technique was originally proposed by Kanstad and Nordal

[46-49].

A typical experimental arrangement is shown in figure
1.7. The sample 1is illuminaféd by intensity modulated
monochromatic beam of light. The radiant emittance from
the sample depends on its optical absorption coefficient
B) . The thermal radiation from the illuminated area is
collected by an appropriate optical system and focused on
an infrared detector. -To prevent the scattered radiation
from reaching the detector, an optical filter is employed
and the signal is processed by a lock-in- amplifier whose
out put 1is recorded as a function of incident 1light
wavelength. The experiment can also be performed using

pulsed laser with boxcar or transient detection.
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The theoretical description of PTR signal for both CW
and pulsed excitation is given by several authors [50-55].
By Stefan - Boltzmann law, the total radiant energy emitted

from a body of emissivity ‘e’ at temperature T is given by

W = eoT? (1.2)

where 0 is the Stefan's constant. For a temperature change

0T due to the absorption of energy E from a radiation of

wavelength A, the change in radiant energy is

oW = 4oeT’8T ; (1.3)

The PTR signal in a broadband detector over the entire

thermal radiation spectrum may be written as

S = 4ceT?® A Sin@ dT (1.4)

where A is the detector area and 0 the collecting angle.

The remote sensing and non-contact nature of this
technique enables the characterization of materials 1like
nuclear fuels [56]. Pulsed PTR has found profound

applications in the thermal analysis of composite [57,58]
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and multi-layered materials. It is also well suited for
scanning and imaging of the surfaces, with respect to
spectral characterization as well as thermal /material
properties [59-68]. The thermal wave imaging was
originally developed by Bausse and recently reviewed by
Reynolds in the ;ontext of industrial materials

applications.

MIRROR
BERM SPLITTER

LASER

Vv

W

RADIATION
DETECTOR

CHOPPER

SAMPLE

Fig.1l.7: Experimental arrangement for PTR measurement

Apart from PTR and PBD techniques some other remote
sensing techniques have also been proposed. These include
interferometric detection {69-74] of gas displacement of
the sample surface due to the modulated heating and thermal

lensing detection [75-79].
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1.2.3.1 PHOTOTHERMAL DISPLACEMENT SPECTROSCOPY (PDS)

Deflected probe

Detection Plane
beam

Probe beam

.7 ™ Undeflested probe

beam

Fig.1l.8: The PDS principle

The basic principle involved in PDS is that whenever a
sample gets heated due to photothermal effect, the surface
expands due to thermal effect thereby getting displaced.
The magnitude of displacement is related quantitatively to
the optical absorption coefficient [74,75]. A schematic

representation of this technique is shown in figure 1.8.

For an absorbing layer of thickness, 1, on a

transparent substrate, the photothermal surface

displacement h is given by
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h = awmPP / 2Afcp (1.5)

where a¢, - thermal expansion coefficient, B -~ the fraction
of the absorbed light, P - incident power, f - modulating
frequency, A - area of optically illuminated region, p - the

mass density and c - specific heat capacity.

1.2.3.2 INTERFEROMETRIC DETECTION

Here the sample is kept in ocne c¢f the arms of a
Michelson interferometer and the position of the mirror in
the other arm is modulated to -overcome thermally induced
drifts and the effect of mechanical wvibrations on the
interferometers (Figure 1.9). It is reported that the beam

reflection approach is easier to implement and serves long

term stability requirement [74].

1.2.4 PHOTOPYROELECTRIC DETECTION (PP)

This 1is another example of contact type photothermal
detection technique. It 1is based on the use of
pyroelectric thin films to detect the temperature change in
the sample when exposed to modulated heating. In a

pyroelectric material a temperature fluctuation induces an
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electrical current proportional to the rate of change of

its average heat content [81-86].
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Fig., 1.9: PDS-Interferometric method



A typical experimental arrangement of PP technique 1is
shown in figure 1.10. It consists of thin pyroelectric
films (e.g. poyvinyldene difluoride, PVF,) 1in intimate
contact with the sample on which intensity modulated
monochrcmatic beam is incident. The absorption of light
and the subsequent non-radiative de-excitation within the
sample results in temperature fluctuation which through
heat diffusion reaches the pyrcelectric films. As a resuly
of this temperature fluctuations the pyroelectric material
changes ;ts polarization and an electric current is induced
in the detector [87]. The induced current in the pyro-

electric film is

i, = -p A [dAT/ dt] (1.6)

where p is the pyroelectric constant of the material, A -

the detector area and AT - the temperature fluctuation.

PP detection finds applications in spectroscopic
studies [81], thermal diffusivity measurements
[84,85,88,89], phase transition studies [90], photovoltaic
conversion efficiency of solar cells [91] scanning

microscopy [92] etc.
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Fig.1.10: Typical experimental set-up for photopyroelectric

detection.

1.2.5 THERMAL LENSING SPECTROSCOPY

Photothermal heating of a sample produces
refractive index change in the coupling medium. A
measure of the <change in the refractive index
profile in the sample or coupling medium 1is a
convenient technique of material characterisation.
The thermal 1lensing effect was first observed by

Gordon in 1964 [93].

When the sample is 1illuminated by a pump beamn,

beam passing through this refractive index gra



gets diverged as if it had passed through a

diverging lens. As a result intensity of the probe
beam changes. Under certain circumstances the
medium acts like a converging lens also. The focal

lengths of the astigmatic thermal lens in the x and

y direction are given by

1/f, =(8n/8t)f(8°T/6x?%)ds (1.7)

1/f, =(én/at)[(8°T/dy?)ds (1.8)

Where T(x,y,t) 1is the temperature distribution near

the heated sample and s the signal.

Since the thermal lensing effect is proportional
to the laser intensity, sensitive absorption

"4 can be carried out

measurements, as small as 10
[94,95]. The technique 1is widely used in 1liquid
chromatography [96], energy transfer studies [97-
99], bulk thermal properties [100,101] and for the

measurement of absolute quantum yield (102]



1.3 ADVANTAGES OF PHOTOACOUSTIC SPECTROSCOPY

Since the photoacoustic signal is generated cnly after
the absorption of optical signal, the 1light that 13
transmitted or elastically scattered by the sample does not
interfere with the photoacoustic spectroscopic (PAS)
measurements. This is of greater importance when cne works
with essentially transparent media, such as polluted gases
that have few absorbing centers. Since the method 1is
insensitive to the scattered radiation it 1is possible tq
obtain optical absorption data on highly scattering
materials such as powders, amorphous solids, gels and
colloids. Ancother advantage is-ﬁhe capability of cbkbtaining
absorption spectra of optically opaque samples, since the
methcd does not depend on the detection of photons.
Coupled with this is the capability, unique to
photcacoustic spectroscepy, o©f performing non-destructive
depth profile analysis of absorption as a function of depth
in to a material. The PA effect results from a radiation-
less energy conversion process and is therefore
complementary to radiative and photo chemical processes.
Thus PAS can be used as a sensitive, though indirect method
for studying the phenomena of fluorescence and

photosensitivity in matter.
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Generally, since all PT effects appear cnly after the
absorption of the incident 1light, the technique ié one of
‘zero background’ 1i.e. the signal generated is only from
the sample. Hence the technique 1is superior to the
conventional transmission or absorption technique whexe the
intensity of the transmitted or absorbed 1light is
subtracted from the intensity of the incident light to get
the absorbed light energy. 1In other words the conventional
method is a ‘subtractive’ method. However, the technique
is less sensitive for the detection of quantum microscopig
effects. A comparison of various techniques for weak

optical absorption is given in Table 1.1.

1.4 APPLICATIONS OF PHOTOACOUSTIC

SPECTROSCOEY

Photoacoustics is much more than spectroscopy. It is

]

photocalorimetric method that measures how much of the
electromagnetic radiation abscrbed by the sample is
actually ccnverted into heat. As such photoacousties can
be used to measure the absorption o¢r excitaticon spectrum,
the lifetime of excited states, and the energy vyield of

radiative processes.
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1.4.1 DE-EXCITATION PROCESSES

The PA effect is sensitive only to the heat producing
de-excitation processes that occur in a sample after
absorption of modulated light. 1If E, is the energy absorbed

by a given system, heat produced is given by

Q =Eo (1- 2 71) (1.9)

where Yy; are the conversion efficiencies of the several non-

thermal de-excitaticn channels. Since the PA signal 1is

proportional to Q, it can be written as

S =S (1- 2 7i) (1.10)

where Spo represents the PA signal if only the thermal de-

eXxcitation channel is active. Equation 1.10 tells that the
PA signal is complementary to the other photothermal energy

conversion processes.

The PA technique 1is useful in the study of
photovoltaic de-excitation process in semiconductors. In
such process the part of the incident radiation |is
converted in to electrical energy resulting in a
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corresponding reduction in the thermal energy produced and
hence the PA signal depends upon the energy conversion
efficiency of the process [103]. In a phtovoltaic deyice,
the phtovoltaic conversion efficiency Y(R.) is a function of

the external electrical load Ry. If the phtovoltaic de-
excitation process dominates, equation 1.10 can be written

as

S(Ry) = So [1- le(RL)] (1.11)

where Sy is a constant for fixed cell gecmetry, optical
wavelength and intensity of incident 1light. Under open

circuit conditions (oc), the photovoltaic device has zero

energy conversion efficiency. i.e. Yy = 0.

S(oc) = So (1.12)

Combining egn. 1.11 and 1.12

Y(Ry) = 1 - S(Ry)/S(oc) (1.13)

Thus;,; the photovoltaic conversion efficiency can be
readily measured as a function of wavelength (A) as well as

load resistance; using PA -effect. The PA techniques are

nsed to determine the photoconductive quantum efficiency of
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a thin organic dye film [104] and to determine photocarrier

generation quantum efficiency of schottky diode [105].

The technique 1is also extended to photochemical
studies [9], photodissociation of molecule [106] and photo

gas generation and consumption [107].

1.4.2 IMAGING AND DEPTH-PROFILE

Attention has also turned to the possibility of using
PA effect for 1imaging applications. By scanning the
amplitude-modulated focused light across the surface of the
sample and recording the amﬁlitude and phase of the
photoacoustic response, it is possible to construct an
image that 1is characteristic of the optical and thermal
properties with in a part of the sample. By varying the
chopping frequency sub-surface imaging can be daone and
there by detect the flaws, if any, with in the sample [108-

11e6].

PAS can be used for depth profiling, thickness
measurements of thin film samples and for determining the
number of layers of different materials in a multi-layered
structure [117-121]. The potentialities of PA depth-

profile analysis were originally demonstrated by Adams and
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Kirkbright [122-123]. This is due to the fact that only
the heat generated with in a depth of one thermal diffusicn
length of the sample contributes to the PA signal. Since
the thermal diffusion length is a function of chopping
frequency, one c¢an have depth profile analysis of the

sample by varying the chopping frequency.

1.4.3 MICROSCOPY

PR micrecscopy is a rapidly expanding area because of
its potential applications in thin-film technologies,
medical diagnestics, and non-destructive testing, tc name a
few examples. In addition to the gas microphcne detection,
several other detection techniques have bkeen used in
photothermal microscopy. These include PZT [124-128}, PBRD
(39,42,129,130] and PTR [63-68] detection as well =&as

photcthermal surface displacement [130] measurements.

Photothermal microscopy consists basically of
generating a localized heating in a sample due to the
absorption of intensity modulated ‘energetic beam and
scanning the heating position across the sample. The
thermal waves resulting from the absorption of the periodic
incident beam propagates from the heated regions and
undergo reflections and scattering when they encounter
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regions of different thermal and gecmetrical
characteristics. In this way, as the heating beam isg
scanned across the sample any surface or subsurface change
in the characteristics of the sample can be mcnitored as a

change in the thermal wave signal.

1.4.4 MICROWAVE AND INFRARED SPECTROSCOPY

The use of PA detection was shown to be of great
advantage in spectroscopic studies. Originally these
studies were carried out in the UV -Visible region of the
electromagnetic spectrum. Such studies can be carried ouf
at any wavelength provided, thé;material under study has
absorption in the wavelength used. Several authors have
used PA detection for microscopic absorption studies over a
wide range of materials [131-140]. These include PA
detection of ferromagnetic resonance (FMR) of the metallic
and honmetallic sample [132-144]), spin wave rescnance in
thin metallic film [135) and paramagnetic resonance (EPR)

in organic and inorganic substances [136-138].

The photon energy and hence the intensity of the PA
effect decreases in gecing from the visible to the IR range,
Spectral features in this region can be directly related to

molecular structure. The use of PAS in the near IR region
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can be carried out using the same instrumentaticn as for
UV-Visible region. The absorption bands observed in the
near IR region for solid and 1liquid samples are
attributable to overtones and combinations of the
fundamental vibrational modes of particular bands. Most
frequently observed bands are those relating to hydrogenic
systems e.g.: -CH, -OH, and -NH. The PAS applications in
the near IR have been well documented for analytical [141-

1441 and surface studies [141,145,146].

1.4.5 CHEMICAL STUDIES

PAS is ideally suited to; catalytic studies since
catalytic substances are by their very nature difficult to
investigate by conventional spectroscepic means. These
difficulties arise from the fact that 1in heterogenecus
catalysis the catalyst is often in the form of a fine

powder

1.4.6 SURFACE STUDIES

PAS can be wused in the study o¢f adscrbed and
chemisorbed molecular species and compounds on the surface
of metals, semiconductors and even insulators. Such

studies can be done at any wavelength, provided the
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substrate is non-absorbing at that wavelength. The PAS
experiment gives optical absorption spectra of the adsorbed
or chemisorbed compounds on the surface of the substrate

[141-~-147}.

1.4.7 PAS IN BIOLOGY

Many biological materials cccur naturally in a soluble
state. But scme are insoluble and opagque, which can be
studied using PA technigues. Thus PAS holds great promise
as both a research and diagneostic teool in bieoleogy and
medicine [148-152]. PA depth profiling has been used by
several workers in the study of'pigment (121}, distributicn
of 1lobster shell, [-carotene in skin [153}, and thsa

photosynthetic energy storage in hetero system.

One of the mest exciting areas of PR studies lies in
the field of medicine. Cne can use PAS to cbtain optical
data on medical specimens that fails with conventional
methods such as in bacterial studies, tissue studies,
hydration studies, maturation studies, etc. In the area of
Dermatology PAS has been used to study the effects of
active drugs in the skin (157} and to determine the drug
diffusion rate in human skin. The thermal properties and

water content of the skin can also be found out using PA
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technique. In the area of food quality contrcl some
applications of PAS on the monitoring of food adulterant

have also been reported [158,159].

The PA process depends not only on the optical
properties of the sample but also on the thermal and
geometrical properties as well. We have used the method
for the measurement c¢f thermal diffusivity [160-162], the
details of which are given 1in subsequent chapters. PA
technique can also be used to study fluorescence, guantum
yield, nonlinear optics, phase transition studies etc[163-

174]

1.5 CONCLUSION

Various photothermal phenomena and their
detection techniques are discussed briefly.
Applications of this technique in various fields of
science and technology are also given. Advantages
of this technique over the <conventional technique

are also discussed.
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ABSTRACT

This chapter acknowledges some of the prominent
scientists who have made significant contribution to
Photoacoustic spectroscopy (PAS). The well-known
Rosencwaig-Gersho theory is briefly presented.
Application of the theory; to thermally thick,
thermally thin, optically transparent and optically
opaque samples also is given. RG theory for thermal
diffusivity measurement also 1is discussed towards

the end of the chapter.
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2.1. INTRODUCTIQN

Even though Alexander Graham Bell [1] discovered PA
effect more than a century ago, the potentiality of the
technique remained unexplored until recently. With the
availability of sensitive microphone -during thirties and
forties- people studied PA effect with gaseocus samples to
determine concentration of gaseous species in gas mixtures
and to study the de-excitation and energy transfer
processes [1-5]. Though the principle behind PA effect was
known at that time, there were no appropriate theoretical
explanations. Bell explained that PA effect is due tc the
internal heating of the sample?sby the absorbed radianf
energy. He hypothesized that acoustic signals are
generated as a result of periodic expulsion of gases from
air spaces or pores with in the solid sample due to the
alternate expansion and contraction of the sample caused by
the periodic heating by the incident radiation. In the
case of thin membrane or disc type sample, Bell supported
the theory proposed by Rayleigh [6], who concluded that the
primary source of PA signal was the thermally induced
mechanical vibration of the disc. But according to
Mecardier [7] the alternate heating and cooling produced by
the intermittent radiation in the gaseous layer adhering to
the solid surface results in the acoustic signal. A more

or less similar explanation was given by Preece [8].
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Experiments performed during the last few years indicate
that the primary source of the PA signal from condensed
sample as measured by the gas-microphone method arises from
the periodic heat flow from the sample to the surroundipg
gas with the subsequent change in the gas pressure with in

the cell.

The first attempt to develop a quantitative theory was
made in 1973 by Parker {9] who while performing
photoacoustic experiments with gases noticed a small but
measurable PA signal clearly emanating from his cell
windows. But this theory could explain PA effect in highly
absorbing materials. Later on a#more general theory for the
PA effect in condensed media was formulated by Rosencwaig
and Gersho (1975-1976) [10,11] and further developed by Mac
Donald [12-14] and by Aamodt, Murphy and Parker [15,16].
These models have been found to be reasonably in good
agreement with experimental results (for both solid and
liquid samples) and thus, the basic mechanisms respcnsible
for the photoacoustic (PA) effect seem to be well

explained.

The main goal of theoretical models of PA effect is to
allow interpretation of PA signal in terms of cptigcal and

thermal properties of sample. In the works of Rcsencwaig-
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Gersho and ARamodt, Murphy and Parker, the effect of
physical and thermal properties of the system on PA signal
has been studied so as to show the relation of PA spectra
to normal absorption spectra. Mac Donald have shown [14]
that absolute absorption coefficient may be determined at
any optical wavelength by measuring the PA signal as a
function of chopping frequency. Adams and Kirkbright [17]
used the phase of the PA signal to determine the thermal
properties of transparent materials. All of these
applications require a proper theoretical basis te
interpret the experimental data.

The Rosencwaig-Gersho theor; - commonly known as RG
theory - shows that in a gas microphone measurement of PAS
signal, the signal depends both on the generation of an
acoustic pressure disturbance at the sample-gas interface
and on the transport of this disturbance through the gas tq
the microphone. The pressure variation at the sample-gas
interface results from the periodic heat flow from the
sample, which 1is, governed by the thermal diffusion
equations. Rosencwaig and Gersho solved the thermal
diffusion equations for the sample, the backing material on
which the sample is mounted and the coupling gas in the
cell so as to obtain exact expressicns for the pericdic

temperature at the sample-gas interface. Though the



thermal part of the theory has been treated exactly, the
acoustic part 1is treated in an approximated heuristic
manner, which is, however, valid for the most experimental
conditions. Since RG theory 1is extensively used in
interpreting the results of the present work, we feel it
would be appropriate to present the salient features of the
theory in this chapter so that the thesis will bhe self-

contained.

2.2. ROSENCWAIG - GERSHO THEORY

Rosencwaig-Gersho theory is. a one-dimensional analysis
of the production of PA signal from a sample kept in a
cylindrical cell (PA cell) as shown in figure 2.1. Let D
be the diameter and L be the length of the PA cell. It is
assumed that the 1length L 1is small compared to the
wavelength of the acoustic signal, and the microphone (not
shown in figure) detects the average pressure produced in
the cell. The sample of thickness 1 and diameter D is
mounted on a poor thermal conductor of thickness 1”. The
length of the gas in the cell is given by 1’ = L-1-1". It
is also assumed that the gas and the backing materials are

not light absorbing.
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Fig. 2.1.: Cross sectional view of a cylindrical PA cell
B - Backing material; S - Sample;
L - Boundary layer of gas; G - Gas column

The three sample parameter; that play the major role
in determining the PA signal are the sample thickness 1,
the opticgl absorption length 1, thermal diffusion length
M. Let us define the important parameters we use in the

theoretical formulation.

K :thermal conductivity (cal / cm-sec-°c)

p :the density (gm /cc)

c :the specific heat capacity (cal / gm-°c)
a :thermal diffusivity (cm?/sec)
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[a=K/ pc. It is a measure of the change of temperature
which would be produced in unit volume of the substance by
the quantity of heat which flows in unit time thrcugh unit
area of a layer of the substance of unit thickness with
unit difference of temperature between its faces. It 1is

also known as Thermometric conductivity.]

a = (o / 2 aa)l? : the thermal diffusion

coefficient (cm™t)
7] = 1/a: thermal diffusion length (cm)
[It is the distance over which a thermal wave is damped by

1/e of its initial amplitude.] ¥

]

® chopping frequency (rad/sec)

B optical absorption length
[It 1s the distance over which the 1light intensity is

reduced to (1/e) of initial intensity.]

Hp = 1/PB : optical absorption coefficient.

In the following treatment, the sample parameters are
represented by unprimed symbols while the corresponding gas
and backing materials by singly and doubly primed letters

respectively.
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Let I be the intensity of a sinusoidally chopped

monochromatic radiation with wavelength A incident on a

solid given by
I =1, (1+cos ot) (2.1)

where I, is the incident monochromati¢ light flux (W/cm? )
The heat density (H) produced at a point x due to the light

absorbed at this point in the sample is given by

H=(1/2) B I.e™ (1+cos ot) (2.2)
where x takes on negative values since the solid extends
from x = 0 to x = -1, with the light incident at x = 0.
Note also from figure 2.1 that the gas column extends from

Xx = 0 to x = 1’ and the backing from x = -1 to x = - (1+1").

The thermal diffusion equation in the solid
considering the distributed heat source due to illumination

can be written as

(6°0/0x%) = (1/a) (88/6t)RePt (1+ei®)

for -1<x <0 {2.3)



with A = BI,n / 2k (2.4)

where 8 is the temperature and m is the efficiency with
which the absorbed light is converted in to heat by non-
radiative de-excitation process. For most of the solids at
room temperature it 1is reasonable to take m = 1. The

thermal diffusion equation for the backing material and gas

are respectively given by

(8°0/0x%) = (1/0”) (09/6t) ~1"-1 < x < -1 (2.5)

(8°0/0x%) = (1/a) (89/6t) 0 < x < -1 (2.6)

The real part of the complex valued solution 8(x,t) of
equations (2.3) to (2.6) 1is the solution of physical
interest which represents the temperature in the cell
relative to the ambient as a function of position and time.

Thus the actual temperature field in the cell is given by-

T(x,t) = Re.B(x,t) + ¢o (2.7)

here Re denotes the "real part of" and ¢, is the ambient

{room) temperature. To completely specify the solution of
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(2.3), (2.5) and (2.6), appropriate boundary conditions are

obtained from the requirement of temperature and heat flux

continuing at the boundaries x = 0 and % = -1, and from the
constraints that the temperature at the cell walls x = 1
and x = -1-1"is ambient.

The general solution for 8(x,t) in the cell neglecting

transients can be written as

For 1-1” < x < -1

B(x,t)=(1/1") (x+1+1” )W, + W e (xtllgiot (2.8a)

For-1 £ x £ o

B(x,t)= b; + box + bseP* + (Ue™*+Ve *~EeP*)ei®t (2.8b)

For 0 < x £ 1'

B(x,t)= [1-(x/1")]F + 0 e 7% el (2.8¢C)

where W, U, V, E and q are complex valued constants, by, b,,
bis, Wo and F are real valued constants, and ¢ = {(1l+i)a. 05

and W represent the complex amplitudes of the periodic
temperatures at the sample-gas boundary (x = 0) and the

sample-backing boundary (x = -1) respectively, The
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quantities Wy, and F denote the d.c components of the
temperature at the sample surface x =0 and ~x = -1
respectively. The gquantities E and b, determined by the

forcing function in eq. (2.3) are given by

by = -A/p? (2.9)

E = A/ (B?-6?) = BIo/ 2k(/ (B*-o%) (2.10)

The growing exponential components of the solutions to
the gas and backing material are omitted in the general
solution (2.8) because for all fféquencies (w) of interest,
the thermal diffusion length is small compared to the
length of the material and hence the sinusoidal components
of these solutions are sufficiently damped so that they are
effectively zero at the cell walls. Therefore, the growing
exponential components of the solutions would  have
coefficients that are essentially zeroc so as to satisfy the

temperature constraints at the walls.
By applying the boundary conditions all the constants

of eq.(2.8)and hence the d.c and a.c components of the

solutions can be obtained. Then the explicit solution for
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8o ,the complex amplitude of the periodic temperature at the

solid-gas boundary (x = 0) is given by

0o = [PIo /2K(B%-0%)]1{(r-1) (b+1)e’t - (r+l) (b-1)e™ +

2(b-r)e ™[ (g+1) (b+1)e®* - (g-1) (b-1)e™ ]}

(2.11)

where
b =Ka”"/Ka ; g =K'a’/Ka ; r = (1-I)B/2a

(2.12-2.14)

The periodic temperature variation at the sample
surface as governed by eq.(2jil) causes thermal waves
diffuse in to the gas. This periodic diffusion process
produces a periodic temperature variation in the gas as

given by the a.c component of the sclution (2.8).

B(x,t) = 0, e”* it (2.15)

The time component of temperature in gas [egq.(2.15)]
attenuates rapidly to 2zero with increasing distance from
the surface of the solid. The periodic temperature
variation in gas 1is effectively damped out at a distance
2n/a’= 2mnu’ where p’ is the thermal diffusion length of the

gas. It can be assumed to a good approximation that only
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this boundary layer of gas as sown in figure 2.1 whose

thickness is 2nu’ capable of responding thermally to the

periodic temperature at the sample surface.

The spatially averaged temperature of the gas within

this boundary layer as a function of time can be determined

as,
_ .2nu’
0(t) =(1/2nn’) |  Baclx,t) dx (2.16)
0
From eq. (2.15)
B(t) =(1/2mV2)0gelt@t ™ (2.17)

Due to the periodic heating of the boundary layer of
gas, it expands and contracts which in turn exerts a
periodic pressure on the rest of the gas column, there by
producing an acoustic signal. The displacement of the

boundary layer can be estimated by the ideal law as

ox(t) = 2nu’ 6(t) / To

TN NSt A A BV (2.18)

Assuming the expansion and contraction of gas to be

adiabatic, the acoustic pressure in the cell <can be

determined from the adiabatic gas law, PV' = constant, where

67



P is the pressure, V is the volume of gas in the cell and ¥y
is the ratio of specific heats. Then the incremental

pressure is given by
8P (t)= y(Po/Vo)dV=y (Po/1')8x(t) (2.19)

where P, and Vs, are the ambient pressure and volume
respectively and -ov is the incremental volume.

Substituting from eq. (2.18)

8P(t) = Q 0, elfet™4 (2.20)

-

where Q = yYPoBo / I’'a’ToVN2 (2.21)

The actual physical pressure variation AP(t) is given by

the real part of 8P(t) as

AP(t)= Q; cos(wt-n/4) - Q, sin(ot-n/41) (2.22)
or AP(t) = g cos(ot-y-n/4) (2.23)
where Q; and Q; are the real and imaginary parts of Q and g

and y are the amplitude and phase of Q, that is
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Q = Q; + iQ, = g eV (2.24)

Thus Q satisfies the complex envelope of the sinusoidal
pressure variation, and the explicit formula for Q 1is

obtained by combining eq.(2.11) and eq. (2.21) we get

Q = [BIoyPs /2V217a’ToK (B2-0%)1[(r-1) (b+l)e”™ -
(r+1) (b-1)e™ + 2 (b-r)e ™[ (g+1) (b+1)e® -
(g-1) (b-1)e™ ]!

(2.25)

This equation gives the amplitude and phase of the acoustic

-

pressure wave denerated in the «cell by photoacoustic

effect.

SPECIAL CASES

The expression for Q can be made simple by considering
various special cases. The special cases are determined by
the relative magnitude of the optical absorption length
1p=1/B, thermal length p and the thickness 1 of the sample
respectively. For all cases it is assumed that g < b and

b~1. Also it is convenient to define
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Y = Io YPQ /2'\j2l’T0 (2.26)

which always appears as a constant factor in the expression

for Q and the optical path length as

lp =1/ B (2.27)

Case 1 :OPTICALLY TRANSPARENT SOLID (lg >1 )

In this case the 1light 1is absorbed throughout the
length of the sample and some light is transmitted through

the sample. *

Case l.a :Thermally thin solids [pu >> 1 ; p > 1 ]

Here using the approximation e® = 1 - Bl1, e = 1 and
lrl > 1 in eq. (2.25), we get
Q = (Y/2a’a”K") (B-2ab-iP)
= [(1-1)Bl/2a’ ] [W/K"] Y (2.28)

The above equation shows that in this case the acoustic

signal 1is preperticnal to B1 and since (u"/a") is
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proportional to 1/®', the acoustic signal has a o™
dependence. For thermally thin case of p.>»> 1, the thermal

properties of the backing material also come in to play in

the expression for Q.

Case 1.b: Thermally thin solids (p > 1 ; p.< 1lp)

Setting e™® = 1-B1, ™ = (1+0l) and lr] <1 in eq. (2.25)

I

we get

Q = (BlY/4Ka’a’o) (B7+2a”) + L (p’-2a")

~ [(1-1)Bl/2a’] [u”"/K"] Y (2.29)

Here also the acoustic signal varies as o}, since it is
proportional to Bl and depends on the thermal properties of
backing material.

Case 1l.c : Thermally thick solids (p < 1 ; p << 1)

setting e™ = 1-B1; e = 0 and |r| <1 in eq.(2.25) we

Q
D
'ms

Q = [-ifu/2a’ ] [uW/K] Y (2.30)
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Here the acoustic signal is proportional to Bp. The light
absorbed with in the first thermal diffusion length
contributes to the signal even though the absorption takes
rlace through out the thickness of the solid. Since p < 1,
thermal properties cof the backing material are replaced by
those of the solid sample. The signal in this case varies

as o °’2.

Case 2 : OPTICALLY OPAQUE SOCLIDS

In this case most of the light 1is absorbed in a
distance that is small compargd to 1 and no 1light 1is

transmitted.

Case 2.a : Thermally thin solids (p >> 1; p >> 1) )

Taking e = 0; e® = 1 and |r| <1.

Q~ [(1-i)/2a" ] [W/K"] Y (2.31)

In this case the acoustic signal is independent of B but
depends on the thermal properties of the backing material

and varies as o'.



Case 2.b : Thermally thick solids (p << 1; p > 1)

setting e® = 0; e = 0 and |r|<l in eq.(2.25) we get

Q = (Y/2aa’KP) (B-2a-iP)

~ [(1-iP)/2a’] [uW/K] Y (2.32)

Here also the acoustic signal is independent of B and

varies as ol.

Case 2.c : Thermally thick solids (p << 1; p < 1g

-

setting e™ = 0; e = 0 and |r| <1 in eq.(2.25) we get

Q0 = (-iPY/4a’a’k) (2a-B-iP)

~ (ipu/2a’) (u/K) (2.33)

This 1is very important and interesting case because
even though the sample 1is o¢optically opagque it 1is not
photoacoustically opaque as @ <lp, only the light absorbed
within the first thermal diffusion length contributes teo

the acoustic signal. The PR signal is preopertional to B and



depends on the thermal properties of the sample and varies

as o Y2,

Cne of the most important predicticn c¢f the theory is
that the PA signal is always linearly propcrtional to the
power of the incident photon beam and that this dependence
holds for any sample or cell geometry. RG thecry alsc
indicates that the PA effect primarily depends on the
relationship between three length parameters c¢f the sample:
the thickness of the sample 1, the optical absorption
length 1l =1/B and thermal diffusion length p = (2a/w)'/?.
Deviation from RG theory 1is 'gbserved at low chopping
frequencies. This is due to the reason that RG theory is
made con the assumption that the gas column in the PAS cell
is always much larger than the gaseous thermal diffusion

length, which is not wvalid at low chopping frequencies.

2.3. THERMAL DIFFUSIVITY MEASUREMENTS

2.3.1. INTRODUCTION

Thermal diffusivity a 1is of direct importance in
thermal transport properties as it determines the rate of

periodic or transient heat propagation through the medium.
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Knowing thermal diffusivity, density and specific heat
capacity the thermal conductivity of the material can be

calculated since they are related through the relation g¢=

K/pc. Though thermal conductivity and thermal diffusivity

adopted for the measurement o©f these parameters. Thermal
conductivity when measured directly by a steady state
methed requires the measurement o©f the thermal flux and
temperature gradient. The thermal diffusivity requires the
measurement of the time for a thermal disturbance ¢to
prcpagate tc a known distance in the medium [18-217, This
shows the significance of thermal diffusivity measurements
because the length and time intervals can be measured more
easily and accurately than heat fluxes and temperature

gradients.

Two kinds of techniques have been commonly used to
determine thermal diffusivities: transient heat-flow method
[15] and periodic heat-flow method [22]. In the transient
heat-flow method, an addition or removal ¢f thermal energy
from the sample induces a transitery temperature chgnge and
o is determined by measuring temperature as a funetion of
time at o¢ne c¢r more points alcng the sample. In the
periodic heat-flow method the thermal energy supplied teo

the sample is modulated at a fixed period. Consequently
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the temperature at all points in the sample vary with the
same period and o is then determined from the measurement

of amplitude and phase of the thermal wave in the sample.

The PA technique, which belongs to the periodic heat-
flow methed, is an effective method to determining thermal
parameters. Here the PA signal is measured as a function
cf chopping frequency. Charpentier et al ({20] have
presented a frequency analysis of the PA signal for the
determination o©of thermal diffusivity by extending RG
theory. They have also discussed the "drum effect”,
mechanical vibration of the sample due to its periodic

dilation.

2.3.2. R.G THEORY OF THERMAL DIFFUSIVITY

MEASUREMENTS

Acccrding to RG theory the pressure variation Q at the
front surface of an cptically thick sample depends on the

thermal diffusivity a of the sample and can be written as

Q = ge ¥ =BA (2.34)
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Where g = |Q|, ¢ is the phase shift between Q and excitation,

and B and A are given by

B = (Poywal\/a’/ 21’T°K\/a) (2.35)
and

A = [l+g(d*+d)/(d"=d")] [g+(d*+d7)/(d*-d")] (1/01)?

(2.36)
where d*= e
d = e
c = (1+i) (rf/a)?’? (2.37)

and g, the ratio between effusivities of the backing

material (e") and the sample (e) is given by

g=-e"/e = (K"/K) (a/a")'? (2.38)

In the above expression 1, K and o are the thickness,

thermal conductivity and thermal diffusivity respectively.

To and Pp are the static temperature and static pressure of
the gas, y is the ratio of specific heats, W, is the amount
of light absorbed and 1' and o' are the thickness and
thermal diffusivity cof the gas. The effusivity of the gas

in the cell has been neglected compared tc the effusivity
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of the sample,

the ratio being less than 1% always.

The

term A depends on the modulaticn £frequency through the
product 6l which can be written as

cl = (i+]j) (mf/f.) (2.39)
where f. is the characteristic frequency, which can be
obtained from eq.(2.37) and eq.(2.39) as

f. = a/l? (2.40)

The thermal diffusivity o can be determined by measuring

the amplitude of the PA signal as a function of chopping

frequency. One of the factors
amplitude

() given by

where f 1s the <chepping frequency
thermally thin (g >1) the PA signal
thermal prcperties of the Dbacking
thermally thick (pu <1) regime the PA

of the thermal properties of the backing material.
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that

determines the

of the PA signal is the thermal diffusion length

(2.41)
when the sample 1is
gets modified by the
material. In the

signal is independent

For a



given sample thickness, one can have a transition from
thermally thin regime to thermally thick regime by
increasing the chopping frequency. Hence in the
leg(amplitude) Vs log(frequency) plot a slcpe change occurs
at the characteristic frequency (fe) . Knowing the
characteristic frequency and thickness of the sample, the

thermal diffusivity can be calculated from eg.(2.40) as

a = 1,°%f, (2.42)

2.4. CONCLUSION

RQsencwaig-Gersho theory (one dimensional analysis)
for the production of PA signal in a closed cell 1is
described. Various special cases are also mentioned. The
extension of the theory for thermal diffusivity

measurements is also given.
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ABSTRACT

In this chapter we describe the experimental
set-up employed in the present work. After g short
general introduction to PA spectrometer, the design
and fabrication details are given. The calibration
of the experimental set-up using the materials of
known thermal diffusivity values is also included in
this chapter. The power dependence o0f the PA signal

is also studied and is given in the last section.
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3.1. GENERAL. ASPECTS OF PHOTOACOUSTIC

SPECTROMETER

The essential mecdules of a PA spectrometer are (i) a

radiation source of sufficient intensity in the spectral

range of interest (ii) intensity or frequency medulater
{iii)} PA cell in which the sample is placed which alsc

incorporates the acoustic transducer (iv) signal processing
unit. The block diagram of a PA spectrometer is shown in

figure (3.1).

Light Source Modulator f--¥---{ Sample Cell
Microphoxge— D
Signal
Processing
Unit

Fig.3.1l: Gas-Microphone PA spectrometer
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3.1.1. RADIATION SOURCE

Lasers and arc lamps are the two popular types cf
light sources currently in use for PA experiments. The
g Y P

lamp monochromator can provide continucus tunebility over a

wide spectral range from infrared to Fhe vacuum
ultraviolet. High pressure Xe arc lamp, Hg lamps, tungsten
lamps etc are the commonly used incandescent sources. The

major drawback with these sources 1is relatively low
bandwidth. Lasers -are widély accepted as the convenient
radiation sources in the PA spectroscopy especially for
measuring weak absorption. This 1is mainly due to their
coherent and monochromatic nature. But the draw back with

lasers is their limited tunability.

3.1.2. MODULATICN

Mcdulation of the incident light beam 1s essential fer
g

the generaticon c¢f PA signals. Amplitude or fregqucncy
P4

on

modulation is the commonly used method. Amplitude
mcdulation can be dcne by one of the several methods using
mechanical, electrical or electrc-optic devices. The mcst
cermmonly used and inexpensive methed is tc use mechanical

chopper, which is a disc with holes to allow light beam to

3 ¥
pass through. Frequency o©f mcdulation can be varied by



controlling the rotation speed of the chopper and number of
holes in it. Most mechanical choppers -incorporate
optocouplers to get reference signal for lcck-in detection.
The depth of modulation in this case is 100%. While using
mechanical chopper, care should be taken to minimize the
vibration noise as it may interfere with the PA signal and
can not be filtered off cven by lock-in dctection.
Frequency modulation can be employed to eliminate the PA
signals generated due to wavelength independent absorption
at the cell window. Frequency modulation is well suited for
narrow line width absorbers such as atomic and diatcmic

species.

3.1.3. THE PHOTOACOUSTIC CELL

The heart

o)

f a PA spectrometer is the PA cell in which
the sample is placed and the signal is generated. Prcper
design of the cell is very impcrtant for the generation of
PA signal o¢f detectable magnitude. Some of the important
factors that decide the good response of a PA cell are

given below.

(i) The cell shculd be acoustically isoclated. For

that the cell should be designed with goccd acoustic



seals and with walls of sufficient thickness to form

good acoustic barriers.

(ii) The materials used for making cell windows and
walls should not have absorption in the wavelength
region of interest. This is to eliminate the
contribution of the wall and window materials to the
PA signal. To minimize the PA signal from walls dus
to their absorption of the incident radiation, the
thermal mass of the walls should be quite large. The
cell geometry should be such that the améunt of the
scattered light reaching the microphone is a minimum.

(iii) Since the PA signal varies inversely with the
volume of gas inside thc ccll [1], its dimension
should be so chosen that the volume cf thc cell is a
minimum. Care should also be taken to avoid the
dissipation of acoustic signal before reaching
nicrophcne. Hence it 1is advisable tc optimize the

cell volume so0 as to generate good signal strength.

(iv) The 1length 1’ of gas cclumn between the sample

and window should be greater than the thermal



column to be 1/=1.8u'. In determining the passage way

dimensions, thermo-viscous damping has to be taken in

to account. The thermo-visccus damping effect varies
194

expcnential as e, where € is the damping coefficiept

given by

€ = (1/dv) (Me® / 2po) (3.1)

where d is the closest distance between the cell boundaries

in the passage way, v 1is the velocity of sound, ® is the

frequency pPo is the density of gas and Ne is the effective

viscosity which depends on the ordinary viscosity and the

thermal conductivity of the gas. Thermo-viscous damping

/2

coefficient varies as o and become prominent at high

frequency where as thermal diffusicn length which varies as

-1/2

[0 is predominant at low frequency. Considering these

facts; the distance between the sample and windew should be
made minimum and the passage way dimensions also should be

kept minimum (cf the order of 1-3 mm) [4].

@)
th

Depending o¢on the nature of work, various types

QO

ells are designed [5, ¢]. The most commonly used cell i

n

.

cylindrical in shape with a bore at the center through

which light beam is passed. Such cells can be operated



either in the resonant or in the non-resonant mode. The
pressure variations produced due to the PA effect
propagates radially outwards, perpendicular to the exciting
beam. The hydrodynamic equation describing the tipq
variation of pressure at a given point in the cell has been
solved for cylindrical (7-10] and other cell geometries,
The pressure distribution P with in a cylinder of jength L

and radius R is given by

P(r,¢,z,t)=coes(m,¢) cos(kmz/l) Jn(Qur/R) exp(-iot)

V2 L)

-

where J, is the Bessel function of the first kind of crder
m. The normal acoustic modes cen be divided into pure
longitudinal and pure radial. The lowest order radial mode
has k=1 and m=n=0 , while the lowest order longitudinal
mode has k= 1, m= 0, n= 1. The rescrnant frequency of the

cell can be cbtained freom

fres = (Co/2) [(K/L)% + (Op,n/R)%17Y2 (3.3)

where co is the velocity of sound in gas an. is the n'" root

of the equation

(dJm/dr)r=R = O
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Another «cell gecmetry makes use of the Helmholtz
resonator type in which the sample and microphone
compartments of volumes v; and v, are connected by a narrow
tube of length L and of cross sectional area A. Ite

rescnance frequency is given by

27tfres = CO(A/LVI) (3.4)

where Ve &= V1V2/V1+V2 (3.5)

The advantage of Helmholtz design is that the resonant
frequency can be altered by changing the dimensions A and L
of the channel. With this configuration, the properties cf
the sample at low as well as high temperature can be

studied by using a sufficiently long connecting tube.

The PA cell alsc inccerporates an accustic transducer,

usually a microphone, tc detect the acoustic signal.

3.1.4. SIGNAL PROCESSING

Since the PA signal is very weak, often several crders

of magnitude lower than the ambient ncise, care must be

(-r
o
'v
)
o}
=
o}

preccessing the microphcone cut put signal. In

to noise ratio, the signal

D
~
2.
D
~
~+
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maximize the signa
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from the microphone preamplifier should be processed by an
amplifier tuned to the chopping frequency. The fact that
the PA signal has the same frequency as that of modulation,
enables one to use the lock-in detection technique [11].
The lock-in amplifier is also helpful in eliminating the
noise from other sources. Also, by lock-in detection the
amplitude and phase of the PA signal can be measured with
high accuracy and much ease especially when both amplitude
and phase vary simultanecusly. When pulsed laser jis used
as the excitation source a boxcar averager is used instead
of a lock-in amplifier,

In spectroscopic applicatigns since the PA signal is
proportional to the intensity of the incident beam, one has
tc normalize the PA spectrum with the power spectrum of the
radiation source. The power spectrum of the source can be

obtained by using a conventicnal power

=3

weter or another
reference PA cell with a suitable absorber 1like carben
black as the sample. While using a reference PA cell, the
modulated incident beam is allowed to fall in to the
reference cell using a beam splitter. The signal from the
sample cell 1is divided by that from the reference cell

using a ratio meter and the spectrum is directly recorded.

91



3.2. EXPERIMENTAL SET-UP

A single beam PA spectrometer has been assembled for

the investigaticons carried out. The block diagram of the
experimental set-up is shown in fig (3.2) The essential

parts o¢of the set up are (1) an optical scurce (2) an
clectromechanical chopper (4) PL  cell (5) a lock-in

amplifier and (6) reccrder.

CHOPPER
] MIRROR
LASER J =
®
MICROPHONE
Ty
- >
Lock-in 3@
plifer E

Fig.3.2: Experimental set-up.



In the present work, a cw argon ion laser (LiCONiX
5300 Series Water Cooled laser) has been used ags the
excitation or the pump source. It can be operated beth in
multi line and in single line mode. Prominent lines are
514, 488 and 476 nm, which can be used as the excitation
wavelengths. To generate acoustic signal in the PA cel;,
as stated earlier, it is necessary to modulate the cw

source before irradiating the sample. The laser bgam is
modulated using an electromechanical chopper (Stanford

Research systems, INC, Model SR 540). The mechanical
chopper is the simplest form of a modulator consisting of a
rotating slotted disc placed in the path of the light beam.
It can provide a modulation.;depth of 100% for the
frequencies from a few Hz to 5 to 8 KHz. We have selected

the chopping frequencies from 20 Hz to a maximum of 300 Hz.

The PA signal detected by the microphone is processed

by means of lock-in amplifier (EG & G model 5208). It has
sensitivity up to 100nV and phase sensitivity up to 0.025°.

Lock-in amplifier uses a technique known as phase-sensitive
detection to single out the component of the signal at the
reference frequency and phase. Noise signals at
frequencies other than the reference frequencies are

rejected and do not affect the measurements.

O
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The PA cell is the most important part of any PA
spectrometer. The description of the PA cell used for the

room temperature measurement is given below.

A small volume non-resonant cell for room temperature
measurement is made out of aluminium. The figure (3.3)
depicts the cell with its various parts. The cell has ap
axial bore of about 0.5 cm. diameter. One side of the bore
is closed by a glass window and to the other side we place
the sample and closed air‘tightly. The bore provided at
the back side of the cell helps us to study the effects on
rear side illumination. "The a;oustical isolation of the
cell volume from out side is achleved by using 'Q' rings on

the window holders.

The PA signal is detected using a microphone kept very
close to the sample compartment in a separate port with
provisions for electrical connections. A small size, high
sensitive microphone has been used for the detection of the
acoustic signal. The microphone cutput is fed tc the lock-

in amplifier through a BNC connector.
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M - Microphone, W - Window, S - Sample

Fig. 3.3: Cross-sectional view of the PA cell used
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3.3. STANDARDISATION OF THE EXPERIMENTAL

SET-UP.

In order to standardise the experimental procedure,
the thermal diffusivity of samples with known values of «
have been determined. Copper, aluminium and iron were
chosen as standard samples since their data are available
from the literature. After standardising the set-up the
work is extended to the samples whose thermal diffusivities
are not known. The accuracy of the method depends on the
accuracy with which the thickngss and the characteristic
frequency of the sample are megsured. By measuring the
thickness of the sample by optical methods, the accuracy of
thermal diffusivity wvalues comes up to the third decimal

digit.

3.3.1. THERMAL DIFFUSIVITY MEASUREMENTS ON

Cu, Al,AND Fe

For thermal diffusivity measurements the samples of
appropriate thickness are taken such that the
characteristic frequency, at which a «cross over from

thermally thin to thermally thick regime take place as the

chopping frequency 1is varied. The thickness (ls) of the

O
[2)]



sample 1s accurately measured and the characteristic
frequency (fc) is noted from the log(amplitude) Vs

log (frequency) plot.

Before thermal diffusivity measuremeht it is to be
confirmed that the cell constructed for the investigation
is non-resonant (ie. it should not produce any resonance ip
the frequency range used for the study). For that,; keeping
carbon black as sample the vériation of PA signal amplitude

with chopping frequency is studied.

2000 - e

1000

Amplitude
AN

0 200 400 600

Power

Fig. 3.4: Power dependence, Laser power (mW) V= PA signal

amplitude (mV)
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Also the power dependence of the PA signal is studied.
It is found that for laser powers used for the present
investigation and the modulation frequencies, the PA signal
varies linearly with laser power. It is shown graphically

in figure 3.4

To determine the thermal diffusivity the sample 1is
kept in the PA cell and the PA signal amplitude and phase
are measured as functions of chopping frequency [Fig. 3.5 -
3.13]. Then a graph is drawn with log (amplitude) along
the X axis and log (frequency) along the Y axis. Tha graph

shows a <change 1in 1its slope at a <certain chopping

frequency, which 1is the characteristic frequency (f¢) for
the sample. Thus by knowing sample thickness (lg) the
thermal diffusivity a can be calculated using the relating

a= 1&fc [eqn. 2.42]. The thickness, characteristic

frequency and thermal diffusivity of copper, aluminium, and

iron are shown in the table.
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Fig. 3.5: Amplitude(uV) Vs Frequency (Hz) plot for copper
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Fig. 3.6: Phase Vs Frequency (Hz) plot for copper.
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Fig 3.8: Amplitude (pV) Vs Frequency (Hz) plot for

aluminium
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Fig. 3.9: Phase Vs Frequency (Hz) plot for aluminium
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Fig. 3.10: log amplitude Vs log frequency plot for

aluminium.
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Fig. 3.11: Amplitude(pVv) Vs Frequency (Hz) plot for iron.
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Table.1l Thermal diffusivity of certain metalic samples

evaluated using PA techhique.

§ NN NPT NG NNININNA INNGININNINANINNING A,

Thermal diffusivity

fe }
Sample § (cm?/s)
(mm) %(Hz)
g v % Calculated Reported
¢ 4

% 1.160 * 0.001 ¢
gAluminium 1.28 | 59.8 0.979+ 0.001] 0.980 + 0.001
gijjiVWM“Nv 0.64 |[55.3 0.2344+ 0.001} 0.244 + 0.001;

3.4. SAMPLE SELECTION

The main objective of the present investigation is

to

measure thermal diffusivity of materials and to bring out
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some the factors that can influence/govern the thermal
properties of materials. With this intention some typical
samples are selected from diverse class of materials that
find applications in various fields of science ang
technology. The materials studied are significant in
microelectronice, low temperature Physics, substrate and
solid state technology (Alumina), an important rare earth
oxide (Nd;03;) that finds applications in device fabrication,
industry and chemical engineering and newly synthesised
medically and industriallly important metal complexes
(hlogeno benzimidazole complexes) and polymer bound metal
complexes. . Studies were also ;arried out in some of the
metal Phthalocyanines that find.applications in the fields

of chemical technology, optical data storage etc.

3.5. CONCLUSION

General aspects of PA spectrometer with  Dbrief
description of various components is given. The design and
fabrication aspects of PA cell are also included. The
experimental se-up is standardised by determining the

thermal diffusivity of copper, iron and aluminium.
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ABSTRACT

Alumina is an important material in the field of
low temperature Physics; microelectronics and in solid
state technology as substrate material. The effect of
the chemisorbed hydroxyl groups on the thermal
diffusivity of y-alumina is determined by evaluating the
thermal diffusivity at varioﬁé degassing temperatures
and by doping it with rare earth oxide using
photoacoustic technique. The thermal diffusivity 1is
found to decrease with the increase in degassing
temperature as well as with the increase in the doping

concentration of rare earth oxide. This decrease has

been attributed to the loss of hydroxyl ion from the y-

Al-Ca.
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4.1. INTRODUCTIQON

Metallic films on insulators are widely used in
evolving technologies such as microelectronics, magnetic
and optical devices and protective coatings. Excimer laser
irradiation can modify the surface of various insulators,
improving the properties relevant to packaging
applications. For instance the adhesion between a ceramic
substrate and a deposited metallic film 1is strongly
enhanced if the substrate is laser-irradiated [1]. Thus a
substantial increase in gold-alumina and copper-alumina
adhesion strength has been aqpieved when the alumina
substrates are irradiated with 308 nm wavelength pulsed -

laser prior to deposition [1-3].

The interaction of UV 1light with wide band-gap
materials 1is enhanced by the presence of structural
defects. The light absorption in alumina (Al,;03) at 308-nm
wavelength (4eV) occurs at grain boundaries and impuyrities.
UV light absorption by these wide band-gap materials can

also be enhanced through the accumulation of defects
(4,5]. At a laser energy density of 0.7 J/cm2 the
polycrystalline Al;03 melts. This implies not on}ly that

there is defects build up induced by these initial stages



but also that the damage is most 1likely photochemically

induced.

As alumina has gained a significant place 1in
microelectronics, low temperature Physics because of its
juxtaposition of properties, substrate materials etc, a

knowledge of its thermal parameters is valuable.

4.2. ALUMINA

Alumina (Al;03) 1is an important material in adsorption
and catalysis. Of a, wide Variety of <crystalleographic
modifications [1], the transition phases m and y-Al;03 are
of special interest since they can provide high specific

surface areas (typically between 100 and 200 m’ /g9). These

modifications have a defect lattice of the spinal type and
can be distinguished by their defect character and the
distribution of the cations in tetrahedral and octahedral

sites [1,2].

The alumina surfaces, on exposure to water vapour
{moist air) are terminated by a monolayer of hydroxyl (OH)

groups [3-5]. The rehydroxylation of dehydroxylated alumina

surfaces on exposure to water vapour is accompanied by a
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strong heat evolution [6,7] indicating the strong chemical
interaction between surface and

water molecule.

On degassing the surface of y-Al,03 at 650 oC, Peri and

Hannan [3] have observed three resolved OH stretching bands

at 3698, 3737, and 3795 cm ' which are assigned to
"isolated", non-interacting, OH groups. Additional bands
at 3733 and 3780 cm._1 were also observed by Peri [4]. The QH

groups at various sites responsible for these kands are

shown 1in fig. 4.1. When degassed below 500 oC, broad

unresolved bands, due to the mutual interaction of OH
groups, are obtained in the OH stretching region, At
higher degassing temperatures, the isolated surface OH

groups get progressively removed from the surface. Even
after heat treatment at 800 oC, about 2% of the total OH

content remains on the surface [4]. The removal of OH
groups from the surface was postulated to generate
"strained oxide linkages", a reaction that may be depicted

as,

H H

| |

O O —— » /O\+H20
Al Al Al Al
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S f"

@ — "+' Al ion on the layer below the surface
A-3800cm;B-3744dem; C-3700cm ; D - 3780 cm ;
E-3733 ecm

Fig. 4.1: The OH groups at various sites responsible for

the bands in the IR spectrum of alumina.

The condensation of the two neighbouring OH groups
leads to the formation cof a water molecule that gets

expelled from the surface. This process leaves an oxide
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ion 1in the outer most surface layer and an exposed
incompletely coordinated aluminium ion in the next lower
layer. This exposed cation acts as a Lewis acid site.
According to the model of Al,03 developed by earlier workers
[3,4], the dehydroxylation process 1is simulated by a
statistical method. Assuming a random removal of OH pairs
without the creation of "defects" (adjacent oxide ions or
holes), a regular surface lattice can be maintained wup tq

the stage where, about 67% of the OH monolayer has been
removed at 500°C. Remaining hydroxyls can only be condensed

to eliminate wager with the creation of defects, which

comprise adjacent aluminium and oxide ion. About 90% of OH

content gets eliminated when degassed at 670 °c. When

heated to 900 - 1000 °C the OH groups on the surface get

expelled completely and leave coordinated 0" on the outer

surface layer.

The performance of the pure oxides can be considerably
changed by supporting and/or mixing oxide systems. For
example, addition of rare earth oxides promotes the
effectiveness of alumina due to the formation of R-0-Al

bond [Ral0O3; phase] [8]. On the basis of TEM data, it is

found that the presence of rare earth cations modifies the
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crystal growth characteristics of Al,C3 and that the
lanthanides hinder the reactivity of strong Lewis acid
sites at the Al,0; surfaces [9]. Thus, the OH content of

alumina decreases on rare earth doping.

4.3. EXPERIMENTAL

Apart from the point of view of catalysis and

adsorption studies, evaluation of thermal parameters of
Al,03 (like thermal diffusivity) are important means of

thermal characterization. It has been well recognicsed that
the photoacoustic (PA) effect is %n effective technique for
evaluating the thermal diffusivity of samples [10-20]. The
basic principle behind PA effect is that when a sample is
illuminated by intensity modulated (chopped) 1light, the
resulting periodic optical absorption generates stress and
thermal waves in the sample. The PA signal can be detected
either directly by using a transducer in contact with tpe
sample [21] or indirectly by keeping the sample in a cell
'and measuring the acoustic wave generated 1in the couplipg
gas with a sensitive microphone. By studying the chopping
frequency dependence of the potoacoustic signal geperated
in the coupling gas at a fixed optical wavelength, the

thermal diffusivity of the sample can be evalunated [19],
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The present work deals with the study of the effect of
OH ions on thermal diffusivity of alumina, by evaluating
its thermal diffusivity after heating to various degassing
temperatures and doping it with rare earth oxide. In the
single beam PA spectrometer [21] assembled for the present
investigation, the 488-nm line of an Argon ion laser
(LICONiX 5300) has been used as the pump source, To
generate acoustic signal in the PA cell, the pump beam is
modulated using an electromechanical chopper. The PA cell
used is a cylindrical, small volume (~3 cc), non-resonant
cell made out of aluminium. The cell has an axial bore of
about 0.5-cm diameter. One side of the bhore is closed by a
glass window, to the other side'we place the sample, and
the cavity 1is closed tightly. To detect the acoustic
signal generated in the coupling medium, a small highly
sensitive (100 puV/Pa) microphone is kept close to the sample
compartment in a separate port. The microphone cutput 1is
processed by means of a lock-in amplifier (EG & G Model
5208) . The experimental set-up is described in detail in

chapter 3.

As mentioned earlier thermal diffusivity «can be
evaluated from the chopping frequency dependence of the PA
signal [18]. For a given sample thickness (ls), one can

have a transition from thermally thin regime to thermally
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thick regime by increasing the chopping frequency. The
transition appears as a slope change at the characteristic
frequency (fc) in the log (amplitude) Vs log (frequency)
plot. Knowing the actual thickness of the sample (1ls), the
thermal diffusivity (o) can be calculated. using the

relation, a = 1s° fc (18,19].

4.3.1. PREPARATION OF y -Al;0;

In our experiment; y-Al,03 1s prepared Dby the
dehydroxylation of hydrous oxides at low temperature (350
°c). Nitrate solution of the éample (250 ml) containing
0.5g of Al,03 1is heated to boiling and 1:1 ammonium
hydroxide solution is added dropwise with stirring until
the precipitation 1is complete. It is then allowed to
digest on a steam bath until the precipitate is flocculated
and settled. The precipitate is filtered on a whatmann
No.41 filter paper and washed with small porticn of an
aqueous solution containing 2g of ammonium chloride ‘and
10 ml of concentrated ammonium hydroxide in 100 ml until
the precipitate is free of Cl™'. The precipitate is kept in

an air oven at 450 °C for 3 h.
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4.3.2. PREPARATION OF MIXED OXIDES

The mixed oxide is prepared by co-precipitation from a
nitrate solution. Aqueous ammonia solution is added to a
mixed aqueous solution containing rare earth nitrate and
aluminium nitrate. It is then dried overnight at 110 °C and
then calcined at 400 °C for three hours to form the mixed

oXide.

4.3.3. THERMAL DIFFUSIVITY MEASUREMENT

To determine the thermal Qiffusivity, 0.1 g of the
sample (with specific surface area [1,2] ~80m?) is
pelletised under high pressure (6 tons/cm?) using hydrolic
press. Placing the sample (in the form of a pellet) in the
PA cell, the frequency dependence of the accustic signal
amplitude is studied (Fig.4.2). Knowing the thickness (lg)
of the sample and the characteristic frequency (f¢) from the
log-log plot, the thermal diffusivity can be calculated.
The log-log plot for these various samples are shown in
figures 4.3-4.16. After the measurements the Al;03; sample
is kept in an oven at 500 °C or 1000 °C for about three
hours in order to degas it and eliminate the OH ions. The

thermal diffusivity of Al,0, degassed at different
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temperatures is shown in Table 4.1 [21] and pictorially in

4.17. The accuracy of the measurements depends cn the

310 4
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Fig. 4.2: Amplitude (uvV) Vs Frequency (Hz) plot for Al;0; -

100% and Nd-03 0% at 30°C
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Fig. 4.7: log amplitude Vs log frequency plot for Al;03 -40%
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determination of sample thickness

frequency (f¢). The values

correct 'up to third digit.

(ls)

and characteristic

of thermal diffusivity are

The

experiment

is

repeated after doping Al,0;3 with

Nd,0s.

It is

thermal diffusivity of Al,0s;.

seen that the doping causes a decrease in the

The doped samples are then

degassed at 500 °C and the thermal diffusivity is found to

decrease further.

(22,23]

Results are given in Table 4.2(a & b)

and the variation of thermal diffusivity with the

percentage of alumina in the sample is graphically shown in

figure 4.18.

TABLE 1.1 Thermal diffusivity of Al,03 degassed at different

temperatures. (lg= 1.15 X 107’ m)

VNI, N A A N N N Y AN N N NN NN DN NN NN N NN N NIy YA YNIDY
% Characteristi Thermal diffusivity{
Y Temperature (°C) ‘

Frequency (fec) (Hz) | (o) (cm?/s) :
g&w PN EANNADRAASAANASAAANI PN AV NN AR NIRRT OSSO A W\/WAN\NVV\’WAQ’\;
%3 37.9 0.502 +£ 0.001 %
g 5
¢ 500 34.8 0.461 + 0.001 :
%1000 33.3 0.440 + 0.001 §
K P
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TABLE 4.2 Thermal diffusivity of Al,;0; doped with Nd,03.

(a) At room temperature (30 °C)

NN A \/\N\/\/\/\/\ \/\/\/\ ./\\.'* NSNS AN S M'\/\f\
SRR LA A Y Y IM Y AYY A I AR Y Y AR DO AN

? ¢ N 2 P /S
g % % % yThermaldlffu31v1ty %
2 2 2 /
£1s (mm) §fc (Hz) ZAL,03 (%) §Nd205 (%) sé
/ % % 3 % (o) (cm?/s) y
2 sg 2 % ;) P
5 : : ; :
gﬁmw%wwmw ACARAARARAAN VC:’YV\:‘NWV\’NWNVE ARAPRS
$1.15 37.9 100 0 0.502 + 0.001 ;
2 <t
¢ (
£0.89 45.6 95 5 0.361 + 0.001 %
@ %
; z
£0.93 30.5 90 10 0.264 + 0.001 X
%0.87 33.9 80 20 0.257 + 0.001 ;
R 17

2
£0.86 33.3 40 60 0.246 + 0.001 %
¢ R
« £
£0.82 33.9 20 80 0.228 + 0.001 §

P

4
£0.54 33.9 0 100 . 0.099 + 0.001 X

S
é’\’\’WWV\M/\r\ AT N A A T N A A A A A A A A N A A A A A AT, WMAMAAWMM

RRGXRPINNNRIINNNIINARA IR

(b) At 500 °c

DAV VAV AV VAR AV ARV VARV DV VAV

? %

ANRARNRNARORNARP PR RARLROARPRNNILANRRES /wMNWW GRS A
% 8 ( Y % Thermaldiffusivity g
% ls (mm) g; fc (Hz) $Alz03 (%) $Nd:03 (%) g §
3 5) % (@) (cm?/s) ;
f % % p
31.15 34.8 100 0 0.461 £ 0.001 ‘
2 g
;2 :
%0.89 38.9 95 5 0.262 + 0.001 §
¢

a
£0.93 34.5 90 10 0.243 + 0.001 ¢
4 2
2 2
£0.87 30.6 80 20 0.211 + 0.001 ;
4 ;
£0.86 29.6 40 60 0.209 + 0.001 5
P24 ;é
7 —
%0.82 28.1 20 80 0.189 + 0.001 2
;
£0.54 32.5 0 100 0.095 + 0.001 i
/ &
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4.4. RESULTS AND DISCUSSIONS

From the photoacoustic measurements it 1s seen that
when the sample is degassed at 500 °C, o falls by 8.2% of
its value before degassing, when it had a mecnolayer[3-5] of
OH ions. When the sample is degassed further at 1000 %C the
thermal diffusivity falls by 12.4% of its initial wvalue.
The reason for selecting 500 and 1000 °C is that at 500 °C
about 67%, and at 1000 °C morc than 98% of OH ipons are

removed from the sample.

From Table I, it 1is evident that the degassing
temperature has pronounced effect on thermal diffusivity.
The heating of Al,03 decreases the amount of OH lons at
various sites [3]. The observed decrease in the thermal
diffusivity of Al,0; at increasing degassing temperature is

therefore due to the loss of OH ions from Al,0s.

It has been found from the IR spectrum that the doping
of Al;03 with Nd;0; also decreases the OH content [8,9].
This implies that Nd has interacted extensively with the OH
groups on the surface. The calcination of these doped
samples further reduces the OH content [9]. As expected,
the thermal diffusivity of Al,0; is also found to decrease

with the increase of Nd,03 (Table 1II). These results
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further suggest that the observed variation of thermal

diffusivity is due to the loss of OH ions [3-5],

H 0.49.

>

™ 0.39.

2 0.

S

H0.29.

o) e

o 0.19 4 '

£

o 0.09 . ' Y r —
& 0 20 40 60 80 100

Q.

% of alumina
—~e At 30°Cc —+—Nt 500°C

Fig.4.18: Variation of thermal diffusivity with % of

alumina at 30° and 500°C.

Due to the larger surface area, Al:03 has more adsorbed
OH ions than Nd.,0s. If we compare the thermal diffusivity
of Al,03 and Nd;03 before and after degassing, it can be seen
that the decrease in the thermal diffusivity of Nd,03 is
much less than that of Al:Q;. This further confirms the

role of OH ions on the thermal properties of A1l,0;.
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With these supporting evidences, we can conclude that
the OH 1ions have significant effect on the thermal

diffusivity of alumina.
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ABSTRACT

Knowledge of thermal and optical properties of
rare earth (RE) oxides is important in the context
of electronic component and device development and
piezo, pyro and electrooptic applications. For
example, from the point of view of laser baseq
studies Nd,O0s is one of the important RE oxides which
can be prepared by two different methods viz,
oxalate and hydroxide methods. The thermal
diffusivity of these differently prepared Nd;0s is
determined by laser induced photoacoustic technique.
The method is standardised by determining the
thermal diffusivity of copper and aluminium, The
effect of preparation method on thermal diffusivity
of Nd;03 is studied details of which are given in

this chapter.,
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5.1. INTRODUCTION

The photoacoustic (PA) effect has Dbeen recently
revived as a very useful technique for measuring the
optical [1-7] and thermal ([8-10) properties of materials
because of its high sensitivity and non-destructive nature.
In the energy conversion process (optical to acoustical)
involved in this effect, the thermal properties of the
sample play a significant role. Hence photoacoustic effect
can be used for the study of thermal properties of solids
such as thermal diffusivity, phase transition etc. By
studying the chopping frequency dependence of the
photoacoustic signal generated in the coupling gas at a
fixed optical wavelength, the thermal diffusivity of the

sample can be evaluated [9].

The method of preparation of a sample has profound
gffect on its physical as well as chemical properties
[12,13]. Hence a material prepared by two djifferent
methods show slightly different surface as well as chemical
properties. Kuo et al has shown [14] by mirage-effect that
the thermal diffusivities of differently prepared specimens
of Sic differ. In this chapter, the effect of method of
preparation on thermal diffusivity of Nd;03 has Dbeen

determined by photoacoustic technique.
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5.2. RARE EARTH OXIDES

The rare earth oxides are industrially very important
and find applications in electronic component and device
fabrications. All rare earth oxides are found to be basic
{151, They are generally prepared by the decomposition of
their trihydroxides LaOH); when precipitated with aqueous
ammonia from solutions of their corresponding nitrate

chloride or sulphate.

From the study of the surface characterization of LaQ;
as a typical example it is found that the trihydroxide
decomposes in to the sesquioxide by passing through an
oxyhydroxide ([LaO(OH)] intermediate. The first true stage
of LaOH)3; occurs in the temperature range 250 - 350 °c and
results in the formation of a well-defined LaQOOH
intermediate. Subsequent dehydration of oxyhydroxide to
lanthanum oxide of occurs at 350 - 420 °C and is complete at
the latter temperature. At the temperature range 450 - 500
°C decomposition of a carbonate layer that invariably exist
on the oxide surface as a result of interaction of the
highly basic trioxide precursor with atmospheric CO; during
preparation and handling is observed. The two stages of
dehydration that occurs at 200 and 300 °C cause small

decrease in surface area due to particle size shrinkage
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after which little ﬁurtbar-change'occurs up to about 500 °C.
The decline in surface area at temperature 500 °C is due to
the macropore structure and “annealing' of the surface

irreqularities.

Bbove 400 °C decomposition of the oxyhydrousoxide 1is
complete and exposed La’* and 0 ions in various normal or
defective surface environment becomes available for

participation as component of active site {16].

It has been suggested that at higher activation
temperature, the donor sites consist of an oxygen ion in
the surface specifically a colordinatively unsaturated
oxygen ion (0%*) associated with a nearby OH group and the

concentration of these donor cites on the surface 1is

related to basic strength of the surface [17].

5.3. EXPERIMENTAL

In our experiment Nd,0,s has been prepared by (1)

hydroxide method and (2) Oxalate method as described below.



5.3.1. PREPARATION OF Nd.0s; BY HYDROXIDE METHOD:

The sulphate soclution o0f the sample (250 ml)
containing 0.5 g of NdzO0s is heated to boiling and 1:1
ammonium hydroxide solution is added drop wise with
stirring until the precipitation is complete. It is then
allowed to digest on a steam bath until the precipitate is
settled. The precipitate is then filtered on a whatmap
No.41 filter paper and washed with small portion of an
aqueous solution containing 2g ammonium chloride and 10 ml
of concentrated ammonium hydroxide in 100 ml until the
precipitate is free from Cl. The precipitate is then kept
in an air oven at 100 °C overnighf and is ignited in a china

dish at 300 - 400 °C for two hours.
5.3.2. PREPARATION OF Nd,0; BY OXALATE METHOD:

The chloride solution of Nd (250 ml) 1is heated to
boiling and 60 ml of 12% oxalic acid solution is added
slowly with constant stirring and allowed to stand over
night. The precipitate is filtered on whatman No.42 filter
paper and washed with 2% oxalic acid in 1:99 HCI1, The
precipitate is then kept in an air oven at 100 °c for one

day and then ignited in china dish at 850-900 °c to constant
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weight. The weight obtained represent rare earth oxide

present.

5.3.3. THERMAL DIFFUSIVITY MEASUREMENTS

In the single beam PA spectrometer [18-20] assembled
for the present investigation, the 488 nm line of an Argon
ion laser (LiCONiX 5300) has been used as the pump source.
To generate acoustic signal in the PA cell, the pump beam
is modulated using an electromechanical chopper. The
acoustic signal generated in the coupling medjum is
detected by a small, highly sensitive (100-pV/Pa) micyophone
is kept close to the sample compartment and its output is
processed by means of a lock-in amplifier (EG & G Model

5208). The experimental details are given in chapter 3.

To determine the thermal diffusivity, about 0.5 g of
the sample is pelletised under high pressure (6 tons/cm?) .
Keeping the sample in the PA cell and the frequency
dependence of the acoustic signal is studied. The
variation of signal amplitude with frequency is shown in
figure 5.1-5.6. Knowing the thickness (ls ) of the sample
and characteristic frequency(fr ) from the log(amplitude) Vs

log (frequency) plot, the thermal diffusivity ean Dbe

calculated using the relation o = lg’fc [eqn 2.42].
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Fig. 5.1: Amplitude(pv) Vs Frequency (Hz) plct for Ndy0O; at

30°C, prepared by oxalate method

2.45 4
A
2.4 4
© 2.35 A
g
o 2.3
2.254
2.2 L § Ll ¥ E
1.3 1.4 1.5 1.6 1.7

log £

Fig. 5.2: 1log amplitude Vs log frequency plot for Nd;0; at

30°C, prepared by oxalate method
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Fig. 5.3: Amplitude(pV) Vs Frequency (Hz) plot for Nd,0; at

30°C, prepared by hydroxide method
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Fig. 5.41: log amplitude Vs log frequency plot for Nd,0; at

30°C, prepared by hydroxide method
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Fig. 5.5: log amplitude Vs log frequency plot for Nd;0; at

500°C, prepared by oxalate method
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500°C, prepared by hydroxide method
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The accuracy of the measurement depends an the
determination 1lg and f¢. The values obtained are accurate
up to third digit. Then the thermal diffusivities of
pelletised samples of Nd;0; are determined before and after
degassing the sample at 500 °C. The thermal diffusivities
of Nd,0; prepared by oxalate method and hydroxide method at
room temperature and at 500 °C are given in Table 5.1

respectively.

Table 5.1. Thermal diffusivity of Nd;0;

WAL ff\,//\'sw

”AithEmal diffusivity (cm/s)

anAAAAS

Preparation method

¢
§ At 30 °C At 500 °C :
§ y
RRRAINRIELIRNRANNRIN RN NNNNNAN RN W\WVWW/M\M‘ EAVAAAAGAAS ‘:\.5‘
Oxalate method 0.099 + 0.001 |0.095 + 0.001 9
R 2
2 . 4
%HydrOdee method 0.119 + 0.001 |0.103 % 0.001 ¢
4 <
WWMAMMNV\NV\N\AA/\AA{‘JV N A LA SN S AN S N NN N N NSNS S f-/v\o\N\/W\/v\;\(;

NN INAINAG NI INNINLD

5.3.4. INFRARED SPECTRA

The infrared spectra of these samples are taken before
degassing so as to get an information about the surface

hydroxyl groups, a characteristic of oxides.
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Table5.2: IR spectral data of Nd,0:;- oxalate method

No. Abscissa (am™l)v & Transmittance .
1 3668.7 6.86
2 3852.3 6.8
3 3819.5 6.97
4 3748.1 7.33
5 3673.9 6.96
6 2854.0 1.20
7 1699.5 11.91
8 1652.2 9.94
9 1575.1 7.56
10 1568.3 7.09
11 1563.5 7.03
12 1557.7 - 5.45
13 1553 8 h 5.78
14 1549.0 5.3
15 1538.4 3.44
16 1532.6 3.46
17 1520.1 2.56
18 1516.2 2.75
19 1505.6 2.14
20 1495,0 2.52
21 1436.2 2.3
22 1418.8 3.42
23 1081.2 9.55
24 816.0 8.61
25 726.3 5.37
26 435.0 9.41
27 420.5 8.4
28 417.6" 8.12
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Table5.3: IR spectral data of Nd,O3- hydroxide method

No Abscissa (cm')v % Transmittance
1 3745.2 1.02
2 3676.8 1.09
3 3671.9 1.34
14 3612.1 4.74
5 3606.4 4.40
6 2954.3 4.66
7 2923.5 3.90
8 2854.0 4.65
9 1735.2 7.95
10 1718.8 7.70
11 1701.4 8.15
12 1696.6 , 8.59
13 1685.0 T g2
14 1654.2 7.68
115 1648.4 7.97
16 1464.1 8.10
17 1456.4 8.21
18 1377.3 0.06
19 1070.6 9.47
20 673.2 0.35
21 667.5 9.95
22 443.7 3.94
23 437.9 3.79
24 430.2 3.51
25 418.6 1.89

The IR data of NJ,0; at room temperature prepared by
oxalate method and hydroxide method are given in Table 5.2

and 5.3 respectively
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5.4. RESULTS AND DISCUSSION

A search through literature reveals that oxideg 1like
Al:03; Nd,0; etc on expésure to water wvapour (moist air) is
terminated by a layer of hydroxyl groups at the surface
[21;22]. The presence of hydroxyl groups at the surface
has been shown by deuterium exchange and infrarp'd
spectroscopy and chemical methods [21-23]. The IR spectrum
of the oxides show bands between 3300 arid 3800 cm™, typical
of surface OH groups [23]. These surface hydroxyl groups
get expelled as the sample is heated to higher temperatures

[21,22].

The IR spectrum shows more number of peaks between
3300 and 3800 cm™* for the Nd,0: prepared by oxalate method
than the Nd;0; prepared by hydroxide method. (The peaks are
observed at 3673.9, 3748.1, and 3819.5 cm! for the Nd,04
prepared by oxalate method and at 3606.4;, 3612.1, 3671.9,
3676.8, and 3745.2 cm' for the Nd,0; prepared by hydroxide
method). This shows that Nd,0; prepared by hydroxide method
has greater hydroxyl groups. This may be due to the fact
that method of preparation alters the surface properties
[12,13]. From Table 1 it can be seen that, thermal
diffusivity of Nd,0; prepared by oxalate method is lower

than that prepared by hydroxide method. Correlating the IR
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data and thermal diffusivity values it seems to have a
relation with the amount of surface hydroxyl groups. From
IR data and thermal diffusivity values we can come to a
conclusion that greater the surface hydroxyl groups greater

is the thermal diffusivity.

It has been reported that as the degassing temperature
increases the thermal diffusivity of y-Al,0; decreases. The

reason for which is attributed to the loss of surface OH

groups [16].

Table. 4.1 shows a decrease in thermal diffusivity

with the increase of degassing temperature for both the

samples. The variation in thermal diffusivity is very small
in comparison with that of y-Al1,0; [{16]. This is due to the
fact that the specific surface area and hence the nuymber of
surface hydroxyl groups is very much lower than that in y-

Thus it can be concluded that, with the method of
preparation; the amount of surface hydroxyl groups also
changes. This in turn may be the reason for the difference
in thermal diffusivity for the sample prepared by the two
methods. The values at 500 °C further confirm the above

conclusion. In other words, the difference in the thermal
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diffusivity values may bhe attributed to the difference in

the preparation method,

5.5. CONCLUSION

The influence of preparation route on the thermal
diffusivity of a material is clearly understood. The rare
earth oxide Nd;0s3 1is prepared by oxalate and hydroxide
method. Its thermal diffusivity values are determined at
30 and 500 °C. To understand the difference in the amount
of hydroxyl groups in these two samples the IR spectrum is
recorded. The studies reveals the reason for the
difference in thermal diffusivity to be the difference in
the amount of OH groups in the sample which in turn is the

result of preparation method.
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THERMAL DIFFUSIVITY MEASUREMENTS
ON SOME HALOGENO BENZIMIDAZOLE
COMPLEXES

22 o2 5 o2 o3 6 2 a2 63 5 o3 6 oG 6 oG o oG oD



ABSTRACT

The thermal diffusivity of some halogenao
benzimidazole complexes of cobalt (II), copper (II),
and copper (I) with the ligand; 1l-nitrobenzyl-2-
nitrophenyl benzimidazole (NBPBI) have been
determined by laser induced photoacoustic technique,
The effects of the metal as.well as the halogen part
on thermal diffusivity of £he complexes havg been
studied. The structure of the complex is determined
from the electronic spectral data and magnetigq
susceptibility wvalues. Thermal stability of the
complexes is studied by thermogravimetric analysis.
It is confirmed that the structure of the complex

does not change on metal and/or halogen part

replacement.
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6.1. INTRODUCTION

Complexes of benzimidazoles have attracted
considerable attention in recent years. Benzimidazole
derivatives have been reported to have antibacterial,

antifungal, antiviral, anti-tumour, anticancer, anti-

inflammatory; analgesic; antipyretic; antineoplastip,
antihelmentic, germicidal and immuno-chemical agents
.activities. Complex compounds of transition metal ions

with imidazole, benzimidazole and their substituted ligands
have been studied extensively [1-5]. Recently, many 1low
molecular weight complexes of Cu. (II) containing imidazole
ligand have been proposed as models of active sites of Cu-
proteins [6-9]. Incorporation of nitro group in the azole
compounds makes them to have antiamoebic activity also [9].
Some of the Co (II) and Cu (II) complexes reported have
shown better catalytic activity, particularly synthetically
important reaction of oxidation of substituted phenols, in
which Co (II) and Cu (II) play a major role in catalysing
these types of reactions. The structure of the ligand and
the complex is shown in figure 6.1 and 6.2. A search
through the 1literature reveals that very few PA studies
have been carried out on metal complexes and that no work

has been reported on benzimidazole complexes.
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NoO,

Fig.6.1l: Structure of the ligand*(NBPBI)

6.2. EXPERIMENTAL

6.2.1. PREPARATION OF THE COMPLEXES

The materials used for the preparation of the
complexes are nitrobenzaldehyde (CDH), phenylenediamine
(CDH); cobalt (II) chloride hexahydrate (Merk), copper (II)
dihydrate (BDH); cobaltous carbonate and cupric carbonate
(Reidel Chemicals) and other chemicals were of Analar grade

purity. Solvents employed were distilled before use,
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Fig.6.2a: Structure of the Cobalt complex

The ligand; l-nitrobenzyl-2-nitrophenyl benzimid-

azole (NBPBI) was prepared according to the procedure



reported in the literature [10] by changing the reaction

time from 12h to 24h.

Fig.6.2b: Structure of Copper complex
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CoL,Cl,: Hot ligand solution of NBPBI (3.74g, 0.01 mol

dissolved in 75ml1 ethanol) is added slowly to cobalt (II)
chloride hexahydrate (1.18g, 0.005 mol in minimum volume of
ethanol) . The green solution appeared 1is refluxed for
about 2-3h over a water bath. Blue crystals obtained
during refluxion are filtered, washed with hot ethanol and
chloroform. This is dried in air and also under vacuum

over anhydrous CaCls.

ColL,Br,: Cobalt (II) bromide salt (1.09 g; 0.005 mol
in 20 ml acetone is added to the ligand (3.74g, 0.01 mol)
and the resulting green solution is kept over a water bath
for refluxion for about 2h only. Then volume of the
solution 1is reduced to half the volume. Greenish blue

crystals formed are collected; washed with chloroform and

dried under vacuum over anhydrous CaCl;.

CuL,Cl;: Hot ligand solution of NBPBI (3.74g, 0.01 mol
dissolved in 75ml ethanol) is added slowly to cabalt (II)
chloride dihydrate (1.18g, 0.005 mol in 5ml ethanol) and
the solution appeared is refluxed for about 1lh over a water
bath. Greenish grey crystals obtained during refiuxion are
filtered, washed with hot ethanol and chloroform, This is

dried in air and also under vacuum over anhydrous CaCl,.



Cul,Bry: Hot ethanolic solution of the ligand (3.74qg,

0.01 mol in 75 ml ethanol) is added to copper (II) bromide
solution (0.6g of copper (II) carbonate dissolved in HBr,
0.005 mol) and the refluxion is carried out over a water
bath for about 1h. Greenish yellow crystals thus formed
during refluxion were filtered, washed with hot ethanol

over anhydrous CaCls.

Cul,I, and Col,I, are also prepared by a similar

procedure.

6.2.2. THERMOGRAVIMETRIC .ANALYSIS

In order to get an information about the thermal
stability of the material against decomposition
thermogravimetric study is essential. The study was
carried out using Shimadzu TGA 50 thermogravimetric
analyser at a heating rate of 20 °C/minute in air using
platinum crucible in the temperature range between room
temperature and 1000 °C.. The amount of sample used for the

study is about 5-12mg.

The thermogravimetric analysis shows that the sample
does not decompose at temperatures lower than 280 °C.

Hence; the exposure to the intensity modulated {(chopped)
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laser beam of the power level used in the present

experiment (~100 mW) does not decompose the samples [11]7

6.2.3. MAGNETIC SUSCEPTIBILITY MEASUREMENT

Magnetic susceptibility measurements of the complexes
at room temperature were determined by the Gouy's method
using Hg[Co (SCN)] as calibrant. The room temperature
magnetic moment of the cobalt complexes are in the range
4.1 to 4.4 B.M. which are characteristic of tetrahedral
geometry of these complexes. Magnetic moment of 2.18 - 2.2
B.M. for the copper complexgs suggest the tetrahedral

structure for these complexes [11].

6.2.4. ELECTRONIC SPECTRA

All the <cobalt (IT) complexes exhibit a broad
absorption band with intensity around the region, 17500-
14500 cm™. This band can be assigned to ‘A,——® ‘T, (P)
electronic transition. An additional band observed for the
complexes in this region is the <characteristic of
tetrahedral structure and arises due to spin-orbit coupling
of the T state. Apart from this;, an additional band in

near IR region 1is also observed in the range between 7200
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and 6200cm™ and this band can be accounted to ‘A,— 3 ‘T, (F)

transition.

All the copper (II) complexes show a broad kand in the
region 24500-15000 cm™' and this band can be assigned to the
transition *T —p °E. All complexes exhibit strong bands
between 34000 =-29000 cm™* corregponding to infra-ligand
transition. Further, the molar extinction coefficient
values for both the Co (II) and Cu (II) complexes fall in
the range between 200 - 300; which supports tetrahedral

structure for these complexes.

6.3. RESULTS AND DISCUSSION

To determine the thermal diffusivity, the sample is
pelletised under high pressure. Keeping the sample in the
PA cell, the frequency dependence of the acoustic signal is
studied ([12-14]. The variation of signal amplitude with
frequency for these samples is shown in figure 6.3-6.10.
Knowing the thickness of the sample and the characteristic
frequency from the 1log-log plot of signal strength Vs
chopping frequency, the thermal diffusivity can be
calculated using the relation, a= l.%fc [15,16]. The metal
part of the complex viz. cobalt is replaced by copper and

the thermal diffusivities of Cul;X, are also determjined.
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Fig. 6.3: Amplitude(pV) Vs Frequency (Hz) plot for the

ligand (NBPBI)

1.3 1.4 1.5 1.6 1.7 1.8
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Table 1. Thermal diffusivities of Co(II), Cu(II), and Cu(I)

halogcno benzimidazole complexes.

SRR

NN NG SN O NI I IO NSNS N NN NS SN IS INNIN A 4 N NSNS el . ‘2
Sample .§Thermal dlffu51V1ty(cm /s) g

o WAW ;
W\VA/%\/\’\’ N NN NN N NN NN TN S N LN N NN NN i o S NN NN NS ING MW)

Ligand 0.209 + 0.001 2

CoL,Cl, 0.193 + 0.001 y

2

CoL,Br, 0.383 + 0.001 %

I

CoL,I, 1.410 + 0.001 s

%

CuL;Cl, 0.458 % 0.001 é

Eg

CuL,Br, 0.203 + 0.001 ¢

2

| g

. Cu’'L2I2 0.189 + 0.001 5%
X

W T N N N AT N A A DA A A A A A AT A AV AVA A AAY AN A AT A AAAN AT ng

* +]1 oxidation state

The results obtained from the present study are given in

Table 1 [127. In the case of Colq:X, ’ thermal
diffusivity(a) increases in the order of X = Cl, Br, and I
while reverse is the case for Cul.;X,. Thus, the thermal

diffusivity of the halogeno complexes depends on the metal
part as well as on the halogen part. Though the sgtructure
of the complexes seem to be tetrahedral, a detailed single
crystal study is essential for the confirmation of the
structure. The complexes being newly synthesized and

reported other relevant physical as well as chemical data
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that are required for the analysis of our results are not

available.

6.4. CONCLUSION

The thermal diffusivity of Cul.;X. and CoL;X; (where, X =
Cl, Br, or 1) are determined by PA technique and the effect
of replacement of <cobalt by copper on the thermpl
diffusivity of these complexes have clearly been brought
out. The thermal stability of these compounds is algq
studied [12]. As the compounds are new, no relevant
physical and chemical data are;available for the analysj;

and finding out the reason for the thermal diffusivity

variations with halogen part and metal part.
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ABSTRACT

The thermal diffusivities of some polystyrene
supported Schiff base complexes of <cobalt (I11),
copper (IT) with complexes of the type, [ML,X2 1,
(where M =Co (II) or Cu (II); L =NBPBI, 1-
nitrobenzyl-2-nitrophenyl benzimidazole and X= Cl17*! ,
Br'! or I™') have been determined by laser induced
photoacoustic effect. The .effect of the metal as
well as halogen part on the thermal diffusivities of

these complexes has been studied.
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7.1. INTRODUCTION

There has been a growing emphasis on The studles
involving polymer-bound ligands [1,2]. Substantial
differences have been observed between the complexation
behaviour of polymer-bound 1ligands and simple ligands,
probably due to the macroenvironment created at tpe
coordination center, which causes steric, electrostatic,
hydrophobic, and conformational effects. It has been shown
that 1in metalloenzymes such as oxides and haemoglobin,
where the metal complex is the active site, the
macromolecular protein part p}ays a significant role or
even controls the reactivity of the metal complexes [3-5],
Further, in many catalytic reactions involving polymer
bound metal complexes the activity of the catalyst not only
depends on the metal complex, but also on the polymer

backbone [6].

Complexes of benzimidazole have attracted great deal
of attention in recent years due to its potential
applications 1in various fields 1like bio-medicgl, bio-
chemistry etc. because of 1its antibacterial, antifungal,
antiviral, anticancer, anti-inflammatory, analgesic,
antipyretic, antihelmentic, germicidal and immuno-chemical

agent activities. Complex compounds of transition metal
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ions with imidazole, benzimidazole and their substituted
ligands have been studied extensively [7-11]. Some of the
Co{II) and Cu{lII) complexes reported have shown better
catalytic activity, ©particularly towards synthetically
important reactions of oxidation of substituted phenols, in
which Co(II) and Cu{(II) play a major role in catalysing
these types of reactions. Polymer-bound complexes also
gained considerable attention recently due to its
pronounced catalytic efficiency [1,12] particularly in the
oxidation reactions. The studies on magnetic and optical

properties reveal that the polymer support brings about

modifications 'in the structure of the complex. Other
physical parameters like melting point and molar

conductance are also found to change on polymer support

[13].

Apart from magnetic, optical and catalytic activity
studies, evaluation of thermal parameters, like thermal
diffusivity, are important means if thermal
characterisation. It has Dbeen well recognised that
photoacoustic effect is an effective technique for
evaluating thermal diffusivity of samples. In this
chapter, the study of the thermal diffusivities of the
newly synthesised polymer supported halogeno benzlmidazole

complexes of Co(II) and Cu(II) by laser induced
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photoacoustic technique is described. A search thrcocugh the
literature reveals that very few PA studies have Dbeen
carried out on metal complexes and that no work has been

reported on polymer supported benzimidazole complexes,

7.2. EXPERIMENTAL

7.2.1. PREPARATION OF POLYMER SUPPORTED SCHIFF

BASE LIGAND

The materials required: Aminomethyl polystyrene,
quinoxaline~2-carboxaldehyde, héiogeno complexes of Co(II)
and Cu(II) with l-nitrobenzyl-2-nitrophenyl benzimidazole,
L-ascorbic acid and other chemicals used are of Analar

grade purity. Solvents employed are distilled before use.

Aminomethyl polystyrene has been prepared according to
the literature [14] using chloromethyl polystyrene beads
(2% crosslinked with divinyl benzene, 3.7 meq. of
chlorine/q). Polymer bound Schiff base ligand is prepared
by condensing aminomethyl polystyrene with quinoxaline -2-

carboxaldehyde as described below.
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A solution of quinoxaline-2-carboxaldehyde (0.5¢g in
minimum amount of DMF) was added to aminomethyl polystyrene
(5.0 g) and the reaction mixture 1is refluxed for about 5 h.
Brown coloured product thus formed 1is filtered, washed

several times with DMF and acetone and dried 1n air and
also under vacuum over anhydrous CaCl, with yield 70 -80 %,

The schematic representation of the polymer bound Schiff

base is shown in figure 7.1.

CH~ M, +

OCH

Fig. 7.1: Polymer bound Schiff base



7.2.2. PREPARATION OF POLYMER SUPPORTHD

COMPLEXES OF Co (II) AND Cu(II)

Polymer supported complexes are synthesised Dby
reacting the polymer - bound Schiff base with already
prepared Halogeno complexes of Co (II) and Cu (1I) with
NBPBI as given below. Halogeno complexes of Co (II) and Cu
(II) with NBPBI are prepared in the same manner described
in the previous chapter. Synthetic procedure followed was
the same in all cases. The following is the synthctic
route for the polymer bound Schiff base complex of Co (II).

Polymer-bound Schiff base ligand (2 g} was swollen in
acetone for 1h and the solvent was decanted off. Fresh
acetone (4 ml) was again added along with the chloro
complex of Co(II) derived from 1l-nitrobenzyl-2-nitrophenyl
benzimidazole, [Co(NBPBI) X;] (100 - 200 mg). The reaction
mixture was shacked well up to 1h and this was warmed over
a water bath during shaking. The product formed was then
filtered and washed several times with acetone and dried in

air and also under vacuum over anhydrous CaCl,. Yield = 70%
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7.2.3. THERMOGRAVIMETRIC ANALYSIS

In order to get an information about the thermal
stability of the material against decomposition
thermogravimetric study 1is essential. The study was
carried out using Shimadzu TGA 50 thermogravimetric
analyser at a heating rate of 20 °C/minute in air using
platinum crucible in the temperature range between room
temperature and 1000 °C. The amount of sample used for the

study is about 5 - 12mg.

The thermcgravimetric analysis shows that the sample
does not decompose at temper;;ures lower than 250 °C.
Hence, the exposure to the intensity modulated {chopped)
laser beam of the power level used 1in the present
experiment (~100 mW) does not decompose the samples.

Therefore the sample 1is thermally stable throughout the

study.

7.3. RESULTS AND DISCUSSION

To determine the thermal diffusivity, the sample is
pelletised under high pressure. Keeping the sample in the

PA cell, the frequency dependence of the acoustic signal is
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studied [15]. The log-log plot of the variation of signal
amplitude with frequency for polymer supported compleres
are shown in figures 7.2- 7.8. Knowing the thickpness (ls)
of the sample and the characteristic frequency (f¢) from the
log-log plot, the thermal diffusivity (o) can be
calculated. The thermal diffusivity values of the polymerx
supported complexes obtained from the present study are

given in Table 1. In case of ©polymer supported

[Co(NBPBI)2X,], thermal diffusivity(a) increases where as
the thermal diffusivity of polymer supported [Cu(NBPBI)zX;]
decreases in the order of X = Cl, Br and I. The metal as
well halogen part of the complex is found to have profound

effect on the thermal diffusivity values.

From the studies of magnetic and optical properties of
the Co (II) complexes, similar to the present complexes, it
has been found that the anchoring of the complexes to the

polymer support bring about modifications in the sStructure

of the complexes [16]. The studies reveal that the
tetrahedral structure of [M(NBPBI)X,} (M = €Co or Cu)
changes into square pyramidal on polymer support. The
physical parameters like melting point and molar

conductance are also found to change when the complex 1is

supported on the polymer [19]. Our studies show that
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thermal diffusivity is another parameter that seems to

change on polymer support.

The thermal diffusivities o©of the newly synthesised
polymer suppcrted complexes of Cc(II) and Cu(II) have been
determined by laser induced photoacoustic technique. The
effect of metal as well as halogen part on thermal
diffusivity of peolymer suppcerted <complexes has been
studied. Thermal diffusivity cf Co complexes 1is found to
increase while it decreases in Cu complexes with Cl, Br and

I substitutions respectively.



-Table 1. Thermal diffusivities of polymer supported

halogeno benzimidazole complexes of cobalt (II).and

copper (II)
<MMWMWWWWNWM/W%WWWAA/\NW . A 2
8 Sample § Thermal diffusivity (cn¥s) §
35\' VAR AN Y AN AR v,'v'v‘v'v"vw\v'vvvv;v:32 T Y RN R L A TN N T S N AR RN e »22
% [P-Cu (NBPBI) ,Cl;] 0.305 + 0.001

_ s

g [P-Cu (NBPBI) ,Br;] 0.242 + 0.001 $
3 :
§ [P-Cu (NBPBI) ;1] 0.195 + 0.001 8
% <
$ [P-Co (NBPBI) ,Cl,] 0.454 + 0.001 2
& :
‘ [P-Co (NBPBI) ,Br,] 0.544 + 0.001 :i-‘
& “
’g [P~Co (NBPBI) 217] 3 0.640 + 0.00L
< -

P - polymer

7.4 CONCLUSION

Thermal diffusivity of ¢the newly synthesised
polymer supported complexes of Co (ITI) and Cu (II)
have been determined by laser induced photoacoustic
technique. The effect of metal as well as halogen
part on thermal diffusivity of polymer supported
complexes has been studied. Thermal djiffusivity of

Co complexes is found to increase while it decreases
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in Cu complexes with Cl, Br, and I substitutions
respectively. The materials bheing newly synthesised
and reported, a detailed characterisation in terms
of structural, physical and chemical properties 1is
required. Though the structure seemns to be
pyramidal, only through a detailed single crystal
study one can exactly determine the structure and
lattice properties. Since the thermal properties of
insulators depend on lattice properties, now it 1is
difficult to arrive at a conclusive reason why
thermal diffusivity varies on metal or halogen part

replacement.
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ABSTRACT

Aranmula mirror is a metallic mirrcr prepared by
ethanometallurgical process by a grcup c¢f families at
Aranmula, a village in Kerala, south India: Recently there
has been an interest in investigating the properties of
Aranmula Mirror using modern scientific techniques. The
present work describes the evaluation of thermal

diffusivity and reflection coefficient using photoacoustic

technique. L
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The art of making metal mirrors has been practiced in
various parts of the world even before 1400 BRBC, for
distortion free images. By 1400 BC people created a metal
mirror of bronzes <containing 30-weight ©percent tin.
Although brittle, high-tin bronzes yielded a highly
reflecting surface. The art of making metal mirrors from
copper-tin bronzes was known in India. This ancient art of
metal mirror making 1is still practiced by only a small
number of families at Aranmula, a small village in Kerala,
South India. The properties and method of casting of these
mirrors have recently been studied by Pillai et al [1].
4The mirror is found .to bg an alloy of Cur70.4%, Sn-29.4%,
Zn-0.06%, P-0.02%, & Fe-0.034%‘§nd Ni-0.052%. The present
work deals with the determination of thermal diffusivity
and reflection coefficient of Aranmula mirror wusing

photoacoustic effect.

By studying the chopping frequency dependence of the
acoustic signal generated in the coupling gas at a fixed
optical wavelength, the thermal diffusivity of the sample
can be evaluated ([8,14,15]. By ncting down the PA signal
for the mirror and carbon black the reflection coefficient

can be calculated.
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To determine the reflection coefficient of the mirror
by PA technique carbon black 1is used as the referenge
sample. If S¢ and .Sy are the PA signal amplitudes and Ac
and Ay are the absorption coefficients for carbon black anmd

the mirror respectively, for the incident beam of intensity

I, we can write,

Sw/Se = Anli / Al = Mg (1)
(where A.=1) and reflection coefficient
R =1 - Aq (2)

To determine the reflection coefficient of the
Aranmula mirror PA signal for the mirror and carbon black
are noted for a given chopping frequency and laser power.

The reflection coefficient is calculated from equations 1

and 2.

To determine the thermal diffusivity of the metal
mirror a small piece of the sample is kept in the PA cell
and the frequency dependence the acoustic signal ;s
studied. Knowing the thickness (ls) of the sample and

characteristic frequency(fe) from the 1log-log plot, the

thermal diffusivity can be calculated using the relation
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a=1s"fc  [2-9]. The details of thermal diffusjyity

measurements are given in chapter 3.

The Aranmula mirror used for the present study has a
thickness of 1.24 mm. From the log-log plot it 1is found

that the characteristic frequency is at 68.79 Hz. The

thermal diffusivity thus calculated gives the value 1.058 %

0.001 cm?/s, which differs much from the value of copper
(1.18 cm’/s) which is thg major constituent (70.4%) of the

sample [10].
The reflection coefficient of the Aranmula mirror used

for the present study, calculated from equations 1 and 2

yielded the value to be 0.92.
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ABSTRACT

Mirage effect or photothermal deflection effect
is another thermooptic effect that can be used to
characterize thermal and optical properties of
materials. The use of mirage technique in material
studies 1is described by taking specific example of
phthalocyanines, which havé; importance in photonic

applications.
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The "mirage” technique (optical beam deflection) first
introduced by Boccara, Fournier and Badez [1] in early
1980s, has recently been revived as an elegant method for
measuring the optical and thermal properties of materials
[2-4] because of its high sensitivity and non destructive
nature([5]. The basic principle of the photeothermal
technique is that the specimen irradiated by an iptensity
modulated (chopped) laser beam (pump) undergces optical
absorption and is heated up by non-radiative transitions,
The heat, which is periodically deposited in the sample, is
transferred to the coupling medium by thermal conduction
and this sets up a refractive index gradient (RIG) in the
coupling medium. A second laser beam (probe) skimming the
sample surface gets deflected due to the RIG produced by
the beam. The deflection of the probe beam is detected by
an optical fibre based position sensitive detector (PSD).
The technique can be performed in two ways. (1) Transverse
PTD - where we assume that the pump beam propagates through
the medium in the 2z direction and the probe becam
propagating perpendicular to the pump beam i.e. along y
direction (2). Collinear PTD - where the_ probe beam

propagates along the z direction itself or makes an angle

with respect to the pump beam direction [6-11].
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The technique finds profound applications in fields
like spectroscopy, imaging, thermal studies, ablation
studies, thermodynamic transport properties etc. In the
present chapter we have employed PTD technique to determipe
the thermal diffusivity of some metal phthalocyanines,

organic semiconductors.

Fig.1l: Structure of Phthalocyanines.

Phthalocyanines, the organic semiconductors, have
attracted a great deal of attention in recent years due to
their potential application in various fields like imaging,

micrecelectronics, catalysis, photochemistry, Sensors



photovoltaic devices, optoelectronlics and information

storage ([12-19].

Phrhalocyanines are macrocyclic compounds containing

four pyrrole units, which are fused to an aromatic
structure {Fig.l1]. The compounds usually referred to under
phthalogyanine class/ consist of metal derivatives of
phthalocyanines. Two hydrogen atoms attached to the two-
isoindole group can be replaced by atoms from every group
in the periodic table to form the metal phthalocyanines.
Also, each of the sixteen peripheral hydrogen atoms on the
four benzene rings can be substituted by a variety of atoms
and groups. In metal phthalocyanines, for example, the
metal atom supplies one electron each to the nitrogen atoms
of the isoindole groups and these isoindole nitrogen atoms
in turn supplies an electron to the metal atom, forming a
covalent bond. The unshared pairs of electrons in the
remaining two isoindole nitrogen atoms presumakly from

coordinate covalent bonds with the metal atom.

PTD technique has been proved to be a useful, elegant
and sensitive tool for the measurement of thermal
diffusivity {[2,20-24]. The schematic of the PTD process

(transverse geometry) is shown in figure 2.
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Fig. 2: Schematic of the PTD method showing the twe

deflection components (transverse configuration)

Let v and z be the transverse and vertical offset of

4

the prcbe beam with respect tc the pump beam axis [2, 20,
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23). Resolving the deflected beam, the transverse (¢.) and

normal (¢,) components can be estimated as

b = (1/ny (on/ot) ) (ar/8y) ax ()

On (l/n)(an/at)j(aT/az) dx (2)

where n is the refractive indcx of the mcdium and T is the
temperature near the heated sample at time t. The tota]l

deflection is given by
M = [faf® + [9cf (3)

Since (On/0t) sampie >> (On/0t)gas, VTs >VTg.

Hence |0s| >> |dg], which is true for both normal and

A} A

transverse components. s’ and ‘g’ stands for the sample

and gas. The normal deflection VT = (0T/0z) includes the

cosine term which makes the deflection symmetrical with

respect to the pump source, whereas the transverse
deflection VT = (0T/0y) includes the sine term making it

antisymmetric about the source. Therefore ¢, goes to zero

and changes the phase by 180 at the origin. The effect of
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¢¢ dominates over the normal component near the interface

along the source, while ¢, dominates near the interface away

from the source [25]

In order to determine the thermal diffusivity, the
sample is illuminated by an intensity modulated laser beam
(pump beam). The excitation and subsequent non-radiative
de-excitation process occuring inside the sample result in
the heating of the sample. The thermal waves generated
from the sample sets a refractive index gradient with in
the sample or in the adjacent coupling medium. If a second
laser beam (probe beam) 1is allowed to graze the sample
surface at a finite height h, fhe beam gets deflected. The
in phase component of the deflected signal is measured at
different positicns (x) of the probe beam across the pump
beam spot on the sample surface. From the pleot of x Vs
phase, the =zero crossing points on either side of the
central zero at which the signal are shifted in phase by #8380
relative to the central position. The distance of
separation between (Xo) these points <can be wused to
determine the thermal wavelength as a function of frequency
(Thermal wavelength is given by A=2(ma/f)!?). The slope of

thermal wavelength Vs the reciprocal cf the square root of

the frequency gives the thermal diffusivity of the solid.
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Numerical analysis shows that [26] the distance x4 is given

by

X0 = d + (yrot/f)*? (4)

where d is the intercept that is of the order of the pump

beam diameter and f is the chopping frequency (Yna)l/z

is
the slope of x, Vs (1/£)? plot. ¥y is a parameter, which
depends on the bulk thermo-optical preoperties of the

material [27]. It has been proved that y = 1.44 for

optically opaque and thermally thick samples [28] but y = 1
for all other cases. As thc thermal wavelength decreases
with the increase of chopping frequency, the low frequency
portion of the graph should be given greater importance in

the determination of thermal diffusivity.

The schematic of the experimental set-up arranged for
the present investigation is shown in figure 3. The 488 nm
line of an Argon-ion laser [LiCoNiX 5302A] is used as the
pump source whereas a He-Ne laser at 632 nm wavelength and
power 5mW ([Spectra Physics] is used as the probe beam. In
order to reduce the probe beam diameter, it 1is passed
through a fine aperture, without diffraction, An
electromechanical chopper is used to modulate the pump

beam. This modulated pump beam is focused into the sample
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Fig.3: Schematic of the experimental sct-up for PTD studies

surface. The deflection is measured using a position
sensitive detector and its output is amplified by a
differential pre-amplifier and analysed using a lock-in

amplifier [ EG & G 5208].
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The sample 1is taken 1in the form of pellets and
mounted on a xyz translator. The probe laser and the PBED
are also arranged on a xyz translator. The inphasc
component of the deflected signal is measured for various
values of x. Determining x,, the distance between the zero
crossing points separated by a phase 180° from the x Vs
phase graph another graph X, Vs (f) Y2 is drawn. From the
slope of x, Vs (f)*? graph, thermal diffusivity can be

calculated.

The experimental set-up is standardised by determining
the thermal diffusivity of copper (1.14 cm?/s) .
Thermogravimetric analysis shows that the samples do not
decompose at temperatures lower than 300 °C. Hence the
exposure tc the intensity mcdulated laser beam cf power
levels used in the present investigation (~100mW) does not

decompose the samples.

Variation of the phase of the PTD signal with
distance from the heating beam spot for FePc for threce
different chopping frequencies is shown in figure 4. From

the slope of the (1/£)Y? Vs xo graph (Fig. 5) the thermal

diffusivity (a) can be calculated using the relation

Slope of (1/f)Y? Vs x, graph =(ra)l’?
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Fig. 5: %o (cm) vs. £*/?* plot for FePc.
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The values of .thermal diffusivities of FePc and EuPg
and their iodinated samples are given in Table 1. It is

found that the thermal diffusivity increases on iodination.

Table Thermal diffusivity of some metal Phthalocyanines by

PTD technique

(?\AMMA/\M/V\M/\N\/\/ v NARRRANNANRINNINNINL RINRIINININALLNN Wéf
3 SAMPLE §Thermal diffusivity(cm®/s) %
$ % %
A N A A A AT A A A D AT AN A A /\'\/\’\'\.A’\’\/\./\./\/\/\A.") NANADD DN NNDNDNNDDD N NN DD ANNNAAANN D NN DS D A A AN AL
< FePc g 0.380 :
g , 3
ANY \ N
% 9 $
4 FePc (1) €0.630 %
g < X
< « “
<§ EuPc €0.717 <
< % %
3 ;
% EuPc (1) % 0.820 ¢

5%

Phthalocyanines are inorganic semiconductors with the
carriers, conjugate m electrons. When the samples are
iodinated, I™! exists as I3 in the inter cavities of the
quasi one-dimensional lattice of Phthalocyanines ([22]. The
presence of I3 in the cavities may alter the natural
vibrational frequency of the lattice along with other
factors which depends on lattice parameters. Thermal
diffusivity is one such parameter, which depends on the
lattice. The observed increase in the thermal diffusivity
of these metal Phthalocyanines can thus be attributed to

the incorporation of I3” in the cavities of Phthalocyanines.
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The PTD technique 1is effectively employed in the
determination of thermal diffusivities of some metal
Phthalocyanines, organic semiconductors. The effect of
iodination on the thermal diffusivity of FePc and EuPc are

also studied.
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The main objective of the thesis entitled
Investigation on thermal diffusivitty of some selected
materials using laser induced photoacoustic technique 1is
to measure thermal diffusivity of materials using PA
technique and to bring out some of the factors influencing
/ governing the thermal properties of materials, With
this intention samples are selected from some
representative groups of materials that find applications
in various fields of science and technology. The samples
selected include an important <ceramic and substrat9
material (alumina), an important rare earth oxide (Nd;0;3)
that find applications in electronic component and device
fabrication, and medically agd industrially important
metal complexes (halogeno benzimidazole complexes) andg
polymer bound metal  complexes (polystyrene supported

halogeno benzimidazole complexes).

Photothermal phencomena  have gained considerable
attention in recent years by virtue of 1its wversatile
applications in science and technology not only as a non-
destructive technique but also as a spectroscopic
technique where the conventional techniques collapse. The
first chapter of the thesis describes various photothermal
phenomena and their detection techniques with special

reference to Photoacoustics (PA). Various possible causes

213



of PA generation in solids, liquids and gases with their
detection techniques are briefly explained in it.
Photoacoustic is clearly a form of optical spectroscopy as
well as a form of calorimetry. Advantages of PA technique
over classical calorimetry and spectroscopy are alsqQ
given. Some fields o©f science and technology -viz.
Photovoltaic de—éxcitation process, imaging, depth
profile, microscopy, microwave and IR spectroscopy,
chemical studies, surface studies, and Biology- are
briefly described in it. A detailed reference that can
throw light into various aspects of Photoacoustic
spectroscopy also is included.

The theory for Photoacoustic spectroscopy (PAS) was
given by Rosencwaig and Gersho. The theory is briefly
presented together with some special cases in the second
chapter. The theory for thermal diffusivity measurements

is also given.

For thermal diffusivity measurements by PA technique
a PA spectrometer. is essential. The design and

fabrication details of a PA spectrometer are described in

the third chapter ‘Instrumentation’. The experimental set
up is standardised by determining the thermal
diffusivities of materials of known values. The linearity
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of the PA signal with power is studied. The results being
in good agreement with the reported valued, the technique
is extended for the measurement of other samples used in

the present investigation.

Chapter 4 describes the influence of hydroxyl ion on
the thermal diffusivity of y-Alumina. Alumina (Al,0i3) 1is
an important material in microelectronics, low temperature
physics, magnetic and optical devices and protective
coatings. The high specific surface area and the
monolayer of surface hydroxyl group play a significant
role in chemical and physical properties. These hydroxyl
groups at the surface can be minimised by doping it with
rare earth oxides (Nd,0s). The thermal diffusivity of Al,0;
at different dopent levels and at different temperatures
is determined and the effect of degassing temperature and
doping. is studied. The studies reveal the role of
hydroxyl groups on thermal diffusivity as greater the
amount of hydroxyl groups greater is the thermal
diffusivity. Thus one can alter the thermal diffusivity

of alumina by varying the amount of hydroxyl group.

Sample preparation route plays a significant role in
the physical as well as chemical properties of a material.
In chapter 5 an attempt has been made to understand the
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influence of preparation route on thermal diffusivity of
Nd,0s. Nd,Os is prepared by two techniques viz. oxalate
method and hydroxide method. The studies reveal that the
change ih preparation route changes the amount of surface
hydroxyl groups, a characteristic of oxides. These
differences 1in the surface properties seem to be the
reason for the difference in thermal diffusivity of Nd,0s

prepared by the two methods.

Chapter 6 describes the thermal diffusivity studieg
on some halogeno benzimidazole complexes of cobalt and
copper that finds applications in medicines{
bictechnolegy, industrial chemi§try etc. The effect of
metal as well as halogen part on the thermal diffusivity
of these complexes is studied. The effect of halogen part
on the thermal diffusivity 1is found to be opposite in Co
and Cu complexes. Replacement of Co by Cu seems to
decrease the thermal diffusivity values. The structure of
the complexes, as revealed by electronic spectra, magnetic
susceptibility measurements and molar extinction
coefficient measurements seem to be tetrahedral. But a
detailed single crystal study 1is essential for the
confirmation of the sample structure. The complexes being
newly synthesised and reported other relevant physical as

well as chemical data that are required for the analysis
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of our results are not available. This inhibits frxom
arriving at a conclusive reason for thermal diffusivity

variations exhibited by these metal complexes.

The thermal diffusivity studies on some bio-medically
and industrially important polystyrene supported schiff
base compounds are described in chapter 7. Here also the
effect of metal as well as halogen part on the thermal.
diffusivity of these complexes is studied. The effect of
halogen part on thermal diffusivity 1is found to be
opposite in cobalt and copper complexes. The materials
being newly synthesised and reported, a detailed
characterisation in terms of : structural, physical and
chemical properties 1s required. A rough estimation
attributes square pyramidal structure to them, The
physical and chemical data available are insufficient for
the analysis and finding out the reason for the thermal
diffusivity variations with halogen and metal ©part
replacement in the complex. Only through a single crystal
study one can exactly determine the structure and lattice
properties and thereby arrive at a conclusive reason for
thermal diffusivity wvariations. This is because thermal
properties of 1insulators are associated with Jlattice

vibrations.
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The PA- technique 1is also an excellent tool for the
determination of optical properties of materials. The PA
technique 1is also extended to determine the reflection
coefficient of Aranmula mirror and 1is described in
Appendix 1. Metal mirrors are well known for their

distortion free images and long life.

An attempt has also been made to determine the
thermal diffusivity of another «class of materials,
Phthalocyanines using another photothermal technique viz.
Photothermal deflection or mirage effect. Phthalocyanines
are organic semiconductors that find applications %n
fields like imaging, mQFroelectronics, sensoré,

optoelectronics and optical data storage.

* * * * %
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