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ABSTRACT 

Studies of laser mirrors have been made which relate 
the spectra obtained using optoacoustic spectroscopy to 
those obtained using conventional absorption, transmission 
and reflectance spectroscopic techniques. The use of 
optoacoustic spectroscopy as a calorimetric technique is 
described. Scattering phenomena occurring when highly 
reflective samples are examined have been investigated 
by studying some photochromic materials. 

Theoretical predictions made by Rosencw aig and Gersho 
for the cases of optically opaque,thermally thin and 
optically opaque, thermally thick samples have been 
demonstrated experimentally by making studies of polymer 
film samples. 

A preliminary investigation of the effect of particle. 
size of the sample upon the magnitude of the optoacoustic 
signal has been made. 

Quantitative results are reported for the determination 
of moisture in single cell protein and for the presence 
of polyvinylacetate in vinylchloride/vinylacetate copolymer. 
The results obtained employing optoacoustic spectroscopy 
have been compared with the results obtained using the 
alternative techniques of wide-line nuclear magnetic 
resonance spectroscopy and diffuse reflectance spectroscopy. 

The application of optoacoustic spectroscopy to a 
number of different sample types is described. 



3 

CONTENTS  

Abstract 
Contents 
Acknowledgements 
Dedication 

Cl 	1: INTRODUCTION 

Page 

2 
3 
6 
7 

8 

1.1 OPTICAL SPECTROSCOPY 9 

1.2 ABSORPTION OF OPTICAL RADIATION 11 

1.2.1 Introduction 11 

1.2.2 Absorption Spectroscopy 12 

1.2.3 Reflectance Spectroscopy 15 

1.2.4 Luminescence Spectroscopy 19 

1.2.5 Photochemical Effects 24 

1.2.6 Calorimetric Techniques 29 

1.3 0PT0ADCUSTIC SPECTROSCOPY 31 

1.3.1 Introduction 31 

1.3.2 Gas Analysis 33 

1.3.3 Solid/Liquid Studies .35 

1.3.4 Theory of Optoacoustic Spectroscopy for Solids 38 

CHAPTER 2: INSTRUMENTATION 46 

2.1 Introduction 47 

2.1.1 Radiation Sources 47 

2.1.2 Modulation System 50 

2.1.3 Monochromator 51 

2.1.4 The Optoacoustic Cell 53 

2.1.5 Detector Systems 56. 

2.1.6 Signal Amplification and Readbut 59 

2.2 Single Beam Instrumentation 60 

2.3 Double Beam Instrumentation 66 

2.4 Power Spectrum Correction. 71 

CHAPTER 3: SOME QUALITATIVE STUDIES BY OPTDAOOUSTIC 73 
SPECTROSCOPY (OAS) 

3.1 Introduction 74 

3.2 An Examination of Thin-FiTh.Dielectric 76 
Coatings on Laser Mirrors 

3.2.1 Introduction 76 



4 

3.2.2 Experimental 77 

3.2.3 Results 78 

3.2.4 Discussion 82 

3.3 Photochromic Effects Examined by OAS 83 

3.3.1 Salicylidene-2-chloroaniline 85 

3.3.2 Silver Bromide 92 

3.3.3 Reactolite Rapide 96 

3.4 Conclusion 100 

CHAPTER 4: SOME STUDIES IN QUANTITATIVE OPTOACOUSTIC 102 
SPECTROSCOPY 

4.1 Introduction 103 

4.2 Effect of Sample Thickness 104 

4.3 Effect of Sample Particle Size 112 

4.3.1 Effect of the amount of Sample and 115 
Concentration of Absorbing Species 

4.4 Conclusion 118 

CHAPTER 5: SOME QUANTITATIVE MEASUREMENTS IN THE NEAR- 119 
INFRARED REGION 

5.1 Introduction 120 

5.2 Determination of moisture in Pruteen 124 

5.2.1 Introduction 124 

5.2.2 Establishment of Standards 125 

5.2.3 Method Employing Optoacoustic Spectroscopy 128 

5.2.3.1 Experimental 128 

5.2.3.2 Results and Discussion 130 

5.2.4. Technique Employing wide-line n.m.r. 140 

5.2.4.1 Introduction and Instrumentation 140 

5.2.4.2 Results and Discussion 144 

5.3 Determination of PVAc in PVC/PVAc copolymer 150 

5.3.1 Introduction 150 

5.3.2 Technique employing optoacoustic spectroscopy 151 

5.3.2.1 Experimental 152 

5.3.2.2 Results and Discussion 152 

5.3.3 Technique employing diffuse reflectance 157 

5.3.3.1 Experimental 157 

5.3.3.2 Results and Discussion 160 

5.4 Conclusion 162 



5 

CHAPTER 6: 	MISCELLANEOUS QUALITATIVE ANALYSIS 	164 

6.1 	Introduction 	 165 • 
6.2.1 	Examination of Tin and Antimony Oxide Catalysts 165 

6.2.2 	Evaluation of Quinoline as a Flotation agent 	168 
for mineral extraction 

6.2.3 	Dye formulations and dye pigments 	169 

6.2.4 	Miscellaneous 	 173 

6.3 	Conclusion 	 177 

CHAPTER 7: 	CONCLUSIOiNS AND SUGGESTIONS FOR FUTURE WORK 	179 

REFERENCES 
	

184 

LIST OF PUBLICATICXNS 	 193 



ACKNOWLEDGEMENTS 

The wonfz in this thesis was 
Depatt inert oC the Impeniae College 
betueev Octobers 1977 and Septembetc 
except where due tief ettence .imm made 
dubnū ted Cott any othett degree. 

cat tied ied out in the Chemvstty 
04 Science and Techno.eog y 
1979. It is enW,itte.Ly on ig inaL, 
and no path hats been 

I wish to expn.ess my thanks to my t upettv.ivsott, Dn G. F. KL'dabn,ight, 
Cott pnov.iding me with the oppott umity to conduct this wot k and 
bon the help and encoutagement dwt-Lng the coutse. 

I aCso with to thank. D/L M.J. Adam6 (1977-1978) and 
D-~ S.L. Cas teden (1978-1979) who werte my immediate 6upettvJ on 
60A -theitt .invatuabLe hetp and guidance .httoughout my tte s eanch 
and pnepanation o6 this thesis. 

1 wies h to expness my gna c tu.de to the Science Remiseatteh 
Council and live/fiat Chem.icat Indust/Lies  Ltd. CoA. theitt (.inaneiat 
6uppwtt, dutti.ng the SRC/CASE Studentship. 

Gtatitude ,ins cLoo expne sed to Dn J. K.. Beccona t my 
induzttiat upenviison and DA. H.A. Willis s and othen sta46 .in the 
Spectnoeopy Depait,#ment o4 ICI at Welwyn Gattden City bon -thein 
hetp nendetted dwt Lng my :industtziat plo j ee t. 

Ach.nowtedgement is due to my colleagues .in the Ana,eytiea,e 
Section : Mn J.G. HLgh4 eLd, Dn B. C. BeadLe, Dn R.D. Snook, 
Mn D.E.M. Sp,i.etane, MA4 C.M. Ashwonth and Mt P.K.P. Dxew bon theitt 
he.ep and dvscuso-ionws. My thanks aL o to Miss T. Richattdson ~yon 
her patience ence .in typing this thesis. 

Last, but not .Least, I wowed ti.(ze to thank my wie. Ganga 
4on het enonmous encounagement, to my eh.i.Ldtten 4on. the A. endwtance 
.in my pneoccupat ion and a!ao my bww-thettrs and 4s,i.4.tenus 6ox theitt 
tong distance 4uppont. 

(' 

K. R. Menon 



VEVI CAT ION 

To my pa/Len 
Ram and Jana! 

7 



8 

CHAPTER ONE 

INTRODUCTION 

1.1 	OPTICAL SPECTROSCOPY 

1.2 	ABSORPTION OF OPTICAL RADIATION 

1.2.1 	Introduction 

1.2.2 	Absorption Spectroscopy 

1.2.3 	Reflectance Spectroscopy 

1.2.4 	Luminescence Spectroscopy 

1.2.5 	Photochemical Effects 

1.2.6 	Calorimetric Techniques 

1.3 	OPTOACOUSTIC SPECTROSCOPY 

1.3.1 	Introduction 

1.3.2 	Gas Analysis 

1.3.3 	Solid/Liquid Studies 

1.3.4 	Theory of Optoacoustic Spectroscopy for Solids 



9 

1.1 	OPTICAL SPECTROSCOPY  

The science concerned with the propagation and 

interaction of electromagnetic radiation with matter is 

termed spectroscopy 1. Spectroscopic techniques are 

important for providing information concerning the identity, 

structure and environment of atoms and molecules by the 

analysis of the radiation emitted or absorbed by these 

species. 

The history of spectroscopy dates back to the early 

eighteenth century when Sir Isaac Newton 2  first demonstrated 

the optical principles necessary for spectroscopic studies. 

However, spectroscopy did not emerge as a systematic 

science until the middle of the nineteenth century with 

the work of Kirchhoff and Bunsen 3,4,5  who defined the 

principles of spectral analysis and demonstrated that each 

element exhibits its own characteristic pattern of spectral 

emission lines which can be used for the identification 

of the elements. During the nineteenth century knowledge 

of the electromagnetic spectrum was extended beyond the 

visible region to encompass the infrared and ultraviolet 

regions. 
The various spectral regions of the electromagnetic 

spectrum together with their physical phenomena are 

displayed in Figure 1.1 6. 

Whilst the total energy spectrum of electromagnetic 

radiation may be employed for spectroscopic studies, 

the term optical spectroscopy is usually reserved for 

those spectral regions for which conventional optical 
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materials may be employed to disperse and refract the 

radiation. 	In terms of wavelength, therefore, the 

optical spectral region may be considered as ranging 

from ca 100 nm in the vacuum ultraviolet to wavelengths 

of several hundred um in the far infrared region. 

The practical work described in this thesis 

relates primarily to the relatively small wavelength 

region of the electromagnetic spectrum from ca. 250 nm 

to 2.5 pm (the ultraviolet, visible and near-infrared 

regions). 

1.2 ABSORPTION OF OPTICAL RADIATION 

1.2.1 Introduction:  

The absorption of electromagnetic radiation by a 

molecular system is complex 7. The total energy of a mole-

cule is the sum total of electronic, rotational and. 

vibrational energies. For each energy state of the molecule, 

there are normally several possible vibrational states 

and for each vibrational state in turn there exist numerous 

rotational states. Hence the number of possible energy 

levels that electrons in a molecule may occupy is generally 

larger than that for an atom. Electronic transitions may be 

induced by the absorption of highly energetic photons of 

ultraviolet or visible radiation, vibrational transitions 

by the lower energy radiation of the middle infrared 

region whereas rotational transitions require much less 

energy e.g. wavelengths in the range 10 to 10,000 um. 

Changes in the vibrational and rotational levels usually 

accompany the electronic excitation of a molecule. 



12 

A molecule may be excited from any of the vibrational 

and rotational levels in the ground state to any of a large 

number of possible vibrational and rotational levels in 

a given excited state. Because a photon of slightly 

different energy corresponds to each of the many possible 

transitions, UV and visible molecular absorption spectra 

appear usually as broad absorption bands, in contrast 

to the sharp line structures that characterise atomic 

spectra. Figure 1.2 depicts the idealised molecular 

energy levels of electronic, vibrational and rotational 

transitions. 

1.2.2 Absorption Spectroscopy 

Molecular absorption spectroscopy has widespread 

applications to qualitative and quantitative techniques 

of analysis. The energy (or wavelength) of the absorption 

provides information concerning the nature of the substance 

and the magnitude of the absorption provides information 

about the amount of the substance present in the sample 

under study. When a beam of radiation is passed through 
an absorbing substance, the absorbed energy is measured 

usually by detecting the transmitted radiation i.e. that 

portion of the incident radiation which is not absorbed 

by the sample. The principles and laws that govern the 

absorption of radiation apply for all wavelengths from the 

x-ray region to the radio frequency range. The law that 

governs quantitative absorption studies is known as 

the Beer-Lambert or more commonly as Beer's law.. 
8 



V4 

V3 

13 

Vibrational 
Levels 

V4 

V3 

V2 

AEI AE2 AE3 

74 
Rotational 73 
Levels 	71 

a b c 

Figure 1.2: Molecular energy levels and (a) electronic, 	7  
(b) rotational, and (c) vibrational transitions 

7Z 

Electronic 
Excited 
State 

Electronic 
Ground 
State 



14 

Beer's law 

,then monochromatic radiation passes through a sample 

containing an absorbing species, the intensity of the 

radiation is progressively decreased as more of the 

energy is absorbed by the particles of that specie . 

The decrease in the intensity of the incident radiation 

depends upon the concentration of the absorber and the 

path length traversed by the radiation. 	This relationship 

is expressed by Beer's law. 

Let Io  be the intensity of the radiation incident 

upon a section of the solution that contains c moles of 

an absorbing substance per unit volume. Let I be the 

intensity of the transmitted radiation after it has 

passed through a thickness Si, of the solution. Beer's 

law relates the quantities as follows: 

1og
10 Īv 

= etc 	 (1.1) 

I 
where log10 —9_  is the absorbance and e the molar 

I 
absorptivity. Beer's law states that a plot of absorbance 

versus concentration should be linear. Deviation from 

Beer's law may be due to instrumental or chemical factors 9. 

Instrumental factors includes instability of the radiation 

source,non-linear response of the detector-amplifier 

system and the incident radiation being polychromatic. 

Chemical factors are often due to effects such as 

dissociation, association, complex formation, polymerization 

or solvolysis of the solute. Instrumental factors can 

be studied by plotting absorbance versus cell path 
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length at a constant absorbant concentration; this plot 

will be linear if the instrument is working satisfactorily. 

The variation arising from chemical factors may be 

observed by changing the concentration of the analyte 

in solution and keeping the path length constant. 

Figure 1.3 shows a diagram of a typical molecular 

UV, visible and infrared Absorption/Transmission 

spectrometer. 

Transmission measurements become unsuitable for 

opaque samples, for compounds which dissolve only with 

difficulty or which react with solvents on dissolution. 

Such samples can be examined by the technique of 

reflectance spectroscopy. 

1.2.3 Reflectance Spectroscopy  

Reflectance spectroscopy is a useful analytical 

technique which is complementary with the more established 

techniques of transmission spectroscopy. 

In reflectance spectroscopy the radiant intensity . 

reflected from the surface of the sample is monitored. 

This data is converted to the reflectance, R, using the 

equations 

R = Ī 
0  

(.1.2) 

where I = the intensity of reflected radiation 

Io  = the intensity of radiation reflected from 

standard reflectance surface. 
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The reflected radiation from the sample may be considered 

as comprising of two components resulting from the 

specular (or regular) reflectance and diffuse reflectance. 

In 1961 10  specular reflectance spectroscopy 

also known as internal reflectance or attenuated total 

reflectance spectroscopy, emerged as an analytical technique 

of great potential. Specular refers to the mirror-like 

reflections which occur when incident light is reflected 

back from a surface. In this case the angles of 

reflection are well defined and the process is governed 

by the Fresnel equation 
11:  

R _ 	= (n-1)2+n262  

I 	(n+1)2+n262  
(1.3) 

where R = specular reflectance 

I = reflected radiation intensity 

Io  = the intensity of radiation 
reflected from standard 
reflecting surface 

= the absorption coefficient 

n = refractive index 

Diffuse reflectance measurements are employed 

in most currently available commercial instruments for 

the study of textiles, paints, plastics, foods, etc. 

The technique is also used for the examination of absorbed 

species and surface effects. 

Diffuse reflectance is the result of reflected 

radiant energy that has been partially absorbed and 

partially scattered by a surface with the angle of 

reflection being undefined. Initial attempts to use 

diffuse reflectance spectroscopy as a quantitative 
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• technique date back to 1920 
12,13  and this technique 

has since become widely employed. The most generally 

accepted theory of diffuse reflectance is due to 

Kubelka & Munk 14. 

For the case of diffuse reflectance from 

infinitely thick layers the theory proposes 

(1-R )
2 

 
F(Rm) 	2R 	 = (3/s 
	

(1.4) 

where F(Ro) is the Kubelka-Munk function, Roe  is the 

absolute reflectance, which is obtained against a 

standard such as Mg0 or BaSO4, R is the absorption 

coefficient and s is the scattering coefficient. 

When the reflectance of a sample diluted with a non or low-

absorbing powder is measured against the pure powder, the 

absorption coefficient k May be replaced by the product.2.303ee 

where E is the molar absorptivity and .c is the molar 

concentration 14.  The Kubelka-Munk equation can be written as, 

F(Ro) 
(1-Rm)" 	

c 
2R 	k' 

co 

(1.5) 

where k' is a constant equal to s/2.303c. At high enough 

dilutions, the specular reflection from the sample 

approximates to that from the standard and is thus cancelled 

out in any comparison measurement. 

A straight-line relationship between F(Rc) and c 

is predicted, however, in practice this is only observed 

when with weakly absorbing substances are studied and the 

particle size of the powder sample is restricted to ca 

1 um in diameter. This relation is clearly analogous to 
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the Beer-Lambert law of absorption spectrophotometry. 

The non-linear relationship arising between F(Ao) and 

c has been discussed by Kortūm 15 

The measurements of reflectance involves basically 

the same principles involved in making transmission 

measurements. The reduction in intensity of radiation 

reflected by the sample being examined is measured in 

relation to the intensity reflected by a standard. 

Figure 1.4 is a diagram of the optical arrangement of 

a basic instrument, the Beckman DK-A spectroreflectometer 16,. 

which may be used for making diffuse reflectance measure- 

ments. 	The optical diagram indicates the path followed 

by the radiation as it passes from the tungsten lamp 

source through the monochromator, into the integrating 

sphere and alternately on 	the sample and reference 

surfaces from which it is reflected to the sphere walls. 

The walls reflect the radiation back and forth until it 

reaches the detector. Before analysing a sample, zero and 

100% reflectance are set with magnesium oxide or an 

alternative appropriate secondary standard at the exit 

ports.. 

1.2.4 Luminescence Spectroscopy  

The photoluminescent methods of fluorescence and 

phosphorescence are closely related to molecular absorption 

spectrophotometry; when a molecule absorbs a photon an 

electron is raised from a low energy state (ground state) 

to a higher energy state (excited state). On the electron 

relaxing and returning to a lower energy state the 



1. oscillating mirror 
2. sample beam mirror 
3. reference beam mirror 
4. integrating sphere 
5. entrance ports 
6. exit ports (sample and 

reference materials are 
placed here for reflectance) 

7. integrating sphere opening. 
8. detector. 

3 8 

c 

16 Figure 1.4: Schematic diagram of a diffuse reflectance spectrophotometer  
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molecule may re-emit a fraction of the previously absorbed 

radiative energy as a quantum of lower energy. This process 

constitutes the mechanism describing the phenomena of 

luminescence and such processes are known to occur in solids, 

liquids and gases 17. 

Many workers 18,19  have described the theoretical 

and experimental aspects of fluorescence and phosphorescence 

spectroscopy. The process of absorption and subsequent 

re-emission of energy is described by reference to Figure 
20 

1.5. Upon absorbing the radiant energy, the molecule is 

raised from a vibrational level in the ground state to one 

of many vibrational levels in one of the excited electronic 

levels, usually.the first excited singlet state S1. The 

absorption step occurs with ca. 10-5s. A number of 

vibrational levels of the excited state are populated 

immediately following absorption.. .After excitation has 

occured there are several processes which are important 

in the de-activation of excited states. The radiative parts 

of de-excitation, are the processes of fluorescence 

and. phosphorescence. The process of fluorescence most 

commonly occurs between the first excited singlet Sl  and 

ground state singlet S0. The process of phosphorescence 

occurs normally between the lowest triplet state, T1, 

and ground state singlet, S0. 

In addition to the radiative de-excitation processes 

radiationless de-activation may also occur. This is the 

result of the conversion of electronic energy into 

vibrational energy within the molecule due to internal 

conversion and intersystem crossing. 	Internal conversion 

occurs between states of like multiplicity (eg singlet to 
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singlet, triplet to triplet:), 

S2 -- S1 

Sl  -4- S0 

Intersystem crossing takes place between states of 

different multiplicity. 

S1 } T1 

T1  -± SO  

Energy separation and conservation of spin are important 

factors that influence the non-radiative process. The 

range of a sequential outline of the processes with their 

approximate lifetimes is given below the Jablonski 

diagram shown in Figure 1.5. 

The luminescence quantum yield of a compound is 

the fraction of molecules that emit a photon after absorption 

of energy directly from the radiant source. If all the 

molecules in the excited state re-emit energy as fluorescence 

the quantum efficiency of fluorescence is unity. This 

value is seldom observed, hence, the value is usually 

less than one. By definition, the intensity of fluorescence 

emission is equal to the intensity of light absorbed, 

multiplied by the quantum efficiency of the system. 

F = Io(1-10-E  
c (1.6) 

where F = Total fluorescence intensity 

Io  = Intensity of exciting radiation 

= Molar absorptivity of substance 
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c - Molar concentration of the substance 

Q = Path length of solution in cm 

= Quantum efficiency of fluorescence 

However in dilute solution the equation approximates to 

F = 2.3Io  EcQ 	 (1.7) 

Hence it is seen that the intensity of fluorescence is 

dependent on the intensity of the incident radiation and 

the concentration of the sample in solution. Thus by 

increasing the source light intensity the emission intensity 

may be increased and therefore the sensitivity of the 

technique is also enhanced. In contrast, the absorption 
I 

techniques measure - and, hence, an increase in the 
t 

source intensity has no effect on the absorption, although 

it may provide for a better signal-to-noise ratio. 

In contrast to the absorption spectrophotometry, 

fluorescence and phosphorescence spectrometry involve the 

recording of both the excitation and the emission spectra. 

A'schematic diagram of a spectrofluorometer is shown 

in Figure 1.6. An apparatus for measuring phosphorescence 

is similar to the fluorometer but the emission is measured 

following the interruption of the excitation source by a 

chopper. 

1.2.5 Photochemical Effects  

Photochemistry is concerned with the chemical (e.g. 

photosynthesis, bleaching of fabrics, etc.) and related 

physical effects (e.g. photoluminescence)of electronic 
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excitation by the interaction of electromagnetic radiation 

with matter 21. As photochemical processes are associated 

with electronic excitation most interest is concerned 

with the UV-visible regions of the spectrum. A great 

majority of photochemical reactions occur by the 

excitation of a molecule to either the first singlet 

state S1  or the first triplet state T1 22 

The energy distribution in the excited molecules 

is shown in Figure 1.5. 

There are two types of photochemical processes, 

intra and intermolecular. The former process may be of the 

radiative (fluorescence and phosphorescence) or non-

radiative (intersystem crossing and internal conversion) 

type. The latter process involves electronic transfer 

between molecules (i.e. energy transfer and chemical 

reactions). 

The efficiency of photochemical reactions and photo-

physical processes may be expressed by 

_ number of molecules produced  _ rate  
number of quanta absorbed 	Ia  (1.8) 

Each of the photochemical processes proceeds at 

different rates for different molecular systems and each 

has an associated rate constant. The rate constant for 

the intramolecular processes can be evaluated by the 

elimination of energy transfer and chemical reactions 

from the rate equation whereas for the intermolecular 

processes, the intramolecular processes also have to be 

taken into account. A kinetic scheme for the photophysical 
22 

• 

and photochemical processes is given in Table 1.1. 
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TABLE 1.1: Kinetic Scheme for the photophysical and photochemical 
processes. 

Process 
	

Representation 	Rate 

Excitation 

Internal conversion 

Fluorescence 

Intersystem crossing 

Phosphorescence 

Intersystem crossing 

Chemical Reaction 

Energy Transfer 

where 

M* excited molecule 

R is a reactant 

I the rate of absorption 
of incident radiation 

A is the energy 
acceptor species  

S0(M) + hv -~ 
S } S 
1 	0 
S1 } s0+hvf 

S1 } Ti 
T1 -* S 0 +hvp 

T1 - S0 

T (M*)+R radicals or stable k (T )(R) 
1 	products 	r 1 
T1(M*)+ 0(A)-S0(M)+T1(A) 	kc(T1)(A) 

kr is the rate constant for 
chemical reaction step. 

kc is the rate constant for 
triplet-triplet energy transfer. 

S1( M*) I 

kic(S1) 

kf(S1) 

kisc(81) 
kp(T1) 

kisc(T1) 

The range of values of the rate constants for these various 

processes for a typical organic molecule are 20 

k(S 2 

k(Sl 

k(S 1 

k(T1 

11 
-~ S1 ) = 10 - 10

14 

S0) = 104 - 108 

T1 ) = 107 - 108 

S0) =10-1- 104 

The main type of photochemical reactions may be divided 

into : 1. Photoreduction, 2. Photo-oxidation and 

3. Photo-addition. 22 

Light induced reduction of carbonyl compounds in 

the presence of hydrogen donors is a very important 

photochemical reaction. In the majority of cases the 

photoreduction occurs 
22 

via the T1 state of the photo-

excited carbonyl compound. Molecules in this state react 
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by abstracting hydrogen from a substrate species (RH) 

to give a hydroxymethyl radical and a radical R' 

R2C = O(Tl) + RH -} R2COH + R' (1.9) 

The final reaction products are formed by self-combination 

and cross-combination reactions of the radicals produced 

in the hydrogen abstraction step. The efficiency of the 

hydrogen abstraction depends on the nature of the T1  

state and the structure of the carbonyl compound, the 

dissociation energy of the R-H band and the solvent type. 

An example of this is photoreduction of benzophenone 

by benzhydrol to give benzpinacol. 

Irradiation of an organic compound in the presence 

of a sensitizer and oxygen can lead to the formation of 

oxygenated products. The examples of photo-oxidation 

are 

1. Photo-oxidation of secondary alcohols to 

hydroxy-hydroperoxides by benzophenone sensitizer, and 

2. Olefenes,dienes and polycyclic aromatic 

hydrocarbons which can be oxidized using dye sensitizers 

(e.g Rose Bengal, Fluorescein, etc.) 

Photo-addtion involves the combination of the 

electronically excited molecule with an unlike ground 

state molecule to give 1:1 photoadduct. This commonly 

happens when mixtures of alkenes are irradiated. 

Apart from all these photochemical reactions 

described above, some inorganic and organic materials 

exhibit a photo-induced reversible colour change. This 
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phenomena is known as photochromism and can be defined 23 

as a reversible change of a single chemical species between 

two states having distinguishably different absorption 

spectra, such changes being induced in at least one 

direction by the action of electromagnetic radiation. 

This inducing radiation, as well as the changes in absorption 

spectra are usually in the ultraviolet, visible or 

infrared region. The change in one direction is thermally 

induced (dark) and usually occurs spontaneously. 

This branch of photochemistry is gaining more "prominence" 

in recent years. A more detailed discussion of this will 

be presented in Chapter Three. 

1.2.6 Calorimetric Techniques  

For the study of the absorption of electromagnetic 

radiation, calorimetric techniques 24  provide a useful 

alternative to the other more conventional methods of 

transmission and reflectance spectroscopy. 

Calorimetric techniques measure the heating 

effect produced within the sample resulting from radiation- 

less decay or chemical reactions of excited states 

following the absorption of electromagnetic radiation. 

Thus the methods can be used for the study of energy yields 

of non-radiative processes, photochemical and photophysical pro- 

cesses, enthalpies of photochemical reactions and the 

lifetime of excited states. 

A typical calorimetric system consists of a source 

and filter train to produce monochromatic radiation, a 

sample cuvette equipped with a temperature sensor and an 
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insulating chamber to prevc•nt spurious environmental 

temperature changes. 

Conventional calorimeters, employing thermocouples, 

thermopiles and thermistors have already found 

particularly. useful applications in the determination 

of luminescence quantum efficiencies 2527 
	The 

temperature rise of an irradiated luminescent sample is 

compared with that of a non-luminescent sample of similar 

optical density. The ratio of heating of the two 

samples gives the fraction of the absorbed energy which is 

lost by radiationless processes in the luminescent 

sample i.e. the energy yield from which the luminescence 

efficiency can be calculated. 

Although intrinsically accurate, conventional 

calorimetric experiments have remained unpopular because 

they are lengthy and tedious to perform due to the 

difficulties of effective thermal insulation of the sample 

chamber. However there has been a recent upsurge in the 

development of calorimeters 24  which utilise the modern 

instrumental facility of source intensity modulation 

and synchronous signal detection in order to eliminate 

spurious background signals. With the availability of 

the laser sources and extremely sensitive heat flow 

transducers, these modern instruments are reported to 

be sensitive, rapid and accurate. 

The flash calorimeter which has been designed 

specifically for liquid systems, incorporates the capacitor 

microphone in a system capable of detecting temperature 

rises of 10-6T. It has been used to determine the quantum 

efficiency of triplet formation of 10-4M anthracene 
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in ethanol 28. 

The piezoelectric calorimeter 24  is particularly 

useful for the study of radiationless processes in bulk 

solids and uses a piezoelectric crystal to measure 

pressure changes in the samples produced by heating at 

constant volume. Its sensitivity is similar to that of 

the flash calorimeter and it has been applied to determine 

the triplet yield 10-4M anthracene in polymethylmethacrylate 24 

Because of the mechanism of the optoacoustic 

effect, OAS can be considered as a unique calorimetric 

technique. The essential difference between OAS and other 

modern calorimeters is that the microphone is remote from 

the sample 

 

29 and monitors the sample heating indirectly 

by responding to the pressure wave in the surrounding 

gas caused by heat flow from the sample 30.OAS can 

easily detect microwatts of absorbed radiation and can 

be applied to samples of any condensed form. Preliminary 

results for luminescence efficiency determinations 31,32 

illustrate the promise that this technique holds for the 

future. 

1.3 OPTOACOUSTIC SPECTROSCOPY  

1.3.1 Introduction  

In OAS the sample is usually sealed within a closed 

cell containing a gas, usually air at atmospheric pressure 

and is fitted with a window transparent to incident 

radiation and a sensitive microphone whose diaphragm forms 

part of the wall of the cell. When radiation (basically 

250 nm to 2500 nm) is allowed to fall on the sample, the 

energy may be absorbed. Provided the material does not 
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degrade photochemically or luminesce the absorbed 

energy is converted into kinetic energy. This takes place 

very rapidly, as the energy absorbed by electronic 

or vibrational excitation of the moleculesof the sample 

may be degraded through the cascade process to the lower 

electronic and vibrational energy levels within nanoseconds 

of absorption. If the incident radiation is interrupted 

periodically, by the use of a rotating chopper, the 

absorption of energy is interrupted at the frequency 

of modulation and consequently the heat produced in 

the sample after energy conversion also appears at this 

frequency. The periodic heating produces a periodic 

increase in the pressure of the atmosphere surrounding 

the sample which follows the modulation frequency of the 

incident radiation. The optoacoustic effect is observed 

only when radiation is absorbed by the sample. If the 

wavelength of the incident radiation is varied, the 

amplitude of the OAS signal observed at a given wavelength 

will provide a measure of the ability .of the material 

to absorb radiation at that wavelength, consequently an 

absorption spectrum will be obtained. The OAS spectrum 

therefore closely resembles the electronic and vibrational 

absorption spectrum and is complementary to the reflectance 

spectrum. 

It was Alexander Graham Bell 
33 
 who first observed 

the optoacoustic effect in 1880. While giving a report 

to the American Association for the Advancement of Science on 

hiswork on the photophone, he very briefly reported that 

thin discs of certain solid substances when subjected to 

irradiation from a rapidly interrupted beam of sunlight 
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emitted an audible sound. 

`1'ilhem Rontgen 
34 
 later demonstrated the optoacoustic 

effect on gases such as ammonia. According to Rontgen 

the gas sample following absorption of light expands due 

to heat production within the sample. 	The subsequent 

cooling and contraction produces the acoustic signal. 

John Tyndall 35, in the company of Bell, conducted 

several experiments to show that strongly absorbing gases 

and vapours produce sounds more intense than from solids. 

The lack of a sensitive pressure transducer prevented 

Tyndall from exploiting the technique for quantitative 

analysis. 

Bell 36  continued the work with the investigation 

of a large number of solids, liquids and gaseous 

substances. Studying the effect on illuminated solids 

in the form of thin discs, Bell supported the theory of 

Lord Rayleigh 37, who concluded that the primary source 

for the production of sound was the mechanical vibration 

of the disc resulting from uneven heating of the disc 

when struck by the beam of light. In the study of liquids 

and gases,weak signals were usually obtained for liquids 

and strong signals for gases. 

Mercadier 38  and Preece 39  also reported the 

studies on optoacoustic effect. 

After early experiments in 1880 experimentation 

with the optoacoustic effect stopped for 50 years. 

1.3.2 Gas Analysis  

Optoacoustic studies were revived again in 1938 by 

40 Veingerov 	
who attempted to analyse for gaseous species 
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in gas mixtures. With the aid of a moving coil micro- 

phone as a transducer and a heated filament radiation source 

he could detect 0.2% volume of CO2  in a non-absorbing 

gas such as nitrogen. 

Pfund 41  and Luft 42  reported a number of optoacoustic 

analysers for use in gas analysis using infrared 

sources of illumination. This type of equipment permitted 

the determination of CO2  in air at the ppm level. Pfund 

used a thermopile detector to monitor directly the heating 

often produced within the sample whereas Luft employed 

a condenser microphone as transducer. These simple 

gas analysis instruments utilizing the optoacoustic effect 

were of the non-dispersive type and instruments capable 

of recording the absorption spectra of gas samples over 

a defined wavelength range using monochromatic radiation 

were not developed until later studies by Veingerov 
43  

Gorelik 44  proposed the use of the optoacoustic-

effect to investigate the rate of energy transfer between 

vibrational and translational degrees of freedom of gas 

molecules and several workers 
4'46 

 have since presented . 

theoretical treatments of the optoacoustic effect in 

gases. 

Before the recent developments in coherent and 

intense radiation sources thermal sources were the only 

available sources of infrared and limited the sensitivity 

of optoacoustic detectorsfcr gas analysis. The availability 

of laser sources of infrared radiation has greatly 

increased the range of analytical problems which can be 

solved by infrared spectroscopy. With a laser infra-

red source, the optoacoustic effect has proved an effective 
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method for the measurements of very low gas concentrations. 

With their high power and narrow spectral bandwidth 

the sensitivity and selectivity of optoacoustic gas 

analysis have been extensively increased. 	Kerr and 

Atwood 4?  first reported the use of laser as an 

exciting source for optoacoustic spectroscopy; using 

a pulsed ruby laser to determine the absorptivity of 

water vapour in air. Kreuzer 48, with a 15 mW He-Nc 

laser operating at 3.3911m,could measure the absorption of a 

concentration of 10
-8 
 methane in nitrogen. With a Ram spin-flip 

laser Kreuzer and Patel49  could detect nitrogen oxide pollution 

in air to a concentration of 0.01 ppm. Later Kreuzer 

et al 50 employed molecular gas lasers. These gas lasers 

are not continuously tunable and can be made to emit 

radiation at a number of discrete wavelengths corresponding 

to the transitions between various inverted energy levels 

in the laser gas. They could detect ethylene concentrations 

in air as small as 5 parts per billion. There are numerous 

others 51,52 who worked in the area of laser source opto- 

acoustic spectrometry. 

1.3.3 Solid/Liquid Studies  

In 1935 Hayes 53  described a detector employing 

the optoacoustic effect. This consisted of a black 

absorber called "fluff" (Carbonised Pappus of a flower), 

confined to a hermetically sealed chamber, one side of 

which was a thin metal diaphragm forming an element of 

a condenser microphone. When modulated infrared 

radiation was allowed to fall upon the absorber, the 

resultant pressure waves were monitored by the microphone 
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and measured with the aid or an ammeter. 

Golay 54,55 investigated the Hayes detector 

and tried to improve the sensitivity of the device. 

Golay used a black antimony film deposited on an organic 

substrate as the absorbing medium and developed the now 

famous optical pressure transducer to monitor the acoustic 

signal produced within the cell.Weber 56  and Luchin 57 

used a very thin layer of black pigment. Terenin and 

Yaroslavkic 58 used carbonised duck down. In 1949 Golay 59 

using xenon as filler gas, redesigned the detector in 

the present form as a detector for infrared radiation. 

In 1964 Houghton and Acton 60  observed audible 

signals from films of acetylene soot, camphor soot and 

black body cavities using a xenon flash tube source and 

proposed that the thermal absorptivity of absorbing 

samples could be evaluated by this technique. 

In 1973 Parker 61  while carrying out studies 

concerning collisional deactivation in gases (oxygen, 

nitrogen and neon) noted strong optoacoustic signals 

at wavelengths where no absorption by the gas sample was 

expected. Parker attributed the signal to the 

absorption of radiation with the cell window. 

Kerr G2  attempted to use the optoacoustic technique 

for measuring the absorption of thin solid films at laser 

wavelengths. The samples examined were optical window 

materials coated with layers, one quarter wave thick at 1O.6nm, 

of calcium fluoride. Other samples had a layer of zinc 

sulphide over a binder layer of thorium fluoride. 

Theoretical calculations of typical pressure signals 

were also included in his paper. 
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Harshbarger and Robin
s 63 

interest in the OAS 

technique arose from the work of Kreuter et al 
48-50 

and these 

workers have described an experimental assembly for OAS 

in the UV/visible region and reported its application 

to the examination of powdered potassium dichromate, 

flower petals, dried blood smears, ultramarine blue, etc. 

Rosencwaig et al 64-6C  used the OAS technique 

for exploring the absorption spectra of both inorganic 

samples and biological materials. 

It was Bell 33,3E  who first observed the audible 

weak signals from coloured liquids. Recently the interest 

of optoacoustic technique in liquids have grown 67,32 and 

Lahmann et al 68  by introducing piezoelectric transducers 

in liquids have reported a detection limit of an 

absorption coefficient of 2.2 x 10-5  cm-1  arising from Q_ 
carotene dissolved in chloroform by using a CW ion-laser 

producing two lines at 488nm and 514.5nm, each of 07W 

power. Because of large amounts of low frequency noise 

their technique was not successful in obtaining 

spectra of weakly absorbing pure liquids. 

More recently Patel et al 69'70 used a submersed 

piezoelectric transducer together with a pulsed tunable 

dye laser to study the weak 607 nm absorption band of 

benzene dissolved in various concentrations of CC14. 

They could measure an absorption coefficient as small as 

10-6  cm-1  with an absorbed energy of 10-9J. They applied 

this technique to measure the weak sixth harmonics of C-H 

stress in liquid benzene. 
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1.3.4 Theory of Optoacoustic Spectroscopy for Solids  

Introduction 

The optoacoustic effect is a result of an energy 

conversion process. Irradiation of a sample by chopped 

radiation results in localised heating within the absorbing 

material due to non-radiative de-excitation processes 

occuring from excited states. Some of this heating is 

transferred by thermal diffusion from the solid to a thin 

boundarylayer of gas adjacent to the surface of the 

solid. Adiabatic expansion of the gas then gives rise 

to a pressure wave in the gas which is detected by 

a microphone. The important characteristics of the sample 

which determines the magnitude and nature of the 

optoacoustic signal 71  are its optical absorption coefficient,. 

the efficiency of internal radiationless de-excitation 

processes and thermal transfer coefficients, in particular 

the thermal diffusivity: 

Optoacoustic signal magnitude = Radiant powerxEfficiencyx 
absorbed 	of radiationless 

conversion 

Efficiency of heat transfer to 
sample/gas interface 

The optoacoustic signal is a function of the radiant power 

absorbed by the sample and an inverse proportionality 

is generally observed between the signal magnitude and 

the modulation frequency. For solid samples, the opto-

acoustic signal power may be expected to vary with particle 

size for two reasons 29- 

1. 	when the particle size (surface area) varies, the 

power absorbed will vary owing to changes in the reflectivity 
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of the sample. 

2. 	As the particle size decreases the surface area 

in contact with the gas phase increases. This may result 

in a more efficient transfer of power between the solid 

and the gas phases so that a reduction in the particle 

size tends to increase the magnitude of the observed 

signal. 

The power transfer at the solid-gas interface may 

also be influenced by thermal conductivity of the sample 

and the filler gas; this would then be expected to affect 

the manner in which the observed optoacoustic signal varies 

with sample characteristics. The amplitude of the signal 

would also be expected to be inversely proportional to 

the heat capacity of the filler gas. 

Although 	thermal diffusivity 72  is a derived 

quantity it is of direct importance to heat flow studies 

as it determines the transient heat propagation through 

a sample. Thermal diffusivity is the ratio of the thermal con- • 

ductivity to the product of specific heat and the density 

of the material. The absorption of the radiant energy 

and the subsequent de-excitation processes in the 

sample may occur in a few nanoseconds, whereas the heat 

transfer mechanism through the sample to the surface may 

take several milliseconds i.e. it is of the same order 

of magnitude as the period of modulation of the incident 

radiation. Hence phase-sensitive detection of the opto- 

acoustic signal may provide considerable information 

concerning the nature of the sample. 
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Present Theory  

The optoacoustic theory for gases has been well 

developed 46,48,73,74  for a number of p 	 years but the 

theory relating to the study of solids has been of 

relatively recent origin. Parker 61, while studying 

the optoacoustic effect in gases, noticed that a small 

measurable signal was being produced in the gas cell even 

when the gas was not absorbing the incoming light. He 

determined that this signal resulted from the absorption 

of light within a small layer of the quartz window of his 

cell and he analysed his results in terms of periodic 

heat flow from the window to the enclosed gas. Kerr 62 

tried the technique of OAS for measuring the absorption 

of thin films at laser wavelengths. Whilst the theoretical 

model he produced was adequate for his system, this has to be 

regarded as a special case. 

A theoretical model for the prediction of the magnitude 

of optoacoustic signals has been explained by Adams et al 29. 

Other workers who have contributed to the theory 

of optoacoustic effect have been Aamodt et al 75'76 and 

Bennet and Forman 77-80 

The most comprehensive theory has been developed 

by Rosencwaig and Gersho 30  to account for all the effects 

observed in the optoacoustic spectroscopy of solids. 

Any light absorbed by the solid under investigation 

is converted partially into heat by non-radiative 

de-excitation processes within the solid. A diagram 

illustrating a model of the sample contained within a 

gas-tight cell of cylindrical symmetry is shown in 

Figure 1.7. 
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-(1 + ud 	p + a 9 x—s + 29 30 
Fig.1.7. Cross-sectional view of a simple cylindrical optoacoustic cell. 

It is assumed that the length of the cell is small compared 

with the wavelength of the acoustic signal and the average 

pressure produced in the cell is detected by a microphone. 

The sample is considered to have a thickness Q and is 

mounted so that its front surface is exposed to the gas 

within the cell and its back surface is in contact with 

a poor thermal conductor of thickness 	Itis also 

assumed that the gas and backing material are not light 

absorbing. The.following parameters are defined. 

-1 -1.,-1 kl,  the thermal conductivity of material i (cal cm s 

Pi,  the density of material i 	(g cm-3) 

Ci,  the specific heat of material i 	(cal g-1  K-1) 

k. 

 = CP 	, the thermal diffusivity of 	(cm2s-1) 
1 i material i 

ai  = 1/(w/2a.), the thermal diffusion 	(cm-1)  
coefficient of material i 

ai  

pi 	l/ai, the thermal diffusion length 	(cm) 
of material i 
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w, 	the chopping frequency of the incident 	(rad s-1  ). 
light beam 

If the incident radiation is assumed to be modulated 

sinusoidally at a wavelength X, the intensity is given 

by 

I = 1I0(1+cos wt), 	 (1.10) 

where Io  is the incident monochromatic light flux. If (3 

is used to denote the absorption coefficient of the 

solid then the energy density produced by the absorption 

of light at a point x in the solid is given by differentiating 

Beer's law with respect to x and substituting in 

Equation 1.10. Thus 

1-(3I  exp( 3x) (1+ cos wt) 

when x takes negative values according to the definition 

in Figure 1.7. 

The optoacoustic signal arises from the periodic 

heat flow from the solid to the surrounding gas in the 

sample cell. Rosencwaig and Gersho's theory results in 

a complex expression for the envelope of sinusoidal 

pressure variation - 

(1.12) 

where P is the pressure variation in the cell filler 

gas for sinusoidally modulated incident radiation, A is 

a constant factor, which is proportional to the incident 

radiant energy and the ambient pressure within the cell, 



B  - (g+l)(b+l)exp(as  x)-(g-1)(b-l)exp(-e x) 
(r-1)(b+1)exp(os  x) - (r+1)03-1)exp(-as  x)+2(b-r)e 
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13 is the optical absorption coefficient (cm-1  of the 

sample and ks  is its thermal conductivity. 

as  = (l+J)as 
	 (1.13) 

as  and ag  are the thermal damping functions of an 

alternating temperature wave passing through the 

sample and gas respectively and are given by 

2 
2 

a. = (w/2ai) (1.14) 

where w is the modulation frequency and ai  is the thermal 

diffusivity of the material. 

B is a complex function which may be expressed as 

(1.15) 

Where x is the thickness of the sample and the other 

functions are given by 

r - (1-in  
2a  s 

b - kb.ab  

ks.as  

k .a 
g g 

g =  k . s a s  

The subscript"i)"refers to the backing material.of the 

sample. The product ki  ai  may be considered as a thermal 

flux coefficient for the material. 
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Rosencwaig and Gersho have described its application to 

a number of special cases 30,81 

For solids which are reasonably transparent to light 

(1Q<l), the pressure Sp(t) is proportional to 32, unless 

the thermal diffusion length of the solid, us = 1/as, 

is less than Q. In that the pressure is proportional to 

1us • 

For optically opaque solids (SQ » 1), the pressure 

Sp(t) is independent of S when the thermal diffusion 

length us  is greater than the light absorption length 

1/3. In this case the sample, as well as being optically 

opaque, is also "optoacoustically opaque", i.e. the 

acoustic pressure is independent of the optical absorption 

coefficient S. However, when us  is less than 1/3 i.e. 

when aus  « 1, the pressure amplitude is proportional to 

Qus  irrespective of the magnitude of the optical absorp- 

tivity RQ. Thus, even though the sample is optically 

opaque (3Q » 1), it is not optoacoustically opaque, 

i.e. the acoustic pressure is now dependent on the optical 

absorption coefficient 13. 

The effect of reflection losses by the incident 

light at the sample surfaces was not considered in the 

above theoretical treatment. For small optical absorption 

coefficients this loss has been considered very important 82,83 

Rosencwaig and Gersho's theoretical treatment has been 

extended for the measurement of spatially varying absorption 

in solids 84  and also for the determination of absolute 

optical absorption coefficients for strongly absorbing 

solids and liquids 85. McClelland and Kniseley have 
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examined the signal saturation effects in 	86  and 

later in another paper 87  reported the sample backing 

substrate on the observed signal magnitude. 

The remainder of this thesis is concerned with 

the descriptive apparatus for optoacoustic spectroscopy 

in the ultraviolet, visible and near-infrared regions 

of the spectrum and its application to a variety of 

sample types. The theoretical treatments discussed above 

for the magnitude and phase of the recorded opto-

acoustic signal are examined in an attempt to examine 

the technique as a quantitative means of analysis and 

.studying radiant absorption in solid samples. 
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2.1 	Introduction 

In optoacoustic spectroscopy the modulated radiation 

absorbed by the sample is converted into heat causing 

a periodic pressure wave in the optoacoustic cell which 

is monitored by a suitable transducer. 

The basic requirements of an optoacoustic spectro- 

meter are (1) a radiation source, (2) a modulation 

system, (3) a monochromator, (4) cell forthe sample 

containment, (5) detector, (6) electronic system for signal 

detection, amplification and readout. A schematic 

diagram of a typical system is shown in figure 2.1. 

2.1.1 Radiation sources  

The original optoacoustic studies by Bell 36  employed 

solar emission as a wide-band source radiation. The 

spectral output from the sun matches that of a black body 

at 5900K, providing a useful continuum emission from ca 

300 nm to beyond 1 pm 88 

The radiant sources commonly used for spectroscopy 

may be divided into two types, the broad-band or continuum 

and the narrow band or line emission sources. As opto- 

acoustic measurements are monitored at a wide range of 

wavelengths, high intensity continuum sources (many of 

their properties can be described in terms of black body 

behaviour) are appropriate for an optoacoustic spectrometer 

and are the most commonly employed sources for solid 

and liquid sample studies. A survey of these incoherent 

sources of continuum radiation extending from the ultraviolet . 

to the infrared region is given by Cann 89.  The major 
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Fig.2.1. The essential components of an optoacoustic spectrometer. 
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types of incoherent source are incadescent emitters 

(true continua) and arc sources. 

High pressure arc sources are available with a 

usable broad-band emission spectrum extending from the 

ultraviolet to the infrared. 	The emission is produced 

by passing a high current discharge through a vapour 

usually contained within a glass or quartz envelope. 

The pressure inside the envelope may be from a millitorr 

to several hundreds of atmospheres. 	Many workers 90,91  

have investigated the use of xenon arc lamps operating 

typically at pressures of 50-70 atmospheres, and these 

have been found to be efficient emitters of ultraviolet 

and visible radiation. 

High pressure mercury arcs have a high emission 

intensity e.g. a lkW mercury arc may generate more than 

170W of radiative power throughout the UV and 240W in 

the visible region 88 

The tungsten filament lamp is a particularly 

simple and convenient source of continuum radiation and 

emits the major portion of its energy in the near infra-

red region, 6'9  only ca 15% of the radiant energy is emitted 

within the visible region depending upon the power applied. 

The tungsten filament is contained in a glass or, 

preferably, quartz envelope and operates typically at 

3000K. To improve the useful life of the source and 

to enhance the intensity a halogen gas may be included 

in the bulb which prevents the deposition of vaporized 

tungsten on the inner surface of the envelope. Also 

a dynamic equilibrium is set up between the tungsten metal. 

filament and the tungsten halide in the vapour phase 
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resulting in a more even filament ageing. This enables 

the tungsten-halogen lamp. to be run at much higher 

temperatures than is possible with the conventional tungsten 

source. 

Lasers 88,6,92,93  are coherent sources which are 

finding increasing applications in spectroscopy. Laser 

radiation is highly collimated and is of high intensity 

and very narrow spectral bandwidth. 	Tunable dye lasers 

are available for the visible and part of the near-infra-

red spectral regions, but although dye lasers may be .operated 

in the wavelength range 340 nm - 1200 nm the tuning 

range of each dye is only of the order of 50 - 100 nm, 

making it necessary to make several dye changes during a 

wavelength scan. For this reason and because of their 

high cost dye lasers have not replaced continuum sources 

where a scan over a wide wavelength range is required. 

Furthermore, analytical molecular spectroscopy in the 

ultraviolet and visible regions. is undertaken often with 

a monochromatic half-spectral bandpass of several nanometers 

and over such a relatively wide bandwidth, the emission 

intensity of conventional devices may be superior to that 

of a laser source. 

2.1.2 Modulation system 

For the production of the optoacoustic effect 

modulation of the incident radiation is necessary; if the 

incident radiation is not chopped an optoacoustic signal 

will not be observed. Modulation can be effected 

mechanically or electronically. Mechanical choppers, 

usually achieved with the aid of a rotating sector or a 
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vibrating plate provide a one hundred percent depth of 

modulation. Disadvantages with such systems include a 

limiting of the frequency which can be attained and the 

mechanical noise produced by the apparatus. With 

electronic modulation one hundred percent modulation is 

difficult to achieve and the stability and life time of 

the source is often reduced. However mechanical 

noise is eliminated and higher frequencies can usually 

be obtained. 

The use of pulsed sources for the examination 

of solid samples has received comparitively little study. 

Such sources usually exhibit poor reproducibility with 

regards to pulse intensity, nevertheless, pulsed laser. 

sources have been extensively employed for infrared 

gaseous OAS. 

2.1.3 Monochromator  

A monochromator is a device which disperses 

radiation into its component wavelengths. A typical 

monochromator consists of 

(1) an adjustable entrance slit, 

(2) a collimation mirror or lens, 

(3) a dispersing element, 

(4) a mirror or lens to focus the dispersed radiation, and 

(5) an exit slit of adjustable width. 

Prism based monochromators are not commonly encountered 

in modern instruments as their wavelength range is limited 

and the non-linear angular dispersion of the prism is a 
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great disadvantage. Nevertheless, the prism based mono-

chromator has the advantage of there being no secondary 

orders of dispersion and the light losses are lower than 

with a grating monochromator in the ultraviolet region. 

Diffraction gratings 94  are more commonly used and can be 

used either in the transmission or reflection mode but 

the dispersion of incident wavelengths depends on the 

geometry of the grating. A transmission grating is made 

by ruling parallel grooves on glass or silica with a 

diamond edge. The reflection grating is commonly used 

and this is made by ruling parallel grooves on metal 

surfaces or by evaporating a thin film of aluminium on to 

the surface of. replica grating. The radiation is reflected 

from the unruled portions of the grating and interference 

between the reflected beams produces dispersion. Gratings 

have a good linear dispersion, resolving power and greater 

wavelength range than a prism. The angular dispersion 

of a grating can be calculated as follows. Assuming a 

constant angle of incidence, then the angle of diffraction 

as a function of wavelength is given by: 

de  
dX 	d tose ' 

where e is the angle of diffraction 

X is the wavelength 

n is the order of interference 

d is the distance between adjacent grooves.. 

The resolving power of a grating is a product of the 

number of rulings and the order of diffraction. 
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Interference due to overlapping orders will occur 

with grating type monochromators at wavelengths which 

are at A/2, A/3... of the first order radiation (Fig. 2.2). 

Therefore if a source emits over the wavelength range 

250 - 1000 nm, overlaps from the second order diffraction 

of 250 nm will occur at 500 nm in the first order spectrum. 

Therefore it is necessary to include order sorting filters 

in the light path after the monochromator if there is any 

chance of interference by overlapping orders occurring 

in the region of the spectrum being investigated. 

The use of order sorting filters is particularly necessary 

in the near-infrared where there is substantial overlap 

from high orders of visible radiation. Additionally the 

wavelength range scanned in the near-infrared is greater 

than the visible region and a different order sorting 

filter must be inserted everytime the wavelength is doubled. 

A grating may be blazed in order to suppress 

underived orders of diffraction. This is achieved by 

the adjustment of the angles of the sides of the grooves 

ruled on the grating. 

The light gathering ability of an. optical system 

is a function of the effective optical apertures and 

reciprocal of the focal length. 

2.1.4 The Optoacoustic Cell  

In optoacoustic spectrometry a microphone transducer 

forms part of the sample cell in order to monitor indirectly 

the radiative energy absorbed by the sample and the design 

of the cell is an important feature for any optoacoustic 

system. Several types of OAS cell have been reported in 
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the literature but the main criteria governing the 

actual design of the cell are :95  

1. Acoustic isolation from external noise - the 

cell is normally sealed and the walls should be 

smooth and of sufficient thickness to form an 

efficient acoustic barrier. 

2. Minimization of the background signal arising from 

the interaction of the light beam with the walls, 

windows and the microphone in the cell. The 

windows should be optically transparent and 

the material of the cell should not have such high 

thermal conductivity that the thermal energy 

produced in the gas is quickly absorbed. 

Aluminium or stainless steel optoacoustic cells 

are good since the walls of these cells may 

be polished and will absorb very little of 

the incident radiation. 

3. The internal volume of the cell should be 

as small as possible for maximization of the 

acoustic signal within the cell. As the signal 

produced in the optoacoustic cell from solid 

samples varies inversely with the gas volume 

in the cell, minimization of gas volume is 

very important. Too small a volume should be 

avoided, however, otherwise the acoustic signal 

produced at the sample suffers appreciable 

dissipation to the cell walls through thermo-

viscous damping effects before reaching the 

microphone. To prevent this all the areas 
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through which the acoustic wave passes should 

be sufficiently large, so as to allow the flow 

of acoustic pressure wave with minimal dissipation 

of the sound energy to the surrounding walls. 

In particular it should be ensured that 

the acoustic or thermal energy is not lost 

to the window directly in front of the sample. 

The distance between the sample surface and 

the cell window should be greater than the 

thermal diffusion length of the gas. For air 

at room temperature and pressure the thermal 

diffusion length is - 0.02 cm at a modulation 

frequency of 100 Hz 95. 

The microphone in the cell should not be 

exposed to direct source illumination. If the 

microphone sees the source radiation, either 

directly or by reflections within the cell, 

the diaphragm may absorb the energy giving 

rise to spurious signals. 

2.1.5 Detector System 

A sensitive microphone transducer is employed in 

order to monitor the amplitude of the periodic pressure 

changes produced in the cell. For optoacoustic spectrometers, 

a condenser microphone is frequently used because of 

its flat frequency response, high sensitivity and high 

stability over a wide range of frequencies and low internal 

noise. Such a microphone consists of a thin metal diaphragm 
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and a rigid conducting back plate forming the plates of 

a capacitor 96,97. If a charge is applied to the capacitor 

by an external DC supply, capacitance modulation caused 

by sound pressure variation induced changes in plate 

separation will produce a current flow between the plates. 

The signal output from the microphone depends on the 

microphone capacitance, the magnitude of the pressure induced 

changes in capacitance and the magnitude of the applied 

voltage (C = c0cr A/d, where C is capacitance, E0  is 

permittivity of free space, Er  relative permittivity, A 

is surface area of the capacitor and d is the distance 

between the plates). As the magnitude of the signal is 

directly proportional to the inverse of the total circuit 

capacitance, it is important that the microphone capacitance, 

amplifier input capacitance and stray circuit capacitance 

are kept to a minimum. An equivalent circuit diagram 

of a condenser microphone and preamplifier is shown in 

fig. 2.3 97. 

The output voltage can be given by the expression 

v = AC(t)  E jwRC  0 	C 	0' l+jwRC 

where E0  - the polarisation voltage 

AC(t) - variation_ of capacitance due to sound 
pressure 

C = Ct+Cs+Ci - Ct  is the microphone capacitance 

Cs  is the stray capacitance 

Ci  is the input capacitance of 
preamplifier. 
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Cc  = is the coupling capacitance. 

R.R 
R = R }P 	Rc  - charging resistance 

c 
Ri  — preamplifier input resistance. 

In the high frequency limit (wRC »1) the useful sensitivity 

is reduced by stray circuit capacitance and the input 

capacitance of the preamplifier. Therefore the preamplifier 

should be situated adjacent to the microphone. 

2.1.6 Signal amplification and Readout  

The optoacoustic signal from the microphone is 

taken to a sensitive lock-in-amplifier: an AC amplifier 

with a synchronous detection system. A lock-in 

amplfier measurement system consists of four main 

operations98: modulation, selective amplification, syn-

chronous demodulation and low pass filtering. The latter 

three operations are carried out by the lock-in amplifier 

itself. 

A block diagram of the functions of a lock-in 

amplifier is shown in Figure 2.4 98 	The lock-in 

amplifier normally has a modulated sample signal input 

channel and an input for the modulated reference signal. 

Modulation of the sample signal is the first operation 

step in the lock-in amplfier measurement technique. 

This transforms the signal from DC to AC to minimize 

drift, 1/f and other noises, e.g. 50Hz ripple from AC 

mains. The technique used to amplitude modulate the sample 

signal is employed also to provide a reference signal of 

similar frequency for frequency-tracking and phase-locking 
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by the lock-in amplifier system. 

The modulated carrier wave is first selectively 

amplified. This amplification is carried out by a variable 

frequency tuned ampifier on the signal wave as well as 

on the reference signal. 

The amplified carrier wave is. synchronously demodulated 

by multiplying the modulated carrier wave by a bipolar 

reference square wave signal that is equal in frequency and 

phase locked to the carrier wave. Synchronous demodulation 

discriminates, against random noise components and only the 

phase locked carrier wave is demodulated by this multiplication 

operation. Finally the output from the synchronous demodulator 

is low pass filtered to regenerate the original signal. 

This phase sensitive detection (PSD) system gives information 

concerning the amplitude of the signal and its phase 

relationships to the reference signal. 

2.2 	Single beam instrumentation  

The instrumental assembly of a single beam optoacoustic 

spectrometer is shown in Figure 2.5 29,99. A 1000 watt xenon 

arc high pressure continuum source (Oriel Corp., Stamford, 

Conn., U.S.A., Model 6269) was employed since this provided 

a high radiant flux continuum radiation having a resonably 

constant intensity with wavelength. The maximum intensity 

of this 1 kW source in the UV-VIS region was 1.16mW 100 

This instrument was operated in an air cooled housing fitted 

with a UV grade fused silica double element condensing lens 

assembly and a special rear reflector. This optical arrangement 

provided for f/1.0 collection efficiency of radiation from 
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the arc lamp. 

The radiation from the source was focused through the 

blades of a variable speed rotating chopper (Brookdeal 

Electronics, Ltd., Bracknell, Berks, Model 9749) and on to 

the entrance slit of the monochromator. By choosing a 

suitable sector chopping blade frequencies in the range 1Hz 

to 100Hz and 1Hz to 1000Hz could be selected. The reference 

signal was derived from a LED-photoiodide pair mounted on 

opposite sides of the chopper blade followed by suitable 

signal conditioning. 

The f/4 200 mm monochromator (Metrospec., Diffraction 

Crating and Optics Ltd., Chobham, Surrey) was fitted with a 

50 x 50 mm, 1200 lines mm-1  plane grating blazed at 300 nm 

(for use in the UV-visible region), interchangeable slits and 

a wavelength scanning motor was mounted on to the optical 

rail of the system. The reciprocal linear dispersion obtained 

at the exit slit of the monochromator was 4 nm mm-1. Five 

fixed slits ruled on a single ultraviolet transmitting quartz 

plate are provided and allow half-spectral bandpass values 

of 1;2,5,10 and 20 nm to be achieved. Then radiation from the 

exit slit of the monochromator was focused with the aid of 

a front-surfaced concave mirror (50 mm in diameter, 200 mm 

focal length) into the optoacoustic cell. 

Either of the two types of sample cells can be employed 

as shown in Figure 2.6 and 2.7 101 	The sample cell (Figure 

2.6) was made from stainless steel to produce a sealed internal 

volume of about 5'cm3. Illumination of the sample within 

the cell was achieved via a silica window of 25 mm diameter 

and 2 mm thickness. The sample holder was also constructed 

from stainless steel and was fitted with a silica disc. 
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of 20 mm diameter and 1 mm thickness to support the sample. 

This sample holder could be screwed into the cell, against 

a rubber 0-ring, to form a pressure tight system. Through 

the side of the stainless steel cell body a 2" diameter 

condenser microphone transducer (type 4166, Briiel and Kjaer 

Ltd;  Hounslow, A'iddx.) was positioned with the diaphragm 

close to the sample tray. Thus, the microphone diaphragm 

forms part of the cell wall and was sealed tightly into 

the cell. In order to prevent any damage to the microphone 

a pressure release valve was provided in the cell opposite 

to the microphone diaphragm. This pressure release valve 

allows the sample insertion without any internal pressure 

build-up in the cell. The polarization voltage to the 

microphone was provided by a 200V dry-cell power supply, the 

associated preamplifier being powered from a 28V separate 

supply. The microphone sensitivity was reported as being 

5mV pbar . 

The sample cell in Figure 2.7 101 was constructed from 

aluminium with a 20 mm diameter silica entrance window. Samples 

were placed in highly polished aluminium cups of 16 mm internal 

diameter, 3-5mm deep, and sealed within the cell by means of 

four locking nuts. The type of microphone, preamplifier 

connections, etc. are exactly the same as for the cell in 

Figure 2.6. 

The optoacoustic signal from the microphone was taken 

directly to a sensitive lock-in amplifier (Princeton Applied 

Research Corp., Princeton, New Jersey, U.S.A., - Model 186) 

which utilized the reference signal generated at the variable 

speed chopper to extract the signal wave form and present this 
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. as DC potential to a potentiometric chart recorder 

(Servoscribe, Model 511). 

Alternatively, for producing corrected spectra, the 

output from the lock-in amplifier was taken to a scan recorder 

(Tbde14101 Princeton Applied Research Corporation). This 

scan recorder was employed in the two channel mode to store 

a reference spectrum of carbon black and a sample spectra. 

The spectral correction was then performed by an internal 

ratiometer unit and the corrected spectra displayed on the 

potentiometric chart recorder. 

The single beam instrument could be used for near-infra-

red studies by changing the grating and source. The grating 

employed in such work was a plane diffraction grating of 

(50 x 50 mm, 300 lines mm-1) blazed at 2pm with fixed, 2.5 mm 

wide entrance and exit slits. This arrangement provided a 

half-spectral bandwidth of 30 nm at the exit slit of the mono-

chromator. To prevent overlapping of spectral orders of 

diffraction cut-on filters were used. The spectral range of 

the two filters are 0.8-1..5pm and 1.5 to 2.7pm. The source 

employed was a 250W quartz-halogen tungsten filament lamp which 

had a maximum emission intensity of 0.603 mW in the near-infra- 

100 

 

red region 	 , (Type A1/223 Phillips Electricals Ltd., 

Croydon) and having a recommended operating voltage of 24V/DC. 

At this voltage the source has a reported average useful life-

time of 50 hours. By operating the lamp at a slightly lower 

voltage the lamp can provide similar radiant power and hence 

an extended lifetime may be obtained as can be seen from the 

manufacturers data, Figure 2.8. Although the xenon source has 

100 
twice the emission intensity of the tungsten source 	in 
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the near-infrared region, the spectrum from the xenon arc lamp 

has the disadvantage of having some broadened xenon lines 

superimposed upon the continuum. This can result in some 

difficulties occurring in the power spectrum correction procedure 

2.3 	Double beam instrumentation 

Figure 2.9 shows the instrumental assembly of a double 

beam optoacoustic spectrometer 102  The source employed was a 

300W, short-arc high pressure xenon lamp with integral aluminium 

. parabolic refelctor and 25mm diameter sapphire windows 

(Type VIx 300UV, Varian Associates). This source was compara-

tively smaller than the 1kW xenon arc, had a good collection 

efficiency at the monochromator entrance slit and also had a 

ultraviolet-visible maximum intensity of 1.11mW 100 
	The lamp  

was mounted within a fan-cooled housing (Type R300-1, Varian 

Associates) and powered at 15V and 20A by a Varian Associates 

PS-300-1 power supply unit. The radiation was focused by means 

of a silica lens (25mm diameter with 70mm focal length) on to 

a plane of rotation of a variable-speed rotating sector (Yodel . 

9479, I3rookdeal Electronics Ltd) placed adjacent to the 

entrance slit of the f/4 grating monochromator (Wetrospec.DGO 

Ltd - Surrey). For use in the UV-visible region the mono- 
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chromator was fitted with a plane diffraction grating (50x50 mm, 

1200 lines mm-1  blazed at 300nm). (For near-infrared studies 

the monochromator was fitted with a plane diffraction grating 

(50x50 mm,blazed at 2pm). Chance 0X5 filters were used at each 

exit slit of the monochromator to reduce interference from 

overlapping spectral orders of diffraction). The monochromator was 

also fitted with two exit slit assemblies in each of which 

fixed slits ruled on silica plates could be positioned to provide 

spectral half-bandwidths of 1,2,5,10 and 20 nm in the UV-visible 

region. In order to prevent the transmission of radiation 

at wavelengths less than 490 nm from overlapping spectral 

orders of diffraction, yellow coloured glass filters (Type 

26-4317, Ealing Beck) were used at each exit slit when measuring 

optoacoustic spectra in the visible region at wavelengths 

greater than this. Within the monochromator housing the 

dispersed radiation was split by a plane mirror positioned so as 

to direct radiation of equal intensity at each exit slit. 

Radiation emerging from the exit slits was focused by using 

front-surfaced concave mirrors (50 mm in diameter, 200mm focal 
length) and directed into the optoacoustic cells as 

shown in Figure 2.100 The microphone transducers employed were 

of the same type described for the single beam instrument. 

Two aluminium cells of the same design (Figure 2.10) 

were placed at the exit slit of the monochromator. 

The cells were sealed by means of double silica windows and samples 

were positioned on a silica plate of 20 mm diameter mounted 

in an aluminium tube, which was placed in the cell and sealed 

by means of three locking-nuts- 

Wavelength scanning of the continuum radiation was 

achieved by means of a stepping motor connected directly to 

cam-drive mechanism of the grating mount within the mono- 
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chromator. Pre-selected scanning rates of 200, 100, 50, 15 nm 

min-1  were available by push button controls; with the forward 

and reverse scanning direction selection and modulation fre-

quency controls were all mounted on to a front panel of the 

spectrometer assembly. The optoacoustic signals from the micro-

phone were led directly via screened cables to two lock-in 

amplifier systems (Reference Channel, Model 124A amplifier, 

Princeton Applied Research Corp., sample channel, model 9502 

Brookdeal Electronics Ltd). The reference signal for each ampli-

fier was that generated by the LED-photoiodide assembly assoc-

iated with the variable speed rotating sector. The lock-in 

amplifiers extracted the signal waveform and presented these as 

DC potentials to a ratiometer unit (Brookdeal Electronics Ltd, 

Model 5047); the signal from the reference cell was presented 

directly to the denominator input whilst the sample signal was 

taken to the numerator input. The ratiometer output was shown 

as a DC potential and taken via a resistant-capacitor time 

constant circuit (2s), to a potentiometric chart recorder (Servo-

scribe Model RE511). Corrected optoacoustic spectra were obtained 

by recording the output of the ratiometer against the wavelength 

of the incident radiation during wavelength scanning at the 

monochromator. 

The model 9502 (Brookdeal Electronics Ltd) lock-in amplifier 

was capable of either making two-phase p.s.d. measurements or use 

as an automatic vector voltmeter. In the vector voltmeter mode, 

direct measurements could be made of signal amplitude without the 

need to optimise the phase of this signal relative to that of 

the reference signal which had previously been the case for the 

Yodel 186 lock-in amplifier. In addition, a direct readout of the 

phase of the optoacoustic signal relative to the reference 



71 
signal was provided by this system. 

2.4 	Power spectrum correction  

The OAS spectrum of carbon black was assumed to be 

identical to the power spectrum of the source. Hence 

carbon black was used as a reference abosorption material 

and employed for the correction of observed spectra of 

other samples for the variation of source power with 

wavelength. Because of its smaller particle size and 

enhanced surface'area compared with powdered carbon black, 

a smoked glass plate (microscope cover slip) was used as 

the reference absorber. 

An optoacoustic cell containing a black absorber 

serves as a radiometric detector of incident energy 

and, hence, other similar types of detector may be 

employed as a reference for the spectral correction of 

optoacoustic spectra. The pyroelectric detector is such 

a .device and is being used increasingly in modern infra-

red spectrometers as a thermal detector of radiation. 

The pyroelectric effect is based on a crystal structure 

possessing a permanent dipole moment. The absorption 

of modulated radiation produces temperature fluctuations 

within the crystal causing a change in the dipole moment. 

An electric signal, the magnitude of which is dependent 

upon the energy of the incident radiation, is detected 

by a pair of electrodes bonded to the crystal. By coating 

the pyroelectric crystal with a fine metal black surface, 

the detector may be employed in the ultraviolet and visible 

spectral regions. A.commercially available (Eltec. 404 cm 

Rofin Ltd, Egham, Surrey) lithium tantalate pyroelectric 

detector was examined for use as a reference detector 
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for spectra correction and this was mounted in a sealed 

steel cell, to minimise thermal noise, at an exit 

slit of the monochromator of the double beam optoacoustic 

spectrometer. 

With the double beam instrument) transmission 

spectra could also be obtained from suitable samples 

by placing the sample between the entrance to the sample 

optoacoustic cell and the exit slit of the monochromator. 

Both the sample and reference cells were loaded with 

identical carbon black samples for these measurements. 
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CHAPTER THREE 

SOME QUALITATIVE STUDIES BY OPTOACOUSTIC SPECTROSCOPY (OAS) 
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3.1 	Introduction  

This chapter discusses experiments which illustrate 

the complementary nature of optoacoustic, reflectance, 

and transmission spectroscopy and demonstrates the 

relative freedom from interferences caused by scattered 

light effects exhibited by optoacoustic spectroscopy. 

The optoacoustic effect is observed only when: 

modulated electromagnetic radiation is absorbed by the 

sample under investigation. In optoacoustic spectroscopy 

the signals observed at a given wavelength will provide 

a measure of the ability of the samples to absorb 

incident radiation at. that wavelength. Therefore, as 

might be expected, if the wavelength of the incident 

radiation is varied an optoacoustic spectrum is obtained 

which closely resembles a conventional absorption spectrum 

as determined by measurements of the transmitted radiation 

and is complementary to the diffuse reflectance spectrum. 

The optoacoustic spectrum can provide optical 

information about the bulk of the material when the 

surface of a solid is not highly reflective. This is 

useful in the study of semiconductors, insulators and even 

metallic systems that may be difficult to study by 

conventional absorption or reflection techniques. 

For air and water sensitive materials optoacoustic 

spectroscopy offers a simple technique, compared with the 

conventional optical spectroscopic methods, as an absorption 

spectra can be obtained in an inert atmosphere within a 

closed cell under controlled conditions. 
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The OAS signal is obtained from a relatively 

shallow surface layer of the sample, the depth of which • 

is determined not only by its optical absorption 

coefficients but also by the thermal characteristics 

of the sample and the manner in which these control the 

heat transfer of the alternating temperature wave 

produced within the sample. As discussed previously. 

in Chapter One the rate and efficiency of this temperature 

transfer varies with the frequency of modulation of the 

incident radiation. By varying the modulation frequency 

it is possible to select the sample depth examined 

and thereby, in principle, absorption spectra of completely 

opaque samples may be obtained. 

Unlike most optical spectroscopic technique opto- 

acoustic spectroscopy is not limited by the wavelength 

range of a photoelectric detector. The sample itself 

constitutes the radiation detector and a microphone 

rather than a photoelectric device is employed as the 

signal detector. Therefore, studies over a wide range of 

wavelengths are possible without changing the detector, 

provided the radiation of sufficient intensity is available 

at the wavelength of interest. 

Optoacoustic spectroscopy is relatively insensitive 

to errors caused by light scattering from the sample; unlike 

conventional absorption spectroscopy. only the photons 

absorbed by the sample produce an OAS signal. Thus opto-

acoustic spectra may be obtained directly from powders and 

biological fluids containing high molecular weight proteins 

or fat membranes without sample pretreatment. 
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A recent application of the optoacoustic 

effect as a calorimetric technique for the determination 

of the absorption characteristics of solid samples has 

been in the study of the absorption properties of optical 

components employed in laser technology. With the aid 

of pulsed laser sources several workers 77'80  have 

employed this technique for the determination of low 

absorption coefficients of optical windows. 

To demonstrate the complementary nature of optoacoustic 

spectrometry to the more conventional techniques of 

absorption and reflectance spectroscopy a study has 

been undertaken of a variety of laser mirror samples, 

produced by the deposition of, layers of dielectric materials 

onto a silica substrate. The results obtained show not 

only the versatility of the optoacoustic spectrometer 

employed but provide an interesting example of the'depth 

control' achieved by this technique. 

3.2 	AN EXAMINATION OF THIN-FILM, DIELECTRIC COATINGS. 
ON LASER MIRRORS  

3.2.1 Introduction  

With the increasing use of more powerful laser sources 

in both research and the manufacturing industries it is 

becoming of great importance to be able to monitor and 

determine the radiation absorption characteristics of the 

optical components employed with such intense sources. 

For the examination of materials with low absorption 

coefficients and highly reflecting surfaces conventional 

transmission methods are rarely employed due to the 

large errors induced by the highly scattering nature of 
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the samples. 

In the studies described here samples of laser 

mirrors have been examined to determine the spectral 

characteristics within the ultraviolet and visible regions 

of the spectrum. 

3.2.2 Experimental  

The laser mirror samples were supplied as 50 mm 

square, 1 mm thick, flat plates (Laybold-Heraeus Gmbh, 

Hanau, West Germany) 16 mm diameter discs were cut from 

these for examination by OAS. Four samples were examined 

using a double beam optoacoustic spectrometer similar to 

that described in Chapter Two. A pyroelectric detector 

fitted with a sapphire window (Eltec. Type. 404 cm, Rofin 

Ltd., UK) and mounted inside a stainless steel housing 

was employed as the reference channel to correct the 

spectrum for the variation of the incident intensity. 

with wavelength. 

Two samples of laser mirror were of multilayer 

composition (of alternate layers of titanium dioxide 

and silicon oxide) on a glass substrate. The third sample 

comprised a single coating of titanium dioxide and the 

fourth sample examined was an uncoated glass plate of 

similar composition to the substrate employed to produce 

the coated samples. 

Optoacoustic spectra of the samples were obtained 

by placing the sample discs on the silica tray and sealing 

these within the optoacoustic cell. Transmission spectra 

were obtained by positioning the samples above the opto- 

acoustic cell, which contained a carbon-black sample prepared 
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by smoking a glass plate. Suitable masking of the entrance 

windows to the cell ensured that only radiation transmitted 

by the sample entered the cell and produced an OAS signal. 

Zero and 100% transmission levels were set by blanking-off 

the sample beam and having no samples present, respectively. 

The sample reflectance spectra were obtained in a 

similar manner, employing the optoacoustic cell as a black-

body radiometric detector. The samples were mounted onto 

black, non-reflecting cloth and positioned over the folding 

mirror employed to direct the radiation from the exit-slit 

of the monochromator into the optoacoustic cell. In this 

manner, only radiation reflected by the sample entered 

the optoacoustic cell containing a carbon-black sample. 

The spectra of the four samples were obtained with 

a spectral half-bandwidth of 10 nm within the wavelength 

range 300 nm to 650 nm. A scan rate of 50 nm min-1  was 

employed with an instrumental time-constant of 3 seconds. 

Wavelength calibration was achieved by reference to an 

optoacoustic spectrum of powdered holmium oxide obtained 

under identical experimental conditions. 

3.2.3 Results  

The optoacoustic ( 	), transmission (---), and 

reflectance (•••) spectra of the four samples are shown 

in Figures 3.1 - 3.4 and may be considered for comparison 

purposes in three wavelength regions, the ultraviolet 

(300 nm - 400 nm), the blue (400 nm - 550 nm) and the 

red (550 nm - 650 nm) spectral regions. 

Figure 3..1 shows the spectra obtained from the 

uncoated glass substrate. The reflectance spectrum exhibits 
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Figure 3.1: The optoacotistic (—),.transmission (---) and reflectance 

(" ) spectra of the uncoated glass substrate plate. 
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Figure 3.4: The optoacoustic ( 	), transmission (---) and reflectance (•••) 
spectra of the glass substrate with alternate and multilayer 

coatings of silicon and titanium oxides. 
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a high specular component and little spectral detail is 

available. Both the optoacoustic spectrum and the 

transmission spectrum show similar ultraviolet absorption 

by the glass. The optoacoustic spectra obtained from 

the glass blank were found to be identical irrespective 

of which surface was examined. 

The spectra from the titanium dioxide coated glass 

is shown in figure 3.2. An ultraviolet absorption band 

is shown in both the transmission spectrum and the reflectance 

spectrum. At longer wavelengths the spectrum is complicated 

by the apparent absorption maxima produced by the appearance 

of an interference pattern giving rise to apparent absorption 

maxima. The optoacoustic spectra are more simple. 

If the top, coated, surface of the glass is examined 

(spectrum a) then a clear absorption band characteristic' 

of titanium dioxide is observed in the ultraviolet 

region with a cut-off at ca 380 nm. When the uncoated 

glass surface is examined (spectrum b) the glass substrate 

absorption spectrum is obtained. 

Figure 3.3 shows the spectra obtained from a dielectric- 

coated laser mirror. The reflectance spectrum shows the 

sample to be highly reflecting in the red region but to 

have apparently high absorption characteristics in the blue 

and ultraviolet spectral regions. The interference pattern 

is from the alternate coatings of the dielectric layers. 

The transmission spectrum exhibits apparent absorption 

bands in the red and ultraviolet regions. The interference 

pattern caused by the multilayer coating is evident. 

The optoacoustic spectrum of the coated glass surface 

illustrates that strong - absorption occurs only in the ultra- 
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violet region and is characteristic of titanium dioxide. 

There is relatively little absorption at wavelengths 

greater than 400 nm. Once again the optoacoustic spectrum 

obtained when the rear uncoated surface is illuminated 

directly (b) shows the weak ultraviolet absorption by 

the glass substrate. 

Figure 3.4,the spectra of a second laser mirror, 

shows the complementary nature of the reflectance, transmission 

and optoacoustic spectra and is similar to figure 3.3. 

As before, simply by reversing the sample to illuminate 

the rear uncoated surface directly, the optoacoustic 

spectrum of the coating or substrate may be obtained. 

As the optoacoustic effect produces a signal only following 

the absorption of radiant energy the apparent absorption. 

due to the interference effects of the multilayer coatings 

is not observed in the optoacoustic spectra. 

Although the transmission and reflectance spectra 

differ for samples 3.3 and 3.4 it is apparent from the 

optoacoustic spectra. that this difference is not due 

to the nature of the absorbing titanium dioxide. but a 

function of the thickness and separation of dielectric layers 

deposited on the glass substrate. 

3.2.4 Discussion  

It is evident from the spectra presented here that 

optoacoustic spectrometry is a complementary technique 

to the conventional spectroscopic technique utilizing 

transmission and reflectance spectra. As only the radiant 

energy 	absorbed by the sample produce an optoacoustic 

signal the technique may be employed as a rapid calorimetric 
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method of analysis. 

Unlike the more conventional calorimetric methods 

involving the use of temperature transducers to monitor 

directly the variations in temperature of a sample following 

the absorption of radiant energy, optoacoustic spectrometry 

employs a microphone to follow the pressure changes 

in an enclosed cell caused by the changes in temperature 

of the sample. The indirect monitoring of sample temperature 

provides a number of practical advantages. Direct contact 

between the transducer and sample is not necessary thus 

enabling a variety of sample types to be examined with little 

difficulty. Because the microphone transducer only 

responds to the periodic variations in the gas pressure 

within the cell, freedom from ambient temperature drift 

is ensured and lock-in amplifier systems are easily 

applied for analytical signal extraction and treatment. The 

use of an indirect method for temperature monitoring 

also provides OAS with the capability for the examination 

of surfaces as shown here. The sample depth examined is 

a function of the optical absorption coefficient of the 

material under study and its thermal characteristics. The 

spectra of laser mirrors discussed above demonstrates 

how by reversing the sample, the spectrum of either the 

dielectric coating or the substrate may be obtained. 

3.3. 	Photochromic Effects Examined by OAS  

As an example of the freedom from interferences 

caused by scattered radiation exhibited by optoacoustic 

spectroscopy a study has been conducted with a number of 

photochromic materials. 
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The production of a reversible light-induced 

colour change in a material is referred to as photochromism 

or phototropism 
103,  the latter term being rarely used 

by modern writers, and may be considered a particular 

branch of photochemistry. In the absence of an exciting 

radiation the photochromic system has a single stable 

electronic configuration with a characteristic absorption 

spectrum. When the system is irradiated by radiation 

of suitable energy the absorption spectrum of the system 

changes; upon removal of the excitation source the system 

reverts to its original state. 

hv 
X(A1) * Y(A2) 	 (3.1) 

23,104 
The definition of photochromism 	in terms of 

a single chemical species excludes reversible chemical. 

processes operating through a cyclic series of reaction 

as . 

M —± N 

N+0 --> M+P 
(3.2) 

An example of such a reaction is the photoreduction 

(bleaching) of methylene blue with iron(II) ions and sub-

sequent oxidation (recolouration) by air. 

Early observations of photochromism were 

made by Meer 105  and later by Phipson 
106  Meer showed 

that the potassium salt of dinitromethane changed colour 

when exposed to exciting light. Phipson reported an 

unusual experiment concerning a painted gate post. During 
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daylight the gate post appeared black but after nightfall 

was white. This photochromic effect was due to the 

presence of the pigment 'Lethopone' in the paint used 

to treat the gate post. 

The quantum yield, 4), of a photochromic reaction is 

a measure of the fraction of the ground state molecules 

capable of absorbing radiant energy and being promoted 

to the excited state. 	is always less than unity and 

the quantum loss may be attributed to deactivation process 

for the activated molecules. 

Photochromic processes can be classified on the 

basis of their reaction mechanisms. The main types 

are heterolytic cleavage 107,  homolytic cleavage 108, 

cis-trans isomerism 109, tautomerism 110  and development 

of colour centres in inorganic solids 111 

3.3.1 Salicylidene-2-chloroaniline  

It was reported by Cohen and Schmidt 112  that anils 

such as salicylidene-2-chloroaniline are photochromic. 

On irradiation by near UV light (ie.350 to 400 nm), the colour 

of the material deepens from yellow to orange-red with 

the formation of an absorption band in the visible region 

(A nm). Colour reversal from orange-red to yellow is 

achieved by the absorption of radiation at A nm or, more 

slowly, in the dark. The structure of salicylidene-2-

chloroaniline is 
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(3. 3) 

Saticylidene - 2 - chloroaniline 

For the studies described here the salicylidene-2-

chloroaniline sample was prepared by condensation under 

reflux between salicylaldehyde and an 0-chloroaniline 

(1:1 mole ratio) in ethanol (Analar Grade, BDH) for 8 hours. 

The compound was then precipitated by cooling overnight 

and recrystallised twice from ethanol. The compound thus 

obtained was dried in a vacuum. It had a melting point of 

86°C and the identity was confirmed by using IR and NMR 

spectroscopy. 

[1 

 

  

Sat icylaldehyde 	2 chloroaniline. 	 Sat icylidene -2 -chloroaniline 

The compound showed a strong >C=N- absorption peak (1615cm-1) 

in the II?. spectrum (Fig. 3.5). The NMR spectrum showed 

singlets at 58.4 and 13.2 ppm each integrating for one 

proton, which corresponds to a vinyl hydrogen and a phenolic 



Figure 3.5: Infrared spectrum of salicylidene-2-chloroaniline. 
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Figure 3.6: NMR spectrum of salicylidene-2-chloroaniline. 
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hydroxyl group,respectively, as shown in Figure 3.6. 

For the examination of the photochromic nature of 

salicylidene-2-chloroaniline, a double beam instrument 

described in Chapter Two was employed in a single beam mode. 

The secondary illumination was effected by the use of a 

250 watt UV lamp focussed by means of a silica lens 

(diameter50mm and focal length 22.5mm) into the sample cell. 

An interference filter of narrow bandwidth (50 x 50 mm 

square with bandwidth of 25 nm at 375 nm (Baird Atomic, 

31-31-2)) was inserted between the source and optoacoustic 

cell. Spectra were taken (Figure 3.7) both before the 

excitation by the mercury arc and whilst under illumination. 

The scan rate was 100 un min-1  with a 20 nm monochromator 

bandpass and an instrumental time-constant of 1 second. 

The colour reversibility was obtained in thirty minutes 

in the dark. Wavelength calibration was carried out using 

a sample of powdered holmuim oxide and the spectra were 

corrected manually against a spectrum obtained using a 

sample of carbon black in the cell. 

In the spectra of salicylidene-2-chloroaniline (Fig. 

3.7) the absorption band in the visible region is due to 

the formation of an orange coloured product in the excited 

state as a result of the absorption of photons. This 

formation of colour in the excited state could be due to 
112 

an intramolecular proton shift 	. Photochromism in 

anils was first observed in the solid state and for this 

reason it was believed that the mechanism of photochromism 

in anils involved aggregation in crystal lattice interactions
113  

112,114 
 Cohen et al 	,114  by means of a low temperature 
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study of anils in solution demonstrated that an intra-

molecular phenomenon was involved in the mechanism. 

Cohen et a1112, 115 continued their extensive investigations 

and described two major types of anils, a and 3. The a-type 

is photochromic and the s-type is thermochromic. In 
crystalline anils of salicylaldehyde photochromism and 

thermochromism are mutually exclusive properties. The 

a-type permits the photochromic formation of trans-keto 

structure whereas the 3-type prevents this, but does allow 

the thermal formation of the cis-keto structure 110 

Cis-Quinoid or cis-keto 
	

Trans-Q.uinoid or trans-keto 

In the a-type anils, the fading of the red colour 

follows first order kinetics with an activation energy in 

the range of 83.7 to 125.6 k Jmol-1. Low temperature 

photochromic and spectroscopic studies on salicylidene 

anils have been undertaken by several workers 
116,117  who 

have confirmed Cohen et al's12' 	observation on the 

occurrence of the hydrogen transfer tautomerism to a keto- 

structure. 
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Therefore it appears likely that the photochromic 

reaction of 2-chlorosalicylidene aniline follows the 

reaction pathway 

Yellow (ground state ) 
	

Orange (excited state) 

3.3.2 Silver Bromide  

Silver bromide is widely used in photography today 

and it is well known that the prolonged exposure of silver 

bromide crystals to visible light causes darkening of the 

yellow colour of the crystals due to the formation of colloidal 

.silver. Bromine is also released in the overall reaction: 

2AgBr + hv = 2Ag + Br2 	 (3.7) 

It was shown by West and Saunders 118  that this decomposition 

can be prevented by introducing Copper(1) ions at concen-

trations greater than 0.0001 moles copper(1) per mole of 

silver bromide. This work of West and Saunders resulted 

from the earlier work of Urbach et al 119, 120 	Upon 

the absorption of a photon by silver bromide in the presence 
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of copper(I) ions, the excess energy is transferred to the 

copper(I) ions resulting the oxidation to copper(II) ions. 

The reaction between Cu+  in the lattice and the positive 

hole is reversible according to the equation 118, 

(Cu+l)O+ (Bri )+1 	(Cul ,)+1+ Orf )O  (3.8) 

where the suffix 1 indicates that the species occupies a 

lattice site, the symbol (Br1)+1  denotes the untrapped 

positive hole, and the suffix outside the brackets indicate 

the effective charge of-the lattice site. The right-hand 

side of the equation represents a copper(II) ion occupying 

a lattice cation site, constituting the trapped hole, adjacent 

to .a bromide ion in an anion site. Thus due to photolysis 

of silver bromide there is no detectable bromine evolution 

because the mobile untrapped holes attack the photolytic 

silver forming silver bromide. 

Silver bromide containing copper(I) ions was 

prepared as follows. 20% aqueous silver nitrate.(Analar 

Grade BDH) solution and hydrobromic acid (Analar Grade - BDH) 

were added together in a flask previously painted black on 

the outside.. The precipitated silver bromide was then mixed 

with copper(II) sulphate solution (0.1% of the total weight) 

and the whole contents were allowed to stand for 1 hour. 

The precipitate was then filtered off and dried between 

filter papers. These procedures were performed in a dark room 

so as to avoid unnecessary bleaching of silver bromide. 

The silver bromide was then vacuum dried at room temperature. 

The optoacoustic spectrometer used was the same as for the 

salicylidene-2-chl.oroaniline already described. A 250 watt 
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mercury arc lamp was used as an excitation source. Spectra 

of the AgBr + Cu+  were obtained both before the excitation 

by the mercury arc and while under this illumination as shown 

in Fig. 3.8. The reversibility of the colour was obtained 

after leaving it in the dark for a day. 

The spectra of both the ground and excited states 

matches very well with the absorption spectrum reported 

by West and Saunders 118,  especially the absorption of 

AgBr + Cu+  in the excited state increases above 600 nm. 

The difference in the absorption at different wavelengths 

probably lies in the relation between the volume concentration 

of absorbed photons and copper(I) ions when the exciting 
118 

wavelengths are in UV and visible regions respectively 

The photochemistry of silver bromide. containing copper(I) 

illustrates a possible type of controlled storage of energy 

in crystalline solids. The interesting point with respect 

to energy,storage is that trapping of positive holes by 

copper(I) ion is reversible. This behaviour of silver halides 

containing copper(I) had .been made use of in the manufacture 

of photochromic glasses. Mechanisms of a typical photochromic 

silicate glass 121 with silver chloride impregnated with 

copper(I) ion can be described as follows. 

The primary photolytics reaction can be represented 

as 

Ag+  + Cl v  Ag
o 
 + Clo 	(3.9) 

An electron is released from the Cl and it is accepted 

by the Ag+  ion. The silver atoms or very small aggregates 

of atoms form the colour centres. In the case of copper-

sensitized photochromism the additional reaction can be 
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Figure.3.8. OAS Spectra of silver bromide and copper ions in 

the ground and -excited' states.(Manually corrected ). 
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represented as 

Ag+  + Cu+v  Ago  + Cu++. 	(3.10) 

An electron is freed from the Cu+  ion and trapped by a Ag
+  

ion. Here the copper(II) ion as well as the silver contributes 

the absorption of visible light. These reaction products 

being metastable return to their original state if they are 

permitted to diffuse. Recently Malkin et al 122  have 

demonstrated the application of optoacoustic spectroscopy 

in relation to the photosynthetic process, especially 

in the determination of energy conversion efficiencies 

of the different stages of photosynthesis. 

3.3.3 Reactolite Rapide  

Photochromic glasses have gained commercial importance 

in recent years. These glasses are usually made by standard 

glass-melting and glass forming techniques and can be made 

in any desired shape. Being contained within a glass medium 

they have advantages over the other photochromic materials, 

e.g. the use of photochromic glasses for window materials 

and spectacle lenses. These glasses can be adapted in devices 

employing optical memory self-erasing display devices and 

architectural or automotive glazing. 

The Reactolite Rapide sample examined was a photochromic 

glass supplied by the manufacturer (Chance-Pilkington, Asaph, 

Clwyd, North Wales). This is an alumino-phosphate based 

glass 
123,  exhibiting in its clear state a luminous trans-

mittance of 90% at wavelengths above 400 nm and when exposed 

to bright sunlight darkens rapidly to 16% transmittance, 
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as shown in Figure 3.9. 

Darkening of the photochromic glass was produced by 

its absorption Of ultraviolet radiation and a 250 watt mercury 

arc lamp was employed as an excitation source in these 

studies. With the aid of UV transmitting optical filters, 

it was observed that the most rapid darkening of the sample 

was achieved by using all radio emission of wavelengths 

less than 400 nm. 

The optoacoustic spectrometer used was the same as for 

the other photochromic substances already described. Prior 

to the examination, both the blank glass and photochromic 

glass were ground to produce a fine powder providing an 

enhancement of the optoacoustic signal due to increased 

sample surface area. The study of the photochromicmaterial 

was undertaken by determining the visible absorption spectrum 

of the sample and blank both before excitation by the mercury 

arc and while under this illumination. Figure 3.9 shows 

the excited and unexcited spectra of the Reactolite Rapide 

glass. The colour reversibility was obtained in 10 minutes 

in the dark. The spectra were manually corrected with 

measurements made using a sample of carbon black and 

wavelength calibration was carried out with the aid of a 

holmium oxide spectrum. 

There is no difference in the absorption spectra in the 

blank glass before and after illumination whereas the 

photochromic glass shows constant absorption with wavelength 

in the visible region above 400 nm. This constant absorption 

following excitation (Figure 3.9) is similar to that observed 

in the transmission spectra (Figure 3.10). This demonstrates 

that optoacoustic spectra may be recorded with a minimum 
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of intereferences from scattering effects while an intense 

unmodulated source is incident upon the sample. 

3.4 	Conclusion  

It can be seen from the results described in this 

chapter that optoacoustic spectroscopy can be used as an 

complementary technqiue to conventional transmittance or 

reflectance spectroscopy. The studies of laser mirrors 

discussed above demonstrate how the optoacoustic spectrometer' 

described in Chapter 2 may be employed to obtain absorption, 

transmission and reflectance spectra in addition to opto-

acoustic spectra. In contrast with transmission and reflectance 

spectroscopic techniques, optoacoustic spectroscopy allows 

measurement of the absorption of dielectric coated materials 

without the complications of interference phenomena. 	In 

this respect optoacoustic spectroscopy competes favourably 

with more conventional calorimetric techniques in terms of 

the time required to obtain the spectrum and the capability 

for the study of materials with low optical absorption 

coefficients. 

It has been demonstrated that optoacoustic spectroscopy 

may be employed for the examination of photochromic materials 

and thus spectra relatively free from errors due to scattering 

of light may be obtained. With other complementary techniques, 

like diffuse reflectance and transmission/absorption spectroscopy, 

scattering of light causes broadening of peaks and gives 

signals due to background noise. The requirement to. 

illuminate a photochromic material with a relatively intense 

radiation source in order to obtain the excited species 

often results in difficulties when attempts are made to use 
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diffuse reflectance spectroscopy. The amount of scattered 

primary radiation tends to be relatively great and this may 

result in saturation of the photodetector system, or, in 

any case, a relatively poor signal to background ratio. 

With optoacoustic spectroscopy other radiation induced 

chemical and physical transformation could be studied in 

a similar manner. At present for photosensitive materials 

(e.g. copper blue)
124 
 it is difficult to obtain activation 

spectra by other techniques.In order to perform transmission 

or absorption studies on materials other than transparent 

solids, the substances have to be brought into solution 

form which may result in structural changes occurring. A 

possible disadvantage of OAS compared with diffuse reflectance 

spectroscopy occurs when substances are photodegradable due 

to the absorption of high energy intense primary illumination. 

In general, the intensity of the radiant source employed for 

diffuse reflectance studies is less than for a typical source 

Used in an optoacoustic spectrometer. 

In the case of optical absorption or reflectance 

spectroscopy the response of the photometric detector 

(photomultiplier or photocell) is proportional to the photon 

flux. In OAS the microphone response is proportional to both 

the photon flux and the individual photon energy. A photon 

at 250 nm can result in twice as much energy after absorption 

than a photon at 500 nm. Thus it is a power spectrum 

that is obtained. 
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CHAPTER FOUR  

SOME STUDIES IN QUANTITATIVE OPTOACOUSTIC SPECTROSCOPY 

4.1 	Introduction 

4.2 	Effect of Sample Thickness 

4.3 	Effect of Sample Particle Size 

4.3.1 	Effect of the amount of sample and concentration 
of absorbing species 

4.4 	Conclusion 
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4.1 Introduction 

In Chapter one of this thesis a discussion has been 

presented of the modern theories of optoacoustic. 

spectroscopy as applied to the examination of solid samples 3 

61,125,126 	
All the treatments agree on the fundamental 

parameters governing the magnitude of the optoacoustic 

signal, i.e. the optical and thermal transfer coefficients 

of the sample under study and the modulation frequency 

employed. 

Although there are several papers on the theory of 

the optoacoustic effect with solid samples, unfortunately, 

however to date there have been few published results 

to support the theoretical interpretations, in particular 

there is a dearth of results relating to the quantitative 

interpretation of the effects observed. Only absorbed 

radiation may contribute .to the production of an opto-

acoustic signal and the important sample characteristics 

determining the magnitude and nature of the optoacoustic 

signal are the optical absorption coefficient of the mater al 

studied at. that wavelength of the incident radiation, 

the efficiency of internal radiationless de-excitation 

and the thermal, heat-transfer coefficients (in particular 

the thermal diffusivity) for the material. 

It is also observed that the amplitude of the opto-

acoustic signal is greatest for a sample presented as a 

fine powder of large surface area where more efficient 

heat transfer to the surrounding gaseous atmosphere is 

possible. 
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4.2 	Effect of Sample Thickness  

In this experiment a quantitative prediction for 

the dependence of the magnitude of the optoacoustic 

effect on the sample parameters can be shown to be valid 

for optically opaque samples of polyester films of differing 

thickness. 

The amplitude of the optoacoustic signal obtained 

from the polymer samples examined was monitored with the 

aid of a double beam optoacoustic spectrometer operated 

in the single-beam, uncorrected mode. The constructional 

details and performance characteristics of the instrument 

have been described in Chapter Two. The cell used in this 

experiment was the aluminium cell (Figure 2.10). 

A schematic diagram demonstrating the mounting of 

the polymer film samples is shown in Figure 4.1. Discs 

of polymer film 18 mm in diameter were cut from the samples 

and fixed with the aid of double-sided adhesive tape to 

the underside of the thin-walled, highly polished stainless 

steel ring which was mounted together with the sample onto 

a similar thin-walled ring contained within the sampling 

tray. This arrangement was sealed by means of locking nuts 

inside the optoacoustic cell and the unnormalised spectrum 

of each polymer sample was recorded in the wavelength 

interval 250 nm to 350 nm. The magnitude of the signal 

at the peak of the absorption wavelength of 300 nm was 

measured from the chart recorder display. The polyester 

film samples examined were all of identical composition 

and of thickness, 6, 12, 25, 50, 125 and 250 x 10-4  cm. 

Each sample was examined at modulation frequencies of 10, 
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30, 120 and 280 Hz. 

Transmission spectra of the samples in the ultra-

violet region were obtained with the aid of a conventional 

UV/visible spectrometer. 

As described in the Chapter One, Rosencwaig and Gersho 30 

have developed a theoretical interpretation of the optoacoustic 

effect observed for solid samples in terms of the optical 

absorption coefficients of the sample and its heat transfer 

characteristics. For sinusoidal modulated radiation 

incident at the sample, the pressure variation in the gaseous 

atmosphere within the optoacoustic cell P is shown to be 

as in Equation 1.12 

(4.1) 

where (3 is the absorption coefficient (cm-1) of the material 

under study and ks  is its thermal conductivity 

(1+j)as 	 (4.2) 

as  and ag  are thermal damping functions of an alternating 

temperature wave passing through the sample and gas 

respectively and are given by 

1 
2 

ai 	( 	2a.  ) (4.3) 

with w the frequency of the wave (i.e. the modulation 

frequency) and ai,  the thermal diffusivity of the material. 

In Equation (4.1), A is a constant factor which is 

dependent upon the experimental arrangement and is proportional 

to the incident radiant energy at the sample surface and 

the ambient pressure within the cell. 
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b = kbab  
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(4.6) 

(4.7) 
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(r-1)(b+l)exp(cssx)-(r+l)(b-1)exp(-6sx)+2(b-r)exp(-6x) 
B = 

	

	  
(g+1)(b+l)exp(csx)-(g-1)(b-1)ex.p(- csx) 

(4.4) 

B is a complex function for the system and may be expressed 

as in Equation 4.4 where x is the thickness of the sample 

and other functions are given by, 

The subscript "b" denotes the backing. material of the 

sample and the product kiai  may be considered as :a thermal 

flux coefficient for the material. 

To simplify Equation 4.1, it is necessary to apply 

assumptions which reduce Equation 4.4,The assumptions employed 

in this study of the magnitude of the optoacoustic signal, 

derived.from polymer films may be considered. 

Conventional transmissionspectroscopy• studies were 

undertaken for the thin film samples and these showed 

that even the thinnest material of 6 x 10-4  cm thickness, 

exhibited an optical density greater than 3.0 at 300 nm. 

Thus at this wavelength the samples may be considered opaque 

and 6 is thus very large i.e. exp(-6x) ~ 0 and r » 1. 

The experimental conditions employed, and shown 

in Figure 4.1, ensure that the backing material is air, 

and, hence, identical with the atmosphere above the sample 

top surface, i.e. b = g. Typical thermal characteristics 
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Figure 4.1: Sample holder and method employed to retain the polymer film 

Sample Thickness [xL,microns 

Figure 4.2: The function i(exp(26 x)+1)/(exp(26 x)-1)] vs. x(solid lines) and 

the experimentally determined results 	for the relative optoacoustic signal mag- 

nitude for different values of sample thickness,x, as a function of modulation 

frequency; (a) •, 10Hz; (h)0330Hz;—~c)e 120Hz; (d)O 280Hz. (The theoretical 

curves assume a value of 10 cm s 	for the thermal diffusivity of the polymer 

samples). 



exp(2o5.x) + 1 

B = r exp(2as•x) - 1 
(4.9) 
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of polymers and air (nitrogen) are presented in Table 4.1 
127 

and allow the simplification to be made that b and g « 1. 

TABLE 4.1 

THERMAL CHARACTERISTICS FOR NITROGEN AND POLYESTER SAMPLES  127 

Air (N2) 	Polyester  

a(cm2  sec-1 ) 	200x10
-3 	

1.0 x 10-3  

k(cal.sec-1cm-1  K-1) 	6.4x10-5 	3.4 x 10
-4  

A. 
-- - (sec2.cm-1)  
w 2  

1.58 	22.4 

K

g 	K5.Ag 	K5.A5 	1.33 x .10-2  
s s s s 

With these assumptions we may simplify equation 4.4 

to provide, 

B = r 
exp(csx) + exp(-osx) 

(4.8) exp(csx) - exp(-csx) 

which may be rearranged 

Substituting equation (4.9) into equation (4.1) and applying 

the assumptions yields 

A(1-j) 	exp(26sx) +1 

	

P - 2agaSks  exp(2csx) -1 	
(4.10) 

With the aid of equation (4.10) we may examine 

the effect of variation in sample thickness, x, on the 

magnitude of the optoacoustic signal. Examinations of 
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equations (4.9) and (4.10) indicate. that for low values. 

of x (i.e. for thermally thin samples) the signal magnitude 

should decrease with increasing thickness and reaches a 

limiting value when B, as expressed in equation (4.9), 

approximates to r; at high values of x (thermally thick 

samples) it should become independent of sample thickness. 

The manner in which the signal, as given, by 

[exp(2aq.x)+1]Cexp(2cs.x)-1], should vary with the 

thickness x, of the sample shown in Figure 4.2, for a variety 

of modulation frequencies. Also shown in Figure 4.2 

is the experimentally determined data. For comparison 

purposes the relative signal magnitude data is presented, 

i.e.the lit dependence predicted at large values of x 

in Equation 4.10 has been avoided by normalization 

for modulation frequencies. The two cases, thermally thin 

and thermally thick regions are clear from these results 

and good agreement is observed between the theoretical 

curves predicted from equations (4.9) and (4.10) and 

. the experimental results determined from the examination 

of the optically opaque, thin polymer films. 

It is' interesting to consider the mechanisms of the 

heat-flow within the sample and cell in explaining 

ttE nature - of the data shown in Figure 4.2. For any selected 

and fixed frequency of modulation we may assign to the sample 

under study a 'thermal diffusion length }is' i.e., a distance 

within the sample, from its°upper surface, from which an 

alternating thermal signal may reach the upper surface 

without appreciable attenuation. Rosencwaig and Gersho 30 

have assigned a value of 1/a, (=ps) to this active depth. 

For an optically, opaaue sample, any.increase in sample 
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thickness has negligible effect on the amount of radiant 

energy absorbed and, providing the sample thickness 

is less than us, an increase in thickness merely serves 

to increase the mass of the sample which may respond to 

alternating thermal wave produced in the sample. Indeed, 

to a first approximation, we may expect the thermal wave 

amplitude, hence the optoacoustic signal magnitude, to be 

inversely proportional to the sample thickness for a constant 

sample area, for values of thickness, x, less than us. 

When the sample thickness is greater than ps, however, 

the sample mass, or volume, responding to the periodic 

thermal wave is constant as negligible alternating thermal 

energy is transferred to a depth greater than us by definition 

of us. Also, as ps is a function of modulation frequency, 

decreasing with increasing frequency, the point of inflexion 

of the two curves (inversely proportional to thickness 

and independent of sample thickness), moves to lower values 

of thickness with increasing modulation frequency. 

A further observation may be made concerning equation. 

(4.10). At high values of exp(2.os.x) the optoacoustic 

signal magnitude is independent of sample thickness, as 

discussed above, and equation 4.10 reduces to, 

P = A(1-j)us 2a k 
g s 

(4.11) 

which is identical with the expression derived by Rosencwaig 

and Gersho 30  for the case of optically opaque, thermally 

thick sample. 

Unlike conventional spectrophotometric measurements 

by transmission, an optoacoustic measurement depends not 
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only on the optical properties of the sample but also its 

thermal characteristics. For the samples described 

in this work, little quantitative information concerning 

the samples could be gained from their ultraviolet absorption 

spectra due to their high opacity in this spectral region, 

even with relatively thin samples. The optoacoustic 

results however show very interesting trends with sample 

thickness and the advantage may betaken of the high opacity 

in the ultraviolet. Furthermore, as the optoacoustic effect 

is concerned with a periodic thermal wave, control of 

the thermal diffusion length may be achieved by the suitable 

control of the frequency of modulation of the incident 

radiation. 

The experimental data presented above agrees well 

with the theoretical treatment derived from Rosencwaig and 

Gersho 30  and that it serves to illustrate the general 

applicability of their treatment of optoacoustic effect. 

My experimental results also show that for any thickness 

of sample above the thermal diffusion length, the signal 

magnitude is a. 1/w. It may be observed from my results 

that the greatest errors arise at low modulation frequencies 

(10Hz) and for thin samples (6 x 10-4  cm thickness). 

Although decreasing the frequency of modulation provides 

for an increase in signal magnitude (see equation 4.11), 

at frequencies below ca. 20Hz the experimental system 

employed for the studies described above suffers increasingly 

from "1/f" noise. Also with thin samples (less than ca 

10-3  cm) the sample arrangement discussed may give rise 

to erroneous results by vibration of the sample due to 

the enclosed air volume below the sample. 
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With the increasing interest being shown in 

optoacoustic spectrometry for the examination of condensed 

phase samples not easily studied by conventional techniques, 

more quantitative data are certain to be produced to test 

the current theoretical treatments and expand the currently 

limited knowledge of the interrelation between the optical 

characteristics and thermal transfer properties of a wide 

variety of materials. 

4.3 	Effect of Sample Particle Size 

The theories presented in the literature to-date 

concerning the production of optoacoustic signals from 

solid materials are general treatments and all assume 

a physically homogeneous sample such as a single crystal 

in thin film. None of these theoretical models adequately 

treat the common practical case of the sample being presented 

as a powder of random or selected particle size. It has 

been observed that the amplitude of the optoacoustic signal varies 

with the physical form of the sample, particularly the surface 

area. Therefore, a study was undertaken to examine the 

effect of the particle size for two strongly absorbing 

materials. The effect of the amount of sample and 

concentration of the absorbing species were also investigated. 

Utilizing carbon black and dark blue cobalt glass 

the effect of particle size was studied. The instrument 

employed in this experiment was the double beam system 

described in Chapter Two and operated in the single beam 

mode. Optoacoustic signals were measured for carbon black 

at 479 nm and dark blue cobalt glass at 580 nm. The 
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modulation frequency employed in both cases was 30Hz 

with a monochromator bandpass of 20 nm and time-constant 

of 3 seconds. Sieving was carried out using standard BS 410 

type sieves and an automatic sieve shaker for 1 hour. 

Equally weighed quantities of various particle sizes (38-63im, 

63-90pm, 90-125pm, 106-150pm, 125-180pm and 180-212pm) 

of carbon black and dark blue cobalt glasses were examined 

and the optoacoustic signal measured. The results 

are shown in Figures 4.3 and 4.4. 

From Figures 4.3 and 4.4 it can be seen that the 

amplitude of the optoacoustic signal increases as the 

particle size of the sample decreases. Decreasing the 

particle size increases the surface area. This can be shown 

by assuming a model, say, having a space to accommodate 

10 particles in each of two dimensions. Assuming the 

radius of each particle to be unity, the relative surface 

area of the particle in the model will be 2007. If the 

radius of the particles in the model is halved the relative 

surface area will increase to 400rr, if the same area 

of a plane is covered. :Hence, there are two phenomena 

occurring with regard to the optoacoustic signal due to the 

particle size: optical and thermal effects. 

In the case of optical phenomena the total absorbed 

power which produces the optoacoustic signal is a function 

of the specular reflection which occurs at the sample-gas 

interface. 

There are four major parameters which vary the 

magnitude of the specular reflectance. They are the 

particle size, the difference in the refractive index between 
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the gas and solid phase, s-the absorption coefficient 
and the geometry of the particle. As the particle size 

decreases there is more surface area exposed to illumination 

and the possibility of more specular reflection occurring. 

With regard to the thermal effects in optoacoustic 

spectroscopy as explained in Chapter One, the important 

characteristic of the sample which determine the magnitude 

and the nature of the optoacoustic signal are its thermal 

transfer coefficients, in particular, the thermal diffusivity. 

The thermal transfer efficiency is greater for small 

particle sizes than for larger particle sizes because there 

is a greater area of contact between the gas and solid 

(i.e.efficient thermal coupling). 

4.3.1 Effect of the amount of sample and concentration  

of absorbing species:- 

Adams et al 29  have investigated the variation 

of signal magnitude with the sample size for a carbon black 

sample of particle size less than 76pm. The carbon powder 

was spread uniformly on to a 7 mm diamter disc of double 

sided clear adhesive tape. The mass of the sample was 

determined by weighing the adhesive tape with and without 

the powder sample. The optoacoustic signal was measured 

at 570 nm. The mass of the sample was then carefully 

decreased by removing some of the sample from the disc of 

tape and reweighing. A linear relationship was obtained 

for the variation of the signal amplitude with the sample 

mass 29. As the sample mass and surface area decreases, 

the power absorbed from the incident beam of radiation 

become less so that the optoacoustic signal amplitude is 
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decreased. The minimum detectable mass of sample for 

carbon .black, based on an estimation of the signal-to-noise 

ratio observed for the small background signal placed by 

the cell was about 1Oug. 

The effect on the concentration of the absorbing 

species was studied with two sets of carbon particles 

in the range 38-630m and 180-2121Jm. Known concentrations 

of these carbon samples were mixed with Alumina (BDH Grade 

5) of similar particle size. 

The double beam instrument described in Chapter Two 

was employed in single beam mode for this experiment. 

Measurements were made at a wavelength of 479 nm with a 

modulation frequency of 28.5Hz and a monochromator band- 

width of 20 nm. The results are shown. in Figure 4.5. 

The graphs of carbon in alumina (Figure 4.5) were not 

linear over the entire concentration range of carbon in 

Alumina. The reason for this is not clear but may be due 

to the inhomogeneity of the powdered mixture, perhaps 

due to partial separation of particles according to their 

densities. 

To overcome the above problem an identical experiment 

was carried out by mixing gently the carbon and alumina 

with a weighed quantity of glycerol (O.25g BDH grade). 

to produce a homogeneous paste. Glycerol was chosen 

because it is viscous, has a thermal conductivity of 7.03 x 10-4  

cal/sec. cm2  at 20°C and is transparent to radiation at 

479 nm. Optoacoustic signals were measured at 479 nm with 

a modulation frequency of 75Hz and a monochromator band- 

width of 20 nm. Good linearity was now observed for two 

different particle sieve ranges (i.e. 	38-63um, and 180- 
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212pm) of carbon black (Figure 4.6). Presumably the 

high viscosity of the glycerol inhibits the settling out 

of the components of the solid in the mixture. 

4.4 	Conclusion  

In this chapter a quantitative derivation for the 

production of the optoacoustic signal with respect to 

optically opaque samples of polymer films of differing thickness is 

detailed. As mentioned earlier the experimental results 

obtained agree well with the Rosencwaig and Gersho's 30 

theoretical prediction on the special cases of optically 

opaque, thermally thin and also optically opaque, thermally 

thick samples. Although Rosencwaig 30  claims that his theory 

gives an adequate physical picture of the process, he has 

not published so far any experimental results to support 

his theoretical model. 

For quantitative application of optoacoustic 

spectroscopy to powdered samples the particle sizes normally 

have to be controlled. In the complementary technique 

of diffuse reflectance spectroscopy the signal variation 

due to particle size is also very complicated 11. Although 

optoacoustic spectroscopy is susceptible to particle size 

effect as in diffuse reflectance spectroscopy, the 

scattering effects in optoacoustic spectroscopy is less 

severe as discussed in Chapter Three of this thesis. 
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5.1 	Introduction 

In this chapter the quantitative determination of. 

moisture in single cell protein (Pruteen) and the 

determination of polyvinylacetate (PVAc) in vinylchloride/ 

vinylacetate copolymer in the near-infrared region by 

optoacoustic spectroscopy is described. The optoacoustic 

technique used for the determination of moisture in Pruteen 

is also compared with another method using wide-line n.m.r. 

The technique employing optoacoustic spectroscopy for the 

determination of polyvinylacetate in vinylchloride/vinyl 

acetate copolymer is compared with the complementary 

technique of diffuse reflectance spectroscopy. 

Near-infrared spectroscopy covers the region of the 

electromagnetic spectrum from O.75pm to 2.5pm. The practical 

reason for this spectral region being separated from the 

UV-visible and infrared regions is that for optimum 

performance it is necessary to change the instrumental 

optics, sources, detectors and sample handling techniques. 

Absorption bands observed in the infrared region are due 

to vibrational transitions rather than to the electronic 

transitions which are observed in the UV-visible region and, 

therefore, spectra require to be interpreted differently. 

The absorption bands that are observed in the near-infra-

red are due largely to the overtone and combination of 

hydrogenic stretching and bending fundamentals. Therefore, 

near-infrared spectroscopy can be defined as the study of 

low energy electronic transitions, overtones and 

combinations of hydrogenic (C-H, N-H, 0-H, etc.) stretching 

128 
and bending vibrations  
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Table 5.1: Spectra-structure and molar absorptivity data for near-infrared 

regions 136 
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Table 5.2: Approximate theoretical wavelengths of overtones 133 

- 

C roup Overtone A Intensity• 	I Croup Overtone A Intensity* 

Y t 	2. 

C-II 	  1 1.7 a C-C 	 3 1.75 vw 

2 1.1 in 4 1.4 n 

3 0.95 w C-0 	  3 3.95 w 

4 0.7 vw 4 1.5 vw 

0-31 	  1 1.4 a C=C 	  3 1.5 vw 
2 0.95 m 4 1.2 n 

3 0.7 w C=O 	  2 1.0 m 

4 0.35 vw 3 1.45 w 

N-II 	 I 1.4 m 4 1.15 vw 

2 0.05 w C=C 	  2 1.6 m 

3 0.7 vw 3 3.15 vor 

4 0.55 a C-N 	 2 1.5 w 
'9-11 	  1 1.95 w 3 1.1 vw 

2 1.3 vw C-F 	  4 1.8 vw 

C-I) 	  2 1.55 a C-Cl 	  6 1.9 n 

3 1.15 in Si-II 	  2 1.5 s 

°-I) 	  2 1.45 ul 3 1.15 m 

3 1.1 w I'-II 	  2 1.4 w 

:_II 	  2 1.35 w I 3 1.05 vw  - 

3 1.0 vw 

`Relative intensities: s, strong; m, medium; w, weak; vw, very weak; 
n, not desirable or extremely difficult to detect. 
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Near-infrared spectroscopy is primarily a quantitative 

rather than a qualitative technique 128. However, it 

is particularly useful in the characterisation of rare 

earth and transition metal ions. It is well suited 

for the quantitative determination of water, alcohols, 

phenols, amines, unsaturated hydrocarbons or ester carbonyls 

and 	other compounds containing 0-H, N-H or C-H 

groups. 

The history of near-infrared spectroscopy date 

back to 1800 129  and the first near-infrared spectrum 

of an organic compound recorded photographically (0.7pm 

to 1.2pm) was obtained by Abney and Festing.130 

Thereafter, this region was neglected for sometime until 1928 

when Bracket 131.  revived the technique. In 1954 Kaye 132 

'published his review of the near-infrared region and 

since then several papers have been published on applications 

in this region 133-135 	The theory of spectroscopy in 

the near-infrared region is reported elsewhere 128 

Analytical applications  

Kaye 132  in his review has presented a Colthup 

type group frequency chart for overtones and combination 

bands between 0.6pm and 3.4pm. This chart has been 

included in the most recently published review of near- 
136 

infrared absorption bands and is shown in Table 5.1. The 

approximate wavelengths of some overtone bands (Table 5.2) 

133 are also given by Wheeler  
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Carbon-Hydrogen groups  

The C-H. group is characterised by fundamental 

stretching bands in the range of 3.0-3.6pm, combination 

bands between 2.0 and 2.4pm, first overtone stretching 

bands between 1.6 and 1.8pm and second overtone stretching 

bands in the region 1.1 - 1.2pm. Higher order combinations 

give rise to other weak bands throughout the near-infrared 

region 128 

Oxygen-Hydrogen groups  

The fundamental oxygen-hydrogen vibrations occur atca2.8pm 

and the first and the second overtone bands near 1.4pm and 

1.Opm respectively. A combination band exists near 2.OUm. 

These bands 'have been used invariably in the determination 

of water, alcohol and phenol 128.  The combination band 

1.9pm is favoured in most of the studies of water because 

the molar absorptivity at this band is twice the value of 

the molar absorptivity of the overtone band 1.39pm 132. 

Nitrogen-Hydrogen. groups  

The fundamental N-H stretching bands of amines, amides 

and related compounds occur at ca. 2.8-3.0pm. The first 

overtone stretching bands are near 1.5pm and the second overtone 

stretching band are near 1.0pm. The -NH2  group also exhibits 

a highly characteristic combination band near 2.Opm
128 

 • 

Carbonyl group  

The carbonyl group has a high intensity fundamental 

stretching vibration at about 5.8pm and its second 
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overtone occurs in esters at about 2.OUm 137.  Haslam 

et al 138  have reported an ester 'carbonyl band at 2.15pm 

in the analysis of polyvinylacetate in vinylchloride/ 

vinylacetate copolymer. 

The above studies were carried out utilising a 

transmission method. Recently, reflectance techniques 

have been reported in the near-infrared region for the 

analysis of milk fat in milk powders using the first 

overtone of C-H stretching vibration of the methylene 

group at 1.742pm 139. A method for the determination 

of moisture in wheat by near-infrared diffuse reflectance 

spectroscopy has been reported by Law et  al  140 

5.2 	DETERMINATION OF MOISTURE IN PRUTEEN 

5.2.1 Introduction  

The "Pruteen" examined in this project is the trade 

name of a single cell protein marketed by ICI. This material 

is manufactured by microbial fermentation utilizing products 

obtained from natural gas. At the moment there are few 

rapid instrumental techniques which can be used as a routine 

quality control for the determination of moisture in single 

cell protein. 

Near-infrared optoacoustic spectroscopy has been 

investigated for this purpose and the results obtained compared 

with an approach employing wide-line n.m.r. 

Frequently, water is present in a sample matrix in 

various forms ranging from physically adsorbed molecules to 

chemisorbed molecules and the elements of water present as 

hydroxyl groups. Usually moisture is described. as free 
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water or bound water depending upon the nature of adsorption 

occurring. 

Amongst the methods available for the determination 

of moisture include gravimetric analysis and this technique 

is the most common for food stuffs. In the gravimetric 

method the weighed sample is placed in an oven at atmospheric 

pressure and heated to 100 ±1oC 
141 	Total weight-loss is 

taken as a measure of the amount of water present in 

the sample. The titrimetric method of determining water 

developed by Karl Fischer is described in BS 2511-1970. 

This is based upon the non-stoichiometric reaction of water 

with iodine and sulphur dioxide •in pyridine-methanol 

solution. The reagent is standardised against a weighed 

trace of water and the end-point is subseauently 

determined by back titration with a solution of water in 

absolute methanol. Other methods for the determination 

of water include (Dean & Stark) reflux distillation of the 

food with an immiscible solvent, having a higher boiling 

point and lower specific gravity than water e.g. toluene, 

xylene etc. 142.  A technique employing gas chromatography 143 

has also been described. 

Several workers 
144-146  have described the use of low 

resolution (wide-line) nuclear magnetic resonance 

spectroscopy for the determination of the moisture content 

of food stuffs. 

5.2.2. Establishment of standards 

The determination of moisture in Pruteen by near-

infrared optoacoustic spectroscopy and wide-line n.m.r. 

required standard calibration graphs to be obtained. 
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In the procedure used to obtain calibration standards 

samples of unsieved Pruteen, Pruteen ground in a pestle and 

mortar and sieved Pruteen were tried. 	Sieving was carried 

out with an automatic time-controlled siever. The sieves 

were of the standard BS 410 type. The sieved materials 

used in these moisture determination studies were all sieved 

for an hour prior to their analysis. In order to provide 

controlled humidity atmospheres eleven desiccators each 

containing 250 ml of an appropriate saturated aqueous salt 
147 

solution were set up as described in Table 5.3. Before placing 

the Pruteen for equilibration in the desiccators it was 

dried by keeping it in an oven 105°C ±1°C to constant 

weight. 200 mg of the dried Pruteen was weighed in a 

watch glass and left in the desiccators overnight in a room 

at constant temperature(20±1°C). Equilibration of the moisture 

was ascertained by rechecking the weight of increase of 

the sample every day. It was found that some of the Pruteen 

sample attained equilibration by the seventh day and the 

remainder by the ninth day in. the desiccator. Hence, Pruteen 

standards were equilibrated for ten days before the spectra 

were scanned. In the case of sieved Pruteen samples the 

particle sizes examined were of diameter 38-63pm and 125-18Opm. 

While studying the equilibration of moisture in the initial 

stage of the experiment it was noticed that any sudden 

fall in the temperature resulted in great variations in 

the moisture content of the Pruteen samples. Hence, the 

storage of the desiccators in a temperature controlled 

room is of considerable importance. 

For the preparation of the standards employed for the 

wide-line n.m.r. 23g for the unsieved Pruteen and 2g for 
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TABLE 5.3 147 

The percentage humidity at the given temperature 

at equilibrium within a closed space when a saturated 

solution* of the given substance is present (*The 

concentrations indicated for the sulphuric acid and 

phosphoric acid solution) 

SOLID PHASE t°(C) % HUMIDITY 

H2SO4  conc. 20 0 

H3PO4 i  H2O 24 9 

LiCl. H20 20 15 

CaC12.6H20 20 32.3 

KCNS 20 47 

Ca(NO3)24H20 18.5 56 

NaNO2  20 66 

NaC103  20 75 

Na2S2035H2O 20 78 

NH4C1 20 79.5 

ZNSO47H2O 20 90 
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the sieved Pruteen were taken for the equilibration. 

The procedure adopted was the same as for the standards 

employed for the optoacoustic method. 

-5.2.3 Methods employing optoacoustic spectroscopy  

After the establishment of standards the moisture 

eqilibrated Pruteen was examined in the near-infrared 

region using optoacoustic spectroscopy. 

5.2.3.1 	Experimental  

The instrument employed in the study was the single 

beam instrument with a tungsten filament source described 

in Chapter, Two. 	All spectra were scanned with a wavelength 

scan rate of .300 nm min-1, a monochromator bandwidth of 

30 nm, a time--constant of 1 second and a modulation frequency 

of 22.6Hz. Wavelength, calibration was performed with holmium, 

erbium, europuim and praeseodymium oxides. 

The first experiments were performed with unsieved 

Pruteen. After equilibration for 10 days as described in 

section 5.2.2 the sample was re-weighed and transferred 

quickly and very carefully with a camel hair brush into the 

aluminium sample cup, sealed into the optoacoustic cell and the 

spectrum scanned between fpm and 2.5pm. 	Figure 5.1 shows 

the poorly resolved spectrum obtained with unsieved Pruteen 

containing 8% moisture. It is likely that the lack of 

resolution in Figure 5.1 could be caused by a mixture of 

particles of different sizes being present. As described 

in Chapter One of this thesis, ontoacoustic, signals are 

dependent upon the surface area of the sample and this, in 
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turn, depends upon the particle size. In order to 

standardize the particle size of the sample it was ground 

in a pestle and mortar for about five to ten minutes. 

Figure.5.2 shows the spectrum obtained with a sample of 

ground Pruteen containing 8.1% moisture. It may be observed 

that although the resolution is improved the spectrum 

is still unsatisfactory. It was found not to be possible 

to obtain any useful quantitative data from spectra of 

unsieved or ground Pruteen. Greater control of the particle 

size of the sample was employed by sieving the sample of 

Pruteen for an hour in standard BS 410 sieves. The particle 

diameters of the Pruteen samples examined were 38-63pm and 

l25-18Oum. Figure 5.3 shows manually corrected (i.e. 

with carbon black) 	125-18Opm particle size spectra 

of Pruteen containing 11.6%, 8.4% and 0% moisture. 

5.2.3.2 	Results and Discussion  

The Pruteen spectra (Figure 5.3)shows six clear 

bands. The band at 1.4pm is the first overtone band and 

bands at 1.9pm and 2.2pm are combination bands of the 

fundamental OH vibration at ca. 2.8pm. The band at ca. 1.55pm 

is the first overtone and the band at 2.O5pm is the 

combination band of the N-H stretching band at ca. 2.8-3.Opm. 

The 1.7pm band is the first overtone of the C-H stretching 

of the fundamental at 3.0 to 3.8pm. 

As described earlier the bands at 1.4pm and 1.9pm 

are characteristic of the free, undissociated water and the 

bandsat 1.4pm and 2.2pm 
101,148  are characteristic of the 

149-152 
bonded hydroxyl group. Hunt et al 	have discussed 
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extensively the OH absorption bands in the case of the 

diffuse reflectance spectra 	(Visible and near-infrared) 

of minerals and rocks. In the case of water there are 

three vibrational modes e.g. (V1), (V2) and (V3). (V1) 

is the symmetric vibrational mode, (V2) is the H-O-H 

band and (V.,) is the asymmetric stretching vibration. 

These three fundamental vibrations occur in the region 

(V1) ca. 2.89pm to 2.70pm (3450 to 3700 cm-1), (V2) ca 

6.26pm to 6.O6pm (1595 to 1650 cm-1) and (V3) ca 2.81pm 

to 2.66um (3550 to 3750 cm-1). Overtones are 2V1  and 2V3  

at about 1.42pm (7000 cm-1), 2V2  at about 3.12pm (3200 cm-1). 

Combination bands include V1+V2  at about 1.92pm (5200 cm-l), 

2V+V2  at about 1.17pm (8500 cm-1), V3+V2  at about 1.92pm 

(5200 cm-1), V1+V2+V3  at about(8300 cm-1) and 2V1+V3  at 

about (10,000 cm-1) 143  

To get a working calibration graph the uncorrected 

spectra of different moisture content Pruteen samples 

of 	125-180um particle diameter were examined. First, 

calibration was tried by plotting peak heights of the 1.911m 

band against moisture content 	(Figure 5.4). As there 

was no correlation of the signal and moisture content, 

it was decided to try and find a suitable band as an internal 

standard to correct for possible variations in the back- 

ground. Ratios of 1.9/1.55pm, 1.9/1.4um, 1.9/1.7pm and 1.9/2.2pm 

bands against moisture content were plotted (Figures 5.5 

and 5.6). The ratios of the l.9um/1.55pm bands for the 

particle diameter ranges 38-63pm and 125-180pm are also 

shown in Table 5.4. 
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TABLE 5.4: OAS near-infrared signal ratio of moisture in sieved "Pruteen" 
(particle size 38-63pm and 125-180pm) at 1.9pm/1.55pm. 

DESICCANTS % MOISTURE RATIO 1.9pm/1.55pm % MOISTURE RATIO 1.90m/1.55pm 
38-63pm 38-63pm 125-180}am 125-180pm 

H2SO4conc. 0.86 0 0.69 

LiC1 H20 2.3 0.90 1.9 0.73 

H3PO4 	 H2OL 5.8 0.96 5.4 0.81 

CaC12  6H20 6.3 0.97 6.0 0.82 

KSCN 7.8 1.00 8.4 0.87 

Ca(NO3)2  4H20 9.7 1.03 10.4 0.92 

NaNO2  11.4 1.06 11.6 0.94 

NaC103  14.8 1.08 15.9 0.88 

NH4C1 16.6 1.01 16.9 0.84 

Na.2S203  5H20 17.5 1.03 19.0 0.84 

ZnSO4  7H20 25.3 1.01 .27.1 0.83 
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Figure 5.5 shows the ratio of 1.9i.im/1.55um bands for 

particle diameter 38-63um versus moisture content. The 

graph is linear up to 11.4% moisture. A similar calibration 

graph for the large particle size, 125-1801-1m is also 

shown and is also linear up to 11.6% moisture. It was not 

possible to obtain any linear relationship with the moisture 

content by plotting the other ratios describe . From the 

results shown in Figure 5.5 it is evident that the 

control of particle size is important in the moisture 

determination of Pruteen. In the case of Pruteen of particle 

diameter 38-63pm there is a larger optoacoustic signal 

than for the Pruteen particle size 125-180um. This increase 

in optoacoustic signal with decrease in particle size 

is apparently due to the increase in the surface area of 

the sample in contact with the gas phase,, but as can 

be noticed from the slope of the graphs the sensitivity 

is comparatively lower than for the Pruteen particle size 

125-180um. Very little information is available at the 

moment tō establish this phenomenon. 

As the OA signal has a dependence upon the modulation 

frequency as a'result of the varying thermal depth, the 

spectrum was measured initially at the three different 

modulation frequencies of 18.6Hz, 22.6Hz and 30Hz. 

At 18.6Hz, although the spectrum was resolved well, the 

signal-to-noise ratio was very poor. In the case of 

measurements made at 30Hz although the signal-to- noise 

ratio was good, the bands were not resolved well. The 

modulation frequency of 22.6Hz was chosen. because well 

resolved bands were obtained with a good signal-to-noise 

ratio. 	The reproducibility of the technique was also 
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investigated by taking spectra of each of 15 sets of the 

same sample. 

Experiments were also carried out to determine 

the effect of the sample mass on the optoacoustic signal. 

This was studied by taking 15 different samples ranging 

from 50 mg to 400 mg as shown in Table 5.5. 

TABLE 5.5: "PRUTEEN"  - effect of sample mass  

MASS OF SAMPLE 
(mg) 

RATIO OF MEASUREMENTS • 
MADE AT 1.9 & 1.55um 

50 0.99 

75 1.00 

100 0.98 

125 1.00 

150 1.00 

175 0.99 

200 0.99 

225 0.93 

250 0.98 

275 0.96 

300 0.96 

325 0.97 

350 0.99 

375 0.97 

400 1.00 
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A statistical evaluation of the calibration graph of 

Pruteen particle diameter 38-63pm shows it has a regression 

coefficient (linearity coefficient) value of 0.9996, the 

slope is 0.0176 (±0.0002) and the intercept is 0.8596 (±0.0012). 

The calibration graph for the Pruteen of particle diameter of 125- 

180pm has a regression coefficient of 0.9993, the slope is 0.0128 

(±0.0002) and the intercept is 0.6899 (±0.0019). The result of 

these calculations indicate the existence of a significant diff-

erence and sensitivity between the calibration graphs for the 

Pruteen of different particle size. 

With regard to the reproducibility of the technique 

the relative standard deviation is 0.04. 

Once the calibration graph is determined it is desirable 

that the moisture in the unknown Pruteen can be determined by 

sieving and taking the sample at random without any pre-weighing. 

Table 5.5. shows the ratio of the optoacoustic signal (1.9pm/ 

1.55pm) with respect to the mass of Pruteen. It is necessary 

to determine whether or not a correlation exists between 

the mass of sample and the ratio of the optoacoustic signals 

at 1.9pm and 1.55pm. There are different measures of corre-

lation but the most generally accepted one is called the 

Pearson Product-moment coefficient of correlation, commonly 

symbolised as r 153: 

where n = number of samples 

x = the mass of sample 

y = the ratio of the opto-
acoustic signal (1.9/1.55pm) 
with respect to mass 

a = standard deviation. 

r = Exy-nxy  
n6xay  

The value of r for the data in Table 5.5 has been calculated 

to be -0.2 which is near to zero. Hence it can be concluded 

that there is no correlation of optoacoustic signal to 
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the mass of the sample. 

5.2.4 TECHNIQUE EMPLOYING WIDE-LINE N.M.R. 

5.2.4.1 	Introduction and Instrumentation  

Nuclear magnetic resonance spectroscopy was 

first observed in 1946 by two teams of physicists, 

Purcell, Torry and Pound at Harvard and Block, Hanser 

and Packard at Stanford who shared the Nobel Prize 

for their work. This was followed by the development 

of high resolution NMR for elucidiating molecular 

structures. Wide-line low resolution.NMR follows the 

same theoretical principles as the high resolution 

technique, which is described elsewhere 
154 	The performance 

of low resolution NMR instrumentation has been improved 

considerably in recent years and the total hydrogen 

content of liquids can be determined with an accuracy of 

ca. 0.1%. The. resolution of a low resolution spectrometer, 

is about six orders of magnitude less than for high resolution 

instruments. The signal obtained from a sample utilizing 

low resolution NMR spectroscopy is a function of the total 

hydrogen content of the sample and is not a function 

of the chemical shifts present in the molecule. 

The Newport Instruments MK IIIA spectrometer is 

designed for the determination of the amount of a proton- 

containing liquid present in various solid materials. 

The bandwidth of the nuclear magnetic resonance spectrum 

of hydrogen in liquids is relatively narrow in comparison 

with the bandwidth of the nuclear magnetic resonance 

spectrum of hydrogen in crystalline solids. The sample 
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FIGURE 5.7: NMR INSTRUMENT MK IlIA (Field Value 635 Gauss)l55 
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to be analysed is placed in a strong magnetic field and 

radio-frequency energy is applied in a direction 

perpendicular to the magnetic field. When the applied 

magnetic field strength and the radio-frequency energy 

fulfil certain criteria, some of the radio-frequency 

energy is absorbed by the protons in the sample. The 

absorbed energy is measured and the information is 

displayed in digital form. 

The wide-line NMR measurements were made using a MK IIIA 

Newport Analyser of R.F. frequency 2.7MHz (Fig-. 5.7)(Newport 

Instruments Ltd., Milton Keynes MK14 4AW) equipped with a.40cm3  

capacity glass sample tube 155 	The instrument is 

composed of two modules: the magnet/sample assembly, 

into which the material under test is inserted, and the 

electronic console, which contains all the control instru-

mentation required for setting up and measuring the. NMR 

signals. A simplified block diagram of the instrumental 

assembly is shown in Figure 5.8. 

The bandwidth of the resonance signal obtained from 

the sample depends upon the relative mobility of the protons 

The resonance bandwidth of protons in the liquid phase 

is relatively narrow compared with the resonance bandwidth 

of protons in the solid phase. An analogue gate can 

be set to pass signals of various bandwidths between 0.25G 

and 10G. The narrow bandwidth resonance from liquid 

Phase protons passes through the gate at all gate bandwidths 

but signals from solid phase protons pass through the gate 

to a progressively lesser extent as the gate bandwidth 

is reduced. Generally, measurements made with a small gate 

width (1.5G) correspond largely to the amount of liquid 
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phase protons present, whereas, signals measured at wide 

gate widths (10G) correspond to the amount of solid and 

liquid phase protons present. 

The signal obtained is proportional to the area 

of the resonance signal within the gate width. As the 

gate width is increased the resonance signal occupies 

a smaller proportion of the gate bandwidth and gives 

a lower signal. At small gate widths, the tuning of the 

resonance signal becomes very critical whereas at large 

gate widths the signal obtained is reduced and a lower 

precision in the measurement results. 

The signal is measured by taking the train of 

resonance signal pulses to an analogue-to-digital convertor. 

The NMR signal even from a 100% liquid sample is relatively 

small and susceptable to noise from the electronics. In 

order to reduce •the effects of this noise the signal is 

integrated over a period of time selected from the range 

1, 8, 32 and 128 seconds. Following the insertion of the 

sample into the coil the reset button is pressed. An 

audio alarm is fitted to give an indication of the end of 

each integration period and a small oscilloscope is fitted 

to allow the position of the resonance signal in the gate 

to be adjusted. 

5.2.4.2 	Results and Discussion  

A calibration graph was obtained as described in 

5.2.2 for samples of Pruteen containing moisture in the 

range of 0-21%. The equilibrated pruteen samples were 

in turn transferred to a 40 cm3  sample tube fitted with a 

PTFE stopper and the NMR signals measured at ambient 



145 

temperatures. Three readings of each pruteen sample 

were taken at each of the gate widths of 1G, 11G and 

10G after the instrument had been tuned with the sample 

containing the greatest amount of moisture. The instrument 

settings are given in Table 5.6. 

TABLE 5.6: NMR settings for measurement 
of moisture in unsieved "Pruteen" 

R.F,level 	150pA 

A.F. gain 	600 

Integration 	32s 
time 

Loss control 	Low 

The mean of the three measurements made were corrected to 

give the signal per gram of Pruteen. This value was then 

multiplied by the gate width and plotted against the 

percentage moisture content of the Pruteen sample. 

The results are shown in Figure 5.9. 

In order to investigate the effect of the particle 

size of the sample upon the horizontal portion of the 

calibration for moisture contents less than 5%, calibration 

graphs were constructed using sieved samples of Pruteen. 

The calibration graph for the Pruteen of particle sizes 

in the range 125-180pm and 38-63pm are shown in Figures 

5.10 and 5.11. 	The instrument settings are given in 

Table 5.7. 
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TABLE 5.7: NMR settings for measurement of 
moisture in sieved "Pruteen" 

R.F. level 	500pA 

A• F, gain 	1000 

Integration time 	32s 

Loss control 	low • 

The calibration graph for the corrected NMR signal 

of the unsieved samples of Pruteen is shown in Figure 5.9. 

For the measurements made at small gate widths, corresponding 

largely to the liquid phase proton present, the graph is 

linear for moisture contents greater than ca.6%. The 

linear calibration graph obtained at the gate width of 

10G corresponds to the total proton content of the sample. 

The horizontal portion of the calibration graph obtained 

using a gate width 0.5G and 1.5G is attributable to the 

liquid phase component being very small compared with the 

signal due to the solid phase component. This is probably 

the result of moisture below the 5% level being more 

strongly held to the protein material. Therefore, the 

horizontal portion of the calibration graph can be attributed 

to the presence of bound water. 

From the experiments involving the variation of 

the particle size of the Pruteen (Figures 5.10 and 5.11) 

it may be observed that the existence of the horizontal 

portion of the calibration graph for moisture contents 

less than ca. 5% appears not to_be effected by rigorously 

controlling the particle size of the sample. The precision 

of the n.m.r. measurements was found to he ca. 0.01. 
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5.3 	DETF'RMINATION OF POLYVINYL ACETATE (PVAc) 

IN POLYVINYL CHLORIDE AND POLYVINYL ACETATE  

COPOLYMER 

5.3.1 	Introduction  

The wide variety of copolymers produced from 

vinyl chloride and vinyl acetate represent by far the most 

important commercial class of polyvinyl chloride copolymers 156 

The resins produced range from about 3% to 40% polyvinyl 

acetate. The most important subclass of vinyl chloride/ 

vinyl acetate copolymers are low molecular weight resins 

containing 10-15% polyvinyl acetate. These resins are 

widely used for preparing phonograph records and floor 

tiles. Other copolymers having similar compositions 

and molecular weights are used for the solution application 

of protective coatings. The copolymers having less than 

10% acetate content are often used for films and sheet. 

The structural formula of PVAc/PVC copolymer can be 

written as 

(-CHZ  &)Ac-) -(-CH -CHC1- ) 
n 	 m 

Haslam et al 138  have reported a near-infrared 

transmission method for the quantitative determination 

of vinyl acetate in•vinylchloride/vinylacetate copolymer. 

This method depends upon the measurement of an absorption 

band occurring at about 2.15pm due to a vibration mode of 

the ester carbonyl group in vinylacetate. A series of 

laminates is made each with three layers of PVC with a 

different known thickness (between 0.25 and 2mm) of polyvinyl 

acetate and a set of calibration samples obtained. The 
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absorbance at 2.15pm is plotted against the thickness 

of PVAc in the calibration sample. This graph may be 

used to estimate the equivalent thickness of PVAc in the 

unknown test specimen. The percentage of combined vinyl 

acetate in the unknown is then calculated using the formula 

1.20 x 100 	% 
1. 40 (T- t) +1. 20t where 'T' is the thickness of 

test specimen, 

't' the determined 

equivalent thickness 

of PVAc 

1.20 and 1.40 g/cm3  are 
the assumed densities 

vinyl acetate and combined 

vinyl chloride. 

5.3.2 	Technique employing OAS  

In this section the quantitative determination 

of PVAc in vinyl chloride/vinyl acetate copolymer by near-

infrared OAS is discussed. 

Five samples (both sieved and unsieved) ranging 

.between 0. and 15% of PVAc (0%, 2.1%, 7.8%, 9%-and 

15%) in vinyl chloride/vinyl acetate copolymer were supplied 

by ICI Plastics Division, Welwyn Garden City, Herts. 

The sieved samples supplied were as follows. 

The finer one was passed through a 200 mesh sieve and the 

coarser one was that retained on the 100 mesh sieve.. The 

< 200 mesh sample had a range of particle diameter of 8 to 

900m, of which the bulk was between 25 and 90pm. The >100 

mesh sample had a range of particle diameter 20 to 250pm 

of which the bulk was equal or greater than 100pm. 
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5.3.2.1 	Experimental  

The instrument employed in this experiment was 

the same one used in the moisture determination of 

Pruteen i.e. the single beam instrument with .a tungsten 

halogen source. The cell used was also the same one that 

was employed for the studies of Pruteen. All spectra were 

scanned at a rate of 300 nm min-1, a monochromator band- 

width of 30 nm a time-constant of 1 second and a source 

modulation frequency of 22.6Hz. Wavelength calibration 

was performed using holmium, erbium and praeseodymium oxides. 

First the unsieved samples were examined. These 

gave poor unresolved ester carbonyl bands at about 2.1pm 

(Figure 5.12). It is possible that the lack of resolution 

is caused by a mixture of different particle sizes as 

previously observed in the studies of Pruteen. Therefore, 

the experiment was repeated with the two sieved sets 

of vinyl chloride/vinyl acetate copolymer. This gave 

a reasonably good ester carbonyl band at ca. 2.lpm as 

shown in the uncorrected spectra of Figure 5.13 for 15%, 

7.8% and 0% of PVAc of  <200 mesh particle size. 

	

5.3.2.2 	Results and Discussion  

The vinyl chloride/vinyl acetate copolymer 

uncorrected spectrum (Figure 5.13) shows five bands. These 

bands are at ca. 1.2um, 1.4pm, 1.75pm, 2.lpm and 2.4pm. 

The bands at 1.2pm, 1.75pm, and 2.4pm are second overtone, 

first overtone, combination band, respectively, of C-H 

stretch of the fundamental at 3.0 - 3.6pm. The 1.4um and 

2.1ppm bands are the third and second overtones of the 

ester carbonyl band fundamental at 5.8Um. 
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1.4 pm 

X çum ) 

Fig.5.12. OAS Near-I.R. Spectrum of Unsieved PVAc /PVC 

Copolymer containing 15% PVAc.(Uncorrected Spectrum). 
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NEAR-IR OAS SPECTRA 
PVAc- PVC Copolymer 

15% VINYL ACETATE 
7.8% 
0 °/0 

2-1pm 

Figure 5.13: OAS near—infrared spectra of<200 mesh particle 
size PVAc and PVC copolymer (uncorrected spectra) 
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For a working calibration graph a suitable band 

was chosen as an internal standard to correct for possible 

variation in the background. The ratios of the opto-

acoustic signal obtained at the carbonyl band (ca 2.lpm) 

to the reference C-H band (ca.1.75pm) when plotted against 

the concentration of polyvinyl acetate gave a linear 

calibration as shown in Figure 5.14. It can also be seen 

that the smaller particle diameter (i.e. < 200 mesh). is 

less sensitive than the coarser (i.e. ? 100 mesh) particle 

size. As described in the section on Pruteen, very little 

information is available at the moment to establish this 

phenomenon. 

The spectrum was measured initially with two other 

modulation frequencies of 18.6Hz and 30Hz. In terms of 

signal-to-noise ratio and resolution only the modulation 

frequency of 22.6Hz was found to be most suitable. 

A statistical analysis of the results in Figure 

5.14 shows that the PVAc/PVC with smaller particle sizes 

(i.e. < 200 mesh) has a regression coefficient of 0.994; 

the slope is 0.0045 (±0.0002) and the intercept is 

0.131 (±0.0018). In the case of PVAc/PVC with the large 

particle size (i.e.?l00 mesh), the regression coefficient 

is 0.992; the slope is 0.0067 (±0.0003) and the intercept 

is 0.132 (±0.0029). The results indicate that there is a 

significant difference between the slopes of <200 mesh and 

?100 mesh sample. 

With regard to the reproducibility of the measure-

ment, the relative standard deviation was found to be 

0.05. 
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Figure 5.14: OAS near-infrared calibration graph of 
PVAc in sieved PVAc-PVC copolymer. 

Precision of measurement = 0.05. 

PVAc - PVC COPOLYMER 

%Vinylacetate 
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5.3.3 	Technique employing Diffuse Reflectance 

A full account of diffuse reflectance spectroscopy 

is presented, including the details of the instrumentation, 

in Chapter One of this thesis. Being a complementary 

technique to OAS the use of diffuse reflectance spectroscopy 

was tried for the analysis of PVAc in the vinyl chloride/ 

vinyl acetate copolymer samples. 

5.3.3.1 	Experimental  

A Beckman DKA double beam spectroreflectometer 

instrument with a lead sulphide detector described 

in Chapter One was used for the analysis. For making 

the discs a KBr press was used. Before the measurements 

with the polymer sample were made, zero and 100% reflectance 

were set with MgO in the exit nōrts. The spectra were 

scanned between 0.811m and 2.5i1m. 

When the unsieved vinyl chloride/vinyl acetate 

copolymer samples were scanned a very poorly resolved 

carbonyl band was obtained. The poor resolution of the 

carbonyl band could have been due to the non-uniform 

particle size of the powder: Therefore the powder was 

prepared in the form of pressed disc of 30 mm diameter 

and 1 mm thickness and after the initial zero and 100% 

were set with the D'gO standard1  the spectra were scanned as 

previously described. Discs were made with the KBr press by 

applying a pressure of 1.4x107N/m2. The results are 

shown in Figure 5.15. A further study with two sets of 

the sieved samples (<200 mesh, and >_.100 mesh) showed a 

better resolved carbonyl band than that -of the pressed 

disc technique as shown in the spectra of Figure 5.16 for 
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0.1 PVAc-PVC COPOLYMER 
Diffuse reflectance 

pressed disk method 

0.05 

log R' (at 2.1pm)  
log R' (at 1.7j m) 

Precision of measurement =0.04 

10 
	

15 
%vinyl acetate 

Figure 5.15: Diffuse reflectance near-infrared calibration graph 
of PVAc in unsieved PVAc-PVC copolymer by the 
pressed disc method. R in the graph is the ratio 
shown and R' is obtained as shown in Figure 5.16. 
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Figure 5.16: Diffuse reflectance near-infrared spectra of 
PVAc-PVC copolymer of <200 mesh particle size. 
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15%, 7.8% and 0% PVAc of <200 mesh particle size 

5.3.3.2 	Results and Discussion  

The diffuse reflectance spectra shown in Figure 5.16 

have five bands as observed in the optoacoustic spectra. 

The calibration graphs of Figure 5.17 were plotted 

by dividing the log ratio at 2.lpm band by the ratio at 1.7pm 

against %PVAc in the vinyl chloride/vinyl acetate copolymer. 

A statistical analysis of <200 mesh sample, 

(Figure 5.18) gives a regression coefficient of 0.997; 

a slope of 0.0050 (±0.0002) and an intercept of 0.017 

(±0.0013). With regard to the >_l00 mesh samples, the result 

(Figure 5.18) have a regression coefficient of 0.987; a 

slope of 0.0061 (±0.0004) and an intercept of 0.019 (±0.0035). 

The results indicate that there is a significant difference 

between the two slopes. 

The results of the pressed disc technique (Figure 

5.15) show a poor linearity coefficient (i.e. 0.973) compared 

with the results obtained with the sieved samples. Although 

the results for the <200 mesh sieved sample have a better 

linearity than the results for the ?100 mesh samples the 

latter is more sensitive than the former. 	It is well known 

in diffuse reflectance spectrometry that as the particle 

size decreases the amount of specular reflectance increases 

and probably this explains the poorer sensitivity of the 

technique for the <200 mesh particle size. 
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Figure 5.17: Diffuse reflectance near—infrared calibration graph of PVAc 
in sieved PVAc—PVC copolymer . R in the graph is the ratio 
shown and R T  is obtained as shown in Figure 5.16. 
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The precision of measurements made using the 

pressed disc technique was found to be 0.04 and for the 

sieved samples 0.015. 

5.4 	CONCLUSION  

In the determination of moisture in Pruteen by 

optoacoustic near-infrared spectroscopy, the bands of the 

bound hydroxyl groups and the mobile hydroxyl groups are 

well resolved and distinct. In the Pruteen spectrum the 

band of -NH2  (1.55Um) is also observed which could be used 

as a band for the determination of protein in the material. 

Pruteen being opaque, conventional transmission methods 

are unsuitable. In the case of optoacoustic spectrometry 

as only the absorbed photons produce the optoacoustic 

signal, the scattering effect is very much minimised. 

Once the calibration graph is prepared, the amount of 

moisture can. be determined without any sample preparation 

or preweighing and with relatively small amounts of sample. 

Additionally, the technique is non-destructive. The only 

major disadvantage of the technique employing OAS is the 

effect of the particle size. In the complementary technique 

of diffuse reflectance spectrometry the need to control 

the particle size is also reported 
157. The alternate wide-

line method also provides a non-destructive method for 

the analysis of water in Pruteen. Although no control 

of particle size is needed, the method. holds good only 

for moisture contents above ca. 6%. Below this the effect 

of the bound water interferes in the measurement. In wide-

line n.m.r. the method determines protons in the liquid 

phase and therefore, is likely to give a total value for 
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protons in solution. Before applying the method to the 

determination of water in any new material, it is necessary 

to determine whether other hydrogen containing compounds 

are present in the liquid. These might be either other 

low viscosity liquids or solids in solution. Often 

suitable corrections can be made for contribution by other 

constituents but this means it is a time consuming technique. 

The ester carbonyl band of the PVAc optoacoustic 

spectrum is better resolved than the diffuse reflectance 

spectrum. The sample preparation and calibration of results 

in optoacoustic spectrometry is very simple compared 

with the diffuse reflectance method. In the diffuse 

reflectance technique the results of the pressed disc method 

have a very poor signal-to-noise ratio compared with the 

use of a sieved sample. 

The results obtained using diffuse reflectance 

spectroscopy with sieved samples are also poor compared 

with the results obtained using optoacoustic spectroscopy. 

Although the particle size and distribution 

of the sample is an important parameter for obtaining 

quantitative results using both diffuse reflectance and 

optoacoustic spectroscopy, the nature of the measurements 

made in diffuse reflectance spectroscopy mean that for 

this technique the particle size of the sample is particularly 
critical. 
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6.1 	Introduction 

This chapter describes some of the spectral information 

obtained in the ultraviolet, visible and near-infrared regions 

of the spectrum using optoacoustic spectroscopy for some 

of the many ICI samples examined. 

The samples studied are grouped under five different 

headings according to the nature and the details available: 

1. 	Examination of Tin and Antimony oxide catalysts 

2. Evaluation of Quinoline as a Flotation agent 
for mineral extraction 

3. Dye formulations and dye pigments 

4. Miscellaneous 

Other than the quantitative aspects of the study of 

tin/antimony oxide catalysts, the remaining investigations were 

of a purely qualitative nature.as-part of the preliminary 

exercise for ICI to assess the potential of optoacoustic 

spectroscopy to their industrial applications. 

6.2.1 Examination of.Tin/Antimony Oxide Catalysts  

Catalystsbased upon mixed oxides of tin and antimony 

have been developed industrially for the selective oxidation 

of hydrocarbons 158 

Six samples of varying composition of Antimony oxide 

in Tin oxide were received, as shown in Table 6.1. Out 

of the six, five were calcined at 600°C and the sixth one 

calcined at 700°C. 
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TABLE 6.1: Details of antimony in tin oxide catalyst. 

Sample 	Calcination 	Percentage of Sb 
Temperature 	in Tin oxide 

(1) 21c Sn/Sb 	600°C 	4% 

(2) 27B Sn/Sb 	600°C 	20% 

(3) 26 Sn/Sb 	600°C 	40% 

(4) 26 Sn/Sb 	700°C 	40% 

(5) 46A Sn/Sb 	600°C 	65% 

(6) 29 Sn/Sb 	600°C 	83%a. 

The objective of this experiment was to investigate 

whether the optoacoustic ultraviolet visible spectral 

information could be correlated quantitatively with the 

Antimony present in the catalyst. 

Experimental  

The instrument employed was the double beam instrument 

with the 300 watt xenon arc source described in Chapter Two. 

The samples were ground and the spectrum scanned in the UV- 

visible region (A 270 nm - 700 nm). The scan rate used was 

50 nm min-1  at a spectral half-bandpass of 10 nm with a time-

constant of 3 seconds. The modulation frequency employed. 

was 28Hz. 

Results and Discussion  

The optoacoustic spectrum of Sn/Sb catalysts 

containing 83% Sb is shown in Figure 6.1. From the spectrum 

it can be seen that absorption is greater in the ultra-

violet region than in the visible region of the spectrum. 

Because of the variation in particle size of the original 

sample, the calibration was not obtained by an absolute 
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Fig.6.1. UV-Vis OAS Spectrum of Sn / Sb sample calcined at 606C 

containing 83%Sb. 
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Fig.6.2. OAS Calibration graph of Antimony in Tin Oxide. 
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signal magnitude measurement. Instead a two wavelength 

ratio technique was employed. Figure 6.2.shows the 

variation in the ratio of absorption at 304 nm to that at 

665 nm. The lack of linearity at higher concentration. could 

be attributed to compound formation. The variation of the ratio 

for sample No.4 appears to be due to the difference in 

the calcining temperature of the sample. No other wavelength 

combination examined produced fully linear curves. 

6.2.2 Evaluation of Quinoline as a Flotation agent for  

Mineral Extraction  

The three samples examined were (1) untreated Malachite,. 

(2) Malachite with 1% Quinoline derivative and (3) Quinoline 

derivative complexed to copper ions (84% Quinoline/16% Cu2+ 
 

w/w). 

The aim of this experiment was to obtain information 

about the mechanism of binding (Physical or Chemical) 

between the Quinoline and the malachite particles from the 

ultraviolet, visible.and near-infrared spectra 

Experimental 

For the production of UV-visible spectra the instrument 

employed was a single beam instrument and a digital scan 

recorder was employed for the sequential correction of spectra 

as detailed in Chapter Two. The same single beam instrument 

may be used for studies in the near-infrared region by 

changing the grating and source as described in Chapter Two. 

The UV-visible spectral range employed was from 290 nm to 

700 nm with a modulation frequency of 28Hz, a monochromator 

bandwidth of 10 nm and a scan rate of 100 nm min-1. For 
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studies in the near-infrared the wavelength region examined 

was from lum to 2.5um with a modulation frequency of 28Hz, 

a monochromator bandwidth of 30nm and wavelength scan rate 

of 300 nm min-1. 

Results and Discussion  

The spectra of the samples in the UV-visible and near 

infrared regions are given in Figures 6.3 and 6.4. 

The UV-visible spectra of Walachite (Figure 6.3A) and 

Quinoline on malachite (Figure 6.3B) are identical. The 

quinoline-copper ions (Figure 6.3C) absorption maxima are 

more in the wavelength range of 290 nm to ca 490nm and 

absorption decreases towards a wavelength of 700nm. 

The near-infrared spectra are quite interesting. 

The malachite (Figure 6.4A) and Quinoline/Malachite spectra 

(Figure 6.4B) are similar, whereas the Quinoline/copper ions 

sample spectrum (Figure 6.4C) exhibits the absorption bands 

characteristic of aromatic C-H overtones at ca 1.7pm and 

the combination bands at ca 2.2pm. No evidence of these 

bands with the Quinoline/.Malachite sample exists. 

6.2.3 Dye formulations and dye pigments  

The sample of dyes received were (1) yellow reactive 

dye on cotton, (2) yellow disperse, (3) yellow disperse- 

Parent dye, (4) yellow disperse dye formulations and (5) 

blue azoic dye on cotton and (6) blank cotton for blue azoic 

dye on cotton. 

The dye pigments received were (1) WED/C/9723 copper 
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phthalocyanine dye works quality, (2) WED/C/9724 copper 

phthalocyanine dye obtained from another source, (3) WED/C/ 

9725 copper phthalocyanine dyes obtained from a third source, 

(4) WED/G/9726 Monastral Green GN-Chlorinated copper phthalo 

cyanine, (5) WED/G/9727 halogenated copper phthalocyanine 

derived from 9725 and (6) WED/C/9729 Monastral Green 6Y 

standard chlorinated and brominated copper phthalocyanine. 

The aim of this experiment was to get some information 

from the UV-visible spectra and thereby to probe further into 

the possible application of optoacoustic spectroscopy to 

dye characterisation in colour matching and colour comparison. 

In the case of copper phthalocyanine pigments the 

samples were examined to assess their quality and to find 

significant differences if any through UV-visible spectra 

of the samples. Copper phthalocyanine dyes are used in 

printing inks, also in lacquers, emulsion paints, distempers, 

rubber plastics, leather cloth and paper. The structural 

formula of a typical phthalocyanine dye is shown below 
159 
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Experimental  

The instrument employed for this investigation in 

the UV-visible region was the double beam instrument 

described in Chapter Two operated with the 300 watt xenon 

arc source. The scan rate used was 50 nm min-1 with a 

monochromator banriwi.dth of lOnm, modulation frequency 

of 28Hz and a time-constant of 3 seconds. 

Results and Discussion  

The spectra of dyes are shown in Figures 6.5 and 6.6. 

Although the absorption maxima of all the yellow dyes (1) 

to (4) were at ca 480 nm each one had its own characteristic 

difference in the shape of the absorption bands. Sample 

(5) the blue azoic dye, was found to absorb mainly in the 

visible region towards 700 nm. 

Spectra of normal quality copper pthalocyanine (sample 

1) and of poor quality halogenated copper. phthalocyanine 

(sample 2) are shown in Figure 6.7. The UV-visible spectra 

of copper phthalocyanine dyes were not well resolved because 

of signal saturation effects and all the spectra looked 

alike. Fuchsman and Silversmith 160  have recently reported 

that these signal saturations can be avoided by grinding 

with alumina. 

6.2.4 Miscellaneous  

Copper carbonate ageing experiment  

Copper carbonate has been used as a fungicide for 

the control of plant diseases and as a catalyst in an 

admixture with metal carbonate in the hydrogenation of fatty 

oils and as a catalyst in the oxidation of naphthalene 
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derivatives 161 

The aim of this experiment was to observe the 

transformation change from a blue gelatinous precipitate-

to green malachite when copper nitrate and sodium carbonate 

are mixed together at a particular molar ratio (1.5:1) at 

ca 65°C by scanning the UV-visible spectrum. 

It was thought at first that it would be possible 

to monitor the changes which occur during ageing processes, 

but the optoacoustic signal obtained from an aqueous 

slurry was too heavily damped out by the water present 

An attempt to avoid these effects was made by spreading the 

precipitate over anhydrous alumina and scanning the spectrum. 

Although alumina absorbed some of the water, there was still 

signal dampening and no meaningful spectrum was obtained. 

Centrifugation of the sample was also investigated. 

A poor spectrum was also obtained with the centrifuge 

precipitate. Drying the sample was the only effective 

means of getting an OAS signal, but this was incompatible 

with the objective of the experiment. 

6.3 	Conclusion: 

The samples examined in this chapter were part of 

a general evaluation for ICI of the possible industrial 

applications of optoacoustic spectrometry. The results of 

the experiments investigating tin/antimony oxide catalysts 

appears promising and the experiments have to be repeated 

with sieved samples. The concentration of quinoline in 

the quinoline malachite sample and quinoline spectra are 

essential for any meaningful comment. 
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With regard to the dyes and dye formulations, although 

good spectra were obtained a number of comparative 

examinations of the original dyes and related samples 

would be essential for any useful assessment of possible 

applications. 
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CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 
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From the studies made of samples of laser mirrors 

it has been shown that optoacoustic spectroscopy offers 

several distinct advantages over conventional calorimetric 

techniques for the measurement of the absorption coefficient. 

As the change in the temperature of the sample is monitored 

indirectly the problem of maintaining efficient transducer 

contact with the sample is eliminated. As a calorimetric 

technique optoacoustic spectroscopy has also been employed 

previously in the study of luminescence quantum efficiencies32  

A particular advantage of optoacoustic spectroscopy 

compared with other spectroscopic techniques is the 

ability to provide information about the thermal character- 

istics of the sample as well as the radiative absorption 

occurring. 

The studies made of photochromic substances have 

shown that measurement made using optoacoustic spectroscopy 

are relatively free from interferences caused by scattered 

light. With other complementary techniques radiation scattering 

has been shown to result in a relatively poor signal-to- 

noise ratio being obtained. 

The studies made of polymer film samples have 

demonstrated experimentally the optoacoustic theory of 

Rosencwaig and Gersho applied to the special cases of 

optically opaque, thermally thin and optically opaque, 

thermally thick samples. 

For quantitative studies of powdered samples, particle 

size plays an important role in determining the magnitude 

of the optoacoustic signal. In the complementary technique 

of diffuse reflectance the particle size is an even more 
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critical parameter in determining the signal magnitude. 

From the studies made of carbon black and dark blue cobalt 

glass it has been observed that there is a greater opto- 

acoustic signal and presumably increased thermal transfer 

efficiency at the sample/gas interface With finer particle 

size. The role of specular reflectance in determining 

the magnitude of the optoacoustic signal is also important. 

The magnitude of the specular refelctance occurring would 

be expected to increase as the particle size is decreased; 

an effect also observed in diffuse reflectance spectroscopy. 

However, it appears that the change in the efficiency 

of thermal transference is a more important parameter' 

in determining the magnitude of the optoacoustic signal 

than is the change in the amount of specular reflectance 

occurring. 

Studies of moisture in Pruteen and polyvinyl acetate 

in the vinyl chloride/vinyl acetate copolymer have demonstrated 

that optoacoustic spectroscopy is a better technique compared 

with some other competing spectroscopic technique in terms of 

the ability to produce a well resolved spectrum. Although NMR 

is independent of particle size effects, the method investigated 

is successful only when the moisture has to be determined at 

concentration greater than 6%. Also the elimination of any other 

hydrogen containing liquids present is vital in order to ensure 

that only the water is detected. The results of studies 

made using diffuse reflectance spectroscopy for the 

determination of polyvinyl acetate in vinylacetate/vinyl chloride 

copolymer have exhibited relatively poor signal-to-noise 

ratio compared with the results obtained using optoacoustic 

spectroscopy. 
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The results obtained for the determination of water 

in Pruteen and of polyvinylacetate in vinyl chloride/vinyl 

acetate copolymer have demonstrated for the first time that 

optoacoustic spectroscopy is capable of being used in 

quantitative applications as well as for qualitative 

analysis in the near-infrared region of the spectrum. 

The design of the sample cell is a very important 

parameter in the design of any optoacoustic spectrometer. 

Some criteria governing the design of the cell has been 

discussed in Chapter Two of this thesis. Presently many 

of the limitations of optoacoustic spectroscopy are due to 

the attainment of poor signal-to-noise ratios in the cell. 

It appears that an improved signal-to-noise ratio can be 

obtained by incorporating the microphone preamplifier 

within the cell. The type of microphone transducer 

used in this work appears to be the most satisfactory for 

use with a wide variety of sample types. However, several 

workers 68,69  have described the use of piezoelectric 

transducer for making measurements of liquid samples. Such 

piezoelectric transducers could be usefully employed, for 

example, in the studies of phase transformation in the ageing 

of copper carbonate mentioned in Chapter Six. 

With improvements in the instrumentation, especially 

in the design of the cell, studies of the mechanism involved 

in the colour change of photochromic substances such as 

salicylidene-2-chloroaniline should be possible. The study 

of phototransformations of phytochrome 
162  is another 

possible area of research. Phytochrome is the photoreversible 

chromoprotein that controls many aspects of plant growth. 
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Little information is currently available which 

describes. the effect of changes in the particle size of 

the sample upon the magnitude of the optoacoustic signal. 

This is an area which may be usefully investigated to 

establish the requirements for quantitative analysis. 

Quantitative studies of milk fat by near-infrared 

OAS is a promising application that may be investigated. 

Optoacoustic spectroscopy is a very promising 

technique and should find many useful applications 

especially for solid samples which are difficult to examine 

using alternative techniques. 
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