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PREFACE

Organic dyes and pigments are routinely used as colouring
agents. Many of them also find application in high technology
areas like photon harvesting, photodynamic therapy, optical imaging
and data recording. Naphthalocyanines and phthalocyanines have
been the focus of active research due to their chemical stability,
biological tolerance, high light absorptivity, and semiconducting
properties. "From the point of view of optical imaging and data
recording, metal phthalocyanines and naphthalocyanines have
moderate processability and low cost. For these applications, a
knowledge of their optical, thermal, and electrical properties is a

prerequisite.

This dissertation deals with the preparation and chemical,
optical, thermal, and electrical characterization of five
compounds, namely metal free naphthalocyanine, vanadyl
naphthalocyanine, zinc naphthalocyanine, europium
dinaphthalocyanine, and europium diphthalocyanine in the pristine
and iodine-doped forms. The properties of these materials in the
bulk and thin film forms differ, but are amenable to correlation.
Due to the simplicity of experimentation, the results reported

herein are based on samples in the form of compressed pellets.



Metal phthalocyanines have very similar optical properties.
The slight variation in the optical properties can arise from the
influence of the central metal atom. However the electrical
properties, especially in the doped states may differ considerably
due to the variable oxidation states that a metal can assume and
due to the degeneracy of the energy states of the oxidised
phthalocyanine system and the metal atom. Thus, in the case of
nickel phthalocyanine, iodine-doped state acts as a “"metal” in

terms of its electrical conductivity.

The materials selected in this study have some common features
that will help to draw certain logical conclusions. Thus a
comparison of the properties of metal free naphthalocyanine and
zinc naphthalocyanine shows the influence of the central metal atom
on the properties of metal naphthalocyanines. Again, vanadyl
naphthalocyanine represents another feature associated with the
central metal atom. The interesting property of europium as a
central atom is its unique optical properties. Moreover, this is a

case where a dinaphthalocyanine is formed.

Except for some preliminary reports on its synthesis and
chemical characterization, very little work has been reported on

europium dinaphthalocyanine. The work on europium



dinaphthalocyanine reported in this dissertation fills this

information lacuna.

The dissertation is broadly divided into six chapters. The
first chapter is a brief overview on the present status of work on
metal phthalocyanines and naphthalocyanines. Efforts have been
made to highlight the recent trends in research on these materials.
The second chapter summarizes the experimental methodologies used
in the synthesis, purification, and characterization of the target
compounds. A brief discussion of the characterization is also

included.

Two important technological properties of these compounds have
been investigated. The electrical properties are important in
applications in sensors and semiconductor lasers. Opto—-thermal
properties assume significance for optical imaging and data
recording. The electrical properties were investigated by dc and
ac techniques. DC conductivity was measured with pristine and
iodine-doped samples as a function of temperature. The results
were complemented by measuring ac conductivity as a function of
temperature at selected frequencies. Efforts were made to
delineate the conduction mechanism. Details of these studies are

presented in chapter III.



Chapter IV and V describe the evaluation of thermal
diffusivity of these samples by optical methods. Photoacoustic
technique is described in chapter 1V, Photothermal deflection
method is presented in chapter V. Both the techniques use an
intense laser beam as a pump source, but the detection techniques
differ. For this reason, the experimental procedures and results

are presented in two different chapters.

The last chapter (chapter VI) summarises the salient features

of the results obtained in these studies.



CHAPTER 1.

1.1

1.2

1.3
1.3.1
1.4

1.5

1.6
1.7
1.8

1.9

CHAPTER I
2.1

2.2

CONTENTS

METAL PHTHALOCYANINES AND
NAPHTHALOCYANINES - A BRIEF SURVEY
Introduction

Structure of phthalocyanines and
naphthalocyanines

Synthesis of phthalocyanines

Synthesis of rare earth phthalocyanines
Synthesis of naphthalocyanines
Purification of metal phthalocyanines
and naphthalocyanines

Polymorphism

Spectral characteristics

Electrical characteristics

Technological applications of
phthalocyanines and naphthalocyanines

References

EXPERIMENTAL
Introduction

Synthesis and purification

PAGE NO

11
13

15

16

20

26



2.2.1 Metal free naphthalocyanine 28

2.2.2 Vanadyl naphthalocyanine 28
2.2.3 Zinc naphthalocyanine 29
2.24 Europium dinaphthalocyanine 29
2.2.5 Europium diphthalocyanine 29
2.3 Doping of samples with iodine 30
2.4 Characterization 31
24.1 UV-VIS absorption spectira 31
24.2 Infrared spectra 32
2.5 Effect of doping 33

References 35

CHAPTER IIT ELECTRICAL PROPERTIES OF

PHTHALOCYANINES AND

NAPHTHALOCYANINES 36
3.1 Introduction 37
3.2 Experimental 41
3.2.1 Electrical conductivity measurements 41
3.2.2 Fabrication of a shielded cell for

electrical conductivity measurements 41
3.2.3 Electrical circuit AS

3.3 DC Conductivity studies. . 46



3.4

3.5

CHAPTER 1V

4.1
4.2
4.2.1
4.2.2
4.3
4.3.1
4.3.2

4.4

CHAPTER V

5.1
5.2
5.2.1
5.2.2

5.3

AC Conductivity studies 49
Results and discussion 50
References 74

PHOTOACOUSTIC STUDIES ON

METAL PHTHALOCYANINES AND

NAPHTHALOCYANINES 17
Introduction 78
Theory 80
Photoacoustic technique 80
Thermal diffusivity 82
Experimental 84
Sample preparation 84
Experimental set-up 84
Results and discussion 87
References a5

THERMAL DIFFUSIVITY MEASUREMENTS ON
METAL PHTHALOCYANINES AND

NAPHTHALOCYANINES USING

PHOTOTHERMAL DEFLECTION TECHNIQUE 97
Introduction 98
Photothermal deflection technique 99
Photothermal effects 99
Photothermal signal detection 101

Theory 102



5.4

5.5
5.5.1
5.6

5.6.1

CHAPTER VI

Applications of photothermal
deflection technique

Experimental

Experimental set-up

Results and discussion

Evaluation of thermal diffusivity by
PTD technique

References

SUMMARY AND CONCLUSION

106
107
107

110

110

119

122



CHAPTER I

METAL PHTHALOCYANINES AND NAPHTHALOCYANINES -~
A BRIEF SURVEY

Abstract

Metal phthalocyanines and naphthalocyanines are candidate
materials in high technology applications like photodynamic
therapy, photovoltaic devices, imaging and information storage.
The large volume of work being done recently on these compounds
points to their relevance. The status of the work on
phthalocyanines and naphthalocyanines are reviewed in this chapter.
Due to the very large number of publications appearing recently,
the scope of this review was curtailed to highlight only their
optical and electrical properties. Important applications are also

mentioned briefly.



1.1 INTRODUCTION

Metal phthalocyanines (MPcs) and naphthalocyanines (MNcs) have
been of wide interest to the scientific world since their discovery

1-3

in 1908, They are candidate materials for application in

colouration, photovoltaic devices, imaging, catalysis,

optoelectronics and information storage.4‘5

Most of the properties
of phthalocyanines (tetrabenzo(2,3] porphyrazines) and
naphthalocyanines (tetranaphthol2,3] porphyrazines) depend on n-

electron conjugation in the macrocyclic ring. They have excellent

stability against heat, light, moisture and air.

Of late, MNcs have been the focus of research as materials for

high density optical data recording (ODR) mediae-lo

due to their
excellent chemical stability, low heat conduction and diversity of
optical properties. The major advantages of these organic dyes
over metallic materials for ODR applications are their amenability
for engineering their molecular structure and their processability
to be cast as thin films by vacuum sublimation. For writing and
reading using semiconductor lasers ODR materials require high
optical absorptivity in the longer wavelength region (700-900 nm).

2 and VOPc12 are

Some of the metal phthalocyanines such as MgPc
known to exhibit absorption in this wavelength region. The need
for longer wavelength absorption systems has led to the synthesis

of phthalocyanines with engineered molecular structure.



Naphthalocyanines have strong absorption bands in the near infrared
region because of their extended n-electron conjugated systems with

the additional benzoannulation. 13,14

Long wavelength absorption
and stable planar molecular structure together with their ability
to be cast into thin films make MNcs one of the most competitive

candidates for ODR media.ls’16

Solar energy conversion is a promising technology since it is
environment friendly and inexhaustible. Eventhough some of the
inorganic semiconductors like silicon have energy conversion
efficiency greater than 10%,17 the electrical energy obtained with
these cells is expensive. On the other hand organic semiconductors
are promising materials for future solar energy conversions because
of the low processing cost of organic thin films and nearly

unlimited variability.'8

The solar energy conversion system in
nature namely, photosynthesis, functions with chlorophyll in which
the ligand, porphyrin is structurally analogous to MNc and MPc ring

systems, synthetic organic molecules could be tailored to mimic the

natural system.

In addition to the very interesting optical properties of MNcs

and MPcs, they show attractive electrical properties which find

19,20

application in semiconductor devices. The electrical

conductivity of these materials can be easily amended by dopiﬁg

with suitable dopants.21



1.2 STRUCTURE OF PHTHALOCYANINES AND NAPHTHALOCYANINES
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Figure 1.la Structure of metal phthalocyanine

Phthalocyanines and naphthalocyanines are structural
analogues of porphyrines. The inner ring system of Pcs and Ncs is
made up of pyrrole rings joined together by aza (-N=) groups. A
benzene ring is attached to the B position of each of the pyrrole
groups to form a phthalocyanine molecule and a naphthalene ring

attached to the B position fqrms a naphthalocyanine molecule.
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Figure 1.1 b Structure of Metal naphthalocyanine



groups to form a phthalocyanine molecule and a naphthalene ring

attached to the B position forms a naphthalocyanine molecule,

In MPcs and MNcs, the central atom displaces two hydrogen ions
from the isoindole group and practically finds itself in a
symmetrical electrostatic field of four nitrogen atoms with which
it may form four equivalent or almost equivalent coordinate
donor-acceptor bonds (Figure 1.1 a and b). The central atom can be
any of the metal atoms in the periodic table. In order to get a
variety of MPc and MNc derivatives the sixteen peripheral hydrogen
atoms on the benzene rings are replaced with suitable atoms and

groups.

The structural diversity of porphyrins, phthalocyanines and
naphthalocyanines is the main factor responsible for their
importance in various physicochemical and biological studies. This
structural diversity opens up unlimited possibilities for studying
the effect of functional substituents and central atoms on the
properties of these compounds. Such studies will enable us to
provide an answer to the question why nature was choosy to evolve
the porphyrins, chlorophyll and blood as the basic component of

life.



1.3 SYNTHESIS OF PHTHALOCYANINES

Metal phthalocyanines are synthesised from structural units
making up the macrocyclic ring in presence of the respective metal
atom. The widely used method of synthesis is one which is

described by Linstead et 81.22_25

1.3.1 Synthesis of rare earth diphthalocyanines

The phthalocyanine complexes of various rare earth elements
were synthesised according to- the method of Kirin et 81.26 In the
method described, a mixture of phthalonitrile (8 mmol) and rare
earth acetate (1 mmol) was heated in a sealed tube at 290 °C for 2
h. The compounds were purified by soxhlet extraction using
dichloromethane solvent. Further purification was accomplished by
dissolving the solid mass in DMF and chromatographing on alumina
using methanol or saturated solution of NH4C1 in 1:2
benzene/methanol mixture as eluent. Very pure samples of rare
earth diphthalocyanines have been prepared by direct vacuum
sublimation of the samples on glass slides.27

28

Sadak et al have confirmed by elemental analysis the

presence of two phthalocyanine ligands in the complex. They have



proposed the formula M(Pc)2 for the rare earth diphthalocyanine

complexes.

1.4. SYNTHESIS OF NAPHTHALOCYANINES

According to Lukyanets et al 29

naphthalocyanines can be
prepared by heating respective metal salts with
2,3—-dicyanonaphthalene in the stoichiometric ratio 1:4 in presence
of ammonium molybdate at 260-270 °C for 56 h.  Metal
naphthalocyanines of Cu, Mg, Zn, Al, Ga, Sn, VO, Mn, Fe, Co, Ni,

and Pd were synthesised by this method.ao'31

The reaction is usually carried out in an evacuated sealed
glass ampoule and in some cases under nitrogen atmosphere.
Table 1. presents a summary of reaction conditions which have been

reported.



Table 1. Reaction conditions for the preparation of

2,3—-naphthalocyanines. 19
Metal or Naphthalocya -{[Temp | Time | Ampoule
compound nine formed oC (min.) | pressure

(Torr)

Copper- CulNc 260-270y 60 0.02
Bronze
PbO PbNc 275 |30 0.02
V20s VONCc 280 |30 760(N>)
Mg MgNc 370 80 0.02

1.5. PURIFICATION OF METAL PHTHALOCYANINES AND

NAPHTHALOCYANINES

Earlier reports point to the difficulty of purifying metal

phthalocyanines.32 Phthalocyanines prepared by various methods may




be contaminated with unreacted materials such as phthalic
anhydride, urea, phthalimide or phthalonitrile. It may also
contain a number of oligomers. Purification procedures involved
are acid and alkali washing, solvent washing , soxhlet extraction,
rggeneration by concentrated HZSO4, chromatography and vacuum

sublimation.

Vacuum sublimation is the most facile method for purifying
metal phthalocyanines. Dent et al 32 have reported that
phthalocyanines sublime under vacuum slowly at 550 oC and rapidly

at 580 °C. Thin ftilms and very pure crystals of phthalocyanines

were prepared by this method.

Chemical purification method involves washing with 10X caustic
soda, 2 M HC], methanol and benzene respectively. The solid mass
so obtained is slurried in concentrated sulfuric acid, filtered and
dropped over ice. The precipitated phthalocyanine, which may
contain various oligomers, is washed with water and dried. 1t is

then soxhlet extracted with acetone, benzene or a suitable solvent.

The rare earth phthalocyanines are usually purified by
chromatography. After washing with dilute acid and alkali, rare
earth phthalocyanines are dissolved in DMF and passed over a column

of aluminium oxide. Methanol is used as the eluent. A saturated

10



solution of NH4C1 in 1:2 benzene-methanol mixture can also be used
for eluting the separated phthalocyanines. Sadak et al 28 have
purified Lu, Yb, Er, Dy, Gd, Eu, Nd, La diphthalocyanines by
soxhlet extraction using dichloromethane. The solvent extraction
method was used by Walton et a13 3 for the purification of Lu and Yb
diphthalocyanine. The required product was isolated from the
reaction mixture by extraction with chloroform. Evaporation of the

solvent gave a green powder which was carefully washed with organic

solvents like acetic anhydride, methanol and acetone.

According to Kaplan et allg naphthalocyanines formed from
2,3-dicyanonaphthalene yield only a single isomer whereas one
formed from 1,2-dicyanonaphthalene is a mixture of several
structural isomers that were difficult to separate and
characterize. Purification of 2,3-naphthalocyanine was
accomplished by exhaustive washing with halogénated hydrocarbon
solvents or sublimation of the more volatile impurities in vacuum.

Cu, Pb, VO and Mg naphthalocyanines were purified by this method.

1.6 POLYMORPHISM

Three polymorphic forms of phthalocyanines are known from the
X-ray diffraction si:udies.34-36 They are designated by «, f and 7.

Monocrystals of phthalocyanines in most cases are of the B type.

11



They are generally grown by sublimation under a stream of nitrogen

at a temperature of 400-500 °c.

Metal phthalocyanines form polycrystalline films of the a type
when evaporated under vacuum (10'-5 - 10-6 Torr) onto a substrate
maintained at room temperature. For example the crystallization of
CuPc to the « form occurs between 50 and 140 °C and this phase is
stable upto 207 0C where B form is formed. The a crystalline form
is directly obtained if the metal phthalocyanine is sublimed at a

pressure less than 50 Torr onto a substrate held at room

temperature.

Both solvent and melt methods of synthesis results in the «
form of metal phthalocyanine. Heating to 200 0C reconverts a form
to B form. The P form can revert to the « form by dissolution in
concentrated sulfuric acid followed by precipitation with water.

7 1

The third polymorph y-CuPc was first reported by Easter.
is obtained by stirring crude CuPc with sulfuric acid of less than
60% concentration. Salts of CuPc made by slurrying in nitrobenzene

and adding to a non-oxidising mineral acid followed by filtration

and hydrolysis of the filtered salts produces the y type crystal.

The crystal structure of naphthalocyanines in solid films has

12



not been determined in detail so far. An expected phase transition
in the crystalline film of naphthalocyanines has attracted much

interest for application to ODR ma’(;er‘ial.16

The problem of the
presence of various polymorphs of the naphthalocyanines must await

careful single crystal X-ray crystallographic analysis.

1.7 SPECTRAL CHARACTERISTICS

In metal phthalocyanines, ¢ coordination of nitrogen lone pair
directed towards centre of the ring occurs with the central metal
atoms to form in-plane © orbitals, Interaction of the metal
orbitals with nitrogen pr orbitals gives rise to
perpendicular-to-the-plane overlaps. The macrocyclic ligands is
clearly a donor of electrons to the metal. The m orbitals of the

ligands may act both as m donor or acceptor.

The absorption spectra of the metal phthalocyanines are
composed of two very intense bands in the 300-400 nm region (Soret

band) and in the 650-7T00 nm region (Q band).

In metal naphthalocyanines, the KX band occurs at about 80-100

nm on the higher wavelength side than that of the corresponding

38,39

phthalocyanine compounds. This can be explained by the

increased T-electron conjugation the naphthalocyanine ring.

Sublimed thin films of H,Nc, and CuNc show absorption bands at 800

2
and 785 nm respectively whereas the corresponding phthalocyanine

13



Hch has bands at 700 and 635 nm and CuPc has absorption maxima at

691, 680 and 626 (sh) nm.

Table 2. Absorption maxima of evaporated thin films of various

2,3-naphthalocyanines and metal free phthalocya.nines.19

Compound | Colour *max @m Absorptivity

CuNc green 712, sh785 1.1x105
VONCc green 846, sh 770 4.3x10°

PbNc green 846, sh 770 9.8x104

MgNc green 720, sh 788 1.3x10°
H:oNc green 715, sh 800 3.1x104
H,Pc blue 685, sh700 2.4x104
The lmax of naphthalocyanines in the solution phase is less

than that of thin films.*0

14



Infrared spectra of naphthalocyanine samples recorded in Csl

pellets show a very strong absorption line at 1085-1081 cm-1 which

may be attributed to ring breathing modes in the phthalocyanine

portion of the molecules. Other prominent peaks are the strong

1, the doublet centered near 875 cm_l and 730

-1

multiplets at 1360 cm

cm—1 respectively and the singlet at 470 cm
1.8 ELECTRICAL CHARACTERISTICS

The electrical conduction in phthalocyanines has been

extensively studied.‘“‘42

Phthalocyanines and naphthalocyanines
are intrinsic semiconductors and the current carriers are mobile =
electrons. The temperature dependence of conductivity follows the

Arrhenius relation

0 =0 exp (-Ea/2KkT)

where 0 = gpecific conductivity at temperature T in S cm-'1

0 = gpecific conductivity at infinite temperature

B o

activation energy

=
n

Boltzman constant

The activation energy Ea represents the energy needed to

15



liberate charge carriers from traps or to ionize levels within the
band gap. The electrical conductivity of naphthalocyanine is
higher than that of phthalocyanine because of the increased

n-electron conjugation due to additional benzoannulation.

1.9 TECHNOLOGICAL APPLICATIONS OF PHTHALOCYANINES AND

NAPHTHALOCYANINES

Ever since the discovery of phthalocyanines, a rich and varied
chemistry and technology has developed around these interesting
material. This can be very well understood from thousands of
patents and publications centered on phthalocyanines, and of late,
on naphthalocyanines. In the early years of their discovery, they
were mainly used as colourants in textiles, paints, printing inks
and plastic materials. The non colourant applications include
catalysis, analytical reagents, clinical diagnostic agents etc.
After 1960's they have attracted wide attention because of their
electrical, electronic, electrochemical, photovoltaic and
thermo—-optical applications. Of recent interest, in the burgeoning
world of computers and information storage these materials are used

as optical data recording media..43

The phthalocyanines assume importance in electroca.ta.lysis44

because they are structural and electronic analogues of porphyrins

16



whose electrochemistry is important in understanding electron
transfer processes in biological systems. The photoconductivities
and dark conductivities of phthalocyanines have been under
investigation for several years, as a result of the interest in
these materials for applications in photovoltaics,
electrophotography, diodes, laser printers, photoelectrochemical

. . . . . 45-49
devices, chemical sensors, and microelectronic devices.

Cobalt(I1) tetrasulphophthalocyanine (CoTSP) can be covalently
bound to the surface of titanium dioxide particles. A reversible
photochemical reduction of Co(IIDTSP to Co(I)TSP is obtained when
irradiated with light having energy exceeding the band gap energy
of TiO2 in presence of dioxygen. The photochemical stability and
higher quantum yields of O2 reduction makes these newly developed
material applicable as a potent and stable oxidation catalyst. The
advantages of this process is the simultaneous formation of
dihydrogen and dioxygen from water. An overall transfer of
conduction band electrons e CB and valence band holes h+VB is
necessary for the direct storage of solar energy in the form of

chemical energy.

2H,0 + 2 CB —m ————» H(8) + 20H (aq) cathodic

20,0 + 4h'vB —04 7 — 0,08 + 48%(aq) anodic

17



Cobalt tetrasulfophthalocyanine acts as an efficient electron
relay to compete with the e-/h+ recombination and thus achieve

reasonable quantum yields.

Electrochromic effect is the production of a colour change in
materials localised at an electrode surface by faradaic reaction.
Diphthalocyanine complexes of rare earth elements are of interest

S0-54  ,  lutetium

in view of their electrochromic properties.
diphthalocyanine film exhibits four colour transitions: violet,
blue, green and yellowish red when it is exposed to an electrolyte

and the applied voltage is varied between %1.5 V.55-57

In electrophotography electrically conductive substances are
coated with photoconductive layers made up of phthalocyanine

deposited in a binder resin.58'59

Electrophotographic receptors may
comprise of a photosensitive layer containing titanyl
naphthalocyanine. These photoreceptors show good sensitivity

towards long wavelength light from semiconductor la.sers.60

Photodynamic therapy is a promising tool for the treatment of
neoplastic diseases. 2,3-Naphthalocyanine satisfies several
criteria for a photosensitizing agent. A photosensitizing agent
should be in the spectral region where absorption by haemoglobin

and other tissue absorbers and scattering by melanine and other

18



tissue scatterers are minimal. In addition it should be well
matched by the output spectrum of a readily available laser beam
and should be intense. The photosensitizing agent should have the
necessary photophysical characteristics such as chemical stability
and nontoxicity in the absence of light. It should also localise
preferentially in target tissues and clear promptly from all
tissues after it has served its function. 2,3-Metal
naphthalocyanine complexes absorb light in the near-ir spectral
region (750-850 nm) where tissue penetration is optimal and they
have been suggested as strong candidates as photosensitizers in

photodynamic therapy.s 1-69

Sulfonated derivatives of chloroaluminium and zinc 2,3
naphthalocyanines with various degrees of sulfonation were prepared

by Firey et al 62

and their cellullar uptake, aggregation in
cellular environments, cytotoxicity and photosensitizing properties
were studied. Most of these are taken up by cells to satisfactory
degrees and are not cytotoxic at the concentrations used. Among
the samples studied only the least sulfonated samples of Zinc
naphthalocyanine produced some phototoxic effect. Firey et al 63
have also found that silicon naphthalocyanine derivatives are

relevant materials to the search for the second generation

photodynamic therapy of cancer,

19
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CHAPTER I

EXPERIMENTAL

Abstract

This chapter discusses the experimental techniques
employed in these studies. The procedures for the synthesis of
metal free naphthalocyanine [Hch] vanadyl naphthalocyanine [VONcl,
zinc naphthalocyanine [ZnNc], europium dinaphthalocyanine [Eu(Pc)Zl,
and europium diphthalocyanine [Eu(Pc)Zl and their purification are
also presented. The compounds were characterized by elemental
analysis and uv-vis and ir spectra. Since the compounds have
already been reported, only the qualitative characterization is

presented.
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2.1 INTRODUCTION

Only very few test tube reactions were carried out by Linstead
and co—workersl during the early days of the discovery of
2,3-naphthalocyanine probably due to the scarcity of the starting
material 2,3-dicyanonaphthalene. Most of their studies were
concentrated on 1,2-naphthalocyanines, a more accessible material.
1,2-Naphthalocyanine so obtained was a mixture of several isomers
that were difficult to separate. However, in recent years most of

the work is concentrated on 2,3-naphthalocyanine because of its

better properties for applications. 2,3-Naphthalocyanine
synthesized contains only a single isomer.2 Generally
2.3-naphthalocyaninés are synthesized by heating

2,3-dicyanonaphthalene with the appropriate metal or metal compound.
The reaction is carried out in a sealed, evacuated tube after

flushing with nitrogen.

Purification of the product has been accomplished by exhaustive
soxhlet extraction with suitable solvents followed by vacuum
sublimation. 2,3-Naphthalocyanines are not amenable to
recrystallization from common solvents and in the pre;ent study they

were used after purification by liquid chromatography
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2.2 SYNTHESIS AND PURIFICATION

2.2.1 Metal free naphthalocyanine (Hch)

Metal free naphthalocyanine was prepared from magnesium
naphthalocyanine which, in turn, was prepared from magnesium powder
and 2,3-dicyanonaphthalene(2,3-DCN). In a typical preparation 0.2 g
of magnesium powder and 2.0 g of DCN were ground together to form an
intimate mixture. The mixture was sealed in a nitrogen flushed
thick walled glass ampoule and heated at 37OOC for 80 minutes. The
crude magnesium naphthalocyanine so obtained was washed with acetone
and ethanol and then dissolved in oon.HzSO4 and poured over ice to
precipitate metal free naphthalocyanine.

Hch so obtained was purified by exhaustively extracted with

acetone in a micro soxhlet extractor and dried at 1OOOC in vacuum.

2.2.2 Vanadyl naphthalocyanine (VONc)

A mixture of 0.1 g of V205 and 0.2 g of 2,3-DCN was heated to

SOOOC in an evacuated glass ampoule for 45 min. VONc so formed was
stirred with dil.HCl for 24h to dissolve unreacted V205. Then it
was soxhlet extracted with acetone and dried at 1200C in vacuum.
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2,2.3 Zinc naphthalocyanine (ZnNc)

Anhydrous zinc acetate and 2,3-DCN were mixed in the weight
ratio 1:4 in an evacuated glass tube after flushing with nitrogen.
The mixture was heated to 2500C for 2 h in a furnace. ZnNc formed
was powdered and stirred with dil.HCl to dissolve unreacted zinc
acetate. Then it was soxhlet extracted with ethanol and acetone

and dried in vacuum at IOOOC for 2 h.

2.2.4 Europium dinaphthalocyanine [Eu(Nc)zl

A mixture of 0.14 g of anhydrous europium acetate and 0.68 g of
2,3-DCN were heated to 2500C for 2h in a nitrogen flushed evacuated
glass tube. Eu(Nc)2 thus synthesized was dissolved in DMF and
column chromatographed over neutral alumina using DMF as eluent.

DMF was evaporated off and Eu(Nc)2 was dried at 130°C in vacuo

for 4 h.

2.2.5 Europium diphthalocyanine [Eu(Pc)zl

Anhydrous europium acetate and phthalonitrile were mixed in the
stoichiometric ratio 1:8 and heated to 2800C in a nitrogen
atmosphere for 2 h. The product was column chromatographed over

neutral alumina using DMF as eluent.
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2.3 DOPING OF SAMPLES WITH IODINE

The naphthalocyanines and phthalocyanines were doped with
iodine in the solution phase. Resublimed iodine was used for the
doping of samples. Finely powdered sample (0.2g) was stirred with a
50 ml. of saturated solution of iodine in dry carbon tetrachloride
for 24 h. Then it was filtered and washed several times with carbon
tetrachloride till the [filtrate was completely free from iodine.
The doped samples were dried in a desicator and stored in stoppered

glass bottles.

Iodine from the doped sample was extracted by the oxygen flask
method using platinum as catalyst. The oxidation product was
collected by shaking with 20 ml. of 2 M potassium hydroxide. The
sample was transferred to standard flask. Aliquots were withdrawn
and acidifeid using sulfuric acid. The iodide was determined by its
ability to catalyze the reduction of ceric ions by arsenious acid.
The rate of reaction is proportional to the amount of iodide
present. The reaction was stopped at specific time intervals by the
addition of ferrous ammonium sulfate. The ferric ion concentration
was measured spectrophotometrically using potassium thiocyanate as

reagent.
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2.4 CHARACTERIZATION

2.4.1 Absorption Spectra

The uv-vis absorption spectrum of metal free naphthalocyanine
was recorded in 90% sulfuric acid. For the other materials the
spectra was recorded in DMF solutions using a Shimadzu uv-vis

spectrophotometer UV-160A.

The uv-vis spectral characteristics of different samples are

given in Table 2.1.

Table 2.1 UvV-VIS spectral characteristics of different

naphthalocyanines and europium diphthalocyanine

Sample Observed A__ (nm) Reported A_,_(nm) Reference
H,Nc 762 756 2
VONc 797 820 2
ZnNc 784 780 3
Eu(Nc), 763 766 4
Eu(Pc), 626 629 5
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The slight variations in the observed lmax probably arise out

of the effect of solvent.
2.4,2 Infrared Spectra

The ir spectrum of the samples were recorded using FTIR
Spectrophotometer (DR-8001, Shimadzu) in KBr pellets. The main ir

absorption peaks are given in Table 2.2.

Table 2.2 IR absorption peaks of naphthalocyanines and europium

diphthalocyanine

Samples Infrared Spectra
*max cm -1

ZnNc 1335, 1095m, 1026, 752
VONCc 1370, 1088, 1026, 756
H>Nce 1385, 1091, 1028, 887, 754
Eu(Nc): 1387, 1089, 1024, 889, 754
Eu(Pc)2 1385, 1016, 432
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In naphthalocyanines, a strong line at 1085-1095 cm_1 can be
assigned to the in-plane naphthalocyanine ring vibration due to
conjugated C-C and C-N stretching. The peak at 1385 cm_1 is also
due to C-C and C-N stretching vibrations in the macrocyclic ring.
The band at 1024-1028 cm_1 may be due to the in plane C-H
vibrations. The peak at 887-889 cm-1 are assigned to out-of-plane

C-H bending vibrations in naphthalene rings. The peak at 752-754

cm—1 is also due to out-of-plane C-H bending vibrations.

In the case of europium dinaphthalocyanine, the peak at 1385
c:m—1 is due to the C-C and C-N stretching vibrations. The in plane
C-H vibrations of the macrocyclic ring may be the cause of 1016 cm_1

band.

The ir spectra are in good agreement with those reported

earlier.
2.5 EFFECT OF DOPING

The doping procedure was carried out as described in section
2.3. This procedure avoids any possibility of retaining adsorbed
iodine on the material. The preheating in vacuum further confirms
the absence of any loosely bound iodine on the solid surface. The

stoichiometry of the doped forms is presented in Table 3.1
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Table 3.1 Stoichiometiry of doped samples

Compound Stoichiometry of doped form
H Nc HNcl
VONc VONc [,
ZnNc ZnNcl
Eu(Nc), Eu(No) L,
Eu(Pc)2 Eu(Pc), 1,
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3.1 INTRODUCTION

The prerequisites for organic semiconductors to exhibit
electrical conductivity are an ordered conjugated structure with
extended n-electrons and a large carrier concentration. The
fundamental processes of charge carrier formation and migration in
model macrocyclic metal complexes like metal phthalocyanines and
naphthalocyanines are important to understand the mechanism of
electron transfer in biological systems. Extensive research into
the semiconductor properties of metal porphyrins, phthalocyanines,

chlorophyll and their analogues has been conducted by Va.r'tanya.n.l-4

The electrical conductivity of phthalocyanines and
naphthalocyanines can be improved by doping them with dopants like
iodine.5 In the chemical sense, they can be considered as salts
formed by their organic precursors and small molecules of inorganic
oxidants. They are said to be "organic metals" which represent a
group of charge-transfer complexes. When a charge~transfer complex
is formed, electrons are transferred from the donor organic
precursor to the acceptor compound. In the crystal of an "organic
metal” the flat organic molecules are partially oxidized and form
stacked arrays whereas small inorganic anions occupy the cavities

between the bulky molecular array.
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In the quasi-one-dimensional picture, each donor molecule
supplies its highest occupied molecular orbital (HOMO) to form a
one-dimensional band and the parameters of one electron hopping
between the HOMOs of the two adjacent molecules in the stack is
directly related to the bandwidth. In the process of crystal
formation some part of electrons moves to the acceptor molecule and
each donor unit acquires an average positive charge. In the case
of iodine doped phthalocyanines (MPcI), the iodine atoms form the
linear 13_ anions in the channel between the MPc stacks. Each I;

unit captures one electron fron the donor stack and the average

charge of a molecule is 1/3.6

The stoichiometry of the charge
transfer complex, in fact, depends on the method of its
preparation. However iodine-doped phthalocyanine HZPcI illustrates
conclusively that a central metal ion is not required for high

electrical conductivity.7

Bufler et al 8 have described the electronic structure of rare

earth based phthalocyanine dimers with LuPc, as a typical example.

2
In these narrow-band semiconductors the two Pc rings are separated
by 0.3 nm with a central metal ion (M3+). The charge of the
central metal ion is compensated by one or two electrons from the
macrocyclic ring. The n-electrons of the aromatic system mainly

govern the electronic properties of the material. The macrocyclic

ligand consists of four isoindole groups joined by aza groups. The
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orbitals of the central metal atom do not contribute to the
electrical properties of the system because they are energetically
well below the highest occupied molecular orbital (HOMO) of the
aromatic system.9 The molecule can be individually oxidised and
reduced due to the radical nature of LuPcZ. The anions and cations

formed during the charge transfer reaction are responsible for the

electrical conductivity.

The temperature dependence of electrical conductivity can be

expressed by the Arrhenius relationship,

o = o exp(-Ea/2kT)

where

o 1

specific conductivity at temperature T expressed in S cm

0 _ - specific conductivity at infinite temperature

£ o

activation energy for conduction

k - Boltzmann constant.

The activation energy Ea, the most important characteristic of
an organic semiconductor determines the minimum energy required to

10,1t The methods of

produce a charge carrier in the solid matrix.
sample preparation and purification affect Ea. This can be well

understood from the fact that the value for Ea for Hch reported by
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different investigators using samples prepared by different
methods. The value varies from 1.7 eV for single crystals and
vacuum deposited thin layer to 0.9 eV for a thick layer deposited
by smearing on a quartz substmte.12 The difference in the value
of Ea is due to the different intermolecular and crystalline
interactions. Hence it is necessary to prepare samples under

identical condition for the evaluation of conduction parameters.

Scanning through the literature it is seen that the electrical
properties of 2,3-naphthalocyanines have received only scant
attention. Some very sketchy data has been published for
1,2-naphthalocyanines.13 The activation energy for conductivity in
1,2-CuNc is reported as 0.72 eV. Also Wachawek &t aIl 4 reported
the sensitivity of conductivity of 1,2-Ncs to the surrounding
atmosphere. A study of the conductivity of amorphous 1,2-CuNc

grown directly on brass substrate was published by Gudkov et .a.l.15

Shimura et al 16

have reported the activation energy of
carrier formation in MgNc thin films deposited on glass plates to
be 0.30 eV. They have shown that carrier mobility of MgNc thin
films after heat treatment increases substantially. Deger et a117
have compared the room temperature dc conductivity of 2,3-FeNc and
FePc and showed that 2,3-FeNc has electrical conductivity four

orders of magnitude greater than that of FePc.
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3.2 EXPERIMENTAL

3.2.1 Electrical conductivity measurements

The electrical conductivity measurements were carried out in
an electromagnetically shielded cell described in Figure 3.1.
Finely powdered samples were pressed at 3000 kg/cm2 to form pellets
of 5 mm diameter and about 2 mm thickness. These pellets were used

for electrical conductivity measurement.

3.2.2 Fabrication of shielded cell for electrical

conductivity measurements

A schematic diagram of the variable temperature cell used for
the study of electrical properties of solid samples is shown in
Figure 3.1. This cell was fabricated incorporating the desirable

features of the cell reported in literad:ure.m"21

A unique feature
of this design is that the cell can be used for programmed
temperature from 80 K to 450 K without disrupting the vacuum. Also
the cell can be used for measuring electrical conductivity and

dielectric constant. Provisions were also incorporated for

studying photoconductivity of the samples.
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Fig.3.1 Schematic diagram of the variable temperature cell used

for the measurement of electrical properties of solids. .
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The cell consists of an MS cylinder whose ends are permanently
fixed with MS flanges. For vacuum sealing, these flanges are
provided with O-ring grooves. This chamber is sealed by top and
bottom covers using neoprene O-rings. The top cover is provided
with six insulated leads. These leads are connected to the
conductivity electrodes, thermocouple and dc power supply for
heating element. Four window ports were provided to the chamber
for the following uses: (i) for coupling with rotary pump for
evacuating the chamber (@{i) for carrying out photoconductive
experiments (iii) to visually inspect the specimen for any change

during heating.

The sample holder consists of a cylindrical copper block, one
end of which is shaped as a rectangle. The cylindrical end is bored
to a depth such that the rectangular block holding the electrodes
is 4 mm below the end of the bore. A dc heating element is
accommodated at the end of the rectangular block. At the centre of
the rectangular block is a teflon-insulated circular gold coated
copper electrode of 12 mm diameter. Another movable copper block
of the same dimension fixed with teflon-insulated gold plated
copper electrode of the same diameter serves as the second
electrode. The second electrode is screwed on to the rectangular

block such that the axes of the two circular electrodes are
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perfectly aligned, and are kept under tension using springs. A
thermocouple well is provided in the fixed block and the
thermocouple is inserted through a ceramic insulator. The tip of
the thermocouple is placed very close to the electrode so that the
temperature of the sample can be monitored with a fair degree of
fidelity. The top end of the copper cylinder is silver brazed to a
SS tube of the same diameter. This SS tube is permanently fixed to
an MS flange. This cold finger assembly is inserted through the
top plate of the cell and is fixed on to this plate using an
O-ring and tightened with allen screws. The length of the SS tube
is adjusted such that the geometrical centre of the copper
electrode is in a line with the axis of the windows. The
electrical connections for thermocouples, heaters, and the
electrodes are made through teflon-insulated connectors provided

through the top plate.

The major advantages of the cell design are:

1. The cell can be used to measure electrical conductivity of the
samples in the temperature range 80 XK to 500 K without

disrupting the vacuum within the cell.

2. The cell can be used to measure photoconductivity of samples

just by changing the electrode configuration.
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3. The liquid nitrogen needed for measurement is small for a
single cycle operation.

4, The cell can be used for measurement up to 10"4 Torr,

5. DC heating facility minimizes noise from the heating coils,
and the outer metal cylinder which is earthed acts as a shield

for electromagnetic waves.

3.2.3 Electrical circuit

The sample was mounted between the electrodes in the ce'l.
For the resistance measurement mode, the two terminals were
connected to an electrometer (Kiethly Model 617). The built-in
potential source of the electrometer was connected in series in the

1SA could

circuit. Using this electrometer, current as low as 10
be measured. The terminals of the thermocouple were connected to a
digital multimeter with readability of 10 uVv. Heating of the
sample was controlled by a dc power supply. The heating programme

was calibrated using dummy samples and the programme was controlled

manually.

The ac conductivity measurements were carried out using an
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impedence analyser (Hewlett-Packard 4192 A LF Impedence analyser).
The sample was mounted in the cell and the sample leads were
connected to the impedence analyser assuming that the resistance of
the leads are negligible. An exciting input of suitable frequency
and amplitude was applied between the electrodes and the impedence
was directly measured. The ac conductivity was evaluated from the

relationship

1 d
c’ac I X A
where I is the impedence, d is the thickness of the sample and A is

the area of the sample in contact with the electrode.

All measurements were made with the sample in a dynamic vacuum
unless otherwise specified. The measurements were repeated several

times to ensure reproducibility.
3.3 DC CONDUCTIVITY STUDIES

Among the electrical properties of materials the parameter
which can be easily evaluated is the dc conductivity. Using an
electrometer and a shielded cell the dc conductivity can be
measured in a wide range. The phase transitions of samples can

also be identified from the temperature dependent dc conductivity
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studies.

The rate of flow of carriers across the sample in applied dc
field is represented by the dc conductivity. The flow of carriers
across the sample, in turn, depends on the mobility of carriers and
the density of states associated with conduction. The temperature

dependance of dc conductivity is given by the Arrhenius equation,

odc(T) = ooexp(—Ea/ZkT)

From the above equation it can be seen that plot of dc
conductivity versus inverse of temperature is linear and with a
slope equal to Ea/2k. A linear dependence is obtained in the case
of samples in the crystalline phase whereas the dependence of ¢ do
on temperature assumes a different format for a disordered sample.

Thus from the nature of dependence of dc conductivity on

temperature, the mechanism of conduction of the sample can be

delineated.
Kaplan et al 22 have measured the room temperature dc
conductivity of Hch, PbNc and VONc compressed pellets. All

naphthalocyanines reported exhibit semiconducting behavior. A

considerable decrease in the resistivity of H,Nc compared to PbNc

2

and VONc was observed in their experiments. The low resistivity of
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Hch was accounted by the method by which HZ

They have observed that when an additional dopant is added to H

Nc was synthesized.
ch,
the resistivity does not decrease but increased by a factor of 10.
They doped the samples using bromine vapour. The resistivities of
PbNc and VONc decreased on doping with bromine by about an order of
magnitude.

Pressed pellets of H,Nc, VONc, ZnNc, Eu(Nc)z, and Eu(Pc)2

2
both pristine and iodine doped samples were selected for dc
conductivity studies. Logarithm of dc and ac conductivity as a
function of temperature of the above samples are shown in Figures
3.2 to 3.17. Every sample studied was heated to 370 K and cooled
to ambient temperature before the start of measurement to avoid the
interference of moisture and adsorbed oxygen. It is seen that in
most cases, iodine doping of phthalocyanines and naphthalocyanines
increases the conductivity. The presence of any adsorbed iodine in

doped samples is ruled out since the conductivities were measured

after annealing the sample to 370 K in vacuum.

A number of reports have been published regarding the

mechanism of conduction in phthalocyanine samples doped with

iodine.za_25 Iodine is an advantageous oxidant for planar organic

molecules because of the high stability of I3 in nonpolar

environments and because of the ability of 13 to accommodate
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itself to channels in one-dimensional la.'(:'(:ices.zs’27

According to
Equation 3.1, a divalent metal complex would produce a trivalent
metal ion if I were produced, but a nonintegral oxidation state if
all sites in the material were crystallographically similar and if

only I, were formed, eg. (LM)(I:;)I/3 where M has a formal

3
oxidation state of 2.33.

(LM  + 1/2 nI2 —_— (LM)(I)n — @QG.1D

It is possible to create nonintegral oxidation state in
naphthalocyanine and phthalocyanine using iodine as oxidant. The
dopant iodine forms a charge-transfer complex with these compounds.
Most of the reports suggest stacks of MPc'.'X cations and parallel
chains of disordered I, counter ions.

3

MPc + 1/2 nI2 —_— MPC(I)n’
3.4 AC CONDUCTIVITY

In dc conductivity studies, only the net charge which
traverses the entire sample is measured, whereas in ac conductivity
measurements, the electrical conductivity is measured as a function
of an alternating field. The changes in the character of the

material affecting its polarizability are also reflected in ac
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conductivity results.

3.5 RESULTS AND DISCUSSION

In accordance with the observation of Kaplan et a1,22 the

conductivity of H_Nc is significantly higher than that of metal

2

naphthalocyanines. This difference in conductivity of H,Nc may be

2
due. to the method by which it was pl'epm'ed.22 The H,Nc sample was

2
prepared from MgNc which, in turn, was synthesized from
2,3-dicyanonaphthalene. MgNc was dissolved in concentrated
sulfuric acid and poured over ice to precipitate H2Nc. Some
oxidation might have occurred during this step and such species
contaminate the product acting as an impurity dopant and can modify
the electrical conductivity.

The temperature dependence of ¢ c from 100 K to 450 K for the

d

metal free and iodine doped metal free naphthalocyanine are
depicted in Figure 3.2. Both the samples show only a very weak
temperature dependence upto about 200 K. Such weak temperature

dependence of o© is characteristic of a mechanism involving

dc
hopping of charge carriers in a manifold of states at the Fermi

level.28'29

Above that temperature the samples obey Arrhenius
relation. The activation energy evaluated are 0.14 eV and 0.1 eV

for pristine and doped samples respectively.
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Kaplan et al have reported that the conductivity of
bromine-doped samples decreases by an order of magnitude. This
difference may be due to the difference in the extent of oxidation
that takes place during doping of the sample. Also bromine may
bring about a partial substitution on the aromatic ring. Such ring

substituted H,Nc is likely to show a lower conductivity.

2

The temperature dependence of oa.c for Hch and HchI at
selected frequencies are shown in Figures 3.3 and 3.4. Measurement
of oa.c could not be made at lower frequencies probably due to high

dc conductivity.so

The aa.c measurements were carried out only
above 300 K since noticeable dependence was observed only at that
temperature. The temperature as well as frequency dependence of oac
does not help to distinguish the conventional mechanisms that have
been put forward for explaining the conduction in

quasi-one—-dimensional systems like polyacetylene. Probably a

combination of hopping mechanism prevails.

Iodine-doped samples show higher conductivity than the
pristine samples. The mobility of the charge carriers becomes
activated when the temperature exceeds the phonon temperature
characteristic of the highest energy phonons with which the

electronic states interact appreciably.
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The Arrhenius plot for the temperature dependence of ¢ de for
VONc and iodine-doped VONc are represented in Figure 3.5. In the
pristine sample temperature dependence is very weak below about 300
K. Above that temperature the behaviour is in accordance with
Arrhenius equation and the transition around this temperature
points to a change in mechanism of conduction. The increase in
conductivity at higher temperature may be due to the increase in
carrier density with increase in thermal energy. The behaviour of
iodine-doped VONc indicates that considerable change has occurred
in the electronic environment of the molecule as a result of
doping. This is confirmed by the change in activation energy from

0.1 eV to 0.05 eV.

The temperature dependence of oac for pristine and
iodine-doped VONc are given in Figures 3.6 and 3.7. In VONc log
oacversus log T, approaches a straight line especially at higher
temperature indicating a thermally activated hopping in the band
tails. Its frequency dependence is also empirically in conformity

with the mechanism which may be be given by the expression31

- S =
O = f° T exp (-Ea/kT)
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The nonconformity with such a mechanism is evident for

pristine sample.

The frequency and temperature dependence of conductivity
suggests a mechanism involving excitation of charge carriers from
localized states in the gap into localized states in the conduction
band edge, with substantial hopping among their localized band
states. oac of iodine-doped VONc at different temperatures shows
that the conductivity at higher frequency is larger than the dc
conductivity as expected. This is due to the presence of
anomalously large number of sites between which electrons can hop

at a greater rate.29

The Arrhenius plot for the dc conductivity of ZnNc and
iodine—-doped ZnNc are presented in the Figure 3.8. The
conductivity is enhanced upon doping and the activation energy is

also lower in the doped sample.

The temperature dependence of ac conductivity at three
different frequencies for ZnNc and ZnNcI shown in Figures 3.9 and
3.10 are characterized by certain features not observed in other
naphthalocyanines. In pristine ZnNc température dependence of low
frequency conductivity shows a broad peak which disappears

progressively at higher frequencies. For a polymer such a band is
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usually characteristic of a relaxation phenomenon.32 That means
there is some disorder in the conformations of the
quasi—-one—-dimensional molecule which is progressively relaxed upon
increasing the temperature. It is likely that as in
phthalocyanines the electrical conductivity in pristine
naphthalocyanine is associated with thermal or optical excitation
of mobile m-electrons from the valence band containing the highest
occupied molecular orbital to the conduction band containing the

lowest unoccupied molecular orbi’t.al.33’34

In doped samples, the relaxation peak disappears indicating
that doping has induced not only change in the electronic state,
but also a concomitant reorganization of the conformation of the
molecule. However the temperature dependence does not fit into the

conventional equation describing various modes of hopping.

For a substance to show good conductivity the metal and ligand
should be arranged in close communication and 1in similar
crystallographic and electronic environment S0 that an
energetically flat extended pathway exists for electronic charge
movemen1:.35 Also the metal-ligand complex must adopt a "partial
oxidation state"”. By analogy with other MNcs reported it is
reasonable to think that in iodine-doped ZnNc, there are stacks of

ZnNc units and parallel chains of I3 counterions with a disorder
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among the latter chains. The partial oxidation of the molecular
stack enhances the charge mobility and hence the electrical
conductivity is much higher in doped samples.

The temperature dependence of o for pristine and doped

dc
Eu(Nc)2 is shown in Figure 3.11. Eu(Nc)2 shows a higher electrical
conductivity than the monophthalocyanines studied because of the
increased number of conjugated n—-electrons in the
dinaphthalocyanine ring. Even at low temperature, there is a
temperature dependence which becomes considerable at higher
temperature. In the doped sample, the conductivity is enhanced,
but the order of increase is much less compared to other
naphthalocyanines. In order to compliment this information the dc

conductivity was plotted in the temperature range 300 K to 420 K

(Figure 3.12).

The temperature dependence of ac conductivity is not linear,
but depends on frequency as well as temperature (Figures 3.13 and
3.14). This indicates a nonspecific thermally activated hopping
process. The flattened 'S’ shaped temperature dependence curve
becomes almost straightened for the iodinated sample. This also
points to the fact that the electronic state in the material has

been modified by doping.
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The temperature dependence of aac may also be due to the
thermal activation of charge carriers from localized states in the
gap to localized states in the valence or conduction band.31 At
higher frequency (1 MHz) there is not much temperature dependence

of conductivity. This effect is not observed in any of the

mononaphthalocyanines.

The Arrhenius plots for the temperature dependence of odc for
pristine and iodine-doped Eu(Pc)2 are shown in Figure 3.15.
Thermally activated mechanism becomes very prominent at higher

temperature, the activation energies in the two temperature ranges

for these samples are given in Table 3.1.

Table 3.1 Activation energies for pristine and iodine-doped

europium diphthalocyanine

Samples Temperature | Ea (eV)
Range (K)

Eu(Pc)2 210-330 0.12
350-500 0.21

Eu(Pc)2l 230-320 0.10
330-420 0.19
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The diphthalocyanir_xe shows conductivity nearly three orders of
magnitude lower than that of dinaphthalocyanine. This may be due

to the lower m-electron conjugation in diphthalocyanine ring.

The ac conductivity of IE‘.u(Pc)2 has a moderate temperature
dependence especially in the lower frequency range upon doping.
(Figures 3.16 and 3.17) This pattern changes rapidly and looses its
temperature dependence. At the same time, the conductivity has
dependence on frequency. This behaviour is very typical of a
composite of metal and insulator. The nature of this
metal-insulator form is peculiar to Eu(Pc)2 alone compared to

other MPcs reported in the literature.
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CHAPTER IV

PHOTOACOUSTIC STUDIES ON METAL PHTHALOCYANINES AND
NAPHTHALOCYANINES

Abstract

Photoacoustic technique is a recently evolved
non—-destructive method for probing the thermal properties of the
materials. Naphthalocyanines which absorb in the near-ir region
have been projected as useful materials for optical data recording.
In this context, the thermal diffusivity of these materials is an
important engineering property. The thermal diffusivity of
naphthalocyanines and phthalocyanines were evaluated by
photoacoustic technique and the details are presented in this

chapter.
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4.1 INTRODUCTION

In order to overcome the limitations of conventional optical
methods for the study of optically opaque and weakly absorbing
materials, a number of novel optical techniques have been developed
during the past few years. Photoacoustic spectroscopy (PAS) and
Optical Beam Deflection (OBD) techniques are two such versatile
techniques. The fundamental difference between these methods and
conventional techniques is that, the interaction of the radiation
with the material is evaluated not by the subsequent detection and
analysis of the probe beam, but by a direct measure of the energy
absorbed by the material and its transduction. These techniques
are advantageous in the investigation of metal phthalocyanines and
naphthalocyanines which have high optical absorptivity and are

insoluble in most of the common organic solvents.

The photoacoustic (PA) signal can be generated either by
direct or by indirect methods.l_5 The acoustic waves are produced
in the sample itself for direct PA generation and they are
transfered to the coupling medium adjacent to the sample for
indirect PA generation. This may be by heat leakage and/or
acoustic transmission from the sample. The photoacoustic
generatiori is achieved by continuous wave (CW) mode where the

excitation beam is modulated and the signal is analyzed in the
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frequency domain i.e., the measurement of amplitude and phase of

that signal.

For photoacoustic measurement, the sample is placed in a
closed cell or chamber. The solid sample occupies only a small
region of the chamber and the remaining region is filled with a non
absorbing gas such as air. A sensitive microphone is placed inside
the chamber to detect even small pressure variation inside the
chamber. A chopped monochromatic radiation is used to illuminate

the sample to be studied.

The sample absorbs the incident radiation and the internal
energy levels within the sample are excited. On de-excitation, all
or part of the absorbed energy is converted into heat energy
through nonradiative de—-excitation process. The heat energy
appears as kinetic energy in the case of gas molecules while it
appears as vibrational energy of ions in solids. The heat
generated within the sample will be modulated as a result of the
modulation of incident radiation. The periodic heating of the
sample due to the absorption of optical energy results in a
periodic heat flow from the sample to the coupling gas. Hence
pressure and volume changes are produced in the gas which drive the

microphone.
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The advantages of PAS is that the PA signal is generated only
after the absorption of optical signal, the light that is
transmitted or elastically scattered by the sample does not
interfere with PA measurements. Added advantage of this technique
is that the absorption spectra of optically opaque samples are
obtained since the method does not depend on the detection of
radiation. The PA effect results from a radiationless energy
conversion process and is therefore complementary to radiative and

photochemical processes.s—1 1

4.2 THEORY

4.2.1 Photoacoustic technique

According to the one dimensional model of Rosencwaig and
Gersho,l’3 the pressure variation 8P at the front surface of an
optically thick sample irradiated with a chopped beam of
monochromatic radiation depends on the thermal diffusivity as of

the sample. The theoretical expression of SP may be written as

SP=XY (4.1)
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In the above relation

+ - + -
x:1+g_21+_h_ .__h_+_.ul:+g _1_2
h +h h -h ) osls

4.2)
where
+
h = exp (Os ls)
h =exp - (0 1)
s 8 1/2

os=(1+J) (rrf/as) 4.3
g = %o _ Kp (ag / ab)l/z, the ratio between the

e k

] ]

1/2
= (K
effusivities [e- ( pC)] of the backing (eb) and the sample (es)
and
P, ¥ W, 12 (ag)l/z
Y = —(4.4)
1/2
21 g To k s (as)

Here 1, k, p and C are length in cm, thermal conductivity in
cal g s"l K-l, mass density in g cm_a. specific heat capacity in
cal g_l K_l, and the subscripts g, s and b refer to the gas (air),
sample and backing material respectively. Po and To are the

ambient pressure and temperature of the gas, ¥ is the specific heat
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ratio for air, Wa is the absorbed power of light. The term X
depends on the modulation frequency f through the product os ls’
which can be written as

1/2
o ls=(1+J)(1Tf/fc)

s

where the characteristic frequency fc is obtained from equations
4.3 and 4.5 as fc = as/lsz. The fc can be found out by plotting
log A against log f where A is the amplitude of the PA signal
(which is directly proportional to 6P). When chopping frequency f

becomes equal to fc a change in slope occurs in the above plot.
4.2.2 Thermal diffusivity

Thermal diffusivity is important as it determines the rate of
periodic or transient heat propagation through a medium. The
thermal diffusivity requires the measurement of the time for a
thermal disturbance to propagate through a known distance in the
medium.

Transient heat flow met.hod12 and periodic heat flow method13
are the two techniques which are commonly used to determine the
thermal diffusivities. An addition or removal of thermal energy

from the sample induces a transitory temperature change and thermal
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diffusivity is determined by measuring temperature as a function of
time at one or more points along the sample in the transitory heat
flow method. In the periodic heat flow method, the thermal energy
supplied to the sample is modulated at a fixed period. Hence the
temperature at all points in the sample vary with the same period
and thermal diffusivity is determined from the measurement of
amplitude and phase of thermal wave in the sample. The

photoacoustic technique belongs to the periodic heat flow method.

Thermal diffusivity is related to the thermal conductivity by

the relationship

K
a = 5o
where a - thermal diffusivity (cmzs-l)

K - thermal conductivity {(cal cm-ls—lK-l)
p - density (g cm-s)

c - specific heat capacity (cal g-lK—l)
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4.3 EXPERIMENTAL

4.3.1 Sample preparation

For thermal diffusivity measurements, the naphthalocyanine and
phthalocyanine samples were finely powdered and pressed (2000 kg
cm—z) to pellets of diameter 5 mm and thickness 0.5 mm to 0.8 mm.
The naphthalocyanine and phthalocyanine samples of appropriate
thickness were taken for the measurement so that the characteristic
frequency at which a transition from thermally thin to thermally
thick regime take place at that thickness as the chopping frequency

is varied from 20 Hz to 100 Hz.

4.3.2 Experimental set-up

The essential requirements of a PA measurements are a
radiation source, frequency modulator, PA cell consisting of the
sample holders and acoustic transducer and a signal processing

unit.

The schematic diagram of the experimental set-up used for PA
measurement is shown in the Figure 4.1. It consists of (i) a pump
source (ii) an electromechanical chopper (iii) PA cell and (iv) a

lock-in amplifier.
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Fig.4.1’ Schematic diagram of the experimental set-up used for

photoacoustic measurement.
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The pump source used in this study is a continuous wave Ar+
laser (Liconix 5000 series) at a power level of 26 mW. The
excitation wave length used is 488nm. In order to obtain acoustic
signal in the PA cell, the laser beam was modulated before
irradiation of the sample. An electromechanical chopper (Stanford
Research System, INC, Model SR 540) was used for modulating the

laser beam.

The PA cell used had a cylindrical cavity of 5 mm length and
10 mm diameter made in a solid block of stainless steel. One end
of the bore was closed by a glass window and the sample was placed
on the other side and closed air-tight. The PA signal was
detected using a Knowel’s 1753 electret microphone kept very close
to the sample compartment in a separate port. The glass window and
the microphone were sealed with o-rings and air at atmospheric
pressure was the coupling medium. The output from the microphone
was fed to a lock-in amplifier (EG&G Model 5208) through a BNC

connector.

The lock-in amplifier uses phase sensitive detection to single
out the component of the signal at the reference frequency and
phase. Noise at frequencies other than the reference frequency are

rejected and does not affect the results.
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The experimental procedure is standardised by determining the
thermal diffusivity of a sample of copper with a value of

1.16 cmzs—l. The result obtained is in close agreement with the

2

reported value (1.14 cm s-l). Hence the method is extended to

samples whose thermal diffusivities have to be evaluated.
4.4 RESULTS AND DISCUSSION

The amplitude of the PA signal was measured as a function of
the chopping frequency in the range 20 Hz to 100 Hz for metal free,
zinc and vanadyl naphthalocyanines and europium naphthalocyanine
and phthalocyanine. Measurements were carried out with their
iodine doped samples also. The log amplitude vs log frequency
plots obtained for these samples and their iodine doped forms are
given in the Figures 4.2 to 4.6. The characteristic frequency
(frequency at which a sudden slope change occurs) for each of these
substances was obtained from these graphs. The characteristic
frequency of the samples were evaluated and used to calculate

thermal diffusivity (Table 4.1).

The magnitude of the thermal diffusivity values obtained from
these samples are comparable with that of other phthalocyanines and

inorganic semiconductors like germanium. From the results
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Table 4.1 Thermal diffusivity values of pristine and iodine doped

samples of naphthalocyanines and phthalocyanine.

Sample Characteristic{ Thermal
frequency diffusivity
cm?s!
ZnNc 324 0.10
ZnNcl 46.8 0.15
VONc 43.7 0.26
H:Nc 29.9 0.13
H:2Ncl 39.8 0.17
Eu(Nc)2 37.6 0.20
Eu(Nc).l 47.3 0.23
Eu(Pc)2 29.9 0.12
Eu(Pc)21 48.4 0.14
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presented in the Table 4.1, it can be seen that the thermal
diffusivity values of iodine doped samples are substantially higher
than that of pristine samples. It must be noted here that a very
large increase in electrical conductivity values has been observed
in these samples on doping with iodine. This points to the
significant role of electronic carriers in contributing to the
thermal conduction mechanism in organic semiconductors like

naphthalocyanine and phthalocyanine.
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CHAPTER V

THERMAL DIFFUSIVITY MEASUREMENTS ON
METAL PHTHALOCYANINES AND NAPHTHALOCYANINES
BY PHOTOTHERMAL DEFLECTION TECHNIQUE

Abstract

Materials like dyes with high absorptivity are being
developed for writing and reading using semiconductor lasers. The
writing process is achieved by photothermal pit formation using a
moderate intensity laser beam. In this connection, the chemical
stability, optical absorptivity, and thermal diffusivity are the
critical properties, required to make a decision on the choice of
the compound. The thermal diffusivity of these materials were
evaluated by optical beam deflection technique. Naphthalocyanines
which strongly absorb in the near-ir region falls as a natural
selection. The experimental technique and the results are described

in this chapter.
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5.1 INTRODUCTION.

The thermal diffusivity (a) is a critical property for
materials used in optical recording a.pplications.1 This parameter

is a measure of the rate of diffusion of heat in a material.

In the conventional method for determining thermal diffusivity,
the sample is excited by a heat source and the resulting temperature
distribution is determined by suitable temperature sensors. There
are two experimental methods to determine thermal diffusitvity
depending on whether the heat flow is periodic or transient. For
transient excitations a change in the amplitude or the pulse shape
of the diffusing heat pulse is determined, while for periodic
excitation the pulse shift of thermal wave diffusing across the
sample is measured. In both cases the detection is made using
thermocouples which are in contact with the sample. This may cause

fluctuation in the thermal field to be measured.

Photothermal technique has replaced thermometers for thermal
detection. The high sensitivity of the method together with the
noncontact generation of a well defined heat source is the major

advantage of this method.
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5.2 PHOTOTHERMAL DEFLECTION TECHNIQUE

5.2.1 Photothermal effects

Photothermal effects depend on the thermal de—excitation path
of excited atoms or molecules. The heat generated will be a
function of numerous parameters related to the sample and the
surrounding medium. Photothermal measurements are ideal for the
quantitative evaluation of a number of properties such as (@)
thermal diffusivity and effusivity (ii) charge carrier diffusivity
(iii) thermal conductivity (iv) spectroscopic properties like
absorption coefficient and (v) geometrical parameters of the sample

like thickness and fractal dimensions.

The temperature distribution in a light absorbing sample and in
the air nearer to the sample surface has been described by Mc
Donald et a].z An increase in temperature of a sample when it is

irradia.ted by a chopped beam can be expressed by the relation

BP
AT =

2fpcuA
B - optical absorption coefficient
P - the incident laser power
f - chopping frequency

WX

A - area of the sample
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p - density of the sample
C -~ sgpecific heat of the sample and

g4 - thermal diffusion length

The thermal diffusion length is given by the expression

o= (mnt/?

where a is the thermal diffusivity of the sample.

In photothermal technique there is absolutely no signal in the
absence of an excitation beam and hence termed "zero background”.
This is in contrast to the conventional techniques in which the
measurements are carried out on a beam transmitted or reflected from
the sample. Hence by properly optimizing the technique,
photothermal fechnique provides a much improved absorption

sensitivity than the conventional me'r.hocis.3

It has several
advantages like simplicity of experimental set up, easy sample
preparation and a wide range of applications. The technique is
applicable to a variety of sampleé such as opaque materials,
powders, films and aerosols. Complicating phenomena like quenching,
diffusion, recombination etc which are serious limitations of ultra

sensitive detection techniques are of very little significance to

photothermal technique.
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Fig.5.1 Optical absorption and various possible de—excitation

paths leading to photothermal effects

5.2,2 Photothermal signal detection

In photothermal technique, a modulated heating beam called pump
beam is incident on the sample surface. It induces a rise in the
temperature at the sample surface which, in turn, increases the
temperature of the coupling medium (air) immediately adjacent to the

surface due to thermal diffusion. There are also some other

101



photothermal effects such as change of refractive index in the
sample and in the adjacent medium, formation of acoustic waves, and
emission of infrared radiations which take place simultaneously or
with time delay. The selection of a suitable photothermal effect
for detection depends on the nature of the sample and its

environment, the source used and the purpose of measurement.

When detection method is directly applied to the sample it is
called direct photothermal effect or to the coupling fluid adjacent
to the sample which does not absorb incident light, it is called
indirect photothermal effect. The direct photothermal effects offer
high sensitivity for weak absorptions whereas indirect photothermal
effects are used for opaque, highly scattering and inhomogeneous

samples.

5.3 THEORY

Several groups4-9

have proposed PTD technique for the
measurement of thermal diffusivity. The proposed theory is that the
probe beam has a transverse offset y, with respect to the pump beam
axis, and a vertical offset z, with respect to the sample

surface. The schematic of the PTD method showing the two detection

methods are shown in Figure 5.2.

The transverse and vertical offsets of probe beam with respect
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to the pump beam axis are y and z respectively. Because of the
vectorial structure of the deflection, the transverse (¢t) and

normal! components ($n) can be estimated as

o
1 on 8T
¢t = dx
n at dy
—a
o
1 on 8T
¢n = dx
n ot oz
—a

where n is the refractive index of the medium and T is the
temperature near the heated sample at time t. The terms s and g

denote solid and gaseous phases respectively.

The total deflection M is

2 2
M = I ¢ + ¢t l
on dn
Since | — » _ , then AT > AT
a | aT g s g
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Therefore the deflection Ifbsl » ltb gl which is true for both

the normal and transverse components. The term AT = oT which

9z
includes the cosine term which makes the deflection symmetrical with
respect to the pump sources, whereas the transverse deflection
aT *

AT = —— includes the sine term making it antisymmetric about the
dy

source. Hence, ¢t becomes zero and changes phase by 180° at the
origin. The ¢t dominates over the normal component near the
interface along the source while ¢n dominates near the interface

away from the sources.10

When the pump beam is incident on the sample, thermal waves are
generated which cause changes in the refractive index thereby
producing a gradient within the sample or in the adjacent coupling
medium surrounding the sample. A plane thermal wave has the form
exp (jwt - 6x), where 6 = (1+j) (v / 2x) and w = 2nf; where f is
the chopping frequency. Thermal waves get attenuated rapidly by a
factor e“1 in a distance called the thermal diffusion length ()

where p = (2u / w)llz; and in a distance of one thermal wavelength

Xt =  2(ma / 1’)_1/2. the amplitude is decreased by a factor

exp(-2n) = 0.002.

The thermal waves which are produced in the sample at a depth
more than Xt will have little effect on the air and thereby not

é.ffecting the photothermal signal. The normal waves reaching the
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coupling gas medium are confined to a thin layer adjoining the

sample surface.

5.4 APPLICATIONS OF PHOTOTHERMAL DEFLECTION TECHNIQUE

The photothermal deflection (PTD) technique is a versatile,
nondestructive technique. It has numerous applications in
spectroscopy, imaging, and studies on laser induced damage and
ablation, phase transition, thermodynamic transport properties, gas
flow velocity measurements, combustion diagnostics and trace gas

analysis.

Thermal properties of different classes of compounds like
conducting, insulating, organic, inorganic, crystalline and
amorphous samples can be carried out using photothermal deflection
technique. Among the various thermal parameters, thermal
diffusivity is the most important one for solid samples, which has

been determined by several wor‘ker‘s“’12

by PTD technique. Thermal
diffusivity («) is related to thermal conductivity (k) of the sample
by the relation a = k/pCp where p is the density and Cp is the
specific heat capacity at constant pressure.

Ra.mta.la13 has determined the thermal diffusivity of very low

diffusivity materials like polymers, plastics etc. in the form of

thin foils. The lower limit of - thermal diffusivity determined by
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them was of the order of 10-4 cmzs-1 and it agrees well with the

4

values obtained using the flash method.1 PTD technique has been

used for the detection of a large variety of samples including

15-17

liquid crystals, high temperature super‘conductor‘s18 and organic

semiconductor‘s.19 It has been observed that anomalous changes in
amplitude occur in the signal level near the transition temperature
of doped glasses,zo chalcogenide gla.sses21 and semiconductor doped

gla.szses.22

5.5 EXPERIMENTAL

In PTD technique, the initial requirements that have to be
adequately satisfied are (i) isolation of optical and .sample mounts
for minimising extraneous vibrations (il) critical and exact optical

alignment and (iii) stable pump and probe beams.

5.5.1 Experimental set-up

The essential components for PTD technique are (1) a laser beam
used as heat source called pump source used to heat the sample to
produce a refractive index gradient (RIG). A He-Ne laser beam is
used as a probe. A position sensitive detector with a lock-in
technique is used for signal detection. A position sensitive
detector (PSD) based on optical fibers was wused in these

experiments.
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The schematic diagram of the experimental set-up used for PTD

studies is shown in Figure 5.3.

The pump source used in these experiments is a continuous wave
Ar ion laser (Liconix make, model no. 5302A), with a minimum power
output of 3.3 mW for multiline multimode operation. 488 nm beam
was selected for the studies. The set-up was initially standardised

using 488 nm radiation.

The essential requirements for the probe beam source are good
intensity and pointing.2>"2® The probe laser used for the PTD
measurements is a He-Ne laser (632 nm radiation, 5 mW, Spectra
Physics). The probe beam diameter should be less than the pump beam

spot size. This was achieved by passing the probe beam through a

pin-hole.

Light beam chopper, Ithaco model 230 with a chopping frequency

of 3 Hz to 20 kHz was used for the modulation of laser beam.

The PSD was capable of precisely measuring the deflection
suffered by a laser beam while passing through optically
inhomogeneous regions in a medium. The sample, probe laser and PSD

were mounted on XYZ translators.
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The signal output from the differential preamplifier was
processed using a lock-in-amplifier (EG&G PARC 5208) which has an
"auto setting” range, making possible the simultaneous and accurate
measurements of phase and amplitude. The reference signal was taken

from the electronics of the mechanical chopper.

5.6 RESULTS AND DISCUSSION

5.6.1 Evaluation of thermal diffusivity by PTD technique

The probe beam was ad justed to graze through the sample surface
at a finite height (h) and the in—-phase component of the deflection
signal was measured at different positions (x) of the probe beam
across the pump beam spot on the sample surface. The plot of phase
shift vs x, shows a zero crossing on either side of the central zero
at which the signal changes in phase by 1800. The typical plot of x
vs phase shift for europium diphthalocyanine at two different

chopping frequencies are given in the Figure 5.4.

The zero crossing points corresponds to points that are shifted
in phase by % 90o relative to the central position. The thermal
wavelength as a function of frequency is obtained from these points.
Thus thermal wavelength at different frequencies were determined

from the phase shift versus x plot. The temperature distribution of
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air very close to the sample surface can be taken as the temperature

distribution of the sample surface since ATS > AT g and the heat

capacity of air is very small compared to that of solids. Thermal
wavelength can be determined from the distance of separation between
points of :I:90° phase shift. The thermal diffusivity is obtained
from the slope of the plot of thermal wavelength vs the reciprocal

of the square root of the frequency.

27

According to Kuo et al, the distance X is given by the

expression,

x, = d + (th/f)l/2 ,

where d is the intercept which is of the order of pump beam diameter

and f is the chopping frequency. The slope of xo Vs f—l/z

/2

plot is
("/mx)1 where 7y is a parameter which depends on the bulk
thermo—optical properties of the sample. 7 = 1 for optically
transparent samples and ¥y = 1.44 for optically opaque samples. Thus

the thermal diffusivity a can be determined from this plot.

The experimental set-up was standardised by determining the

2371) The value of thermal

28

thermal diffusivity of copper (1.149 cm

diffusivity obtained was in agreement with the reported value.

During the experimental measurements, the low frequency region

was given more importance in determining the slope of the plot
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because the probe beam height is small when compared to the thermal
wavelength in air. The thermal wavelength increases with decreasing

frequency, decreasing the effective probe beam height.

The in—-phase component of the deflection signal was measured at
different positions (x) of the probe beam across the pump beam spot
on the surface of H2Nc, VONc, ZnNc, Eu(Nc)z. and Eu(Pc)2 samples for
different frequencies. The phase angle was plotted as a function of

x and X, was determined from this plot for each of the frequencies

as shown in Figure 5.4.

The plot of X, (which is the distance between the zero crossing
on either side of the central zero of a x vs phase shift graph)
versus the reciprocal of the square root of frequency for different
samples are given in Figures 5.5 to 5.7. The thermal diffusivity

values obtained are presented in Table 5.1.

Thermal diffusivity is related to thermal conductivity by the

relationship

where « is the thermal diffusivity, k is the thermal conductivity, p

is the density and C is the specific heat capacity.
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Table 5.1 Comparison of the thermal diffusivity values obtained

by PTD method and PA method

Samples Thermal diffusivity | Thermal diffusivity
by PTD method by PA method (cm?s?)
(cm?s?)

ZnNc 0.11 0.10

VONCc 0.29 0.26

H2Nc 0.15 0.13

Eu(Nc)2 0.22 0.20

Eu(Pc)2 0.13 0.12

Since the central metal atom changes in different
naphthalocyanines, the molecular arrangement of the material
changes. Hence density and specific heat capacity of
naphthalocyanines are different for differnt samples, thus changing

the thermal diffusivity values.

In optical data recording (ODR), the information is stored,
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usually in digital form, by using a modulated laser beam to induce a
physical or chemical change in a recording medium. In ODR, the
information is stored into the recording media in the form of
grooves and pits using a diode laser. The information pieces were
read from the character of the pits or grooves using semiconductor
lasers. For these reasons the thermal parameters like thermal
diffusivity of the recording medium are important considerations for

selecting materials for ODR applications.

Organic materials have a number of advantages over inorganic
materials for ODR applications. They are less prone to degradation
caused by air and moisture. The zinc and vanadyl naphthalocyanines
are recently reported as strong candidates for ODR.ZS'-31 Thermal
diffusivity values of these materials are not reported in the

literature. Hence the values reported herein will be useful in

deciding its applicability relative to other materials.
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This study was targeted to evaluate the electrical and

photothermal characteristics of five compounds namely metal free

naphthalocyanine [Hch], vanadyl naphthalocyanine [VONcl], zinc

naphthalocyanine [{ZnNcl, europium dinaphthalocyanine [Eu(Nc]z. and

europium diphthalocyanine [Eu(Pc)Z, and their iodine doped forms.

Doping using iodine under controlled conditions give compounds with

stoichiometry as given in Table 6.1.

Table 6.1 Stoichiometry of iodine doped compounds
Compound stoichiometric formula of stoichiometry of
pristine compound doped form
nMa;t;'ltht:li.ecyanlne C48H26N8 C4_8H26NSIO.1 1
Vanadyl VOC,_H, N, VOC H, NI
naphthalocyanine ’
Zinc naphthalocyanine ZnC_H, N, ZnC H N]JI .
Europium dinaphthalocynine EuC, H N EuC H N I .
Europium diphthalocyanine EuC H,N EuC H,.N I .
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A higher uptake of 1iodine is observed for metal
naphthalocyanine. For europium dinaphthalocyanine and europium

diphthalocyanine, iodine uptake is much lower.

Electrical conductivity is one of the most important
parameters for molecular semiconductors wused in electrical
transduction. Also an understanding of the mechanism of electrical
conduction is necessary to predict the changes that are likely to
occur under a given set of conditions like temperature and doping.
The electrical properties were measured on pristine and iodine

doped samples.

The dc conductivities of Hch, VONc, and Eu(Pc)2 are virtually
independent of temperature in the low temperature range. At higher
temperatures, conductivity increases with temperature. Such an
increase in conductivity and a change in activation energy above
certain temperature is indicative of thermally activated process
taking place in these materials. The process may be a lattice
expansion, thermally activated release of charge carriers from
trapped states or any other mechanism that may aid this process.
In all the three cases, iodine-doped forms have enhanced

conductivity. The shape of the Arrhenius plot changes especially

in the case of VONc. The sharp bend in the Arrhenius plots
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disappears and the plots have a low curvature. This indicates that
more or less the same mechanism of conduction exists throughout the
temperature range. In the case of Eu(Pc)2 and Eu(Pc)ZI, the change
in conduction mechanism is smooth. Such a plot is wusually
indicative of the existence of a mixed conduction mechanism in the

transition region.

ZnNc and Eu(Nc)2 show considerable dependence on
conductivity with temperature. Both the compounds lack a sharp
bend in the Arrhenius plot. However, in the higher temperature
range, the slope is slightly larger. ZnNcl and Eu(Nc)ZI show a

higher conductivity than their pristine forms.

The ac conductivity measurement as a function of frequency as
well as temperature is a diagnostic tool to evaluate the conduction
mechanism in quasi-one-dimensional molecular systems. The oac of
Hch, VONc, and Eu(Nc)2 depend both on temperature and frequency.
Such a behavior is typical of a mechanism involving hopping in a
manifold of states. In the iodine-doped forms the conductivity is

enhanced, but the temperature and frequency dependence follows the

same pattern as the corresponding pristine materials.

ZnNc shows some unique features. At low frequencies, the

temperature dependence of ac conductivity shows a broad peak which
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is characteristic of a relaxation phenomenon associated with
macromolecular chains. This broad peak disappears in the
iodine-doped form. In the three frequencies selected the
conductivities show a pattern dependent on frequency as well as
temperature. The broad peak is rather ill defined. However
iodine-doped form show conductivity which is fairly independent of
temperature at the frequencies measured. Thus the material is

equivalent to metal-insulator composite.

Metal naphthalocyanines are promising materials as material
media for optical recording by pit formation. This is especially
so when infrared lasers are used due to the better definition of
patterns that can be achieved. The thermal diffusivity of the
medium decides the suitability in this application. Hence the
evaluation of the thermal diffusivity of the materials were carried
out using photoacoustic and photothermal deflection techniques.

The results are summarised in Table 6.2.
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Table 6.2 Thermal diffusivity values obtained by photoacoustic

(PA) and photothermal deflection (PTD) methods.

Sample ____Thermal Diffusivity (cm’ s™)
By PA Method By PTD Method

H,Nc 0.13 0.15
H,NcI 0.17

VONCc 0.26 0.29
VONcI 0.29

ZnNc 0.10 0.11
ZnNcl 0.15

Eu(Nc), 0.20 0.22
Eu(Nc), I 0.23

Eu(Pc), 0.12 0.13
Eu(Pc),1 0.14

In pristine naphthalocyanine, the thermal diffusivity is very
much enhanced upon doping. Such an enhancement of thermal
diffusivity is observed with Eu(Nc)z, Eu(Pc)2 and their

iodine-doped forms. But the magnitude of increase is less in these
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materials. Of the metal naphthalocyanines studied ZnNc has the
lowest thermal diffusivity, but a 50X increase is observed upon
doping. Compared to Eu(Pc)z, Eu(Nc)2 has a higher thermal
diffusivity. Of the materials studied VONc has the highest thermal
diffusivity. These results indicate that when we are searching for
a material of low thermal conductivity, the choice falls on ZnNc or
Hch. On the other hand, if we are searching for one with a large
thermal diffusivity, the choice is VONc or Eu(Nc)z. In general,

the iodine-doped form have a higher thermal diffusivity.

The measurement of thermal diffusivity by photothermal
deflection technique gives values which are in good agreement with
those obtained by photoacoustic technique and thus are mutually
supportive. The thermal diffusivity of these materials have not
been reported earlier. The values reported herein are helpful in
making a choice of the suitable material for optical data

recording.

This work has revealed some novel information on the
conduction mechanism in five macrocyclic compounds and their
iodine-doped forms. Also useful data on the thermal diffusivity of
the target compounds have been obtained by optical techniques.
This is a modest contribution to the material science aspect of

naphthalocyanines and phthalocyanines.
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